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This is the first book to describe the physical properties of quantum materials near critical
points with long-range many-body quantum entanglement. Readers are introduced to the
basic theory of quantum phases, their phase transitions, and their observable properties.

This second edition begins with nine chapters, six of them new, suitable for an introduc-
tory course on quantum phase transitions, assuming no prior knowledge of quantum field
theory. There are several new chapters covering important recent advances, such as the
Fermi gas near unitarity, Dirac fermions, Fermi liquids and their phase transitions, quan-
tum magnetism, and solvable models obtained from string theory. After introducing the
basic theory, it moves on to a detailed description of the canonical quantum-critical phase
diagram at nonzero temperatures. Finally, a variety of more complex models is explored.
This book is ideal for graduate students and researchers in condensed matter physics and
particle and string theory.

Subir Sachdev is Professor of Physics at Harvard University and holds a Distinguished
Research Chair at the Perimeter Institute for Theoretical Physics. His research has focused
on a variety of quantum materials, and especially on their quantum phase transitions.
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From the Preface to the first edition

The past decade has seen a substantial rejuvenation of interest in the study of quantum
phase transitions, driven by experiments on cuprate superconductors, heavy fermion mate-
rials, organic conductors, and related compounds. Although quantum phase transitions in
simple spin systems, like the Ising model in a transverse field, were studied in the early
1970s, much of the subsequent theoretical work examined a particular example: the metal—
insulator transition. While this is a subject of considerable experimental importance, the
greatest theoretical progress was made for the case of the Anderson transition of non-
interacting electrons, which is driven by localization of the electronic states in the presence
of a random potential. The critical properties of this transition of noninteracting electrons
constituted the primary basis upon which most condensed matter physicists have formed
their intuition on the behavior of the systems near a quantum phase transition. However,
it is clear that strong electronic interactions play a crucial role in the systems of current
interest noted earlier, and simple paradigms for the behavior of such systems near quantum
critical points are not widely known.

It is the purpose of this book to move interactions to center stage by describing and clas-
sifying the physical properties of the simplest interacting systems undergoing a quantum
phase transition. The effects of disorder will be neglected for the most part but will be con-
sidered in the concluding chapters. Our focus will be on the dynamical properties of such
systems at nonzero temperature, and it will become apparent that these differ substantially
from the noninteracting case. We shall also be considering inelastic collision-dominated
quantum dynamics and transport: our results will apply to clean physical systems whose
inelastic scattering time is much shorter than their disorder-induced elastic scattering time.
This is the converse of the usual theoretical situation in Anderson localization or meso-
scopic system theory, where inelastic collision times are conventionally taken to be much
larger than all other timescales.

One of the most interesting and significant regimes of the systems we shall study is one
in which the inelastic scattering and phase coherence times are of order 2/ kpT, where T
is the absolute temperature. The importance of such a regime was pointed out by Varma
et al. [523,524] by an analysis of transport and optical data on the cuprate superconduc-
tors. Neutron scattering measurements of Hayden er al. [210] and Keimer e al. [263]
also supported such an interpretation in the low doping region. It was subsequently real-
ized [86, 419, 440] that the inelastic rates are in fact a universal number times kT /h,
and they are a robust property of the high-temperature limit of renormalizable, interacting
quantum field theories that are not asymptotically free at high energies. In the Wilsonian
picture, such a field theory is defined by renormalization group flows away from a crit-
ical point describing a second-order quantum phase transition. It is not essential for this
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critical point to be in an experimentally accessible regime of the phase diagram: the quan-
tum field theory it defines may still be an appropriate description of the physics over a
substantial intermediate energy and temperature scale. Among the implications of such an
interpretation of the experiments was the requirement that response functions should have
prefactors of anomalous powers of T and a singular dependence on the wavevector; recent
observations of Aeppli et al. [5], at somewhat higher dopings, appear to be consistent with
this. These recent experiments also suggest that the appropriate quantum critical points
involve competition between phases with or without conventional superconducting, spin-,
or charge-density-wave order. There is no global theory yet for such quantum transitions,
but we shall discuss numerous simpler models here that capture some of the basic features.

It is also appropriate to note here theoretical studies [25, 93, 94, 336, 514] on the
relevance of finite temperature crossovers near quantum critical points of Fermi liquids
[218] to the physics of heavy fermion compounds.

A separate motivation for the study of quantum phase transitions is simply the value in
having another perspective on the physics of an interacting many-body system. A tradi-
tional analysis of such a system would begin from either a weak-coupling Hamiltonian,
and then build in interactions among the nearly free excitations, or a strong-coupling limit,
where the local interactions are well accounted for, but their coherent propagation through
the system is not fully described. In contrast, a quantum critical point begins from an inter-
mediate coupling regime, which straddles these limiting cases. One can then use the power-
ful technology of scaling to set up a systematic expansion of physical properties away from
the special critical point. For many low-dimensional strongly correlated systems, I believe
that such an approach holds the most promise for a comprehensive understanding. Many
of the vexing open problems are related to phenomena at intermediate temperatures, and
this is precisely the region over which the influence of a quantum critical point is dominant.
Related motivations for the study of quantum phase transitions appear in a recent discourse
by Laughlin [286].

The particular quantum phase transitions that are examined in this book are undoubt-
edly heavily influenced by my own research. However, I believe that my choices can also
be justified on pedagogical grounds and lead to a logical development of the main phys-
ical concepts in the simplest possible contexts. Throughout, I have also attempted to pro-
vide experimental motivations for the models considered; this is mainly in the form of a
guide to the literature, rather than in-depth discussion of the experimental issues. I have
highlighted some especially interesting experiments in a recent popular introduction to
quantum phase transitions [428]. An experimentally oriented introduction to the subject
of quantum phase transitions can also be found in the excellent review article of Sondhi,
Girvin, Carini, and Shahar [481]. Readers may also be interested in a recent introductory
article [533], intended for a general science audience.

Acknowledgments
I —

Chapter 21 was co-authored with T. Senthil and adapted from his 1997 Yale University
Ph.D. thesis; I am grateful to him for agreeing to this arrangement.
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Some portions of this book grew out of lectures and write-ups I prepared for schools
and conferences in Trieste, Italy [418], Xiamen, China [419], Madrid, Spain [421], Geilo,
Norway [424], and Seoul, Korea [427]. I am obliged to Professors Yu Lu, S. Lundqvist,
G. Morandi, Hao Bai-Lin, German Sierra, Miguel Martin-Delgado, Arne Skjeltorp, David
Sherrington, Jisoon IThm, Yunkyu Bang, and Jaejun Yu for the opportunities to present these
lectures. I also taught two graduate courses at Yale University and a mini-course at the
Université Joseph Fourier, Grenoble, France on topics discussed in this book; I thank both
institutions for arranging and supporting these courses. I am indebted to the participants
and students at these lectures for stimulating discussions, valuable feedback, and their
interest. Part of this book was written during a sojourn at the Laboratoire des Champs
Magnétiques Intenses in Grenoble, and I thank Professors Claude Berthier and Benoy
Chakraverty for their hospitality. My research has been supported by grants from the Divi-
sion of Materials Research of the U.S. National Science Foundation.

I have been fortunate in having the benefit of interactions and collaborations with numer-
ous colleagues and students who have generously shared insights that appear in many of
these pages. I would particularly like to thank my collaborators Chiranjeeb Buragohain,
Andrey Chubukov, Kedar Damle, Sankar Das Sarma, Antoine Georges, Ilya Gruzberg,
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Matthias Troyer, Jinwu Ye, Peter Young, and Lian Zheng.

The evolution of the book owes a great deal to comments of readers of earlier versions,
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admiration for their generous collegial spirit. I also acknowledge salutary encouragement
from Jan Zaanen.

My wife, Usha, and my daughters, Monisha and Menaka, patiently tolerated my mental
and physical absences during the writing (and rewritings) of this book. Ultimately, it was
their cheerful support that made the project possible and worthwhile.
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Preface to the second edition

Research on quantum phase transitions has undergone a vast expansion since the publica-
tion of the first edition, over a decade ago. Many new theoretical ideas have emerged, and
the arena of experimental systems has grown rapidly. The cuprates have been firmly estab-
lished to be d-wave superconductors, with a massless Dirac spectrum for their electronic
excitations; the latter spectrum has also been observed in graphene and on the surface of
topological insulators. Such fermions play a key role in a variety of quantum phase tran-
sitions. The observation of quantum oscillations in the presence of strong magnetic fields
in the underdoped cuprates has highlighted the relevance of competing orders, and their
quantum critical points. Optical lattices of ultracold atoms now offer a realization of the
boson Hubbard model, and exhibit the superfluid—insulator transition. And ideas on quan-
tum criticality and entanglement have had an interesting interplay with developments in
quantum information science.

The second edition does not present a fully comprehensive survey of these ongoing
developments. I believe the core topics of the first edition had a certain coherence, and
they continue to be central to the more modern developments; I did not wish to dilute the
global perspective they offer in understanding both condensed matter and ultracold atom
experiments. However, wherever possible, I have discussed important advances, or directed
the reader to review articles.

Also, in the last few years, a remarkable connection has developed between ideas on
quantum criticality and the string theory of quantum black holes. I briefly survey the initial
developments in Section 15.5. The subject has advanced rapidly since then, with interesting
applications to quantum critical states of fermions at nonzero density: this recent work is
not discussed here. In any case, this book should be useful background reading for this
emerging and growing field of research.

The primary change in the second edition is pedagogical. I have had the benefit of teach-
ing a course on quantum phase transitions several times since the first edition, both at Yale
and at Harvard. I am also grateful for the opportunity to lecture at various summer and
winter schools (Altenberg, Boulder, Cargese, Goa, Groningen, Jerusalem, Les Houches,
Mahabaleshwar, Milos, Prague, Trieste, Windsor). The content of these lectures is now in
the new Part II of the book. Chapters 3-8 are new, although they do extract some material
from the earlier chapters of the first edition. Part II, titled “A first course,” is intended for
a stand-alone course on the basic theory of quantum phase transitions, and for self-study.
It should be accessible to students in both theory and experiment, after they have taken the
core graduate courses on quantum mechanics and statistical mechanics. No prior knowl-
edge of quantum field theory is assumed. Exercises are included at the ends of chapters,
drawn from the problem sets of my courses.
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After completing Part I1, a course can choose from the more advanced topics in Parts I1I
and IV. I recommend a basic survey of the nonzero temperature phase diagram from
Chapters 10 and 11. This can be followed by a treatment of Fermi systems drawn from
Chapters 17 and 18. Chapters 19 and 20 offer many possibilities for student presentations.

The chapters in the new Parts III and IV have been significantly updated from the first
edition. Chapter 16 has a new section on the Fermi gas near unitarity: this was a simple and
natural extension of the previous discussion on dilute quantum liquids. These results apply
to ultracold atomic systems near a Feshbach resonance. Chapter 17, on Dirac fermions,
is entirely new. I took this opportunity to introduce the basics of the theory of unconven-
tional superconductivity induced by antiferromagnetism, as it applies to the cuprates and
the pnictides. Dirac fermions also offer a gentle way of introducing non-trivial quantum
phase transitions of Fermi systems. Chapter 18, on Fermi liquids and their phase transi-
tions, has been almost completely re-written: this reflects advances in our understanding,
and its relevance in many experimental contexts. Chapter 19, on quantum magnetism, has
numerous updates to reflect our improved understanding of spin liquids, and a brief dis-
cussion of deconfined criticality. However, I have not attempted to cover the many modern
developments in quantum magnetism: a more comprehensive starting point is offered by
my Solvay lecture [430].

My web site, http://sachdev.physics.harvard.edu, will have updates and corrections.

Acknowledgments
|

I am very grateful to all the students in my courses for their interest and valuable feed-
back. The notes of Suzanne Pittman and Jihye Seo were invaluable in writing Chap-
ters 3—8. Gilad Ben-Shach, Thiparat Chotibut, Debanjan Chowdhury, Sean Hartnoll, Yejin
Huh, Max Metlitski, and Eun Gook Moon provided very useful feedback on the initial
drafts. The treatment of Fermi liquids in Chapter 18 is based on the ideas of Max Metlit-
ski [333,334].

I thank Simon Capelin, from Cambridge University Press, for guiding both editions over
many years.

I thank the Perimeter Institute, Waterloo for hospitality while I was working on the
second edition. Finally, I remain grateful to the National Science Foundation for continued
support of my research.
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Basic concepts

1.1 What is a quantum phase transition?

Consider a Hamiltonian, H (g), whose degrees of freedom reside on the sites of a lattice,
and which varies as a function of a dimensionless coupling, g. Let us follow the evolu-
tion of the ground state energy of H(g) as a function of g. For the case of a finite lattice,
this ground state energy will generically be a smooth, analytic function of g. The main
possibility of an exception comes from the case when g couples only to a conserved quan-
tity (i.e. H(g) = Hp + gHj, where Hy and H; commute). This means that Hy and H;
can be simultaneously diagonalized and so the eigenfunctions are independent of g even
though the eigenvalues vary with g; then there can be a level-crossing where an excited
level becomes the ground state at g = g, (say), creating a point of nonanalyticity of
the ground state energy as a function of g (see Fig. 1.1). The possibilities for an infi-
nite lattice are richer. An avoided level-crossing between the ground and an excited state
in a finite lattice could become progressively sharper as the lattice size increases, lead-
ing to a nonanalyticity at g = g, in the infinite lattice limit. We shall identify any point of
nonanalyticity in the ground state energy of the infinite lattice system as a quantum phase
transition: The nonanalyticity could be either the limiting case of an avoided level-crossing
or an actual level-crossing. The first kind is more common, but we shall also discuss transi-
tions of the second kind in Chapters 16 and 19. The phase transition is usually accompanied
by a qualitative change in the nature of the correlations in the ground state, and describing
this change will clearly be one of our major interests.

Actually our focus will be on a limited class of quantum phase transitions — those that
are second order. Loosely speaking, these are transitions at which the characteristic energy
scale of fluctuations above the ground state vanishes as g approaches g.. Let the energy
A represent a scale characterizing some significant spectral density of fluctuations at zero
temperature (T') for g # g.. Thus A could be the energy of the lowest excitation above the
ground state, if this is nonzero (i.e. there is an energy gap A), or if there are excitations at
arbitrarily low energies in the infinite lattice limit (i.e. the energy spectrum is gapless), A
is the scale at which there is a qualitative change in the nature of the frequency spectrum
from its lowest frequency to its higher frequency behavior. In most cases, we will find that
as g approaches g, A vanishes as

A~Jlg— gl (1.1)
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v

v

(b)

Low eigenvalues, £, of a Hamiltonian H(g) on a finite lattice, as a function of some dimensionless coupling, g. For the
case where H(g) = Hy + gHy, where Hy and H; commute and are independent of g, there can be an actual
level-crossing, as in (a). More generally, however, there is an “avoided level-crossing,” as in ().

(exceptions to this behavior appear in Section 20.2.6). Here J is the energy scale of a
characteristic microscopic coupling, and zv is a critical exponent. The value of zv is usually
universal, that is, it is independent of most of the microscopic details of the Hamiltonian
H(g) (we shall have much more to say about the concept of universality below, and in
the following chapters). The behavior (1.1) holds both for g > g, and for g < g, with the
same value of the exponent zv, but with different nonuniversal constants of proportionality.
We shall sometimes use the symbol Ay (A_) to represent the characteristic energy scale
for g > gc (8 < gc)-

In addition to a vanishing energy scale, second-order quantum phase transitions invari-
ably have a diverging characteristic length scale &. This could be the length scale determin-
ing the exponential decay of equal-time correlations in the ground state or the length scale
at which some characteristic crossover occurs to the correlations at the longest distances.
This length diverges as

£~ Alg — gl (1.2)

where v is a critical exponent, and A is an inverse length scale (a “momentum cutoff™)
of order the inverse lattice spacing. The ratio of the exponents in (1.1) and (1.2) is z, the
dynamic critical exponent. The characteristic energy scale vanishes as the zth power of the
characteristic inverse length scale

A~ETE (1.3)

It is important to note that the discussion above refers to singularities in the ground
state of the system. So strictly speaking, quantum phase transitions occur only at zero
temperature, 7 = 0. Because all experiments are necessarily at some nonzero, though
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possibly very small, temperature, a central task of the theory of quantum phase transitions
is to describe the consequences of this 7' = 0 singularity on physical properties at 7 > 0.
It turns out that working outward from the quantum critical pointat g = gcand 7 = 0Ois a
powerful way of understanding and describing the thermodynamic and dynamic properties
of numerous systems over a broad range of values of |g — g.| and T'. Indeed, it is not even
necessary that the system of interest ever have its microscopic couplings reach a value
such that g = g.: it can still be very useful to argue that there is a quantum critical point
at a physically inaccessible coupling ¢ = g, and to develop a description in the deviation
|g — gc|. It is one of the purposes of this book to describe the physical perspective that such
an approach offers, and to contrast it with more conventional expansions about very weak
(say g — 0) or very strong couplings (say g — 00).

1.2 Nonzero temperature transitions and crossovers
|

Let us now discuss some basic aspects of the T > 0 phase diagram. First, let us ask only
about the presence of phase transitions at nonzero 7. With this limited criterion, there are
two important possibilities for the 7 > 0 phase diagram of a system near a quantum critical
point. These are shown in Fig. 1.2, and we will meet examples of both kinds in this book.
In the first, shown in Fig. 1.2a, the thermodynamic singularity is present only at 7 = 0, and
all T > 0 properties are analytic as a function of g near g = g.. In the second, shown in
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0 ® —>
(/o] g
(a)

T

0 >
dc g

(b)

Two possible phase diagrams of a system near a quantum phase transition. In both cases there is a quantum critical
pointatg = g.and T = 0.In (b), thereisaline of T > 0 second-order phase transitions terminating at the
quantum critical point. The theory of phase transitions in classical systems driven by thermal fluctuations can be
applied within the shaded region of (b).
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Fig. 1.2b, there is a line of T > 0 second-order phase transitions (this is a line at which the
thermodynamic free energy is not analytic) that terminates at the 7 = 0 quantum critical
point at g = g.

Moving beyond phase transitions, let us ask some basic questions about the dynamics
of the system. A very general way to characterize the dynamics at 7 > 0 is in terms of the
thermal equilibration time eq. This is the characteristic time in which local thermal equi-
librium is established after imposition of a weak external perturbation (say, a heat pulse).
Here we are excluding equilibration with respect to globally conserved quantities (such as
energy or charge) which will take a long time to equilibrate, dependent upon the length
scale of the perturbation: hence the emphasis on local equilibration. Global equilibration
is described by the equations of hydrodynamics, and we expect such equations to apply
in all cases at times much larger than 7.q. We focus here on the value of 7eq as a function
of g — g. and T. From the energy scales discussed in Section 1.1, we can immediately
draw an important distinction between two regimes of the phase diagram. We character-
ized the ground state by the energy A in (1.1). At nonzero temperature, we have a second
energy scale, kpT. Comparing the values of A and kpT, we are immediately led to the
important phase diagram in Fig. 1.3. We will see that the two regimes, A > kpT and
A < kpT, are distinguished by different theories of thermal equilibration and of the val-
ues of Teq. In the regime where A > kpT, we will always find long equilibration times
which satisfy

h
Teq > kB—T, A > kBT (14)

One of the important consequences of this large value of 74 is that the dynamics of the
system becomes effectively classical. Thus we can use classical equations of motion to
describe the re-equilibration dynamics at the time scale Teq.

Let us now turn our attention to the important “Quantum Critical” region in Fig. 1.3,
where kT > A. We shall mainly be interested in quantum critical points which are
strongly interacting, and not amenable to a nearly-free particle description. In such cases
we find a short equilibration time given by

A
T
Quantum
Y Critical .
N kT > A
A>kgT N/ A > kpT
,
9c g9

Separation of the phase diagram into distinct regimes determined by the energy scale A, which characterizes the
ground state, and kgT. The dashed lines are not phase transitions, but smooth crossoversat T ~ |g — g.|*".
The phase transition in Fig. 1.2b lies within the A > kgT region, and is not shown above.
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h
Teq""kB—T, kBT>A (15)

Now the equilibration occurs in a time which is actually independent of the microscopic
energy scale J, and is determined by kg7 alone. Moreover, and most interestingly, we
cannot use an effectively classical description for the re-equilibration at times of order Teq.
Quantum and thermal fluctuations are equally important in the dynamics in the quantum
critical region, and developing a theory for this dynamics will be a central focus of Part I11.

What about the 7 > 0 phase transition line in Fig. 1.2b? We have not shown this line
in Fig. 1.3. Such a transition should be viewed as reflecting the physics of the A > kpT
region, and so the transition line lies in the corresponding region of Fig. 1.3. In other words,
this transition is not really a property of the quantum critical point at g = g., but of the
quantum phase at g < g.. (There could also be a separate transition reflecting the physics
of the g > g, phase, which we have not shown in our phase diagrams.) As we move closer
to this phase transition line, we will show that not only does 7eq become long, but so do
all the time scales associated with long wavelength thermal fluctuations. Indeed we will
find that the typical frequency at which the important long-distance degrees of freedom
fluctuate, wyyp, satisfies

hanyp < kpT. (1.6)

Under these conditions, it will be seen that a purely classical description can be applied
to these important degrees of freedom — this classical description works in the shaded
region of Fig. 1.2b. Consequently, the ultimate critical singularity along the line of 7 > 0
phase transitions in Fig. 1.2b is described by the theory of second-order phase transitions
in classical systems. This theory was developed thoroughly in the past three decades and
has been explained in many popular reviews and books [59, 172,244,312,557]. We will
discuss the needed basic features of this theory in Chapters 3 and 4. Note that the shaded
region of classical behavior in Fig. 1.2b lies within the wider window of the phase diagram,
with moderate values of |g — g.| and T, which we asserted above should be described as
an expansion about the quantum critical point at g = g, and T = 0. So our study of
quantum phase transitions will also apply to the shaded region of Fig. 1.2b, where it will
yield information complementary to that available by directly thinking of the 7' > 0 phase
transition in terms of purely classical models.

We note that phase transitions in classical models are driven only by thermal fluctuations,
as classical systems usually freeze into a fluctuationless ground state at 7 = 0. In contrast,
quantum systems have fluctuations driven by the Heisenberg uncertainty principle even in
the ground state, and these can drive interesting phase transitions at T = 0. The T > 0
region in the vicinity of a quantum critical point therefore offers a fascinating interplay of
effects driven by quantum and thermal fluctuations; sometimes, as in the shaded region of
Fig. 1.2b, we can find some dominant, effective degrees of freedom whose fluctuations are
purely classical and thermal, and then the classical theory will apply. However, as already
noted, our attention will not be limited to such regions, and we shall be interested in a
broader section of the phase diagram.
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1.3 Experimental examples
I —

To make the concepts of the previous sections less abstract, let us mention some experi-
mental studies of simple second-order quantum phase transitions. We will meet numerous
other examples in this book, but for now we focus on examples directly related to the
canonical theoretical models of quantum phase transitions to be discussed in Section 1.4,
and in Parts II and II1.

e The low-lying magnetic excitations of the insulator LiHoF4 consist of fluctuations of the
Ho ions between two spin states that are aligned parallel and antiparallel to a particular
crystalline axis. These states can be represented by a two-state “Ising” spin variable on
each Ho ion. At T = 0, the magnetic dipolar interactions between the Ho ions cause all
the Ising spins to align in the same orientation, and so the ground state is a ferromagnet.
Bitko, Rosenbaum, and Aeppli [49] placed this material in a magnetic field transverse
to the magnetic axis. Such a field induces quantum tunneling between the two states of
each Ho ion, and a sufficiently strong tunneling rate can eventually destroy the long-
range magnetic order. Such a quantum phase transition was indeed observed [49], with
the ferromagnetic moment vanishing continuously at a quantum critical point. Note that
such a transition can, in principle, occur precisely at T = 0, when it is driven entirely
by quantum fluctuations. We shall call the T = 0 state without magnetic order a quan-
tum paramagnet. However, we can also destroy the magnetic order at a fixed transverse
magnetic field (possibly zero), simply by raising the temperature, enabling the material
to undergo a conventional Curie transition to a high-temperature magnetically disor-
dered state. Among the objectives of this book is to provide a description of the intricate
crossover between the zero-temperature quantum transition and the finite-temperature
transition driven partially by thermal fluctuations; we shall also delineate the important
differences between the T = 0 quantum paramagnet and the high-temperature “thermal
paramagnet;” see Chapters 11, 13, and 14.

A more recent realization of an Ising model in a transverse field has appeared in exper-
iments by Coldea and collaborators [90] on crystals of CoNb;Og, which belongs to the
columbite family of minerals. In this case, the Ising spin resides on the Co™™ ion, again
aligned by the spin—orbit interaction to orient parallel or anti-parallel to a crystalline
axis. An important difference from LiHoF; is that the interactions between the spins are
essentially nearest-neighbor, and the long-range dipolar couplings are unimportant; the
short-range interactions arise from the Heisenberg exchange process, and their energy
scale is determined by the electrostatic Coulomb interactions. Thus CoNb,Og provides a
nearly ideal realization of the quantum Ising models which will be the focus of our study
in Parts IT and III. The dominant exchange couplings are along a particular crystalline
axis, and so it is also a useful testing ground for exact results in one dimension.

e Experiments on ultracold atoms in optical lattices by Greiner, Bloch, and collabora-
tors [ 175] have provided a celebrated example of the superfluid—insulator quantum phase
transition. Atoms of 3’Rb are cooled to temperatures so low that their quantum statistics
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is important. These atoms are bosons and so they ultimately Bose condense into a
superfluid state. Then, by applying a periodic potential on the atoms by an optical lattice,
Greiner et al. localized the atoms in the minima of the periodic potential, leading to a
quantum phase transition to an insulating state. At densities where the number of atoms
is commensurate with the number of minima of the periodic potential, this transition
is described by the O(2) quantum rotor model, which we introduce in Section 1.4 and
discuss at length in Parts IT and I11.

e TICuCl; is an insulator whose only low-lying electronic excitations are rotations of
the S = 1/2 spins residing on the Cu™™ ions. Unlike the case for the Co*™ ions in
CoNb,Og, the spin-orbit interactions are relatively weak on Cu™™, and a single spin can
freely orient along any direction in spin space. A special feature of the crystal struc-
ture of TICuClj is that the Cu atoms are naturally dimerized, i.e. each Cu site has a
single partner Cu site, and the exchange interactions are strongest between the partners
in each pair. The exchange interaction has an antiferromagnetic sign, and consequently
neighboring spins prefer to be oriented in anti-parallel directions. Under ambient pres-
sure, each Cu spin forms a singlet valence bond with its partner, much like that between
the two electrons in a hydrogen molecule. Thus although the neighboring spins within
a dimer are always anti-parallel, they fluctuate along all directions in spin space in a
rotationally invariant manner. We will refer to this state as a quantum paramagnet; it
has an energy gap to all excitations above the ground state. Under applied pressure,
TICuCls undergoes a quantum phase transition [414] to an ordered antiferromagnet: a
Néel state. In this Néel state, the spins freeze into a definite orientation so that nearby
spins are anti-parallel to each other. Such an arrangement is more nearly optimal when
the exchange couplings between spins in different dimers are significant. As we discuss
below in Section 1.4, this transition between the quantum paramagnet and the Néel state
is described by the O(3) quantum rotor model, which will also be discussed in Parts 11
and II1.

1.4 Theoretical models
1 —

Our strategy in this book will be to thoroughly analyze the physical properties of quantum
phase transitions in two simple theoretical model systems in Parts II and III: the quantum
Ising and rotor models. Fortunately, these simple models also have direct experimental
realizations in the systems already surveyed in Section 1.3. Below, we introduce the quan-
tum Ising and rotor models in turn, discussing the nature of the quantum phase transitions
in them, and relating them to the experimental systems above. Other experimental connec-
tions will be discussed in subsequent chapters.

Part IV will survey some important quantum phase transitions in other models of phys-
ical interest. Our motivation in dividing the discussion in this manner is mainly pedagogi-
cal: the quantum transitions of the Ising/rotor models have an essential simplicity, but their
behavior is rich enough to display most of the basic phenomena we wish to explore. It will
therefore pay to meet the central physical ideas in this simple context first.
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1.4.1 Quantum Ising model

We begin by writing down the Hamiltonian of the quantum Ising model. It is
Hy=—Jg)y 6 —J) 6765 (1.7)
i (ij)

As in the general notation introduced above, J > 0 is an exchange constant, which sets
the microscopic energy scale, and g > 0 is a dimensionless coupling, which will be used
to tune Hj across a quantum phase transition. The quantum degrees of freedom are repre-
sented by operators 6'iz‘x, which reside on the sites, i, of a hypercubic lattice in d dimen-
sions; the sum (ij) is over pairs of nearest-neighbor sites i, j. The &ix’z are the familiar
Pauli matrices; the matrices on different sites i act on different spin states, and so matrices
with i # j commute with each other. In the basis where the 6;° are diagonal, these matrices
have the well-known form

57— ((1) _01), 5 = <? _ol>’ 5 = (? é) (1.8)

on each site i. We will denote the eigenvalues of 6 simply by o;°, and so o takes the values
+1. We identify the two states with eigenvalues o;° = +1, —1 as the two possible orien-
tations of an “Ising spin,” which can be oriented up or down in | 1);, | {);. Consequently
at g = 0, when Hj involves only the (Arl?, H; will be diagonal in the basis of eigenvalues
of 67, and it reduces simply to the familiar classical Ising model. However, the 6;* are off-
diagonal in the basis of these states, and therefore they induce quantum-mechanical tunnel-
ing events that flip the orientation of the Ising spin on a site. The physical significance of
the two terms in H; should be clear in the context of our earlier discussion in Section 1.3 for
LiHoF4 and CoNb,Og. The term proportional to J is the magnetic interaction between the
spins, which prefers their global ferromagnetic alignment. While the interaction in LiHoF4
has a long-range dipolar nature, that in CoONb,Og has a nearest-neighbor form like that in
(1.7). The term proportional to J g is the applied external transverse magnetic field, which
disrupts the magnetic order.

Let us make these qualitative considerations somewhat more precise. The ground state
of H; can depend only upon the value of the dimensionless coupling g, and so it pays to
consider the two opposing limits g > 1 and g < 1.

First consider g > 1. In this case the first term in (1.7) dominates, and, to leading order
in 1/g, the ground state is simply

0)=[TI-) (1.9)

where
| =)= (N +11i)/V2,
| <=1 —14)0)/V2, (1.10)

are the two eigenstates of 6;° with eigenvalues %1. The values of o;° on different sites are
totally uncorrelated in the state (1.9), and so (0|66 ]z |0) = §;;. Perturbative corrections in
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1/g will build in correlations in o ¢ that increase in range at each order in 1/g; for g large
enough these correlations are expected to remain short-ranged, and we expect in general
that

(0[6765]0) ~ e~Piil/% (1.11)

for large |x; — x|, where x; is the spatial coordinate of site 7, |0) is the exact ground state
for large-g, and & is the “correlation length” introduced above (1.2).

Next we consider the opposing limit g < 1. We will find that the nature of the ground
state is qualitatively different from the large-g limit above, and we shall use this to argue
that there must be a quantum phase transition between the two limiting cases at a critical
g = g of order unity. For g « 1, the second term in (1.7) coupling neighboring sites
dominates; at g = O the spins are either all up or all down (in eigenstates of ¢%):

M =[]It o =[] (1.12)

Turning on a small-g will mix in a small fraction of spins of the opposite orientation, but in
an infinite system the degeneracy will survive at any finite order in a perturbation theory in
g. This is because there is an exact global Z, symmetry transformation (generated by the
unitary operator [ [; 0;), which maps the two ground states into each other, under which
H; remains invariant:

~Z AZ ~AX ~AX
oy —> —o;, 0; — —oj, (1.13)

and there is no tunneling matrix element between the majority up and down spin sectors
of the infinite system at any finite order in g. The mathematically alert reader will note
that establishing the degeneracy to all orders in g, is not the same thing as establishing its
existence for any small nonzero g, but more sophisticated considerations show that this is
indeed the case. A thermodynamic system will always choose one or other of the states as
its ground states (which may be preferred by some infinitesimal external perturbation), and
this is commonly referred to as a “spontaneous breaking” of the Z, symmetry. As in the
large-g limit, we can characterize the ground states by the behavior of correlations of 6;°;
the nature of the states (1.12) and small-g perturbation theory suggest that
lim  (0[6767]0) = Ng, (1.14)
[xj—xj|—00
where |0) is either of the ground states obtained from | 1) or | |) by perturbation theory in
g, and Ny # 0 is the “spontaneous magnetization” of the ground state. This identification
is made clearer by the simpler statement

(0|67 |0) = +No, (1.15)

which also follows from the perturbation theory in g. We have No = 1 for g = 0, but
quantum fluctuations at small-g reduce Ny to a smaller, but nonzero, value.

Now we make the simple observation that it is not possible for states that obey (1.11)
and (1.14) to transform into each other analytically as a function of g. There must be a
critical value g = g, at which the large |x; — x| limit of the two-point correlator changes
from (1.11) to (1.14) — this is the position of the quantum phase transition, which is the
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focus of intensive study in this book. Our arguments so far do not exclude the possibility
that there could be more than one critical point, but this is known not to happen for H;, and
we will assume here that there is only one critical point at g = g.. For g > g, the ground
state is, as noted earlier, a quantum paramagnet, and (1.11) is obeyed. We will find that
as g approaches g. from above, the correlation length, &, diverges as in (1.2). Precisely at
g = g, neither (1.11) nor (1.14) is obeyed, and we find instead a power-law dependence
on |x; — x| at large distances. The result (1.14) holds for all g < g., when the ground state
is magnetically ordered. The spontaneous magnetization of the ground state, Ny, vanishes
as a power law as g approaches g. from below.

Finally, we make a comment about the excited states of H;. In a finite lattice, there is
necessarily a nonzero energy separating the ground state and the first excited state. How-
ever, this energy spacing can either remain finite or approach zero in the infinite lattice
limit, the two cases being identified as having a gapped or gapless energy spectrum, respec-
tively. We will find that there is an energy gap A that is nonzero for all g # g., but that it
vanishes upon approaching g, as in (1.1), producing a gapless spectrum at g = g.

1.4.2 Quantum rotor model

We turn to the somewhat less familiar quantum rotor models. Elementary quantum rotors
do not exist in nature; rather, each quantum rotor is an effective quantum degree of freedom
for the low-energy states of a small number of electrons or atoms. We will first define the
quantum mechanics of a single rotor and then turn to the lattice quantum rotor model.
The connection to the experimental models introduced in Section 1.3 is described below in
Section 1.4.3. Further details of this connection appear in Chapters 9 and 19.

Each rotor can be visualized as a particle constrained to move on the surface of a (fic-
titious) (N > 1)-dimensional sphere. The orientation of each rotor is represented by an
N-component unit vector ii; which satisfies

nr=1. (1.16)

The caret on 0; reminds us that the orientation of the rotor is a quantum mechanical oper-
ator, while i represents the site on which the rotor resides; we will shortly consider an
infinite number of such rotors residing on the sites of a d-dimensional lattice. Each rotor
has a momentum P;, and the constraint (1.16) implies that this must be tangential to the
surface of the N-dimensional sphere. The rotor position and momentum satisfy the usual
commutation relations

(e, Ppl = idap (1.17)

oneachsitei;here, B = 1... N. (Here, and in the remainder of the book, we will always
measure time in units in which

h=1, (1.18)

unless stated explicitly otherwise. This is also a good point to note that we will also set
Boltzmann’s constant
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kg =1 (1.19)

by absorbing it into the units of temperature, 7.) We will actually find it more convenient
to work with the N (N — 1)/2 components of the rotor angular momentum

Lop = hiapp —iippy. (1.20)

These operators are the generators of the group of rotations in N dimensions, denoted
O(N). Their commutation relations follow straightforwardly from (1.17) and (1.20). The
case N = 3 will be of particular interest to us. For this we define L, = (1 /2)eapy Lgy
(where €44, is a totally antisymmetric tensor with €23 = 1), and then the commutation
relations between the operators on each site are

[i«x» iﬂ] = ieaﬁyiya
[Lg, ﬁﬁ] = ifaﬁyﬁy,
[, gl = 0; (1.21)

the operators with different site labels all commute.

The dynamics of each rotor is governed simply by its kinetic energy term; interesting
effects arise from potential energy terms that couple the rotors together, and these will be
considered in a moment. Each rotor has the kinetic energy

_J8

Hg = 7122, (1.22)

where 1/J¢ is the rotor moment of inertia (we have put a tilde over g as we wish to
reserve g for a different coupling to be introduced below). The Hamiltonian Hg can be
readily diagonalized for general values of N by well-known group theoretical methods.
We quote the results for the physically important cases of N = 2 and 3. For N = 2 the
eigenvalues are

Jge? /2 £=0,1,2,...; degeneracy =2 — 8. (1.23)

Note that there is a nondegenerate ground state with £ = 0, while all excited states are
two-fold degenerate, corresponding to a left- or right-moving rotor. This spectrum will be
important in the mapping to physical models to be discussed in Section 1.4.3. For N = 3,
the eigenvalues of Hyg are

Jge+1)/2 £=0,1,2,...; degeneracy =20+ 1, (1.24)

corresponding to the familiar angular momentum states in three dimensions. These states
can be viewed as representing the eigenstates of an even number of antiferromagnetically
coupled Heisenberg spins, as discussed more explicitly in Section 1.4.3 and in Chapter 19,
where we will see that there is a general and powerful correspondence between quantum
antiferromagnets and N = 3 rotors.

We are ready to write down the full quantum rotor Hamiltonian, which will be the focus
of intensive study in Parts I and III. We place a single quantum rotor on the sites, i, of a
d-dimensional lattice, obeying the Hamiltonian
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Jg ~2 A A
HR=7gZLi—JZni~nj. (1.25)
i (ij)

We have augmented the sum of kinetic energies of each site with a coupling, J, between
rotor orientations on neighboring sites. This coupling energy is minimized by the simple
“magnetically ordered” state in which all the rotors are oriented in the same direction. In
contrast, the rotor kinetic energy is minimized when the orientation of the rotor is maxi-
mally uncertain (by the uncertainty principle), and so the first term in Hg prefers a quantum
paramagnetic state in which the rotors do not have a definite orientation (i.e. (n) = 0). Thus
the roles of the two terms in Hy closely parallel those of the terms in the Ising model H;.
As in Section 1.4.1, for ¢ > 1, when the kinetic energy dominates, we expect a quantum
paramagnet in which, following (1.11),

(O[fy; - B|0) ~ e~ Pi—il/E, (1.26)

Similarly, for g << 1, when the coupling term dominates, we expect a magnetically ordered
state in which, as in (1.14),

lim  (O[f; - f;|0) = NZ. (1.27)
[xj—xj|—>o00

Finally, we can anticipate a second-order quantum phase transition between the two phases
at ¢ = g, and the behavior of Ny and &€ upon approaching this point will be similar to that
in the Ising case. These expectations turn out to be correct for d > 1, but we will see that
they need some modifications for d = 1. In one dimension, we will show that g. = 0 for
N > 3, and so the ground state is a quantum paramagnetic state for all nonzero g. The
case N = 2,d = 1 is special: there is a transition at a finite g, but the divergence of
the correlation length does not obey (1.2) and the long-distance behavior of the correlation
function ¢ < g, differs from (1.27). This case will not be considered until Section 20.3 in
Part IV.

1.4.3 Physical realizations of quantum rotors

We will consider the N = 3 quantum rotors first, and expose a simple and important
connection between O(3) quantum rotor models and a certain class of “dimerized” anti-
ferromagnets, of which TICuClj3 is the example we highlighted in Section 1.3. Actually
the connection between rotor models and antiferromagnets is far more general than the
present discussion may suggest, as we see later in Chapter 19. However, this discussion
should enable the reader to gain an intuitive feeling for the physical interpretation of the
degrees of freedom of the rotor model.

Consider a dimerized system of “Heisenberg spins” S 1; and Szi, where i now labels a
pair of spins (a “dimer”). Their Hamiltonian is

HdZKZSU-Sz,'-i-JZ(SU-Su-FSzi'S2j>. (1.28)
i (ij)
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J

A dimerized quantum spin system. Spins with angular momentum $ reside on the circles, with antiferromagnetic
exchange couplings as shown.

The Spi (n = 1,2 labels the spins within a dimer) are spin operators usually representing
the total spin of a set of electrons in some localized atomic states, see Fig. 1.4. On each
site, the spins S,;; obey the angular momentum commutation relations

[8a 3] = t€us 3, (1.29)

(the site index has been dropped above), while spin operators on different sites commute.
These commutation relations are the same as those of the L operators in (1.21). However,
there is one crucial difference between the Hilbert spaces of states acted on by the quantum
rotors and the Heisenberg spins. For the rotor models we allowed states with arbitrary total
angular momentum £ on each site, as in (1.24), and so there were an infinite number of
states on each site. For the present Heisenberg spins, however, we will only allow states
with total spin S on each site, and we will permit S to be integer or half-integer. Thus there
are precisely 25 + 1 states on each site

|S,m) withm =—-S...8, (1.30)
and the operator identity
§2, =S(S+1) (1.31)

holds for each i and n. In addition to describing TICuClz, Hamiltonians like H; describe
spin-ladder compounds in d = 1 [33, 102] and “double layer” antiferromagnets in the
family of the high-temperature superconductors ind = 2 [129,322,337,443,444,506,507].

Let us examine the properties of H; in the limit K 3> J. As a first approximation, we
can neglect the J couplings entirely, and then Hy splits into decoupled pairs of sites, each
with a strong antiferromagnetic coupling K between two spins. The Hamiltonian for each
pair can be diagonalized by noting that S;; and Sy; couple into states with total angular
momentum 0 < £ < 25, and so we obtain the eigenenergies

(K/2)(L(L +1) —28(S+ 1)),  degeneracy 20 + 1. (1.32)

Note that these energies and degeneracies are in one-to-one correspondence with those of
a single quantum rotor in (1.24), apart from the difference that the upper restriction on
£ being smaller than 2§ is absent in the rotor model case. If one is interested primarily
in low-energy properties, then it appears reasonable to represent each pair of spins by a
quantum rotor.

We have seen that the K /J — oo limit of Hy closely resembles the ¢ — oo limit of
Hpg. To first order in g, we can compare the matrix elements of the term proportional to
J in Hg among the low-lying states, with those of the J term in Hy; it is not difficult to
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see that these matrix elements become equal to each other for an appropriate choice of
couplings: see Exercise 6.1. Therefore we may conclude that the low-energy properties of
the two models are closely related for large K /J and g. Somewhat different considerations
in Chapter 19 will show that the correspondence also applies to the quantum critical point
and to the magnetically ordered phase.

The main lesson of the above analysis is that the O(3) quantum rotor model represents
the low-energy properties of quantum antiferromagnets of Heisenberg spins, with each
rotor being an effective representation of a pair of antiferromagnetically coupled spins. The
strong-coupling spectra clearly indicate the operator correspondence L; =Si;+S,, and so
the rotor angular momentum represents the total angular momentum of the underlying spin
system. Examination of matrix elements in the large-S limit shows that f; o §1 i — S2,~: the
rotor coordinate f; is the antiferromagnetic order parameter of the spin system. Magneti-
cally ordered states of the rotor model with (n;) # 0, which we will encounter below, are
therefore spin states with long-range antiferromagnetic order and have a vanishing total fer-
romagnetic moment. Quantum Heisenberg spin systems with a net ferromagnetic moment
are not modeled by the quantum rotor model (11.1) — these will be studied in Section 19.2
by a different approach.

Let us now consider the N = 2 quantum rotors, and introduce their connection to the
superfluid—insulator transition of bosons. For N = 2, it is useful to introduce an angular
variable 6; on each site, so that

n; = (cosd;, sin6;). (1.33)

The rotor angular momentum has only one component, which can be represented in the
Schrodinger picture as the differential operator

A 19
Li=-— (1.34)
1 89,'

acting on a wavefunction which depends on all the 6;. The rotor Hamiltonian is therefore
Jg 92
Hp =_7;@—J%cos(9i —6)), (1.35)

which is a form that has appeared in numerous studies in different physical contexts. For
g — oo, the eigenstates of Hp are of the form [[; |m;), where m; is the integer angu-
lar momentum quantum number of site i; in the Schrodinger form, these states have the
wavefunction exp (i > m,-@,-). Now we interpret m; as the change in occupation number
of a boson trapped in a potential which has its minimum at site i. The boson could be an
ultracold 8’Rb atom, or a Cooper pair in a superconducting quantum dot, as illustrated in
Fig. 1.5. The occupation number is measured with respect to a “background” number of
bosons found in the insulator, and hence m; can take negative values whose absolute value
does not exceed this number. In the rotor model, m; can run all the way to —oo, but as in
the N = 3 case, we do not expect these additional high-energy states to be important for
low-energy physics.

From the wavefunction of these localized boson states, we see that the term propor-
tional to J in (1.35) has the effect of shifting nearest-neighbor pairs of angular momenta
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O

Bosons hopping on a lattice with potential minima at site /. Relative to an insulator with 2 bosons on each site, the
state shown has boson numbersm; = (...0, —1,1,0...).

asm; — m; =1, mj — mj F 1. In other words, bosons tunnel between sites i and j
with matrix element —J. Such a tunneling event becomes more probable when the optical
lattice potential is weak (i.e. g is small), and strong tunneling eventually induces a tran-
sition to the superfluid state where (1.27) is obeyed. We will see later in Chapter 8 why
(1.27) implies superfluidity of the bosons. More details on the connection between N = 2
quantum rotors and quantum boson models appear in Chapter 9.
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Having introduced our key players, the quantum Ising model (1.7) and the quantum rotor
model (1.25), we outline here the general strategy followed in describing their physical
properties in Parts II and I1I. We introduce the idea of a continuum limit, and the classical
and quantum field theories we will study. We also highlight some key questions in the
theory of quantum phase transitions, towards which much of the subsequent discussion is
directed.

A central concept which will play a fundamental role in our analysis is the connection
between (D > 1)-dimensional classical statistical mechanical models and the d-dimensional
quantum Ising and rotor models introduced in Chapter 1, where

D=d+1. 2.1)

This mapping is not an exact equivalence in general, but does become quantitatively pre-
cise in the vicinity of continuous phase transitions, as we discuss below. The nature of
this general quantum—classical mapping will be discussed and its limitations and utility
will be highlighted. As we noted at the beginning of Chapter 1, the present quantum-—
classical mapping should not be confused with the d-dimensional classical physics of d-
dimensional quantum models in the vicinity of 7 > 0 phase transitions, as in the shaded
region of Fig. 1.2.

We set the stage by simply writing down the D-dimensional classical statistical mechani-
cal models. For the quantum Ising case (which we often refer to as the N = 1 case, because
the order parameter has a single component), we consider the classical Ising partition func-
tion

Z = Z exp KZaiZO; , 2.2)
{i.j)

{oi=1)

where K is a dimensionless coupling that characterizes the “temperature” of the classical
problem, and the sum is over all 2M possible configurations of Ising spins in a system of
M sites in D dimensions. For N > 1, we have the classical O(N) spin model

Z=H/Dn,-6(n,-2—1)exp KZni~nj , 2.3)

(i.))
where n; is a N > 2 component unit vector on the sites, i, of a hypercubic lattice in D
dimensions.
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Our claim is that the above classical partition functions are “equal” (in a sense to be
made precise in Part II) to the partition functions of the quantum Ising and rotor models of
Chapter 1:

Z ~ Trexp (— H1.r > 2.4
kpT

It is important to note that the temperature, 7', of the quantum models has no connection to

the inverse temperature, K, of the classical models. Instead, as we will see, K determines

the value of the dimensionless coupling g in the quantum Ising and rotor models.

Before we can explain the “classical” interpretation of 7, we need to describe the
quantum—classical mapping more precisely. We will show in Part Il how the quantum parti-
tion function in (2.4) can be written in a Feynman “sum-over-histories.” In this picture, we
evolve the quantum states forward in imaginary time, t, using the Heisenberg imaginary-
time evolution operator, exp(—H;, g7). We then see that it is useful to take a spacetime
point of view, in which t is viewed as another dimension, along with the d spacetime
dimensions. In this manner, we obtain a partition function which is to be evaluated in D
spacetime dimensions, which will turn out to be the models in (2.2) and (2.3). This con-
nection is illustrated in Fig. 2.1.

Now we see from (2.4) that the quantum partition function is equivalent to an imaginary
time evolution over a length L., given by

h

=07 2.5)

L.
(momentarily inserting factors of /& and kp). Thus the temperature 7 in the quantum model
Hj r maps to a finite size in the classical models (2.2) and (2.3). Because the quantum
trace in (2.4) involves the same initial and final traces, periodic boundary conditions are
imposed in the classical model along the 7 direction. More formally stated, a quantum
model defined on a d-dimensional space RY maps onto a classical model on R? x S!,
where the circle S! has circumference L. In particular, the classical model in infinite
D-dimensional spacetime maps onto a quantum model at zero temperature.
The above discussion gives a qualitative and intuitive picture of the mapping, but it is not
numerically precise, as it glossed over the limit of temporal lattice spacing a — 0 we will

_Q

D-dimensional lattice on which (2.2) and (2.3) are defined. The spatial coordinate x is a schematic ford =D — 1
directions. The vertical co-ordinate is imaginary time, 7, and the quantum model evolves forward by exp(—Hj za),
where ais the “distance” between neighboring rows. The total length of the time coordinateis L, = &/ (kgT), and
periodic boundary conditions are imposed along the time coordinate.
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need to take. As we outline below, and discuss in more detail in Part II, mapping becomes
numerically precise in the vicinity of phase transitions.

The models (2.2) and (2.3) are central to the theory of finite-temperature phase transi-
tions in classical statistical mechanics. We will review their basic properties in Chapters 3
and 4. For all values of N in D > 2, and for N = 1,2 in D = 2, these models display
a phase transition between a low “temperature” magnetically ordered phase for K > K,
and a high “temperature” disordered phase for K < K. These phases are characterized
by correlations of the order parameter o %, n in a manner closely analogous to the magneti-
cally ordered and quantum paramagnetic phases of Chapter 1. So in the K < K disordered
phase we have, as in (1.20),

(f; - ) ~ e i8] (2.6)

for large |x; — x|, where the average is with respect to the classical partition function (3.2)
and x; is a D-dimensional coordinate. Similarly, for K > K. we have, in (1.27),

lim  (Ofy; - f;]0) = N2, (2.7)

[x; —x j|—00

where Nj is the spontaneous magnetization (this does not apply to the special case D = 2,
N = 1, where the behavior for K > K, will be discussed in Section 20.3). Similar results
hold for the N = 1 case with the variable 0. Upon approaching K., N vanishes as a
power law, and & diverges as

£ ~alk — K", (2.8)

with v a critical exponent. Again, an exception to this is the case N = 2, D = 2 where the
divergence of £ has a different form. Also for the cases N > 2, D = 2 there is no phase
transition at any finite K, but there is a diverging correlation length for K — o0, and most
of the considerations below apply to these cases as well.

An important consequence of the divergence of the correlation lengths (2.8) and (1.2)
near the phase transition in both the classical and quantum models is that of universality.
This is the claim that most microscopic details of the lattice models do not modify the
essential structure of the corrections in the critical region at length scales of order &. With
& > a, a lattice spacing, it seems reasonable that fluctuations of individual spins on the
lattice scale do not matter in their details, and some “renormalized” theory is important at
scales & and larger. This argument can also be made using energy scales of the quantum
model, in which case the requirement of universality is that A <« J. We provide a specific
justification of the hypothesis of universality using the renormalization group in Chapter 4.

We can now make a more precise statement of quantum—classical mapping. The uni-
versal properties of the d-dimensional quantum Ising and rotor models in their region of
large correlation length are identical to those of the D-dimensional classical models (2.2)
and (2.3). Further, correlators of the classical model in D dimensions map onto imagi-
nary time correlators of the d-dimensional quantum model, where one of the classical D
dimensions behaves like the quantum imaginary time direction, and the remaining D — 1
classical directions map onto the d spatial directions of the quantum model. The mapping
has an immediate consequence: as the quantum imaginary time direction is simply one of
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the spatial directions of the classical model, we compare (2.8) with (1.1) and (1.2) and con-
clude that we must have the dynamic exponent z = 1 for the quantum Ising/rotor models.

Having identified the appropriate universal limit of the quantum models, it is appropriate
to ask: what is the quantum theory that describes these universal properties? These turn out
to be continuum quantum field theories, which are introduced in the following section.

2.1 Quantum field theories
1 —

The following discussion will be carried out in the language of the quantum Ising and rotor
models. However, essentially the same arguments can also be made for the classical models
(2.2) and (2.3), as we will see in Chapters 3 and 4.

Let us consider the regime where |g — g.| is small, so that

A< Jand 7! < A. (2.9)

Suppose, further, that we are observing the system at a temperature 7, a length scale x,
and a frequency scale w, and all of these are of the order of the temperature, length, and
energy scales that can be created out of A, &, and the fundamental constants. We will
then be particularly interested in dynamic response functions of the system near a quantum
critical point in the limit where the inequalities (2.9) are well satisfied. From a particle
theorist’s perspective, this means we are taking the limits A — oo and J — oo while
keeping A, &, x, w, and T fixed. In terms of dimensionless parameters, this means we
are sending A§ — oo and J/A — oo, while keeping hw/A, x/&, and kpT /A fixed. A
glance at (1.1) and (1.2) shows that these limits can only be taken while tuning g to become
progressively closer to g.. The complementary condensed matter theorist’s perspective
is that we are keeping A and J fixed and looking at the system’s response at small A,
large £, and at long distances and times and low temperatures; the two approaches are
clearly equivalent as the limits of the dimensionless ratios are the same. The resulting
response functions can be considered to be correlators of a quantum field theory, which is
now associated with a Hamiltonian defined in the continuum and has no intrinsic short-
distance or high-energy cutoff. A quantum field theory shares many of the characteristics
of ordinary quantum mechanics, with a unitary time evolution operator defined by the
continuum Hamiltonian, except that it has an infinite number of degrees of freedom per
unit volume.

The physical utility of the quantum field theory relies mainly on its universality. As we
have sent A — oo and J — 00, it appears plausible that changes in the structure of H(g)
at the lattice scale will not modify the nature of the quantum field theory that eventually
appears, and the only consequence is a change in the values of the dimensionful parameters
A and £ (this change results from modifications of the prefactors in (1.1) and (1.2), which,
as we have already asserted, are nonuniversal). A general rule of thumb is that only essen-
tial qualitative features, such as the symmetry of the order parameter, the dimensionality
of space, and constraints placed by conservation laws, survive the continuum limit, and the
structure of the quantum field theory is severely constrained by these restrictions.
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We have argued above that every second-order quantum phase transition defines a quan-
tum field theory in the continuum. Our attack on the quantum phase transition problem
in this book can be considered as consisting of two essential steps. First, we understand
and classify the various quantum field theories that can arise out of quantum phase transi-
tions in lattice Hamiltonians of physical interest. And second, we describe the dynamical
properties of these quantum field theories at finite temperatures. The latter will then model
the universal properties of the physical lattice Hamiltonians in the vicinity of the quantum
critical point.

We can now answer the basic question: what are the quantum field theories associated
with the second-order quantum phase transitions in the quantum rotor model Hg in (1.25)
and the quantum Ising model Hj in (1.7)? It is possible to give a common treatment of Hj
and Hg, with H; simply being the N = 1 case of a general discussion for Hg. We attempt to
write down a Feynman path integral for the quantum partition function (2.4). As we argued
earlier, this is expressed in terms of a functional integral over all possible time histories (the
“sum over histories” formulation of quantum mechanics) of the rotor coordinate n; (t) over
an imaginary time 0 < v < 1/kpT (and similarly for o for N = 1). Clearly, this time axis
is the (d + 1)th dimension of the corresponding classical model. The final quantum field
theory is conveniently expressed in terms of a coarse-grained field ¢, (x, t) defined by

Pa (X, T) ~ Y nig(T), (2.10)
ieN(x)

where x is a point in d-dimensional space, NV (x) is a coarse-graining neighborhood of x,
the index @« = 1...N, and the overall normalization of ¢, can be chosen at our conve-
nience. For the case N = 1, we simply replace n;, by o. Because the n; can point in
different directions at each i, the magnitude of ¢, can vary over a wide range. Indeed, it
seems reasonable that instead of applying a “hard” constraint like n,.2 = 1, we can view
P as a “soft” spin whose magnitude can vary freely over all positive values. A remnant
of the hard constraint on the microscopic degrees of freedom is that we have a local effec-
tive potential V(¢§), which controls fluctuations of ¢§ and prevents it from becoming too
large. We can also make a polynomial expansion for V, and it turns out to be adequate to
truncate it at terms of order (d)é)z. In this manner, the quantum field theory obtained by
considering the vicinity of the quantum critical points in Hg ; is defined by the following
imaginary time Feynman path integral over all possible time histories of the field ¢, (x, T)
for the partition function Z:

Z= /D%(x,f)eXp(—qu),

h/kpT 1 u 2
I ! 2, .2 2 2 LY
So=[atx [ ar {2 [0 + (Va9 + 12 @] + 1 (#200) }
@.11)

where c is a velocity, r and u are coupling constants, and the functional integral is over
fields periodic in T with period h/kpT (i.e. ¢y (x,7) = ¢Py(x,T + h/kpT)). The two



23

2.1 Quantum field theories

nongradient terms in (2.11) arise from the polynomial expansion of the potential V(¢§)
noted above; the spatial gradient term represents the energy cost for the spatial variations
in the orientation of the magnetic order. The time derivative term arises from the quantum-
mechanical tunneling terms proportional to Jg (Jg) in H; (Hg), and we will see how
they lead to second-order time derivatives in Chapters 5 and 6. This quantum field theory
undergoes a quantum phase transition, from a phase with (¢,) 7# O to one with (¢y) = 0,
by tuning the coupling r through a critical value r. at T = 0.

An alternative formulation of this quantum field theory is sometimes useful for analyzing
Hp at small g and for low values of d; this formulation applies only for N > 2 and yields
a field theory with precisely the same universal properties as the formulation in (2.11).
The basic idea is that at small g, the predominant fluctuations will be variations in the
orientation of the local direction of n;. Also, the orientation should not vary significantly
from site to site, and we can therefore simply promote n;(t) to a unit-length continuum
field n(x, ) and obtain

Z = /Dn(x, r)8(n2(x, 7) — 1) exp(—=S,),

N h/kpT
Sy = — ddx/ dt[(3:m)* + ¢* (Vyn)? ], (2.12)
2cg 0

where the small g expressions for g and ¢ are given in (6.11) and (6.51), and n(x, 7)
satisfies a periodicity condition similar to that for ¢ . This field theory is often called the
O(N) quantum nonlinear sigma model in d dimensions, for obscure historical reasons. The
action is only quadratic in the field n(x, 7), but the model is not a free field theory because
of the constraint n2(x, 7) = 1 imposed at each point in spacetime. Note also that (2.12)
is the obvious higher dimensional generalization of the D = 1 field theory (6.45) studied
in Chapter 3: instead of having only one “quantum” t direction, we also have d additional
spatial directions labeled by x, along with the corresponding gradient squared term in the
action.

We note one important property of the quantum field theories (2.11) and (2.12), which
will not generalize to some of the other quantum phase transitions studied in Part V. These
field theories are clearly invariant under “relativistic” transformations in spacetime, with
the velocity ¢ playing the role of the velocity of light. Consequently spatial and tempo-
ral scales must behave equivalently near the quantum critical point; this implies that the
dynamic critical exponent must be z = 1, a value which is implicitly assumed in some of
the discussion in Parts II and III. Our discussion of transitions with z # 1 is deferred to
Part IV.

The description of the universal dynamical properties of (2.11) and (2.12) will occupy
a substantial portion of Part III. Formally, the imaginary time correlations of an infinite
d-dimensional quantum system at a temperature 7 are simply related to the correlations of
a D-dimensional classical system that is infinite in d directions and of finite extent L, in
one direction.
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2.2 What's different about quantum transitions?
|

The quantum—classical mapping discussed so far in Part [ is in fact a very general result and
not a specific property of the Ising/rotor models. One can always reinterpret the
imaginary time functional integral of a d-dimensional quantum field theory as the finite
“temperature” Gibbs ensemble of a D-dimensional classical field theory. We will often
use this mapping between d-dimensional quantum mechanics and D-dimensional classi-
cal statistical mechanics, and we will refer to it as the QC mapping. However, in general,
the resulting classical statistical mechanics problem will not be as simple as it was for the
Ising/rotor models. Quantum critical points often have z # 1, and so correlators of the
classical problem will scale differently along the x and t directions. Furthermore, as we
note below, there is no guarantee that the Gibbs weights are positive, and they could even
be complex valued.

Given this simple, and ubiquitous, quantum—classical mapping QC, one can now legit-
imately raise the question: why does one need a separate theory of quantum phase transi-
tions? Is it not possible to simply lift results from the corresponding classical theory and
obtain all needed properties of the quantum system? The answer to the second question is
an emphatic “no,” and a direct treatment of the quantum problems is certainly needed. The
reasons for this should become clearer to the reader on proceeding through the book, but
we note some important points here:

e Note that the quantum—classical mapping QC yields quantum correlation functions that are
in imaginary time. The most interesting properties of the quantum critical point are often
related to their real-time dynamics (e.g. their energy spectra, inelastic neutron scattering
cross-sections, or relaxation rates as measured in NMR experiments). To obtain these, one
needs to analytically continue the imaginary time results to real time. The crucial point
is that this analytic continuation is an ill-posed problem; that is, it is possible to continue
exact imaginary time results to real time, but anything short of an exact result leads to
unreliable, and usually unphysical, results. In particular, existing analytic results in the
theory of classical critical phenomena (with the exception of a single exact result in two
spatial dimensions that we shall consider in Chapter 10) are totally inadequate for obtaining
T > 0 dynamic properties of the corresponding quantum critical points; approximation
schemes which work in imaginary time usually fail after analytic continuation toreal time,
i.e. the operations of expanding in a control parameter, and analytic continuation, do not
commute. The problem is particularly severe for the long time limit # > h/kp T, which
is usually of the greatest practical interest. These correlations are essentially impossible
to reconstruct from the equivalent classical problem, which only yields imaginary time
correlations in the domain 0 < t < i/kpT. It is therefore of crucial importance that the
theory be constructed using the physical concepts of the quantum critical point and that
it formulate the dynamic analysis directly in real time at all stages.

o We will see in the following chapters that a fundamental new time scale characterizing
the dynamic properties of systems near a quantum critical point is the phase coherence
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time, t,. Loosely speaking, 7, is the time over which the wavefunction of the many-body
system retains memory of its phase. Local measurements separated by times shorter than
7, will display quantum interference effects. Precise definitions of 7, have to be tailored
to the physical situation at hand, and these will be presented later for the models and
regimes considered. In most cases T, is closely related to the thermal equilibration time,
Teq» discussed in Section 1.2. The phase coherence time has no analog near the corre-
sponding classical critical point in D dimensions. Note from (2.5) that an infinite D-
dimensional classical system maps onto a d-dimensional quantum system at 7 = 0; in
all the models we shall consider in this book, the latter will have either a unique ground
state or one with a degeneracy small enough that the entropy is not thermodynamically
significant: under these circumstances we can expect that it is always possible to define
a 7, that is infinite at 7 =0, and therefore the quantum system has perfect phase coher-
ence at sufficiently low temperatures. From the infinite D-dimensional classical point of
view, however, this result may seem extremely peculiar. Most such systems have a high-
“temperature” disordered phase in which there is no long-range order and all correlations
decay exponentially over very short scales. Yet we are claiming that such a disordered
state maps onto a corresponding “quantum-disordered” state, which is characterized by
correlations that have an infinite correlation time (there is also a long length scale, the
distance excitations can travel in a time 1, — for related remarks from experimental-
ists” perspectives, the reader should see the articles by Mason et al. [320] and Aeppli
et al. [4]); for this reason we shall eschew the commonly used “quantum-disordered”
appellation and refer to this state, as noted earlier, as a quantum paramagnet. This pecu-
liarity is closely related to the ill-posed nature of the analytic continuation noted above.
Quantum systems at 7 = O really do have a genuinely different long-range phase corre-
lation in time that is almost completely hidden once the mapping to imaginary time and
the corresponding classical system has been performed. Only for T > 0 does the 7, of
the quantum system become finite. An important purpose of this book is to show how to
introduce a characterization of quantum states that demonstrates the perfect coherence at
T = 0, to show how to compute 7, for T > 0, and to highlight the crucial role played by
7, in the structure of the dynamic correlations. The manner in which 7, — coas T — 0
is an important diagnostic in characterizing the different 7 > 0 regions in the vicinity
of the quantum critical point. We shall find that, in all of the models we study, the time
L+ in (2.5) appears as a lower bound on the rate of divergence of 7, as T — 0, that is,

h
t(pokB—T asT — 0, (2.13)

where C is a number of order unity. Our estimates of 7eq in Section 1.2 are clearly con-
sistent with (2.13). In the quantum critical region of Fig. 1.3, the inequality in (2.13) is
saturated; this region will be of particular interest to us. Its dynamical properties have
not been studied until recently, and we will find that they have many remarkably uni-
versal characteristics even though their saturating the lower bound on 7, implies that
their physics is maximally incoherent. Because of this shortest possible 7, the quantum
critical region realizes a “nearly perfect” fluid, as we will discuss briefly in Section 15.5.
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e For a large class of interesting, physically relevant quantum critical points, the corre-
sponding classical critical points are rather artificial and not of a class that have been
studied earlier. In random systems, the classical problems have disorder that is infinitely
correlated along the imaginary time direction. Moreover, even in nonrandom systems,
the classical problems often have complex-valued Boltzmann weights. These complex
weights are clearly a consequence of the underlying quantum mechanics and are often
best understood as “Berry phase” factors (see [464] for an elementary introduction to
Berry phases; the Berry phases are complex even in imaginary time). We will study
quantum critical points of these types in Part I'V of this book. We will see that this leads
to a whole new class of phenomena, which have no analogs in the classical theory.

e Even for those quantum critical points that do have well-studied classical analogs, note
that we need the classical correlation functions in a rather curious slab geometry: one
which is infinite in D — 1 dimensions and of finite length L; in one direction. There are
very few existing results in such a geometry, and one often has to reconstruct the needed
correlators from scratch.

Despite these caveats, it should be evident that it will pay to push the quantum—classical
mapping QC as far as possible, for this will allow us to get maximum mileage from the
sophisticated and profound developments in the theory of classical critical phenomena.
This is the strategy of this book. We begin in Parts II and III by thoroughly examining a
class of quantum phase transitions that do have simple and well-studied classical analogs.
In this manner, we will introduce many of the central concepts needed in a somewhat more
familiar environment. Then, as noted above, we will proceed in Part IV to many other
physically important quantum phase transitions that involve Berry phases in a crucial way,
but which do not have useful classical analogs.

There have also been discussions of the dynamical properties of quantum field theo-
ries at finite temperature in particle physics literature [50,247,259,381]. However, these
are exclusively concerned with physics in D =4 in models that do not satisfy “hyperscal-
ing” [59] properties, and this leads to significant differences from the systems we shall
examine here. Some of these studies [50,247] have examined the model Sy in (2.11) for
the case D = 4, N = 1, which turns out to be essentially a free field theory at low ener-
gies. As a result, inelastic decoherence effects are rather weak and nonuniversal. This will
be discussed further in Chapter 14. There is also interest in the high-temperature dynam-
ical properties of non-Abelian gauge theories [247,381]. These are asymptotically free at
high energies (i.e. scattering between the elementary excitations is negligibly small at high
energies), and as a result the high-temperature behavior is controlled by a Gaussian and
classical fixed point. We will see an analogous phenomenon here in a much simpler con-
text in Section 12.3; the simplicity will allow us to make greater progress than has so far
been possible for the gauge theories. The models of primary interest in this book satisfy
hyperscaling and are not asymptotically free at high energies; such models have not been
studied in particle physics literature.
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Given the motivation outlined in Chapter 2, we begin by discussing phase transitions in
the context of classical statistical mechanics. This is a vast subject, and the reader can
find many other books which explore many subtle issues. Here, our purpose is to summa-
rize the main ideas which transfer easily to our subsequent discussions of quantum phase
transitions.

We will consider the most important models of classical phase transitions: ferromagnets
with N component spins residing on the sites, i, of a hypercubic lattice. For N = 1, this is
the familiar Ising model with a partition function already met in (2.2):

2= Y e

{of=%1)
H=-K O’izO';. (3.1)

(i.J)
Note that we have refrained from inserting an explicit factor of temperature above, as
the symbol T will be reserved for the temperature of the quantum systems we consider
later. As is discussed in introductory statistical mechanics texts, this Ising model describes
the vicinity of the liquid—gas critical point, with the average value (o) measuring the
density in the vicinity of site i. It can also model loss of ferromagnetism with increasing
temperature in magnets in which the electronic spins preferentially align along a particular
crystalline axis: this “easy-axis” behavior can be induced by the spin—orbit interaction. For

N > f1, we generalize (3.1) to the model of (2.3)

Z:]‘[/Dnia(nl?—l)exp K ni-m . (3.2)
i (i, j)
The N =3 case (known as the “Heisenberg” model) describes ferromagnetism in materials
with sufficiently weak, small spin—orbit couplings, so that the spins can freely orient along
any direction. The N =2 case (known as the “XY” model) describes the superfluid—normal
transition in liquid helium and other superfluids, as we will see in Section 8.3.
The observables, O, of the classical models will be arbitrary functions of the n;, and we
are interested in their expectation values defined by

1
(0) = E{ Z_Zil}exp(—H)O (3.3)

for N =1, and similarly for N > 1.



30

(lassical phase transitions

As discussed in Chapter 2, the models in (3.1) and (3.2) undergo phase transitions at
some critical K = K.. We are interested in describing the nature of the spin correlations in
the vicinity of this critical point, and especially their universal aspects. We begin in Sec-
tion 3.1 by describing this transition using a variational method which leads to a “mean-
field” theory. A more general formulation of the mean-field results appears in the frame-
work of Landau theory in Section 3.2, which allows easy treatment of spatial variations.
Finally, corrections to Landau theory are considered in Section 3.3.

3.1 Mean-field theory

First, we give a heuristic derivation of mean-field theory. Here, and below, for notational
simplicity we will focus on the N =1 Ising case, although the generalization to N > 1 is
not difficult.

We focus on the fluctuations of a particular spin o;°. This spin feels the local Hamiltonian

—Ko? Y oi |~ Ko} 3 <a;> = —2DKNpo?.  (34)
J neighbor of i j neighbor of i

The mean-field approximation is in the center, where we replace all the neighboring spins
by their average value. Here N is the ferromagnetic moment, defined by

No = (07) (3.5)

in the full theory, where the translational invariance of H guarantees the independence of
Ny on the site i. Given the simple effective Hamiltonian for site i in Eq. (3.4), we can now
evaluate

Z

(o) = erf:il o/ exp (2DK Noo )
%= Zaﬁ:il exp (2DKN00iZ)

— tanh(2DK Np). (3.6)

Combining (3.5) and (3.6), we have our central mean-field equation
No = tanh(2D K Ny) (3.7)

for the value of Ny. We will discuss the nature of its solutions shortly.

Let us now give a more formal derivation of (3.7) using the variational method. This
method relies on the choice of an arbitrary mean-field Hamiltonian, Hysr. Naturally, we
want to choose Hysr so that we are able to easily evaluate its partition function Zy,r, and
the expectation values of all the observables, which we denote (O),r after evaluation as
in (3.3) but with H replaced by Hj/r. We now want to optimize the choice of Hy/r by a
variational principle which bounds the exact free energy F = — In Z. Of course, the best
possible choice is Hy;r = H, but this does not allow easy evaluation of correlations. The
variational principle descends from the theorem

F <Fmr+{(H—Hyr)yr - (3.8)
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The proof of the theorem proceeds as follows (here, and below, we use the symbol “Tr” to
denote the sum over all the ol.z ):

el =Tre ¥

= Tre~(H—Hmr)—Hur

_ o () 39
MF
We now use the statement of the convexity of the exponential function, which is
<e—0> > (0, (3.10)

Taking logarithms of both sides of (3.9), we finally obtain (3.8).
Returning to the Ising model, we choose the simplest Hysr consisting of a set of decou-
pled spins in a “mean field” Ay r:

Hyr = —hyr Y _o}. (3.11)
i

Then, we see immediately that
fMF =—M1n(2COShhMF), (312)

where M is the total number of sites on the lattice, and

19
- Fur _ tanh(hyF). (3.13)

No = (aiZ)MF M ohyr

Using (3.8) to bound the free energy, we have

F<Fur—K Z<Gizdjz»> +hpyr Z(Uﬂ
(ij) i
< Fur — MKDNE + MhypNo. (3.14)

We now have upper bounds for the free energy for every value of the, so far, undeter-
mined parameter /). Clearly we want to choose /s r to minimize the right hand side of
(3.14); we will declare the resulting upper bound as our approximate result for 7 — this is
the mean-field approximation. Actually, it is helpful to trade the variational parameter /s
with the value of the ferromagnetic moment Ny, as they are related to each other by (3.13).
So our variational parameter is now Ny, and our mean-field free energy is a function of AV
given by

F(No)/M = Fur(No)/M — KDNg + Nohwr(No), (3.15)

where the functions Fysr(No) and ks (No) are defined by (3.12) and (3.13). Using these
expressions, we obtain the explicit expression

F(No)
M

1+No. 14Ny 1—Ny. 1—N,
= —KDN2 + +201n +2°+ 2°1n 20, (3.16)
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K< K,

K> K,

No

Plot of (3.16) as a function of N for different K.

which can be interpreted as the sum of estimates of the internal energy and entropy of the
Ising spins (see Exercise 3.1). Our task is now to minimize (3.16) over values of Ny for
each K. Before examining the results of this, let us examine the nature of the stationarity
condition by taking the derivative of (3.15):

1 0F 1 oF 3hMF aI’lMF
e —2KDNy+h N .
M 3Ny M dhyr 0No R T

(3.17)

Using (3.13) we observe that the first and last terms cancel, and so the stationarity condition
is simply &y = 2K D No, which is finally equivalent to our earlier heuristic result in (3.7).

Rather than solving (3.7), it is more instructive to examine the solution by plotting (3.16)
as a function of Ny for different K. This is shown in Fig. 3.1. We notice a qualitative
change in the nature of the minimization at K = K, =1/(2D). For K < K, (high temper-
atures) the free energy is minimized by Ny =0: this corresponds to the high-temperature
“paramagnetic” phase. However, for K > K, we have two degenerate minima at nonzero
values of Ny which have the same magnitude but opposite signs. The system will “spon-
taneously” choose one of these equivalent minima, leading to ferromagnetic order. Note
that this choice is not invariant under the spin—flip symmetry of the underlying H, and so
this is a simple illustration of the phenomenon of “spontaneous symmetry breaking.” The
critical point K = K, is the position of the phase transition between the paramagnetic and
ferromagnetic phases.
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3.2 Landau theory
|
The main idea of mean-field theory has been to represent the 2M degrees of freedom in
the Ising model by a single mean magnetization, Ny. The free energy is determined as a
function of Ny, and then minimized to obtain the optimal equilibrium state.

Landau theory retains the idea of free energy optimization, but generalizes Ny to a con-
tinuum field ¢4 (x). Here« =1... N, and x is a D-dimensional coordinate associated with
a hypercubic lattice of spacing a. We have now returned to a consideration of the theory for
general N. The central actor in Landau theory will be a free energy functional, F[¢pq (x)],
which has to be minimized with respect to variations in ¢, (x).

For now, we will keep the definition of ¢y (x) somewhat imprecise. Physically, ¢4 (x)
represents a coarse-grained average of the local magnetization n; in the vicinity of x = x;,
as we discussed in (2.10) for the corresponding quantum model

$a(X) ~ Y nig. (3.18)
ieN(x)

As discussed in the text following (2.10), we view ¢, as a “soft” spin whose magnitude
can vary freely over all positive values.
The Landau free energy functional F[¢q (x)] is now derived from a few basic principles:

o The Hamiltonian is invariant under a common O(N) rotation, n;q — Rugnig, where
Ry 1s arotation matrix applied to all sites i. So the free energy should also be invariant
under global rotations of the ¢,. We saw an example of this for N = 1: then the only
symmetry is 07 — —o;°, and consequently, (3.16) is an even function of No.

e Near the critical point at K = K, the average value Ny was smaller than the natural value
lo*| = 1. We expect this to hold also for N > 1. After the coarse-graining in (3.18), we
expect that ¢, is small in a similar sense. Our main interest is in the vicinity of K., and
therefore the Landau functional will be expanded in powers of ¢ .

e A key step by which Landau theory improves mean-field theory is that it allows for
spatial variations in the local magnetic order. We will assume here that the important
spatial variations occur on a scale which is much larger than a lattice spacing. This
assumption will be seen to be valid later, provided we are close to the critical point
K = K. With this assumption, we will be able to expand the free energy functional in
gradients of @

We are now prepared to write down the important terms in F[¢, (x)]. Expanding in
powers and gradients of ¢, (x) we have

F= [ dP {% [K(Vag0? +rg2 )] + (¢§<x>)2}, (3.19)

expressed in terms of the parameters /C, r, u. We may regard these as unknown phenomeno-
logical parameters that have to be determined by fitting to experimental or numerical data.
However, we can obtain initial estimates by matching to the results on mean-field theory in
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Section 3.1. First, we set the overall normalization of ¢, by setting its average value equal
to that of the n;,:

(o (xi)) = (nia) . (3.20)
Then comparing (3.19) with the expansion of (3.16) to quartic order, we obtain for N =1
r=a?1-2DK), u=2a"". (3.21)

Of course, this method does not yield the value of K, because mean-field theory does not
have any spatial variations. To estimate X we may examine the energy of a domain wall at
low temperatures between two oppositely oriented ferromagnetic domains with o7 = £ 1.
Such a domain wall has energy 2K per unit length; computing the domain wall energy
using (3.19), we obtain the estimate C &~ 2Ka* P,

An interesting feature of (3.21) is that » =0 at K = K. In fact, we expect quite generally
that r ~ K. — K, as a simple argument now shows. The optimum value of ¢, (x) under
(3.19) is clearly given by a space-independent solution (provided C > 0). For » > 0 (and
assuming that u > 0 generally), the minimum of F is obtained by ¢, (x) = 0. This is clearly
the paramagnetic phase. In contrast, for » < 0, it will pay to choose a space-independent
but nonzero ¢,. The O(N) invariance of F guarantees that there is a degenerate set of
minima that map onto each other under O(N) rotations. So let us orient ¢, along the o = 1
axis, and write

¢a = 84,1 No. (3.22)

Inserting this into (3.19) and minimizing for » < O we obtain

No= =2 (3.23)
u

This shows that Ny vanishes as r 0, and the approach to the critical point allows us to
introduce the critical exponent B defined by

No ~ (—r)P. (3.24)

Both mean-field and Landau theory predict that 8 = 1/2, as can also be verified by a mini-
mization of the full expression in (3.16). Related analyses of other observables allow us to
obtain other critical exponents, as we explore in Exercise 3.4.

3.3 Fluctuations and perturbation theory
- _______________________________________________________________________________________|

We now want to proceed beyond the mean-field treatment of the phase transition at K = K.
We expect that the value of K. will have corrections to its mean-field value of 1/(2D): we
will not focus on these here because they are nonuniversal, i.e. dependent upon specific
details of the microscopic Hamiltonian. Rather, our focus will be on universal quantities
like the critical exponent 8. The structure of Landau theory already suggests reasons why
B may be universal: notice that the value of g depended only on the quartic polynomial
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structure of the free energy, which in turn followed from symmetry considerations. Modi-
fying the form of H, e.g. by adding second-neighbor ferromagnetic couplings, would not
change the arguments leading to the Landau free energy functional, and we would still
obtain 8 = 1/2 although K. would change.

Indeed, the universality suggested by Landau theory is too strong. It indicates that any
ferromagnet with O(N) symmetry always has g =1/2. We now see that there are fluctu-
ation corrections to Landau theory, and that the universal quantities depend not only on
symmetry, but also on the dimensionality, D. The Landau theory predictions are correct
for D > 4, while there are corrections for D < 4. We will need the renormalization group
approach to compute universal quantities for D < 4, and this is described in Chapter 4.

One way to address fluctuation corrections is to return to the underlying partition func-
tion in (3.1), and expand it as a power series in K or in 1/K. Such series expansions
have been carried out to very high orders, and they are efficient and accurate methods
for describing the behavior at high and low temperatures. However, they are not directly
suited for addressing the vicinity of the critical point K = K. Instead, we would like to
use a method which builds on the success of Landau theory, and yields its results at leading
order. The coarse-graining arguments associated with (3.18) suggest a route to achieving
this: rather than summing over all the individual spins in (3.1), we should integrate over all
values of the collective field variable ¢ (x). In other words, we should regard the expres-
sion in (3.19) not as the free energy functional, but as the Hamiltonian (or “action”) of a
classical statistical mechanics problem in which the degrees of freedom are represented by
the field ¢, (x). The partition function is therefore represented by the functional integral

zZ- / Db () exp(—Sy).

Sp = /de {% [(Vx<¢>a)2 + r¢§(x)] + % (¢>§(x))2}. (3.25)

Here the symbol [ D¢ (x) represents an infinite dimensional integral over the values of
the field ¢, (x) at every spatial point x. Whenever in doubt, we will interpret this somewhat
vague mathematical definition by discretizing x to a set of lattice points of small spacing
~1/A. Equivalently, we will Fourier transform ¢, (x) to ¢ (k), and impose a cutoff |k| < A
in the set of allowed wavevectors.

We have set the coefficient of the gradient term K equal to unity in (3.25). This is to
avoid clutter of notation, and is easily accomplished by an appropriate rescaling of the
field ¢, and the spatial coordinates.

An immediate advantage of the representation in (3.25) is that Landau theory is obtained
simply by making the saddle-point approximation to the functional integral. We can also
see that, as described in more detail below, systematic corrections to Landau theory appear
in an expansion in powers of the quartic coupling u#. The remainder of this chapter is
devoted to explaining how to compute the terms in the u# expansion. Each term has an effi-
cient representation in terms of “Feynman diagrams,” from which an analytic expression
can also be obtained.
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3.3.1 Gaussian integrals

We introduce the technology of Feynman diagrams in the simplest possible setting. Let us
discretize space, and write the ¢ (x;) variables as y;; we drop the « label to avoid clutter
of indices. Then consider the multidimensional integral

1 u
Z<u)=f2>yexp =3 DAy = 52 D v | (3.26)
ij i

where the off-diagonal terms in the matrix A arise from the spatial gradient terms in Sg.
In this section, we consider A to be an arbitrary positive definite, symmetric matrix. The
positive definiteness requires that » > 0, i.e. K < K.. Also, we have defined

/Dy - ]‘[/ dy’ (3.27)

and are interested in the expansion of Z(u) in powers of u. Thinking of (3.26) as a sta-
tistical mechanics ensemble, we will also be interested in the power series expansion of
correlators like

1 1 u 4
Cij () = (yiyj) = %/Dy ViYj exp (—5 %:ykAkeylz -5 ;yk) (328)
First, we note the exact expressions for these quantities at u =0. The partition
function is
Z(0) = (detA)~ /2. (3.29)

This result is most easily obtained by performing an orthogonal rotation of the y; to a
basis which diagonalizes the matrix A;; before performing the integral (Exercise 3.5). Also
useful for the u expansion is the identity

1
/DYGXP ) > viAiyi =Y iy
ij i

1
= (detA) ™% exp EZJiAi_lej , (3.30)
—

which is obtained by shifting the y; variables to complete the square in the argument of the
exponential. By taking derivatives of this identity with respect to the J;, and then setting
Ji =0, we can generate expressions of all the correlators at u = 0. In particular, the two-
point correlator is

Cij(0) =A;j‘. (3.31)
For the 2n-point correlator, we have an expression known as Wick’s theorem:

My2...ym) = Z (yp1yp2) .- (yP@n—1)yP20): (3.32)
P
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i J i J i J
*r———O@

' I I ' \
*———0
k / k / k /

Representation of the 4-point correlator in (3.33). Each line is a factor of the propagatorin (3.31).

KOO -6
Diagrams for the partition function to order u?.

where the summation over P represents the sum over all possible products of pairs, and
we reiterate that both sides of the equation are evaluated at u =0. Thus for the 4-point
correlator, we have

(yiyjyive) = (viy;) Grye) + Give) (vjve) + Give) (vjvx)- (3.33)

There is a natural diagrammatic representation of the right-hand side of (3.33): we repre-
sent each distinct field y; by a dot, and then draw a line between dots i and j to represent
each factor of C;;(0) see Fig. 3.2.

We can now generate the needed expansions of Z(u) and C;;(u) simply by expand-
ing the integrands in powers of u, and evaluating the resulting series term by term using
Wick’s theorem. What follows is simply a set of very useful diagrammatic rules for effi-
ciently obtaining the answer at each order. However, whenever in doubt about the value of
a diagram, it is often easiest to go back to this primary definition.

For Z(u), expanding to order u?, we obtain the diagrams shown in Fig. 3.3 which eval-
uate to the expression

2
S =1 ST e () + T ()
2

+ Z—S > (Al;l)4 +OWd). (3.34)
L]

We are usually interested in the free energy, which is obtained by taking the logarithm of
the above expression, yielding

j’ig; = "Z< ) +T‘ZZA51AL‘1 (45") +£Z(A51)4+0<u3>.
L]

(3.35)

Now, note an important feature of (3.35): the terms here correspond precisely to the subset
of the terms in Fig. 3.3 associated with the connected diagrams. These are diagrams in
which all points are connected to each other by at least one line, and this result is an
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9%
o QO

Diagrams for the two-point correlation function to order .

example of the “linked cluster theorem.” We will not prove this very useful result here: at
all orders in u, we can obtain the perturbation theory for the free energy by keeping only
the connected diagrams in the expansion of the partition function.

Now let us consider the u expansion of the two-point correlator, C;;(u), in (3.28). Here,
we have to expand the numerator and denominator in (3.28) in powers of u, evaluate each
term using Wick’s theorem, and then divide the result series. Fortunately, the linked cluster
theorem simplifies things a great deal here too. The result of the division is simply to cancel
all the disconnected diagrams. Thus, we need only expand the numerator, and keep only
connected diagrams. The diagrams are shown in Fig. 3.4 to order u?, and they evaluate to

- 141 L=l 41 4—1 4—1
Ciju) =A;;" — _ZAtk Al Ak] += ZAzk Ak Are Age Ayj
3
1 A1) 4]
+—ZA,J< ( k() A +_ZAlk ( k() Ay (3.36)

We now state the useful Dyson’s theorem. For this, it is helpful to consider the expansion
of the inverse of the C;; matrix, and write it as

cijl = Aij — Zij, (3.37)
where the matrix ¥;; is called the “self-energy,” for historical reasons not appropriate here.
Using (3.36), some algebra shows that to order u?

2 2

12 3
_ _ u _
i) = ,,ZA N : Z(Aikl) Al +€<Aijl) , (3.38)

and these are shown graphically in Fig. 3.5. Dyson’s theorem states that we can obtain the
expression for the X;; directly from the graphs for C;; in Fig. 3.4 by two modifications:
(i) drop the factors of A~! associated with external lines, and (ii) keep only the graphs
which are one-particle irreducible (1PI). The latter are graphs which do not break into
disconnected pieces when one internal line is cut; the last graph in Fig. 3.4 is one-particle
reducible, and so does not appear in (3.38) and Fig. 3.5.

The expression in (3.38) will be the basis for much of the analysis in Part II.
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0.9. &

Diagrams for the self-energy to order .

3.3.2 Expansion for susceptibility

‘We now apply the results of Section 3.3.1 to our functional integral representation in (3.25)
for the vicinity of the phase transition.

The problem defined by (3.25) has an important simplifying feature not shared by our
general analysis of (3.26): translational invariance. This means that correlators depend only
upon the differences of spatial coordinates, and that the analog of the matrix A can be
diagonalized by a Fourier tranformation. So now we define the correlator

Cap(x — ¥) = (¢ ()Bp (1)) — (Pa (X)) (B (1), (3.39)

where the subtraction allows generalization to the ferromagnetic phase; we will consider
only the paramagnetic phase here.

The subtraction in (3.39) is also needed for the fluctuation—dissipation theorem. We will
discuss the full version of this theorem in Section 7.1, but note a simpler version. We
consider the susceptibility, xqg, the response of the system to an applied “magnetic” field
hy, under which the action changes as

Sp = Sp — /de ha (X) e (x). (3.40)
Then
3 (Pa
Xap(x —y) = % = Cop(x — ), (3.41)

where the last equality follows from taking the derivative with respect to the field. Below
we set hy =0 after taking the derivative. The Fourier transform of the susceptibility

Xap 18
Xap ) = [ dPxe M g, (3.42)

In the paramagnetic phase, xog(k) = dupx (k), and the susceptibility x (k) will play a
central role in our analysis.
We can also Fourier transform the field ¢ (x) to ¢4 (k), and so obtain the following
representation of the action from (3.25):
D
Sp = % %sz(y +r)
u dPk dPq dPp
41 ] @m)D 2m)P (2n)D¢°‘

(K)o (@) ba(P)Pa(—k — p —q). (3.43)
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In this representation it is clear that the quadratic term in the action is diagonal, and so the
inversion of the matrix A is immediate. In particular, from (3.31) we have the susceptibility
atu=0

xo(k) = (3.44)

K+r
where we have defined xo(k) to be the value of x (k) at u =0. Dyson’s theorem in (3.37)
becomes a simple algebraic relation

1 1
Uxok) —2k) K+r—xk)

x (k) = (3.45)

We will shortly obtain an explicit expression for X (k).

Let us now explore some of the consequences of the u =0 result in (3.44), which
describes Gaussian fluctuations about mean-field theory in the paramagnetic phase, r > 0.
The zero momentum susceptibility, which we denote simply as x = x(k=0)=1/r,
diverges as we approach the phase transition at K = K. from the high temperature para-
magnetic phase. This divergence is a key feature of the phase transition, and its nature is
encoded in the critical exponent y defined by

x~ (Ke—K)™7. (3.46)

At this leading order in u we have y = 1.
We can also examine the spatial correlations in the # = 0 theory. Performing the inverse
Fourier transform to Cyg(x) = 8¢sC (x) we find

de eikx (27‘[)_D/2

Clx)= P B (xg)(z)—zyzK<D*2>/2(x/§)’ (3.47)

where here K is the modified Bessel function, and we have introduced a characteristic
length scale, &, defined by

E=1/r. (3.48)

This is the correlation length, and is a measure of the distance over which fluctuations of
¢e. (or the underlying spins o) are correlated. This is evident from the limiting forms of
(3.47) in various asymptotic regimes:
1
ﬂ’ x <K ‘s;.‘
C(x) ~ S/ (3.49)

Y- P

As could be expected of a correlation length, the correlations decay exponentially to zero
at distances larger than &.

An important property of our expression in (3.48) for the correlation length is that it
diverges upon the approach to the critical point. This divergence is also associated with a
critical exponent, v, defined by

£~ (K.—K)™", (3.50)
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and our present theory yields v =1/2. In the vicinity of the phase transition, this large
value of £ provides an a-posteriori justification of our taking a continuum perspective on
the fluctuations. In other words, it supports our mapping from the lattice models in (3.1)
and (3.2) to the classical field theory in (3.25), where we replaced the lattice spin variables
by the collective field ¢, using (3.18).

Let us now move beyond the # =0 theory, and consider the corrections at order u. After
mapping to Fourier space, the result in (3.38) for the self—energy yields

_ (N+2) 1
T(k) = / oD iy (3.51)

Here, and below, there is an implicit upper bound of k < A needed to obtain finite answers
for the wavevector integrals. The N dependence comes from keeping track of the spin
index « along each line of the Feynman diagram, and allowing for the different possible
contractions of such indices at each u interaction point. We then have from (3.45) our main
result for the correction in the susceptibility:

1 (N+2) 1
= k2 / 2. 52
© +r4u P iy + O®W?) (3.52)

The first consequence of (3.52) is a shift in the position of the critical point. From (3.46),
a natural way to define the position of the phase transition is by the zero of 1/x. The order
u correction in (3.52) shows that the critical point is no longer at r = r. =0, but at

re=-— (N+2)/(2 D +(’)(u2) (3.53)

Now, let us combine (3.52) and (3.53) to determine the behavior of x as r \ r.. We
introduce the coupling s defined by

S=r—re, (3.54)

which measures the deviation of the system from the critical point. Rewriting (3.52) in
terms of s rather than r (we will always use s in favor of r in all subsequent analysis), we

have
1 N+2\ [* dPp 1 1
— = - —). 3.55
X ””( 6 ) <2n>D<p2+s p2> (353

We are interested in the vicinity of the critical point, at which s — 0.

A crucial point is that the nature of this limit depends sensitively on whether D is greater
than or less than four. For D > 4, we can simply expand the integrand in (3.55) in powers
of s and obtain

1
— =s(1 —cruAP™, (3.56)
X

where ¢ is a nonuniversal constant dependent upon the nature of the cutoff. Thus the effects
of interactions appear to be relatively innocuous: the static susceptibility still diverges with
the mean-field form x (0) ~ 1/s as s — 0, with the critical exponent y = 1. This is in fact
the generic behavior to all orders in u, and all the mean-field critical exponents apply for
D > 4.
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For D < 4, we notice that the integrand in (3.55) is convergent at high momenta, and so
it is permissible to send A — 0o. We then find that the correction to first order in u has a
universal form

(3.57)

— =y

|:1_(N+2> 2L(4—D)/2) u }
p .

6 ) (D —2)(4r)D/2 s@=D)/2

Note that no matter how small u is, the correction term eventually becomes important for a
sufficiently small s, and indeed it diverges as s — 0. So for sufficiently large &, the mean-
field behavior cannot be correct, and a resummation of the perturbation expansion in u is
necessary.

The situtation becomes worse at higher orders in u. As suggested by (3.57), the per-
turbation series for 1/(sy) is actually in powers of u/s*?)/2 and so each successive
term diverges more strongly as s — 0. Thus the present perturbative analysis is unable
to describe the vicinity of the critical point for D < 4. We will show that this problem is
cured by a renormalization group treatment in the following chapter.

Exercises
|

3.1 Consider an Ising model on a system of N sites. Let N4 be the number of up spins.
Calculate I'(N4, N), the total number of ways these N4 spins could have been placed
among the N sites. Obtain the entropy S = kp In T as a function of the magnetization
m=(Ny — Ny)/N, where N, =N — N4. Combine this computation of the entropy
with a mean-field estimate of the average internal energy to obtain (3.16).

3.2 Ising antiferromagnet: We consider the Ising antiferromagnet on a square lattice. The
Hamiltonian is

Hy =1 oo, (3.58)
(ij)

where 7, j extend over the sites of a square lattice, (ij) refers to nearest neighbors,
and o; = £ 1. Note that there is no minus sign in front of J. We take J >0, so
the ferromagnetic state, with all o; parallel, is the highest energy state. The ground
states have the pattern of a chess board: o; = 1 on one sublattice (A) and 0; = — 1 on
the other sublattice (B), and vice versa. Use mean-field theory to describe the phase
diagram of this model. Argue that the mean-field Hamiltonian should have two fields,
h 4 and h g, on the two sublattices, and correspondingly, two magnetizations m 4 and
m . Obtain equations for m 4 and m p and determine the value of 7.

3.3 XY model: We generalize the Ising model (with binary spin variables o;) to a model
of vector spins, §i, of unit length (3‘12 =1 at each 7). This is a model of ferromag-
netism in materials, e.g. iron, in which the electron spin is free to rotate in all direc-
tions (rather than being restricted to be parallel or anti-parallel to a given direction,
as in the Ising model). For simplicity, let us assume that the spin is only free to rotate
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within the x—y plane, i.e. Si= (cos 6;, sinf;). So the degree of freedom is an angle
0 < 6; < 27 on each site i. The Hamiltonian of these XY spins is

H=—J1» 8 85 =-J) cos@ —0)),. (3.59)
i (ij)

and the partition function is

2
7= ]‘[ /0 do;e PH. (3.60)
1

Use the varlatlonal approach to obtain a mean-field theory for the mean magnetlza—
tion m = (S ) at a temperature 7. Use a trial Hamiltonian Ho= — )_; h- S;, and
bound the free energy by F < (H —Hp)o + Fo. Argue that because of spin rotational
invariance (about the z axis) we can choose h and m to point along the x-axis, and

hence Ho= — >, h cos 6;. Also, in the variational approach we define
1 9Fy(h)
= O)p=———"—. 3.61
m = (cos0)o N on (3.61)

We use this equation for m to solve for i as a function of m, and so now we can
consider F' to be a function of the variational parameter m. Show that F equals

NgJm?
F=_24"

+ Nhm + Fy(h). (3.62)

Use these equations to evaluate d F/dm and so obtain the mean-field equation for m
(note that you do not need an explicit form for Fj to obtain this) and determine the
critical temperature on a lattice with coordination number q.

Critical exponents: In mean-field theory, the free energy density of the Ising model
near its critical point can be obtained by minimizing the functional of the magneti-
zation density m:

a , b
F_Em +4m — hm + Fo(T).

Here F represents the Helmholtz free energy density; Fo(7') is a smooth background
function of T, all of whose derivatives are finite and nonzero at T = T,. Assume b is
independent of 7', while a is approximated by a linear T dependence a = ao(T —T¢).

(a) The critical exponent § is defined by the manner in which m vanishes upon
approaching T, at h =0:

m~ (T, — T)P.
What is the mean-field value of 8?
(b) The critical exponent § is determined by the & dependence of m at T = T:

m ~ h'/3,

What is the mean-field value of §?
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3.6
3.7

(¢) The critical exponents y and y’ are defined by the manner in which the magnetic
susceptibility x = dm/dh|;,_,o behaves above and below T:

x~AT-T)7", T>T,
x~AT.—-T)Y. T<T,

Determine the values of y, ', and A/A’.
(d) Similarly, the behavior of the specific heat, Cy = — T(3%F /0 T?) at h=0 is
specified by

Cy~B(T-T)% T>T,
Cy~BT.—-T)Y. T<T.

Determine the values of o, «’, B, and B’.

Establish (3.29) by changing variables of integration in (3.26) so that the matrix A
is diagonal in the new basis. This will involve working with the eigenvectors and
eigenvalues of A.

Redo the computations in Section 3.3.1 for an N component field y;q .

Landau theory for the XY model: This is expressed in terms of a vector field 7 (r) =
(m1(r), ma(r)). In zero applied field, the Landau free energy has the form

2

f=/d3r g Z Z(Bima)2+% Zmi +§ Zmi

i=x,y,za=1,2 a=1,2 a=1,2
(3.63)

and the critical point is at @ = 0 (assume, K, 8 > 0). Determine the correlation func-
tions G11(r)=(mi(r)mi1(0)) — (mi(r))(m1(0)) and Gn(r)= (m2(r)mz(0))
— (m3(r))(m2(0)) for both signs of «. You can compute these correlation functions
by applying an external field % (r) to the system, under which

F—F- / dr Y ha(ryma(r), (3.64)
a=1,2
and then computing the change in (m,) due to the presence of the field. As for the
Ising model, we have, to linear order in &

1
(ma (X)) = (ma(r)j—o + T / A Gaa(r — rha(r) + ... (3.65)
B

By writing 7 in the above form, you can read off the values of G,. Above the critical
temperature (o« > 0), you should find G1; = G22, which is a simple consequence of
rotational invariance. Below the critical temperature, (¢ < 0), choose the state with
(m1(r)) =+/la[/B and (m(r)) =0 in zero field. You should find G1; # Gy;, and
determine both functions in 3 dimensions.
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In Chapter 3 we developed the basic tools to describe the phase transition in the classical
Ising model, and its cousins with N-component spins. We argued that the vicinity of
the critical point at K = K, could be described by the classical field theory in (3.25).
However, we observed that an expansion of the observable properties in powers of the
quartic coupling u# broke down near the critical point for dimensions D < 4. We will now
show how the renormalization group circumvents this breakdown.

In its full generality, the renormalization group (RG) is a powerful tool with applications
in many fields of physics, and covered at great lengths in other texts. Our treatment here
will be relatively brief, and will be directed towards addressing the critical properties of
the classical field theory in (3.25).

The key to the success of the RG is that it exposes a new symmetry of the critical point
at K = K., which is not present in the underlying Hamiltonian. This symmetry can be
understood to be a consequence of the divergence of the correlation length, &, at K = K,
as indicated in (3.50). With the characteristic length scale equal to infinity, we may guess
that the structure of the correlations is the same at all length scales, i.e. the physics is
invariant under a scaling transformation under which the coordinates change as

x — x' =x/b, 4.1

where b is the rescaling factor. In other words, the basic structure of all correlations should
be invariant under a transformation from the x to the x’ coordinates. An example of this
invariance appears in our result for the two-point correlation function C(x) ~ x>~ for
x K &€ in (3.49); this is only rescaled by an overall prefactor under the transformation (4.1).
We should note here that the lattice statistical mechanics model does have a characteristic
length scale, which is a the lattice spacing; the invariance under (4.1) holds only at lengths
much larger than a, and only at the critical point.

We will see that the role of the scale invariance is similar to that of other, more famil-
iar, symmetries. As an example, symmetry under rotations is due to an invariance of the
Hamiltonian under a change in angular coordinates 8’ =6 + b; (4.1) is an analogous coor-
dinate transformation. Further, we know that rotational invariance classifies observables
according to how they respond to the coordinate change: scalars, vectors, tensors, ...,
which are labeled by different values of the angular momentum. We will similarly find that
scale invariance labels observables by their scaling dimension.
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4.1 Gaussian theory
- |

It is useful to begin with a simplified model for which the scaling transformations can be
exactly computed. This is the free field theory obtained from (3.25) at u = 0: let us write it
down here explicitly for completeness:

Z = /Dqﬁa(x) exp (—%/de [(quﬁa)z + r¢§(x)]) . 4.2)

It is now easy to see that all correlations associated with this ensemble will maintain their
form if we combine the rescaling transformation (4.1) with the definitions

¢, (') = b PP gy (x),
¥ = br. (4.3)

The powers of b appearing in (4.3) are the scaling dimensions of the respective variables,
which we denote as

dim[¢] = (D —2)/2,
dim[r] = 2. (4.4)

Also, by definition, we always have from (4.1) that dim[x] = —1.
These scaling transformations now place strong restrictions on the form of the correla-
tion functions. Thus for the two-point correlation of ¢,, we have from (4.3) that

(04685 @) = 6P (g0 ()85 0). (4.5)

However, both correlators are evaluated in the same ensemble, and ¢, and ¢, are merely
dummy variables of integration which can be relabeled at will. Therefore the correlators
must have the same functional dependence on the spatial coordinates and the couplings
constants, and so

C(x/b; b*r) = bP72C(x; r), (4.6)

where we have indicated the dependence of the correlator on the coupling r, which was
previously left implicit. This is the payoff equation from the RG transformation, and places
a nontrivial constraint on the form of the correlations; it can be checked that the results
(3.47) and (3.48) do obey (4.6).

Although it is strictly not necessary here, it will be useful to build the rescaling transfor-
mation by the factor b via a series of infinitesimal transformations. This is analogous to the
use of angular momentum to generate infinitesimal rotation in quantum mechanics. Here,
we set b=1 + df, where d¢ < 1, and build up to a finite rescaling b = e’ by a repeated
action of infinitesimal rescalings. These rescalings are most conveniently represented in
terms of differential equations representing the RG flow of the coupling constants. In the
present case, we have only the coupling r, and by (4.3) or (4.4), its flow is represented by

dr

— =2r 4.
T 4.7)
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The constraint on the correlator in (4.6) can be written as
Cle x,r(0)) = PP (x, r). (4.8)

The result of the RG flow (4.7) is very simple. For an initial value r > 0, we have r — oco
as ¢ increases: this represents the physics of the paramagnetic phase. Similarly for » <0,
we have r — —o0 as £ increases, representing the ferromagnetic phase. In between these
two divergent flows, we have the fixed point r =r* =0, where r is £-independent. This
fixed point represents the phase transition between the two phases. Note that at an RG
fixed point, we can set r =r* on both sides of a rescaling equation like (4.8), and so
then the correlations are invariant under a rescaling of coordinates alone. Here, we have
C(e~tx) =eP=DC(x), whose solution is

Cx)~x>P, r=r" 4.9)

which agrees with (3.49).

The above connection between RG fixed points and scale-invariance at phase transitions
is very general, and we will meet numerous other examples. The “homogeneity” relation-
ship (4.8) for the correlation function is also in a form that applies in many more complex
situations.

Our main result so far has been the identification of the “Gaussian fixed point,” r* =0,
of the RG transformation. Let us now look at the stability of this fixed point to other pertur-
bations to the action. The simplest, and most important, is the quartic coupling u already
contained in (3.25). Applying the transformation (4.3) we now see that u transforms as

u' =b*Py. (4.10)
Equivalently, this can be written as the RG flow equation
du
— = (4 — D)u. 4.11
77 = Ju (4.11)

Thus in the more complete space of the two couplings r and u, the Gaussian fixed point is
identified by r* =0 and u* =0.

We also notice a crucial dichotomy in the flow of u away from this Gaussian fixed point.
For D > 4, the flow of u is back towards u™* =0 as ¢ increases. In RG parlance, the Gaussian
fixed point is stable towards u perturbations for D > 4. This result is entirely equivalent to
our more pedestrian observation in (3.56), where we found that perturbation theory in u did
not change the leading critical singularity for D > 4. Conversely, for D <4, the Gaussian
fixed point is unstable to u perturbations. This means that we have to flow away from
u* =0. As we will see below, the flow is towards a new fixed point with u* # 0, known
as the Wilson—Fisher fixed point. It is the Wilson—Fisher fixed point which will cure the
problem with perturbation theory in D < 4 identified in (3.57).

Before embarking on our search for the stable fixed point for D < 4, let us also consider
other possible perturbations to the Gaussian fixed point. A simple example is the six-order
coupling v defined by
3

Sp— Sp+ v/de (qsg(x)) (4.12)
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Application of (4.3) easily yields

dv
— = (6 —2D)v, 4.13
T, ( v (4.13)

and so v* =0 is stable for D > 3. In alternative common terminology, v is “irrelevant” for
D > 3. A similar analysis can be applied to all possible local couplings which are invariant
under O(N) symmetry, and it is found that they are all irrelevant for D > 3. This was the
underlying reason for our focus on the field theory in (3.25), with only a single quartic
nonlinearity. The coupling v is “marginal” at the Gaussian fixed point in D =3, but we
will see that it does not play an important role at the Wilson—Fisher fixed point.

4.2 Momentum shell RG

Our RG analysis so far has not been much more than glorified dimensional analysis.
Nevertheless, the simple setting of the Gaussian field theory has been a useful place to
establish notation and introduce key concepts. We are now ready to face the full problem
of classical field theory (3.25) in D < 4 in the presence of the quartic nonlinearity.

The structure of the perturbation expansion in Section 3.3.2 shows that well-defined
expressions for the fluctuation corrections are obtained only in the presence of a wavevector
cutoff A. So in our scaling transformations we also have to keep track of the length scale
A~!. True scale invariance at the critical point appears only at length scales much larger
than A~!, and we need a more general RG procedure which allows such an asymptotic
scale invariance to develop.

The needed new idea is that of decimation of the degrees of freedom. The first step in
the RG will be a partial integration (or “decimation”) of some of the short-distance degrees
of freedom. This results in a new problem with a smaller number of degrees of freedom. In
our formulation with a momentum cutoff A, the new problem has a smaller cutoff A <A.
We choose A = A /b, and integrate degrees of freedom in the shell in momentum space
between these momenta.

The second step of the RG is the rescaling transformation already discussed. Given the
mapping of length scale x’ = x /b, the mapping of the cutoff A is

A =bA = A. (4.14)

Note that after the complete RG transformation, the initial and final cutoffs are equal. Thus
our RG will be defined at a fixed cutoff A. This is very useful, because we need no longer
keep track of factors of cutoff in any of the scaling relations, and can directly compare
theories simply by comparing the values of coupling constants like 7, u, . ..

Now we only need an implementation of the first decimation step. The second rescaling
step will proceed just as in Section 4.1.

The key to the decimation procedure is the decomposition

Pa(X) = ¢y (x) + ¢ (x), (4.15)
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where the two components lie in different regions of momentum space

A/b de " A de "
<(x) = —— S (k)e'™, ¢7(x) = —— (k)e'™™. 4.16
) fo St 0, 47 @) /A | Gyt e 4.16)
Then we evaluate the partition function as usual, but integrate only over the fields at large
momenta ¢~ :

exp (—S¢<) = f D¢, (x) exp (—S¢). (4.17)

The resulting functional integral defines a functional Sy< of the low momentum fields
alone, which we will now compute to the needed order. An important property which
facilitates the present analysis is that the ¢ = and ¢~ decouple at the Gaussian fixed point,
i.e. the Gaussian action is a sum of terms which involve only ¢= or ¢~, but not both.
This decoupling is a consequence of their disjoint support in the momentum space, and
consequently we can write

So= [ aPx {% (Va9 + 1622 @) + (Vag ) + () |
2
+% ((¢; )+ 67 (x))z) } (4.18)
Inserting (4.18) into (4.17) we obtain

1
Sp< = E/de [(vx¢;)2 + r¢;2(x)] —In2>

2
—ln<exp (—%[de <(¢;(x)+¢;(x))2) >>Z . (4.19)

Here Z~ is the free Gaussian ensemble defined by

z7 = /Dqs;(x)exp <—%/de [(vx¢;)2+r¢;2(x)]), (4.20)

and the expectation value in the last term in (4.19) is taken under this Gaussian ensemble
(as indicated by the subscript). The second term in (4.19) is an additive constant, and is
important in computations of the free energy; we do not include it below because it plays
no role in renormalization of the coupling constants.

It now remains to evaluate the expectation value in the last term in (4.19). This is easily
done in powers of u using the methods described in Section 3.3.1. Notice that ¢ < appears
as a source term, whose powers will multiply various correlation functions of the ¢~ ; the
latter can be evaluated by Wick’s theorem, or equivalently by Feynman diagrams. Thus
all internal lines in the Feynman diagram represent ¢~ , while external lines are ¢ <. We
show the Feynman diagrams that are important to us in Fig. 4.1 The spatial dependence of
¢, (x) determines the momenta that are injected into the Feynman diagrams by the external
vertices. We are ultimately interested in a spatial gradient expansion of the resulting action
functional of ¢ =, and this means that we can expand the Feynman diagrams in powers of
the external momenta.
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. XX

Feynman graphs important for the Wilson—Fisher RG equations. The external lines represent ¢ ., while the internal
lines are o= propagators. The first graph renormalizes r, while the second renormalizes u.

In the action functional for ¢ = so obtained, we obtain terms which have the same form
as those in the original Sy in (3.25). We also obtain a number of other terms which involve
higher powers of ¢~ or additional gradients: we have just argued at the end of Section 4.1
that these other terms are not important, and so we can safely drop them here. The first
graph in Fig. 4.1 renormalizes terms that are quadratic in ¢=, and this turns out to be
independent of momentum: this is related to the k independence of the self-energy X (k)
in (3.51). The second graph in Fig. 4.1 is quartic in ¢ =, and this can be evaluated at zero
external momenta because we are not interested in gradients of the quartic term. Collecting
terms in this manner, the final results of (4.19) can be written as

Spe = / dPx {% [(Vege? +705% ) | + 45, (¢>;2<x))2}. (4.21)

Note that the coefficient of the gradient term does not renormalize: this is an artifact of the
low-order expansion, and will be repaired below. The other terms do renormalize, and have
the modified values

(N+2) (» dPp 1

6 A QP (p2+r)’
,(N+8) (A dPp 1
u .
6 A Q)P (p? +1)?

F=r+u

N

(4.22)

= u —

Finally, it should be reiterated that the theory Sy< in (4.21) has an implicit momentum
cutoff of A = A/b.

‘We can now immediately implement the second rescaling step of the RG and obtain the
new couplings

r'=b%, u =b*Pu (4.23)

Finally, we specialize to an infinitesimal rescaling b =1 + d¥¢, expand everything to first
order in d¢, and obtain the RG flow equations

dr (N+2) Sp

Ty .

T T

du (N+8) Sp

— =@ —Dyu—u® — . 4.24
T S T (424

Because the RG flow is computed at fixed A, we have conveniently set A =1, and will
henceforth measure all lengths in units of A~!. The phase space factor Sp =2/(I'(D/2)
(47)P/2) arises from the surface area of a sphere in D dimensions. The equations (4.24)
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R

Plot of the flow equations in (4.24). There are two fixed points, the Gaussian (G) and Wilson—Fisher (W—F). The dashed
line represents a possible line of initial values of r and u, as the coupling K is changed in the underlying lattice model.
The critical point of such a lattice model is the point A, which flows into the Wilson—Fisher fixed point.

update (4.7) and (4.11) to the next order in u, and are the celebrated Wilson-Fisher RG
equations.

Let us momentarily ignore concerns about the range of validity of RG flow equations,
and examine the consequences of integrating (4.24). The results are shown in Fig. 4.2.
In addition to the r* = u™ =0 Gaussian fixed point already found, we observe there is a
second fixed point at nonzero values r* and u*: this is the Wilson-Fisher fixed point, and
it will be the focus of our attention.

However, before embarking upon a study of the Wilson—Fisher fixed point, we need a
systematic method of assessing the reliability of our results. Wilson and Fisher pointed out
that a very useful expansion is provided by

e=4-D. (4.25)

Even though the physical values of D are integer, all our expressions for the perturbative
expansions, Feynman diagrams, and flow equations have been analytic functions of D. So
we can consider an analytic continuation to the complex D plane, and hence to small .
The expansion in powers of € has since established itself as an invaluable tool in describing
a variety of classical and quantum critical points.

We can now systematically determine the values of r* and u* by an € expansion of
(4.24). We find

. 6¢e
T (N +8)S

€(N +2)
" 2(N +8)

*

+ 0@, r* = + O(e). (4.26)
All the omitted higher order terms in (4.24), and all other terms higher order in ¢, or with
additional gradients that could have been added to Sy will not modify the results in (4.26).
This includes the effect of the coupling v in (4.12), which is actually irrelevant for small €.
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Let us now examine the nature of the flows near r* and u*, and their implication for
the critical properties of Sg, and the underlying O(N) spin models. The phases of the spin
models are accessed by varying a single coupling K. The initial values of r and u depend
upon the value of K, and so varying K will move us along a line in the r—u plane: this
line of initial values is shown as the dashed line in Fig. 4.2. Now notice that the RG flows
predict two very distinct final consequences as we vary K. On the right of the point A in
Fig. 4.2, all points ultimately flow to r — o0; it is natural to identify all such points as
residing in the high-temperature paramagnetic phase. In contrast, points to the left of A
flow to r — —o0, as is natural in the ferromagnetic phase. The only point on the line of
initial values to avoid these fates is the point A itself, and it flows directly into the Wilson—
Fisher fixed point. It is therefore natural to identify A as the point K = K. Thus we have
established that, for essentially all realizations of the O(XN) spin model, the physics of the
critical point is described by the field theory of the Wilson—Fisher fixed point. This is a key
step in the “proof™ of the hypothesis of universality: independent of the set of microscopic
couplings in H, the critical point is described by the same universal field theory.

Let us examine the structure of the flows near the Wilson—Fisher fixed point. Defining,
r=r*+6érand u=u* 4+ Su/Sp, (4.24) yields the linearized equations

C(N+De (N+2)  (N+2)%

d Sr r
ﬁ(w)z (18’+8) 6 —e(N+8) (8u> (4.27)

These equations are most easily integrated by diagonalizing the coefficient matrix: this is
done by defining two new eigen-couplings wj » which are different, linearly-independent
combinations of §r and du. The flow of the eigen-couplings is simply

dw; .
d—z’zx,»w,-, i=1,2 (4.28)
with the eigenvalues
(N +2)e ) 2
M=2————4+0(), i =—c+0O(). 4.29
1 N18) (€%) 2 (€%) (4.29)

The flows in (4.29) are now finally as simple as those for the Gaussian theory in Section 4.1.
Regardless of its initial value, the coupling wy is attracted to w3 = 0 and so can be regarded
as irrelevant. Setting w3 =0 puts us on the track to identifying the universal properties of
the critical point. Notice however, that the eigenvalue A, has a small magnitude, and so the
flow towards the universal theory will be slow: we expect this flow of w, to provide the
leading corrections to the universal critical behavior.

Our entire RG analysis has therefore been reduced to the flow of a single relevant cou-
pling wy, with the simple flow equation (4.28). Just as was the case with the coupling r in
Section 4.1, the critical point is at w; = w} =0, and so may identify this coupling

wy ~ Ke— K (4.30)

as a measure of the deviation from criticality. The flow of w; when combined with the
rescaling of the field ¢, leads to a number of interesting physical consequences which we
explore below.
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4.3 Field renormalization
1 —

The entire analysis in Section 4.2 did not modify the original rescaling of the field ¢,
defined in (4.3). This is actually an artifact of working to first order in €. At higher orders
in € we do find a momentum in the self-energy, and consequently a renormalization of the
gradient term in Sy, leading to change in the RG rescaling of ¢,. A complete treatment
of these effects is far more efficiently carried out using a more formal field-theoretical RG
which we will not describe now. Rather we will be satisfied with a shortcut which yields
the leading nonvanishing renormalization after some reasonable assumptions.
Anticipating the field scale renormalization, we define the RG rescaling of ¢, by

oL (x") = b P22, (x), 4.31)

where 7 is known as the anomalous dimension of the field ¢,. This is of course equiva-
lent to

dim[¢e] = (D — 2+ 1)/2. (4.32)

Assuming (4.32), the generalization of the relation (4.8) for the correlator C(x) at the
critical point K = K, or w; =01is

Cle tx) = eP20lC(x). (4.33)

This implies C(x) ~ x~P~2#"_ Taking the Fourier transform, we have for the
susceptibility

x (k) ~ kz% (4.34)
Let us see how (4.34) could emerge from an analysis of the Wilson—Fisher fixed point.
We set r =r* and u = u*, and compute y (k) using (3.45) and a perturbative expansion for
the self-energy X (k). Because we are at the critical point, x ~1(0) should vanish, and hence
we should have r — £ (0) = 0; thus x ~ ! (k) =k? — £ (k) + =(0). At first order in u, = (k) is
k-independent, and so we have no correction to the free field behavior. However, at second
order in u#, we obtain a momentum-dependent ¥ given by the Feynman diagram in Fig. 4.3
(which corresponds to the last term in (3.38)), which yields

Graph contributing at order €2 to the anomalous dimension 7.
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(N+2) [ dPp dPq 1
k) =...+u* / )
W=t | GoP @D Rt @ (T a T+
(4.35)

To leading nonvanishing order in €, we can set u = u*, r =0, and D =4 above. The result-
ing two-loop integral requires some technical results from the mathematical theory of
Feynman graphs to evaluate; the reader can find a concise and useful discussion, with a
valuable table of integrals, in the book by Ramond [392]. Evaluating the integral in this
manner we find

N+2 A
2(N+2) 0y A (4.36)

72 k

Inserting this into X_l(k) = k* — £(k) + £(0), and assuming the logarithm is the first
term in a series which exponentiates, we obtain the form in (4.34). Using the value of u*

k) = ... — (u*Sy)

in (4.26), we obtain our needed result for the anomalous dimension of ¢, :

(N +2)

_ T2 3
n= 2T 8)26 + O(€d). (4.37)

4.4 Correlation functions
|

The results of Sections 4.2 and 4.3 will now be collected and applied to determine the form
of correlations near the critical point.

Given the form of the field scaling relation (4.32), and the flow of the relevant coupling
wi in (4.28), the most complete form of the homogeneity relation (4.8) for the two-point
¢ correlator is

Cle bx; wieht) = eP250C (x; wy). (4.38)

Recall that we have already set the leading irrelevant coupling wy = wj =0, and so we are
dealing exclusively with the “universal theory.” The relation (4.38) holds for any ¢, and so
let us evaluate it at £ = £* where wje*'®" = = 1; the choice in sign will depend upon the
sign of the initial value of wy, i.e. whether we are above or below the critical point. Then
it takes the form

Clx;wy) =& P2 F, (x/8), (4.39)

where we have set £ = ! and F. are as yet undetermined functions, known as the scaling
functions; the subscript indicates the distinct forms of the scaling function on the two sides
of the critical point. The structure of (4.39) is very informative: it indicates that as we
change the value of the coupling wi, the x dependence of the correlations changes at the
characteristic scale £. It is therefore natural to identify & with the correlation length, the
analog of the quantity that appeared in (3.47) in the Gaussian theory; indeed, it is easy to
see that (3.47) is of the form (4.39), with an explicit result for the scaling function F, and
an exponent n =0 as expected at the Gaussian fixed point. We will mainly be interested in
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(4.39) at the Wilson—Fisher fixed point, where 5 is given by (4.37), and we can make an
analogous € expansion for the scaling functions F4.

The above results also specify the divergence of & at the critical point. Using the expres-
sions just before and after (4.39), we have

£~ w7V~ K - KTV (4.40)

We meet again the correlation exponent v, whose value is given quite generally by

1

V= —.
Al

(4.41)

In other words, the exponent v is the inverse of the relevant RG eigenvalue. Implicit in our
discussion is the assumption that there is only one such relevant eigenvalue, and that all
other perturbations are irrelevant at the Wilson—Fisher fixed point. The reader will recog-
nize that we have in fact established this strong and powerful result to leading order in €.
There is overwhelming numerical evidence that such a result is also true at the physically
important value of € = 1, and this is behind the success of the € expansion.

We will also have occasion to meet RG fixed points with either zero or more than one
relevant perturbation. Those with zero relevant perturbations describe critical phases rather
than critical points; for all couplings not too far from the fixed point, the flow is towards the
fixed point, and hence the long-distance correlations have characteristics independent of all
microscopic parameters. The extent of such critical phases is determined by the domain of
attraction of the RG fixed point. RG fixed points with more than one relevant perturbation
describe “multicritical points.” Reaching such multicritical points requires that we tune
more than one linearly independent coupling in the underlying Hamiltonian: the number
of tuning parameters is equal to the number of relevant perturbations.

Finally, let us show that (4.39) also allows us to determine all other critical exponents
we have defined so far. Integrating (4.39) over all x, we obtain using (3.42) the result for
the wavevector-dependent susceptibility

x(k) = EXNFL (kE), (4.42)

where the scaling functions F: are Fourier transforms of F.. This result clearly generalizes
(4.34) away from the critical point. As long as we are not at the critical point, we expect the
susceptibility to be nonsingular as k — 0, and so the fi will approach nonzero constants
in the limit of zero argument. Consequently, the uniform static susceptibility behaves as

X~ (4.43)
or the critical exponent y in (3.46) is given by the exact “scaling relation”
y =2 —nv. (4.44)

It remains to determine the critical exponent § for the ferromagnetic moment (¢, ) =
Noéy, where &4 is an arbitrary unit N-component vector. As discussed regarding (3.24),
this moment vanishes as

No ~ (K — K.)P, (4.45)
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as we approach the critical point from low temperatures. Rather than deducing directly
from (4.39), let us reapply the RG transformation from scratch. Application of the funda-
mental scaling relation (4.31) tells us that

No(wie*t) = e P22 Ny (), (4.46)

where again we neglect the influence of irrelevant couplings like w». Evaluating (4.46) at
€ ={* as before, we obtain (4.45) with the scaling relation

B=(D-=24+nyv/2. (4.47)

More generally, we can regard (4.47) as the most important application of a scaling relation
determining the singular contribution to the average value of any observable O

[(O)]ging ~ & 4mIOL, (4.48)

An important case of the above result is the scaling of the free energy density F=
—(1/V)In Z, where V is the D-dimensional volume of the system. The partition function
Z is a RG invariant, and so the scaling dimension of In Z must be zero. Consequently

dim[F] = D, (4.49)

and the singular part of the free energy density scales as £ ~2. This result is often stated in
terms of the exponent of the specific heat (see Exercise 3.4) —32F /dr> ~ |K — K|~ for
which we have the “hyperscaling relation”

o =2— Dv. (4.50)

Exercises
|

41  Consider the RG flow of the sixth-order coupling v in (4.12). Compute the one-loop
correction to the RG flow in (4.13) by determining the coefficient of the term of order
uv on the right-hand side. Hence show that the Wilson—Fisher fixed point has v* =0,
and the fixed-point eigenvalue of the six-order operator is

14
M&;u* + (9(62)

Ay=6-2D—
(n +26)
 (n+8)
42 This exercise is adapted from [382]. We consider the consequences of anisotropy
in the O(N) symmetry of the Wilson—Fisher fixed point. In some applications to
classical ferromagnets, spin—orbit interactions may introduce a weak anisotropy in
which the rq&g term is replaced by

rs Y da + by 451)

a<N

€+ 0.
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Exercises

while the quartic term is replaced by
Ui 2,2 U2 2,2 U3 4
2 O Pabh Ty D dadi+ 5 bn (4.52)
a,B<N a<N

Clearly, the original problem with full O(N) symmetry is the case ry =r, and u| =
uy =u3. The model with ry =00, uy = uy =0 is the field theory of the Ising model,
while the model with O(N — 1) symmetry is r, =00, up =u3 =0.

(a) Show that the one-loop RG flow equations for this model are:

ﬁ=2r +MS u +;S u
de ST e+ P T 6 £y T
dr":Zr +—(N_1)Su+—1 Spu
de "o ) P T 2y P
dvy o @D o oo L o o
de L6+ )2 7P T 6 2Py
du2 2 2
P EY A TS R
__WN+D b

6(1 +ro)2 P2 T o g2 7P

dus 3 , (N=-1) .

—eyr — ——> Spur—
dat T2 P T sl )2

(b) Show that these equations reduce to the expected equations in the limits corre-
sponding to the models with O(N), Ising, and O(N — 1) symmetry just noted.

(c) Consider the fixed point of the flow equations with O(N) symmetry: r; =
rp=r*, and u; =uy = uz =u*. Show that, to leading order in ¢, and for n < 4,
this fixed point has two relevant eigenvalues 2 — (n 4 2)e/(n + 8) and 2 — 2¢/
(n +8).

(d) Assume the experimental conditions are such that the u couplings are close to
the O(NV) fixed point. Describe, qualitatively, the behavior of the susceptibility
for T > T, for the two cases ry > r, and ry, > ryg.

Spu3. (4.53)



The quantum Ising model

This chapter returns to the quantum Ising model (1.7) which was introduced in
Section 1.4.1:

Hy=-Jgy 6 —J) 6765 (5.1)
i (ij)

We will examine the eigenstates of H; in more detail in the large and small-g limits. These
limits were also studied briefly in Section 1.4.1, where we argued that there was a quantum
phase transition at some intermediate value g = g.. We will also study the quantum to clas-
sical mapping introduced in Chapter 2, and carefully establish [127,378] the mapping to
the classical Ising model of (2.2). This mapping will eventually lead us to a field-theoretical
analysis of the vicinity of the quantum critical point at g.

Before embarking on the large and small-g expansions of Hj, we introduce the effective
Hamiltonian method in Section 5.1. This is an indispensable tool for characterizing the
spectrum of this and other models. This method is described in textbooks on quantum
mechanics, and we only recall a basic result which we will put to extensive use.

We then use the effective Hamiltonian method to examine the spectrum of H; under
strong-(g > 1) and weak-(g < 1) coupling limits, which were discussed briefly in
Section 1.4.1. The analysis is relatively straightforward in these limits, and two very dif-
ferent physical pictures emerge. In d =1, the model H; is exactly solvable, and this is
described later in Chapter 10: this exact solution shows that there is a critical point exactly
at g = g. = 1, but that the qualitative properties of the ground states for g > g, (g < g.) are
very similar to those for g > 1 (g < 1). We argue below, and in the following chapters,
that these features also hold for d > 1, where no exact solution is possible. One of the two
limiting descriptions is therefore always appropriate, and only the critical point g = g, has
genuinely different properties at 7 = 0.

5.1 Effective Hamiltonian method

58

We consider a Hamiltonian of the form H = Hy 4+ Hj, where the eigenstates of Hy are
easily determined, and we are interested in describing the influence of H; in perturbation
theory. Further, we assume that the eigenvalues of Hj are separated into distinct groups of
closely-spaced levels, such that the energy separation between two levels within the same
group is always much smaller than the separation between two levels in distinct groups.
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5.2 large-g expansion

We use the symbols «, S, . .. to denote the groups, and i, j, ... to denote levels within each
group. Thus the eigenstates of Hy are |i, ), with eigenenergies E;,, and so

|Eiq — Ejo| < |Eiq — Ejg| fora # B. 5.2)

We are often interested in the structure of the levels within a given group, and would
like to understand their behavior without reference to levels in other groups. However,
in general, H; will have nonzero matrix elements between states belonging to different
groups: consequently a conventional perturbative analysis will require repeated reference
to states lying outside the group of interest. The idea of the effective Hamiltonian method
is to perform a unitary transformation which eliminates these inter-group matrix elements.
After the unitary transformation, we obtain a new Hamiltonian Heg which has nonzero
matrix elements only within each group.

We skip the straightforward, but tedious, analysis needed to obtain H.fs order-by-order
in Hi. We quote here only the final result to second order in H;. The new Hamiltonian
Hggr is defined by the following nonzero matrix elements between any two levels, |i, o)
and |j, o) belonging to the same group «:

(i, a|Hegr| j, o) = Eio8ij + (i, a| H1l ], o)

2 Eio — Exg  Ejo— Exp

(5.3)

k.p#a

Naturally, we have (i, o| Hefr| j, B) =0 for all @ # B, ensuring that Hegr is block diagonal,
and we can work independently within each group «.

5.2 large-g expansion

In the interests of simplicity, we will restrict our discussion of the large-g expansion to
the case d = 1. The generalization to d > 1 involves only minor differences, and these will
be noted explicitly where needed. The situation is very different for the small-g expan-
sion discussed in the following section: there the cases d = 1 and d > 1 require a separate
analysis.

The g = oo ground state was presented in (1.9), where we also discussed the nature of
the 1/g corrections. We found a quantum paramagnetic ground state, invariant under the Z»
symmetry (1.13), with exponentially decaying 6¢ correlations as in (1.11). Conventional
perturbation theory can be used to obtain the ground state wavefunction and energy in
powers of 1/g. On a system of M sites, with periodic boundary conditions, the ground
state energy is

Eo=-MJg (1 +1/(4g%) + 0(1/g3)), (5.4)

where the leading corrections arise from virtual states with two left-pointing spins created
by the exchange term in Hj.
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What about the excited states? For g = oo these can also be listed exactly, and the lev-
els appear in groups as needed for the effective Hamiltonian method. The lowest excited
states are

liy=1<)i[]lI-=) (5.5)
J#
obtained by flipping the state on site i to the other eigenstate of 6 (the eigenstates of 6*
were defined in (1.10)). There are M such states, and they are degenerate with energy Eq+
2Jg. We will refer to them as the “single-particle” states. Similarly, the next degenerate
manifold of states is the two-particle states |7, j), obtained by flipping the spins at sites
i and j; clearly, there are M(M — 1)/2 such states, and they have energy Eo + 4Jg.
Generalizing, we can construct the p particle states: there are M!/((M — p)!p!) states with
energy Eo+2pJg. Identifying the ground state as the p = 0 case, the values p=0,1... M
clearly span the entire Hilbert space of 2M states. Of course, when p is of order M, this
particle labelling will not be particularly useful.
‘We now consider the nature of the effective Hamiltonian in the different particle number
subspaces in turn.

5.2.1 One-particle states

For the one-particle states, the exchange term 6,67 "+ in Hj is not diagonal in the basis of
the | —), | <) states and leads only to the off-diagonal matrix element

(i|Hpli +1) = = J, (5.6)

which hops the “particle” between nearest-neighbor sites. As in the tight-binding mod-
els of solid state physics [28], the Hamiltonian is therefore diagonalized by going to the
momentum space basis

1 .
ky=—=">"e*Mlj). 5.7
Ik) mje 1) 5.7

This eigenstate has energy
ek = Jgl2 — (2/g) cos(ka) + O(1/g)], (5.8)

where a is the lattice spacing, and we have dropped an additive term of the ground state
energy Eg. Henceforth, all particle excitation energies will be measured relative to Eg. The
lowest energy one-particle state is therefore at 69 =2gJ — 2J.

At next order in 1/g, H; mixes the one-particle states with the zero- and two-particle
states. Their influence on the one-particle subspace can be described by direct application
of (5.3): we find terms by which the particle can hop to second neighbors. (Actually, ini-
tially it appears that there are terms by which the particle can hop arbitrary distances, but
these cancel between the contributions of the zero- and two-particle subspaces.) The wave-
function (5.7) still diagonalizes the effective Hamiltonian in the one-particle subspace, and
then (5.8) improves to (Exercise 5.1)

er = Jg[2 — (2/g) cos(ka) + (1 — cos(2ka))/(2g%) + O(1/g>)]. (5.9)
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5.2 large-g expansion

This is a convenient point to define another useful concept: the quasiparticle residue,
A. The operator 6 flips the ith spin between | —) and | <), and so moves states up
or down one step between the p-particle subspaces. So we can regard 6° as the sum of a
particle creation and annihilation operator. It is useful to consider the operator at a definite
momentum k by defining, as in (5.7),

1 ,
4 _ ikxj~z
&7 (k) = T § e 53. (5.10)
J

Then, the quasiparticle residue is defined by the overlap between the actual one-particle
state at momentum k = 0, and that obtained by creating a particle in the ground state by the
particle creation operator

A = |k = 0|6%()|0))2. 5.11)

The computation of A in the 1/g expansion is discussed in Exercise 5.1. We see later that A
appears naturally in correlation functions associated with neutron scattering experiments.
Also, A is nonzero in the entire paramagnetic phase, but vanishes at the quantum critical
point for d < 3.

5.2.2 Two-particle states

Now consider the two-particle states. At g =00, the subspace of two-particle states is
spanned by the states (generalizing (5.5))

i jy=1<l <) [T 1= (5.12)
hi#i, j

where i # j. Also note that |i, j) = |/, i), and so we may restrict our attention to i > j.
Alternatively, we can say that the states are symmetric under interchange of the particle
positions i, j, and so we treat the particles as bosons. At first order in 1/g, these states will
be mixed by the matrix element (5.6); this will couple |i, j) to |i & 1, j) and |i, j £ 1) for
alli > j+1, while |7,i — 1) will couple only to |i + 1,7 — 1) and |i, i —2). Fori and j well
separated, we can ignore this last case, and the two particles will be independent of each
other, with the matrix elements for each particle identical to those considered above for
single particles. So the particles will acquire momenta k1, k> (say), and the total energy of
the two-particle state will be Ey = i, + &,, with a total momentum k = k1 + k2. However,
when i and j approach each other, we have to consider mixing between these momentum
states arising from the restrictions in the matrix elements noted above. This is a problem in
ordinary scattering theory, treated in many elementary quantum mechanics texts.

Thus we have an important general result: among the two-particle states is a set of scat-
tering eigenstates. These states are labelled by a pair of momenta ki, k; (their ordering is
unimportant), and their eigenenergy is exactly the sum of the single-particle energies deter-
mined in Section 5.2.1, &, + &, . Clearly, this result is only true in the thermodynamic limit
M — oo where it is always possible to separate the single-particle states in well separated
regions of the sample. It is also clear that this result holds in all d (integrability in d =1
plays no role in this conclusion), and is also true for the p-particle states (when we will
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need p unordered momenta to label the states). The result fails only when p becomes of
order M, when it is no longer possible to find well separated regions. In other words, we
should take the limit M — oo at fixed p.

In some cases, there will also be states other than scattering states among the multipar-
ticle states. These are bound states in which two or more particles move together as in
a “molecule.” Each bound state will be labelled by a single center-of-mass momentum,
independent of the number of particles in the bound state. Consideration of the multiparti-
cle Schrodinger equation in the 1/g expansion (discussed below) shows that there are no
bound states in the present situation. However, we will meet bound states shortly in the
discussion on the g < 1 expansion.

Let us now consider the two-particle scattering states in d = 1 more carefully. The scat-
tering of the two incoming particles with momenta k1, k» will conserve total energy and, up
to a reciprocal lattice vector 27 /a, total momentum. For small k1, k> (which is our primary
interest here), these conservation laws allow only one solution in d = 1: the momenta of
the particles in the final state are also k1 and kj. The existence of a single final state is a
special feature of d = 1, while a sum over an infinite number of momenta in the final state
is required for the problems in d > 1 we consider later. By this reasoning, we can conclude
that the wavefunction of the two-particle state will have the following form for i > j:

(ei(klxi"l‘kaj) + Sk]kzei(k2Xi+klxj))|ia ]) (513)

The quantity Sk, is of central importance and is the § matrix for two-particle scatter-
ing. Upon interpreting the stationary scattering state in (5.13) from the perspective of a
time-dependent scattering problem, in which particles scatter from an incoming wave cor-
responding to the first term in (5.13), to an outgoing wave corresponding to the second
term, the S matrix can be related (just as in familiar scattering theory) to the time-evolution
operator of H; from the infinite past to the infinite future; it must therefore be a unitary
matrix. In the present situation with a single final state, the S matrix is a complex number
of unit modulus. The computation of the S matrix from the Schrédinger equation at order
1/g is discussed in Exercise 5.2. The result turns out to be remarkably simple; we find

Skiky, = —1, (5.14)

for all momenta k1, k». We will not give an explicit derivation of this result here (a detailed
discussion of the computation of such S matrices in general spin models may be found in
[107]). Instead, we present a simple argument in the next paragraph that shows that a result
such as (5.14) holds in the limit of small &, k> for a generic Ising chain with additional
further neighbor exchange couplings; the validity of (5.14) at all momenta is a special
feature of the nearest neighbor exchange model (5.1) (also considered later in (10.1)).
Our argument will also show that (5.14) continues to hold at higher orders in 1/g for
small k1, k».

Transform to the center-of-mass frame of the two particles, and consider the Schrodinger
equation for their relative coordinates x = x; — x ;. Taking, for simplicity, a repulsive delta
function potential u§(x) between them (the result does not require this special form), we
can write down the schematic Schrédinger equation
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dx?

2
< d +uMﬂ)¢@)=E¢@L (5.15)

where x is their relative coordinate and ¥ (x) is the wavefunction in the center of mass
frame. We make a simple argument based upon dimensional analysis. Note from (5.15)
that u has the dimensions of inverse length. The S matrix is a dimensionless quantity, and
it can be a function only of u and the relative momentum k = k; — k. Dimensionally, this
can only be of the form S = f(u/k), where f is some unknown function. We are inter-
ested in the limit k — 0, which is given by the value of f(co). However, conceptually,
it is much simpler to obtain f(oo) by taking u — oo at fixed k. Thus, to slowly moving
particles, the potential appears effectively impenetrable. This means that ¥ (x) should van-
ish at x =0, and its bosonic symmetry under particle exchange implies that it has the form
Y ~ sin(k|x|/2) for small x. Comparing with (5.13), we conclude that f(co) = — 1, and
s0 (5.14) holds universally in the limit of small momenta.

Similar considerations can be applied to scattering states in dimensions d > 1. In general,
the coupling u in (5.15) has dimensions of (length) @=2) S0 the S matrix is a dimensionless
function of uk?=2. For d > 2, this means that the k — 0 limit is equivalent to the u — 0
limit. Consequently, there is no scattering at low momenta, and the S matrix equals +1.
Note the striking contrast from d = 1, where the low momentum S matrix is generically
—1. The d =2 case is marginal, and is discussed further in Chapter 16: there S matrix
reaches +1 at low momenta, but only logarithmically slowly.

We have now described the manner in which 1/g perturbations lift the degeneracy of
the g = oo two-particle eigenstates (5.12). The energy of a two-particle state with total
momentum k is given by Ey = &, + &,, where k =kj + k. Note that, for a fixed k, there
is still an arbitrariness in the single-particle momenta k; » and so the total energy E} can
take a range of values. There is thus no definite energy—momentum relation, and we have
instead a “two-particle continuum.” It should be clear, however, that the lowest energy
two-particle state in the infinite system (its “threshold”) is at 2&g.

Most of the above analysis can be generalized to the p > 2 particle states: there are no
bound states, and the scattering states have thresholds at peg.

After accounting for the finite bandwidth of the p-particle states, it is possible that as g
becomes smaller, the eigenenergies of states with different numbers of particles can start
to overlap. At this point, our effective Hamiltonian method must break down, because the
energy differences between states in two different groups can vanish. The most important
new phenomenon that appears now is the possibility of the decay of particles into multi-
particle final states: the rate of this decay can be determined by Fermi’s golden rule. The
simplest example of this is the decay of a single particle into a three-particle final state
(the decay to two particles is forbidden by the Z, symmetry), and this becomes possi-
ble for a particle with sufficiently large momentum not too far from the quantum critical
point. However, the one-particle states with momenta over a finite range near k = 0 always
remain rigorously stable in the paramagnetic phase. This is because their decay is forbid-
den by energy—momentum conservation as long as the energy gap, €o, is nonzero: there is
not enough kinetic energy to overcome the cost of creating two additional particles, each
costing energy at least g, at these low momenta.
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We present a more complete discussion of the stability of single particle states, and of
decay processes, after we have developed the field-theoretic methods for the vicinity of the
quantum critical point.

Upon explicitly carrying out these higher order computations for scattering between
multiparticle states for the particular nearest-neighbor model H;, some rather miraculous
features emerge for this special Hamiltonian in d = 1. As already noted, the result (5.14)
holds not only at small ki, ko, but at all momenta and at all orders in 1/g. There are
also no processes involving the decay of particles, even though this might be energetically
permitted. This remarkable fact appears quite mysterious at this stage, but is explained
rather simply in Section 10.1 using a mapping of Hj to fermionic variables.

5.3 Small-g expansion
- ____________________________________________________________________________|

The g =0 ground states were given in (1.12). They are twofold degenerate and possess
long-range correlations in the magnetic order parameter 6. The spontaneous magnetiza-
tion Ng equals +(5%) in the two ground states, corresponding to spontaneous breaking
of the Z, symmetry (1.13). All of the statements made in this paragraph clearly hold
for g =0, and they will hold for some g > 0 provided that the perturbation theory in g
has a nonzero radius of convergence. The exact solution of the d = 1 model discussed in
Chapter 10 verifies that this is indeed the case.

Much of the analysis in the small-g limit parallels that of the large-g expansion in the
previous section. The analog of the expansion in the ground state energy in (5.4) now yields

Eo=—MJ (d + g%/(4d) + O(g3)) : (5.16)

in d dimensions, where the second term is the contribution of fluctuations to states with one
spin flipped from the majority direction. The spontaneous magnetization can be computed
by expanding (1.15), and yields (Exercise 5.3)

No=1—g%/(8d%) + O(g"). (5.17)

We find that the states are labelled by particle number, but the physical interpretations
of the particles are now different from the large-g case. Indeed, the nature of the particle
states is very different for d > 2 and d = 1, and so we consider these cases separately. The
d > 2 cases are, however, quite similar to d =2, and so we only describe d =2 and d =1
in the subsections below.

531 d=2

Here, and below, we only describe the excited states of the ferromagnetic state with
moment pointing up, | 1) in (1.12). Those of the | |) state have the corresponding structure
after a global spin flip.

Throughout, our d = 2 analysis is carried out on the square lattice, although the general-
ization to other lattices is straightforward.
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The single-particle states are quite similar to those of Section 5.2.1, after a ninety degree
rotation in spin space. At g =0, they consist of a single down spin in a background of up
spins. Following (5.5), we can write these as

iy =141 (5.18)
J#

There are M such one-particle states on a lattice of M sites, and at g =0 they all have
energy Eog + 8J.

At order g, we find that the transverse field term has vanishing matrix elements between
the single-particle states. This is different from the 1/g expansion, where (5.6) already
induced a nearest-neighbor hopping among the single-particle states. We therefore have to
use (5.3) to find a nearest-neighbor hopping at order g2. This involves using intermediate
states with zero or two particles; we find that their contributions to (5.3) cancel among
each other, except when the initial and final sites are nearest neighbors. (see Exercise 5.3).
Then, forming momentum eigenstates just as in (5.7), we find that the dispersion of the
one-particle states is (we subtract Eg from all energies from now on)

2
e =J |:8 - %(1 + cosky + cosky) + (’)(g3)i|. (5.19)

Next we turn to the two-particle states. When the two flipped spins are separated from
each other, the energy of such states at g =0 is 16J. However, when the flipped spins
are nearest neighbors, their energy takes the smaller value of 12J. These nearest neigh-
bor states therefore form bound states below the two-particle continuum. There are 2M
such nearest neighbor states: after moving to momentum eigenstates, this means that there
will be two bound states at each momentum k. Again, we need the effective Hamilto-
nian method to compute the dispersion of these bound states at order g2: this is discussed
in Exercise 5.3. We find that the bound states are symmetric and antisymmetric com-
binations of the horizontal and vertical pairs of spins. In other words, the bound states
have an internal angular momentum, and are s and d wave pairs of the single-particle
states.

Apart from the 2M bound states, the remaining M (M — 1)/2 — 2M two-particle states
form scattering states with energy 16J + O(g). We will not compute their scattering S
matrix, but it again involves application of (5.3).

Similar considerations apply to p > 2 particle states. Their scattering states are at 8pJ,
but there are always bound states at lower energies. As an example, we show three- and
four-particle bound states with energy 14J and 16J in Fig. 5.1.

The three-particle bound state with energy 14J is therefore below the two-particle con-
tinuum. In the present magnetically ordered state, there is no symmetry prohibiting a
nonzero matrix element between different particle number states at some high order in
the effective Hamiltonian. Nevertheless, for a finite range of small-g, energy conservation
will prevent decay of the three-particle bound state with energy 14J into the two-particle
continuum, and this bound state is therefore stable. However, the bound states with energy
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Three- and four-particle bound states in the magnetically ordered phase.

16J will decay into the two-particle continuum. For p-particle bound states with larger p,
there are many more channels for decay into scattering states, and so these are much less
likely to be stable.

532 d=1

We can initially try to describe the low-lying excited states of the d = 1 Ising chain also by
the M states in (5.18), which have energy 4J. However, they are degenerate with ~ M?
states of the following type:

R N N NN IRERR (5.20)

These states can be interpreted as pairs of domain walls between the | 1) and | |) ferro-
magnetic states. There is no additional energy cost to moving the domain walls apart from
each other (i.e. in changing the number of down spins in (5.20)), and we can also view
the state in (5.18) as a pair of domain walls on nearest neighbor links. It is not possible to
give a one-particle interpretation to these degenerate domain wall-pair states. Particle-like
states are labelled by a single momentum, and this can only take ~ M values.

However, it is clear that a single domain wall (or “kink”) can serve as the needed ele-
mentary particle excitation. The one-particle state located between sites i and i + 1 is

e i I ic I Wi i iz W dia -+

At g =0 the energy of such a state is 2J, and there are 2M such states. At nonzero g,
the transverse field term induces nearest neighbor hops between such domain wall states,
already at first order in g. Consequently, we can form momentum eigenstates, and these
have the dispersion

e = J(2 — 2g cos(ka) + O(g?)). (5.21)

A novel feature of these one-particle kink states is that they require a large deforma-
tion away from the ground state wavefunction: we needed to flip all spins to the right
(say) of the particle location. Therefore, they have a nonlocal “topological” character. As
a consequence, these particles do not show up as single particle-like excitations in experi-
ments with local probes: this will become clear in our subsequent discussion of correlation
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functions in Chapter 10. Nevertheless, they are necessary for a proper and complete under-
standing of the spectrum of the quantum Ising chain in its ferromagnetic phase.

At energies higher than 2J, the spectrum can be completely interpreted in terms of
p-particle scattering states of the kinks; this includes the state in (5.18) which is now part
of the two-particle continuum. The § matrix for the collision of two domain walls can be
computed in a perturbation theory in g, and we find results very similar to those in the
strong-coupling 1/g expansion: For the generic Ising chain we find Sgy = — 1 in the low
momentum limit, but for the particular nearest-neighbor chain (10.1) we find that there is
no particle production, and Sgir = — 1 at all momenta to all orders in g. These special fea-
tures are consequences of the integrability of the quantum Ising chain, which is discussed
in Chapter 10. There we will see that the kinks are best interpreted as free fermions.

5.4 Review
]

Our methods have so far given a satisfactory description of the two phases of the quantum
Ising model in all 4. For g >> 1, we have the paramagnetic phase, above which there are par-
ticle excitations consisting of “left”’-pointing spins. For g <« 1, we have the ferromagnetic
phase with a broken Z, symmetry and two degenerate ground states with long-range mag-
netic order. Above these ground states we have excitations consisting either of “bubbles”
of spins oriented opposite to the ferromagnetic moment (in d > 2) or of kinks (in d = 1).

We would now like to see how these descriptions meet at the quantum critical point at
g = g between them. We will see that the two descriptions remain qualitatively valid at the
lowest energies all the way up to, but not including, the critical point. At higher energies,
and also exactly at the critical point, we need a new description.

We reach the needed description by a detour. We now establish the promised equivalence
between the d-dimensional quantum Ising model (5.1) and the D =d + 1 dimensional clas-
sical Ising model (3.1). Then, we transfer the insights developed for the classical critical
point in Chapters 3 and 4 to the quantum case.

We begin in Section 5.5 by first considering the D =1 case.

5.5 The dassical Ising chain

Here we consider the D =1, N =1 classical spin ferromagnet, more commonly known as
the ferromagnetic Ising chain [238]. This chain has the partition function

Z= > exp(—H), (5.22)
{of=%1}

where o are Ising spins on sites £ of a chain, which take the values +1, and H is given by

M, M,
H=-KY ofof, —hY of. (5.23)
=1 =1
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In all of our discussion of classical statistical mechanics models we absorb “tempera-
ture” into the definition of the coupling constants, as we have done above for K and #k;
in contrast, the temperature of quantum-mechanical models will always be explicitly indi-
cated, and we will reserve the symbol T for it (as we see below, the total length of the
classical model will determine 7). There are a total of M, Ising spins (M, large), and for
convenience we have also added a uniform magnetic field / acting on all the spins. We
assume periodic boundary conditions, and therefore 01%/11 4= of.

We evaluate the partition function exactly following the original solution of Ising [238].
The trick is to write Z as a trace over a matrix product, with one matrix for every site on
the chain. Note that the partition functions involve the exponential of a sum of terms on the
sites of the chain. Rewrite this as the product of exponentials of each term, and we easily
obtain

M,
z=3 T1n(of of ) T2(07), (5.24)

{of) £=1

where T1(of,05) = exp(Kojo;) and T>(0°) = exp(ho®). Now note that (5.24) has
precisely the structure of a matrix product, if we interpret the two possible values of o as
the index labeling the rows and columns of a 2 x 2 matrix 77; 7> has only one index and
so should be interpreted as a diagonal matrix. Thus we have

Z=Tr(T1'/T,T\T,--- M, times - - -), (5.25)

where the summation over the {0} has been converted to a matrix trace because of the
periodic boundary conditions, and

eK K eh0
T = < e_K e[( )a T = ( 0 e_h ) (5.26)

The matrix 7173 is identified as the “transfer matrix” of the Ising chain, H (5.23), the
nomenclature suggesting that it transfers the trace over spins from each site to its neighbor.
We can manipulate (5.25) into

Z =Tr(T1 )M
M,
=Tr (1,117, °)
=Ml (5.27)

where € 7 are the eigenvalues of the symmetric matrix

TP = ( eeK_;h :K_fh ) (5.28)

given by
€12 = €& cosh(h) & (2K sinh?(h) + e=2K)1/2, (5.29)
With these eigenvalues, (5.27) leads to an exact result for the free energy F = — In Z. We

will return to interpreting this result for F shortly.
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Now we show how the above approach can also lead to exact information on correlation
functions. For simplicity, we consider only the case # = 0 (the generalization to nonzero &
is not difficult) and describe the two-point spin correlator, like that in (3.39)

1
Cle— ) =(oioj) =3 > exp(—H)ofa}. (5.30)

(o7}

Going through exactly the same steps as those in the derivation of (5.27) we see that

1 0 n gl —0 A
(oiog) = 5T ("o 1 6T, (5.31)
where we have assumed that £ > ¢, and 0% (without a site index) is also interpreted as a
2 x 2 diagonal Pauli matrix 6% in (1.8). The trace in (5.31) can be evaluated in closed form
in the basis in which Tj is diagonal. The eigenvectors of 77 are the states in (1.10) and
the corresponding eigenvalues are €] =2 cosh(K) and €, =2 sinh(K). Using the matrix
elements (— |0%| =)= (<« |0%| «)=0and (— |0%| «<)=(— |0%| <) =1 we obtain
from (5.27) and (5.31)
M —0'+0 ¢ —¢ Me—0+0 0/ —¢
€ € + € €
(ofal) = -2 s L (5.32)
€ " t+e€

Equations (5.31) and (5.32) are our main results on the Ising chain with an arbitrary
number of sites, M;. While simple, they contain a great deal of useful information, as we
will now show; much of the structure we extract below generalizes to more complex Ising
models with nonnearest-neighbor interactions.

Let us examine the form of the correlations in (5.32) in the limit of an infinite chain
(M; — 00); then we have

(of0f) = (tanh(K )" ~*. (5.33)

It is useful for the following discussion to label the spins not by the site index i, but by a
physical length coordinate t; we have chosen the symbol 7, rather than the more conven-
tional x, because we will shortly interpret this “length” as the imaginary time direction of
a quantum problem. So if we imagine that the spins are placed on a lattice of spacing a,
then 0%(7) = o where

T = {a. (5.34)
With this notation, we can write (5.33) as
C(r) = (o%(1)o*(0)) = e 115, (5.35)

where the correlation length, &, is given by

1_ llncoth(K). (5.36)
& a
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We emphasize that the symbol & always represents the actual correlation length at 2 =0;
the actual correlation length for 7 # 0 will, of course, be different. In the large-K limit,
the correlation length becomes much larger than the lattice spacing, a:

§

1
2x K1, K>1. (5.37)
a 2

In the sequel, we shall primarily be interested in physics on the scale of order &, in the
regime where £ is much greater than a. It is precisely in this situation that the concepts of
the scaling limit and universality become useful, and they are introduced in the following
subsections.

5.5.1 The scaling limit

The simplest way to think of the scaling limit is to first divide all lengths into “large” and
“small” lengths. For the Ising chain, we take the correlation length &, the observation scale
7, and the system size

L. = M;a (5.38)

as our large lengths, and the lattice spacing, a, as the only small length. The scaling limit of
an observable is then defined as its value when all corrections involving the ratio of small
to large lengths are neglected.

There are two conceptually rather different, but equivalent, ways of thinking about the
scaling limit. We can either send the small length a to zero while keeping the large lengths
fixed (as particle physicists are inclined to do) or send all the large lengths to infinity
while keeping a fixed (as is more common among condensed matter physicists). Because
the physics can only depend upon the ratio of lengths, it is clear that the two methods are
equivalent. We shall choose among these points of view at our convenience and show that it
is often very useful to straddle this cultural divide and use the insights of both perspectives.

To complete the definition of the scaling limit, we also have to discuss the manner in
which the parameters K and # must be treated. From (5.36), we see that K can be expressed
in terms of the ratio of lengths & /a; we can use this to eliminate explicit dependence upon
K, and then the scaling limit is specified by the already specified £/a — oo limit. It
remains to discuss the behavior of 4. In general, there is no a-priori way of determining
this and one has to examine the structure of the correlation functions to determine the
appropriate limit. Let us guess the answer here by a physical argument. The scaling limit
involves the study of large K, when the spin correlation length becomes large. Under these
conditions, spins a few lattice spacings apart invariably point in the same direction, and
they should therefore be sensitive to the mean magnetic field 4 per unit length. This is
measured by %, defined by

h

Q>

(5.39)

So we take the scaling limit a — 0 while keeping h fixed; any other choice would result in
a limiting theory with spins under the influence of a field with either infinite or vanishing
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strength. Alternatively stated, we have chosen 1/h, a quantity with the dimensions of
length, as one of our large length scales.

We have assembled all the necessary steps for the scaling limit. Express any observable
in terms of the physical length t, replace the number of sites M, by L. /a, solve (5.36) to
express K in terms of & /a, and use (5.39) to replace i by h. Then take the limit a — 0 at
fixed 7, L, &, and h.

We first describe the results for the free energy. The quantity with the finite scaling limit
should clearly be the free energy density, F:

F =—(In2)/(M.a). (5.40)

First, from (5.29) we obtain in the scaling limit
26\ 1/2 y
€1y~ <_5> [1 + 24 4h2§2)1/2]. (5.41)
’ a 2&

Inserting this into (5.29), and using the identity limy_, o (1 + ¢/y)” = e, we obtain

F=Ey— Li In [2 cosh (L,\/ 1/(4€2) + %2)}, (5.42)

where Eg = — K /a is the ground state energy per unit length of the chain in zero external
field.
In a similar manner, we can take the scaling limit of the correlation function in (5.32),
which we recall was in zero external field / = 0. We obtain
eIT1/E | o= (Le—ltD/E
1+ e Le/E

C(r) = (o%(r)o*(0)) = (5.43)

The results (5.42) and (5.43) are the main conclusions of this subsection.

5.5.2 Universality

The assertion of universality is that the results of the scaling limit are not sensitive to the
precise microscopic model being used. This can be seen as the formal consequence of
the physically reasonable requirement that correlations at the scale of large £ should not
depend upon the details of the interactions on the scale of the lattice spacing, a.

Let us describe this by an explicit example. Suppose, instead of using the model H in
(5.23), we worked with a Hamiltonian H; with both first (K1) and second (K3) neighbor
exchanges between the Ising spins o *. This model can also be solved by the transfer matrix
methods (one needs a basis of four sites corresponding to the four states of two near-
neighbor spins, and the transfer matrix is 4 x 4), but we will not present the explicit solution
here. From the solution we can determine the correlation length, £ of Hj, which will be a
function of both K; and K3. Now, as in Section 5.5.1, express the free energy density in
terms of &, and take the limit « — 0 at fixed &, L., and /. The implication of universality
is that the result will be precisely identical to (5.42), with Eg given by the ground state
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energy density of H in zero field: Eg = —(K| 4 K32)/a. The reader is invited to check this
assertion for this simple example.

We can make the above assertion more precise by introducing the concept of a universal
scaling function. We write (5.42) in the form

F=Ey+ icbf (ﬁ,/}L,) (5.44)
L, 3

where @ r is the universal scaling function, whose explicit value can be easily deduced by

comparing with (5.42). Notice that the arguments of ® r are simply the two dimensionless

ratios that can be made out of the three large lengths at our disposal: L., &, and 1/ h. The

prefactor, 1/L, in front of ® £ is necessary because the free energy density has dimensions

of inverse length.

As its name implies, the scaling function ® r is independent of microscopic details. In
contrast, Eg, the ground state energy of the Ising chain, clearly depends sensitively on the
values of the microscopic exchange constants; it is therefore identified as a nonuniversal
additive contribution to F.

In a similar manner, we can introduce a universal scaling function of the two-point cor-
relation function of (3.39). We have

Tt L; -
C(t) = (6%(1)a%(0)) = D, <— —, er> , (5.45)
L &
where @, is another universal scaling function, and there is now no nonuniversal additive
constant. Again &, is a function of all the independent dimensionless combinations of
large lengths; there is no prefactor because the correlator is clearly dimensionless. We can
read off the value of ®, (y1, y2, 0) by comparing (5.45) with (5.43), but determining the
full function ®(y1, y2, ¥3) requires knowledge of the lattice correlator in the presence of
a nonzero &, which is somewhat tedious to obtain. A simpler method becomes apparent in
the following subsection.

5.5.3 Mapping to a quantum model: Ising spin in a transverse field

We show that the statistical mechanics of the Ising chain can be mapped onto the quan-
tum mechanics of a single Ising spin [152,496]. Further, as stated in the introduction to
this chapter, correlators of the quantum spin precisely reproduce the scaling limit of the
classical Ising chain.

Let us return to the expressions (5.25) and (5.26) and write the transfer matrices 71, 7>
in terms of ratios of “large” to small length scales. We have

Ti = X (14 e72K6%)
~ e (1 + (a)26)6%)
~ exp(a(—Eo + (1/2£)6")),
T> = exp(ahé?), (5.46)
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where 6% are the Pauli matrices in (1.8). Note that both T » have the form e?9 where O
is some operator, acting on the | 1, |) states, that is independent of a. Using the fact that
9010102 — 0a(01+02) (1 4 D(4?)), we can write (5.25) in the limit @ — 0 as

T, ~ exp(—aHgp),

Z = (i)™ ~ Trexp(—Hp/T), (5.47)
where
A -
Hop =Ey— zax — hé®, (5.48)
with
7= _ ! (5.49)
= = .

We have introduced the fundamental guantum Hamiltonian H. It describes the dynamics
of a single Ising quantum spin, whose Hilbert space consists of the two states | 1, |),
and which is under the influence of a longitudinal field h and a transverse field Aj; it is
the single-site version of (1.7) with an additional longitudinal field. Note, from the first
relation in (5.47), that the transfer matrix of the classical chain H is the quantum evolution
operator e~ 107 over an imaginary time t = a, the lattice spacing. Thus the transfer from
one site to the next is similar to evolution in imaginary time, and length coordinates for the
classical chain translate into imaginary time coordinates for the quantum model Hgp. The
energy A is also the gap between the ground and excited states of H in zero (longitudinal)
field, and it is precisely equal to the inverse of the correlation length of the classical Ising
chain, as expected from the length to time mapping. Further, the partition function of the
quantum spin is taken at a temperature 7 that precisely equals the inverse of the total
length of the classical chain. These correspondences between a gap of a quantum system
and a correlation length of the corresponding classical model along the “time” direction,
and between the temperature of the quantum system and the total length of the classical
model, are extremely general and apply to essentially all of the models we consider in this
book.

We can use (5.47) and (5.48) to quickly evaluate the free energy of the quantum spin,
F = —T In Z. The eigenenergies of Hyp are Eq & [(A/2)* + h2]'/?, and we have

F=Ey—Tlh [2cosh ( (A)2)2 + iﬂ/T)], (5.50)

which agrees precisely with the scaling limit of the classical Ising chain (5.42). Indeed,
the single spin quantum Hamiltonian Hyg is precisely the theory describing the universal
scaling properties of the entire class of classical Ising chains with short-range interactions.
Statements of this type are often shortened to “Hy is the scaling theory of H.”

The correspondence between Hp and H also extends to correlation functions. Let us
define the time-ordered correlator, C, of Hyp in imaginary time by

%Tr (e_HQ/T8Z(rl)6Z(rg)) for 11 > 1,

C(ti, ) = { (5.51)

%Tr (e_HQ/T6Z(12)&Z(n)) for 71 < 17,
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where 6%() is defined by the imaginary time evolution under the Hy:
6%(1) = ot g Hot, (5.52)

Now, upon carrying through the mapping described above for the free energy for the case
of the correlation function, we find that the correlator C above is indeed the same as the
classical model correlation function in (3.39), (5.30), and (5.35)

C(t1, ) = (}E%(UZ(TI)UZ(TZ))H» (5.53)

where we have emphasized by the subscript that the average on the right-hand side is for the
classical model with Hamiltonian H. The time-ordered functions appear in the quantum
problem for the same reason we had to assume £ > £ in (5.31): as the transfer matrix
evolves the system from “earlier” sites to “later” sites, the earlier 6 operators appear first
in the trace.

The representation (5.51) also makes the origin of the mapping between the quantum
gap, A, and the classical correlation length, &, in (5.49) quite clear. We can evaluate (5.51)
at T =0 by inserting a complete set of H eigenstates and obtain the general representation

C(t1,12) = Y _ [{0lo|n) Pe~ En—FOllm—m2l, (5.54)
n

where |n) are all the eigenstates of Hp with eigenvalues E,,, and |0) is the ground state. For
sufficiently large |t; — 12|, the sum over n will be dominated by the lowest energy state for
which the matrix element is nonzero, and this gives an exponential decay of the correlation
function over a “length” £ =1/(E| — Eg) = 1/A. Of course, in the present simple system
there are only a total of two states, but this result is clearly more general.

It is quite easy to evaluate (5.51) for Hg, and the direct quantum computation is much
simpler than the use of classical mapping in (5.53). We find

A h
C(Tl, ‘52) = q)O' (T(Tl - T2)1 77 7>’ (555)

where @, is precisely the same scaling function that appeared in (5.45) and can be com-

puted from (5.51) to be
4y2 2 cosh <\/y§ +4y3(1 =2y I)/2>
3

2

2 42+ 2 4 4y2
Yy +4y;  y; t4y3 cosh< y§+4y32/2)

It can be checked that the y3 =0 case of this result agrees with the combination of (5.43)
and (5.45).

Do (¥1, 2, y3) = . (5.56)

5.6 Mapping of the quantum Ising chain to a classical Ising model

We now move beyond the single-site quantum case, and apply the methods of Section 5.5
to the original quantum Ising model in (5.1). We only consider the case d =1, D =2 here;
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the generalization to higher d is immediate, and does not involve any new subtleties. Our
presentation here is the inverse of that in Section 5.5: we begin with the quantum model
and derive an equivalent classical model.

As in (5.47), we consider the transfer matrix associated with imaginary time evolution
over a short time a. Thus we can write the partition function as

Z =Trexp(—H;/T) = Tr(exp (—aHp)M*, (5.57)

where, as in (5.38) and (5.49), L; = Mya =1/T. Referring to Fig. 2.1, we can view this as
the statistical mechanics of a system of M, rows in t direction, with exp (—a HQ) being the
transfer matrix from one row to the next. We have M sites in the quantum model along the
x direction, and hence this transfer matrix is 2 x 2™ dimensional, much more complex
than the simple 2 x 2 transfer matrices we met in Section 5.5.

As in Section 5.5, we are interested here in the limit of a — 0 and M; — oo at fixed
M.a =1/T. The exponential of the original Hamiltonian H; in (5.1) is difficult to evaluate,
so let us use the same trick as in (5.47) to write

exp (—aHp) = Ti'T> + O(d?), (5.58)

where

T) = exp (Jga Z&i"), T, = exp (Ja Z&f&l.ZH). (5.59)

1 1

The matrix elements of the operators 77 and 75 can be evaluated exactly, and we will do
so shortly.

The last remaining step is to insert a complete set of states between each 777> term in
(5.57). It is convenient to choose these states to be eigenstates of all the 6. Let us denote
these states as |{m;}), where m; = %1 are the eigenvalues of 6iz, and there are a total of 24
such states. It is immediately evident that 75 is diagonal in this basis, whereas 77 is not; in
particular

Ty [{mi}) = exp (Ja Zmimm) [{m,)). (5.60)

1

As in Section 5.5, we label the M, time steps in (5.57) by the index £, and so we write the
corresponding states as |{m; (€)}). Then (5.57) can be written as

M-
Z= Y [[{m@} T2 limice+ D). (5.61)

{m; (£)} £=1

Note that the summation above is over the 2™z possible values of m;(¢) = =+ 1. So the
above expression is starting to look like that for a two-dimensional classical Ising model
as in (2.2), with i and £ the coordinates along the x and t directions, respectively. The
expression for the weights in the partition function does not yet look like that in (2.2). After
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evaluating the matrix element of 7> using (5.60), we need the following matrix element
of Ty:

({mi (O} Ty [mi (€ + DY) = [ ] (mi @} exp (Jgad;") l{mi (€ + D}). (5.62)

i

Note that the right-hand side is a product of terms, each of which only involves the 2 x 2
Ising subspace at site i. Consequently, we can use the analog of the manipulations below
(5.26) and (5.46) to derive a useful identity valid for a single Ising spin:

(m|exp (gJa6*) |m') = Aexp (Bmm'), (5.63)

where m, m’ = £1 and
1
A= > cosh(2Jga), exp(—2B) = tanh(Jga). (5.64)

The identity (5.63) is easily verified by evaluating both sides at the four possible values of
m and m’.

Collecting the results in (5.60-5.63), we have our main expression for the partition func-
tion of the classical Ising model

2= exp Z[Jami(ﬁ)mi+1(ﬂ)+Bmi(ﬁ)mi(ﬁ—l—1)] : (5.65)
{mi (£)} il

where we have dropped an overall normalization associated with powers of A. This has
precisely the same structure as the Ising model in (2.2), with the only difference that the
“exchange” couplings along the x and t directions are not equal. This was, however, to be
expected, because there is no fundamental equivalence between the space and imaginary
time directions for the quantum Ising models.

All of our discussion of classical statistical mechanics in Chapters 3 and 4 can now be
directly applied to (5.65): the anisotropic couplings do not cause important modifications
to any of the arguments. Thus we obtain a description of the critical point in terms of
the D-dimensional field theory in (3.25) with an N =1 component for the field ¢,. The
only change appearing from the anisotropic coupling is that the coefficients of the gradient
terms along the space and time directions can be different. This finally maps (3.25) to the
d-dimensional quantum field theory described by the partition function in (2.11) at N =1:
the anisotropy determines the value of the “velocity” c. It is clear now that ¢ can be scaled
away by a change of the time or space coordinates, and so does not modify any properties
of the theory.

To complete our goal of describing the quantum critical properties of the quantum Ising
model (2.2), we now need to analyze the spectrum and correlations of the quantum field
theory (2.11) for N = 1. We defer this discussion to the end of Chapter 6, where we treat
the case of general N. The N > 1 cases will apply to the quantum rotor model, which we
also discuss in Chapter 6.
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Exercises

5.1

5.2

53

(a) Perform the standard Rayleigh—Schrddinger perturbation theory on the ground
state in (1.9) and the first excited state (5.7) to obtain the 1/ g2 correction to the
quasiparticle energy in (5.9). In this perturbation theory, the unperturbed Hamil-
tonian Hy is the first term in (5.1), and the perturbation Hj is the second term in
(5.1). Note that because of momentum conservation (k|Hj|k’) o< 8. Thus the
perturbation theory splits into distinct sectors for k. Within each sector, the first
excited state is nondegenerate, and so this computation can use nondegenerate
perturbation theory, and not worry about the issues discussed in Section 5.1. The
latter issues do becomes important at higher order in 1/g.

(b) Compute the value of A in (5.11) to order 1/g. First note that 5<(k)|0) has terms
of order 1 and of order 1/g in the one-particle sector, and only terms of order
1/g in the three-particle sector. Similarly for Hi|k). Consequently, show that
all contributions to (5.11) from the three-particle sector are of order 1/g%. By
working within the one-particle sector show that

(KI62(R)]0) = 1+ C‘Z";". (5.66)

A curious feature of the above result is that quasiparticle residue at k = 0 actually
increases initially as g is reduced from large values. We expect it to vanish at the
quantum critical point (see Chapter 10, and so .4 has a nonmonotonic approach
to the quantum critical point.
Consider the two-particle subspace described by the N(N — 1)/2 states (5.12) on
a d-dimensional lattice. At leading order in 1/g, we may consider the projection of
Hj onto the two-particle subspace, and ignore all matrix elements to other states.
Thus H; only hops the particles between nearest-neighbor sites, with an on-site hard
core repulsion. Determine eigenstates of this projected Hamiltonian. This is done by
transforming to center-of-mass and relative coordinates, and solving the scattering
problem in the relative coordinates; this determines the S matrix. Verify (5.14) in
d=1.
The questions below refer to the ferromagnetic phase of Hy in (5.1) on the square
lattice, where g « 1, and we can perform perturbation theory in g. The lattice has N
sites, and you can assume periodic boundary conditions where needed.

(a) Compute the ground state energy per site to order g2.

(b) Compute the ferromagnetic moment Ny = (oiz) to order gz, where i is any site.
You only need the ground state wavefunction to order g to do this, but you need
the normalization to order g2. More precisely, write the ground state wavefunc-
tion, |G 1) as

|G 1)y =0+ ag2)|a11 spins up) + g Z Blstates with one down spin)
+ g2 Z y |states with two down spins) + - - - (5.67)
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(©

(d)

Argue that to determine Ny to order gz, you need the values of « and $, but do
not need to know the value of y. Determine 8 by first-order perturbation theory,
and « by the requirement that the wavefunction is normalized.

Find and diagonalize the effective Hamiltonian in the one-particle subspace to
order g2. This is the subspace with one flipped spin, and has N states with energy
8J above the ground state at leading order. You should find that the effective
Hamiltonian involves only local moves of the flipped spin. The effective Hamil-
tonian has contributions from intermediate states with two or zero flipped spins,
and those leading to nonlocal hops of the flipped spin exactly cancel against each
other.

Find and diagonalize the effective Hamiltonian in the two-particle-bound-state
subspace to order g2. This is the subspace with two neighboring flipped spins,
and has 2N states with energy 12J above the ground state at leading order.



The quantum rotor model

This chapter analyzes the spectrum of the quantum rotor model (1.25), whose Hamiltonian
we reproduce here

H,F%th—J B R, 6.1)
i (ij)

Our analysis parallels that of the quantum Ising model in Chapter 10. We begin by a per-
turbative analysis of both phases: the paramagnetic phase at g >> 1, and the magnetically
ordered phase at g << 1. We then describe the mapping of the partition function of the
quantum rotor model in d dimensions to the classical O(N) spin model in (2.3) and (3.2).
This mapping allows us to address the vicinity of the critical point using the methods of
Chapters 3 and 4.

We begin with the perturbative analyses, which are expected to hold on either side of a
quantum critical point at g = g, which separates the ordered and the quantum paramag-
netic phases. We will see later that g, =0ind =1, but g, > 0 ford > 1.

6.1 Large-g expansion

79

The strong-coupling expansion was discussed in [197] and briefly noted in Section 1.4.2.
At g = 00, the exchange term in Hg can be neglected, and the Hamiltonian decouples into
independent sites and can be diagonalized exactly. The eigenstates on each site are the
eigenstates of L2; for N =3 these are the states of (1.24):

le,m);, €=0,1,2,..., —L<m<{, 6.2)

and have eigenenergy Jg¢(¢ 4+ 1)/2. The ground state of Hg in the large g limit consists
of the quantum paramagnetic state with £ =0 on every site:

|0) = ]_[ € =0, m = 0);. 6.3)

1

Compare this with the strong-coupling ground state (1.9) of the Ising model. Indeed, the
remainder of the large g analysis of the quantum Ising model in Section 5.2 can be bor-
rowed here for the rotor model, and we can therefore be quite brief. The lowest excited state
is a “particle” in which a single site has £ =1, and this excitation hops from site to site.
An important difference from the Ising model is that this particle is three-fold degenerate,
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corresponding to the three allowed values m = — 1, 0, 1. The single-particle states are
labeled by a momentum k and an azimuthal angular momentum m and have energy

Eim =8 (1 —(2/38) ) _ cos(kya) + O(1 /§2)>, (6.4)
N

where the sum over u extends over the d spatial directions. This result is the analog of
(5.8). Multiparticle states can be analyzed as in Section 5.2, the only change being that the
states and the S-matrices now carry O(N) indices.

6.2 Small-g expansion
I —

For small g, the ground state breaks O(N) symmetry, and all the n; vectors orient them-
selves in a common, but arbitrary direction. This is similar to the broken Z, symmetry of
the quantum Ising model in Section 5.3.

Excitations above this state consist of “spin waves,” which can have an arbitrarily low
energy (i.e. they are “gapless”). This is a crucial difference from the Ising model in
Section 5.3, in which there was an energy gap above the ground state. The presence of
gapless spin excitations is a direct consequence of the continuous O(N) symmetry of Hg:
we can make very slow deformations in the orientation of (fi), obtaining an orthogonal
state whose energy is arbitrarily close to that of the ground state. Explicitly, for N =3 and
a ground state polarized along (0, 0, 1), we parameterize

e, 1) = (u1(x, 0, ua(x, 1), (1 —uf —u3)'?), (6.5)
where |u1], |uz| < 1. In this limit, the commutation relations (1.21) become
[Li,usl =i, [Ly,m]=—i, (6.6)

ie. up, 1:2 and us, —1:1 are canonically conjugate pairs. Also, in the limit where u > are
small, the rotor momenta are also in the 1, 2 plane, and hence the third component of
the rotor angular momentum is negligibly small, L3 ~ 0; so by (1.21), Ly and L; are
commuting variables. We now insert (6.5) into (6.1), and focus on the long-wavelength
excitations by taking the continuum limit: this yields the Hamiltonian

dix | Jg /+ - Ja?
He= [ [7 (£3+23) + =5 (v + <w2>2)} (6.7)

where a is the lattice spacing. The reader will now recognize that (6.7) and the commu-
tation relations (6.6) define the dynamics of a set of harmonic oscillators, two for each
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wavevector k. Explicitly, let us make the following normal mode expansion in terms of the
harmonic oscillator creation and annihilation operators:

dk  Jg Rt kR
u(x) = W\/TTek (ax(k)e +a, (k)e ),
[ d% |a% o i o iz
€Ly (x) = —i / o Fg (ax(k)e'kx — ai(k)e ’kx>, (6.8)

where L =1, 2 is a polarization index, €,,’ is the unit antisymmetric tensor. Then it can
be verified that if the a(k, t) operators satisfy the familiar harmonic oscillator equal-time
commutation relations

[ax(6). a),(K")] = 8,50 2m) 8 (k — k),
[ax(). a3 (K))] = 0, 6.9)

the commutation relations (6.6) are obeyed. Further, the Hamiltonian explicitly displays
the simple sum over independent harmonic oscillators

d'k 5
Hr = Z/ Gy tla o +1/2). (6.10)
A

Here the oscillation frequency is
ex=ck, c=Ja/g, (6.11)

where c is the spin-wave velocity.

Thus the excitation spectrum of the magnetically ordered phase consists of two polariza-
tions of quantized spin waves with dispersion ¢; = ck; for general N, there are N — 1 spin
waves. It is useful to recall how quantization of electromagnetic waves led to the concept
of a particle-like excitation called the photon: the particle is just a wavepacket. Similarly,
here we can interpret the quantized spin waves as a set of N — 1 quantized particles.

The reader should note the distinction between the N — 1 particles in the ordered phase
with the N particles obtained in the quantum paramagnet in the strong coupling expansion
above. In the ordered phase, rotations about the axis of (i) do not produce a new state, and
so there are only N — 1 independent rotations about axes orthogonal to (fi) that lead to
gapless spin-wave modes.

The ground state wavefunction of the magnetically ordered state includes quantum zero-
point motion of the spin waves about the fully polarized state. One consequence of the
zero-point motion is that the ordered moment on each site is reduced at order g:

(iz) = (1 —ui —u3)'?)
~1—(1/2) <u% + u§>
_ Vel a1
B 2 Qm) k'

In the last step we have evaluated the expectation value in the quantized harmonic oscillator
ground state after using the normal mode expansion (6.8). The integral over momenta k is

(6.12)



82

The quantum rotor model

cut off at large k by the inverse lattice spacing, but there is no cutoff at small k. We therefore
notice a small k divergence in d = 1, indicating an instability in the small-g expansion. We
will see that the small g prediction of a state with magnetic long-range order is never valid
in d =1, and the physical picture of the quantum paramagnet introduced by the large-g
expansion holds for all g. In contrast, the small-g expansion appears stable for d > 1, and
we do expect magnetically ordered states to exist. In this case, comparison of the small
and large-g expansions correctly suggests the existence of a quantum phase transition at
intermediate g.

The above was an analysis in the linearized, harmonic limit. The nonlinearities neglected
above lead to nonzero spin-wave scattering amplitudes, which we show later are quite
innocuous at low enough energies in dimensions d > 1. Precisely in d = 1, spin-wave inter-
actions are very important and destroy the long-range order of the ground state, as was
already apparent from (6.12). For the classical ferromagnet (3.2), to which the present
model maps, this corresponds to the absence of long-range order in D =2 and is known as
the Hohenberg—Mermin—Wagner theorem.

6.3 The classical XY chain and an 0(2) quantum rotor
I —

We will consider the D=1, N =2 classical ferromagnet; this is also referred to as the
XY ferromagnet. We generalize (5.22) and (5.23) to N =2 by replacing o/ by a two-
component unit-length variable n,y. This modifies (5.22) to

zZ= ]_[f Dn; 8 (n% _ 1) exp (—H). (6.13)
4

For H we modify (5.23) to

M. M,
H=-KY n;ng—» hong, (6.14)
=1 =1
where, as in the Ising case, we have added a uniform field h= (%, 0). It is convenient to
parameterize the unit-length classical spins, ng, by
ng = (cos Oy, sinby), (6.15)

where the continuous angular variables, 8¢, run from O to 2. In these variables, H takes
the form

M My
H=-K Zcos(@e — Bps1) —hZcong, (6.16)
=1 (=1

and the partition function is

27 M:
do,
Z = e —H). 6.17
/O £|=|1 2y SXP(—H) (6.17)
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We again assume periodic boundary conditions with 87, +1 = ;. Note that in zero field, H
remains invariant if all the spins are rotated by the same angle ¢, 8; — 6; + ¢, and so our
results will not depend upon the particular orientation chosen for h. The partition function
can be evaluated by transfer matrix methods [144,253] quite similar to those used for the
Ising chain. Although we will not use such a method to obtain our results, we nevertheless
describe the main steps for completeness. First write Z in the form

o Mz d@( R R R
Z=/ [1 5 @117 1620217163 - - O, 1 T l61)
U,

=TrTH, (6.18)

where the symmetric transfer matrix operator T is defined by
N h
(B1T6') = exp <K cos(@ —6) + E(cose + cos 9/)> , (6.19)

and the trace is clearly over continuous angular variable 8. As in the Ising case, we have to
diagonalize the transfer matrix 7' by solving the eigenvalue equation,

21 4o’ . ,
f 2—(9|T|9 YW (0) =AW, (00), (6.20)
0 T

for the eigenfunctions W, (9) (with W, (6 +27) = W, (9)) and corresponding eigenvalues
Ay Then the partition function Z is simply

Z= ij‘fr, 6.21)
I

where the sum extends over the infinite number of eigenvalues A,,. The solution of (6.20)
is quite involved, and the present approach is a rather convoluted method of obtaining the
universal properties of H.

Instead, it is useful to approach the problem with a little physical insight and take the
scaling limit at the earliest possible stage. We anticipate, from our experience with the
Ising model, that the universal scaling behavior will emerge at large values of K. For this
case, 0y is not expected to vary much from one site to the next, suggesting that it should be
useful to expand in terms of gradients of 6,. So we define a continuous coordinate T = {a,
where a is the lattice spacing, and the label 7 anticipates its eventual interpretation as the
imaginary time coordinate of a quantum problem. Then, to lowest order in the gradients of
the function 6 (t = £a) = 6,, the Hamiltonian H takes the continuum form H.,:

L. 2
H.[0(1)] :/ dr F (dg(f)> —ﬁcos@(r)j|, (6.22)
0 4 dt
where
_h
& =2Ka, h=-—, (6.23)
a

and as before L; = M.a. The coefficient of the gradient squared term is clearly a length
(along the time direction) and we have written this length in terms of the symbol &: the
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parameterization anticipates some of our subsequent results where we see that £ is the
h =0 correlation length of an infinite XY chain. With this new form of H, the partition
function becomes a functional integral

Z, = Z / DO (1) exp (—H.[0(7)]) . (6.24)

P00 Y O(L)=0(0)+27p
The integral is taken over all functions 6 (t) that satisfy the specified boundary conditions.
As we can continuously follow the value of 6 from t =0 to T = L, its actual value, and
not just the angle modulo 277, becomes significant; so we allow for an overall phase wind-
ing by 27 p in the boundary conditions. This boundary condition is the only remnant of the
periodicity of the original lattice problem as 6(7) is allowed to assume all real values. We
have also absorbed an overall normalization factor into the definition of the functional inte-
gral, and we will therefore not keep track of additive nonuniversal constant contributions
to the free energy, such as Eg of Section 5.5.

We now assert that Z. and H, are the universal scaling theories of H and Z in (6.16)
and (6.17). Hence if we started with a different microscopic model, its universal properties
would also be described by Z., with the only change being in the values of & and h. For
instance, if we had a Hamiltonian like (6.16), but with jth neighbor interactions K, its
continuum limit would also be H., with the same value for iz, but & modified to

o
£=2a) K;j> (6.25)
j=I

This continuum limit is valid for all models in which the summation over j in (6.25)
converges. The universality of H, also applies to models in which the constraint nl.2 =1is
not imposed rigidly and fluctuations in the amplitude of n; are allowed about their mean
value. The prescription for determining the input value of & is, however, still very simple:
set the magnitude of n; to its optimum value and measure the energy change of a uniform
twist. Corrections due to the fluctuations in the magnitude of n; about this optimum value
will not modify the universal scaling theory (6.23).

Before turning to an evaluation of Z, and its associated correlators, let us describe the
scaling forms expected in the universal theory. These can be deduced by simple dimen-
sional analysis. In the present case £, L., and  are the large lengths of the theory, and we
simply make the appropriate dimensionless combinations. We thus have for the free energy

F = — (InZ.)/L and the two-point correlator:
F= Lo (L ir
- L-[ F E ’ T />
L, -~
(n(7) - n(0)) = P, (i, —_ er), (6.26)
L. &

where ® r and @, are universal functions, portions of which are determined explicitly
below.
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Let us evaluate Z. in zero field (h =0). To satisfy the boundary conditions let us
decompose

2npt

0(r) = +6/(1), (6.27)

T

where 6'(7) satisfies periodic boundary conditions 8’ (L.) = 6’(0). Inserting this into (6.22)
we find that the cross term between the two pieces of 6(t) vanishes because of the periodic
boundary conditions on §’, and (6.24) becomes

00 2.2
zh=0= > exp<—”Lp 5)

p=—00

L (do"\?
x/ DO’ (t) exp —§/ dt (—) . (6.28)
0'(L7)=0"(0) 4 Jo dt

Now note that the last functional integral is simply the familiar Feynman path integral for
the amplitude of a single quantum mechanical free particle, of mass &£ /2 with coordinate
6’, to return to its starting position after imaginary time L. Using the standard expression
for this we find finally

3 £ 1/2
Z.(h=0)=(2m) (4— A(§/Ly), (6.29)

w L,
where the factor of 27t comes from the integral over 8’(0), and A(y) is the elliptic theta

function defined by

o0

Ay = Y e (6.30)

p=—00

This result is clearly consistent with the scaling form for the free energy density
F=—(>nZ.)/L; in (6.26).

Let us push the analogy with the quantum mechanics of a particle a bit further and
complete the quantum—classical mapping by obtaining an explicit expression for the quan-
tum Hamiltonian, Hg, which describes the scaling limit. Note that Z. in (6.24), with the
summation over p included, can be interpreted as the Feynman path integral of a particle
constrained to move on a circle of unit radius; the angular coordinate of the particle is 9,
and p represents the number of times the particle winds around the circle in its motion from
imaginary time 7 =0 to T = L. The term proportional to / is then a potential energy term
that preferentially locates the particle at & = 0. The Hamiltonian of this quantum particle is
then

.
Hp = _AW — hcosO, (6.31)

where, as we will see shortly, A is defined as in the Ising case to be the gap of Hp in
zero external field. As the mass of the quantum particle is 1/(2A), we have by comparing
with (6.22)
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A 3 (6.32)
This is precisely of the form (5.49), and it is another realization of the fact that the gap
of the quantum model is equal to the correlation “length” of the classical model along the
imaginary time direction. For some of our subsequent discussion it is useful to express Hgp
solely in terms of quantum operators. Let i be the Heisenberg operator corresponding to
n. Let us also define L as the angular momentum operator of the rotor:

19

L=-—. 6.33
i 00 ( )
Then we have the commutation relation
(L, fig] = icqpiip, (6.34)
where «, B extend over the two coordinate axes, x, y in the spin plane, and €y, = —€,; =1,

with other components zero. These are precisely the N =2 case of the commutation rela-
tions following from (1.17) and (1.20). The Hamiltonian Hy is clearly

Hop = AL*—h-A, (6.35)

which is simply the quantum rotor model (1.22) in the presence of field h, 1/(2A) is the
moment of inertia of the rotor, and commutation relation (6.34) is the N =2 analog of
(1.21). We have established the needed result: the scaling limit of the D =1 classical XY
ferromagnet is given exactly by the Hamiltonian of a single O(2) quantum rotor.

The Hamiltonian Hg is related to the transfer matrix T (in (6.19)) of the lattice XY
model by a relationship identical to that found in (5.47). By a gradient expansion of (6.19)
the reader can verify that

T ~ exp(—aHyp) (6.36)

to leading order in the lattice spacing a. So again, the transfer matrix “evolves” the system
by an imaginary time a.

We can use the quantum—classical mapping and obtain explicit expressions for the uni-
versal scaling functions of the classical problem in (6.26). First, using the mapping (2.5)
T =1/L, let us write down the scaling forms (6.26) in the quantum language:

A h
.7:=T(D].‘ (?,?),

0 D, (T A 6.37
(n(7) -n(0)) = P, LT ) (6.37)
We see here a structure that was used in (5.55), and which is used throughout the book.
We characterize the universal properties by the “small” energy scales A, h (these are the
analogs of the “large” length scales of the corresponding classical problem, while the
nonuniversal behavior at “small” length scales in the classical system maps onto high-
energy physics in the quantum system, which is not of interest here). These “small” energy
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scales then appear in universal scaling functions of dimensionless ratio of these energies
with the physical temperature, T .

Let us turn to evaluation of the scaling functions. The eigenstates, ¥, (¢), and eigenva-
lues, €, of Hy are determined by solving the Schrodinger equation

Hov, (0) = €,4,,(0), (6.38)

subject to the boundary condition v, (0) = ¥, (2). The equation (6.38) can be considered
as the continuum scaling limit of the eigenvalue equation (6.20), with the correspondence
in (6.36) and A, = exp(—ae,,). The continuum limit partition function Z. can be expressed
directly in terms of Hp:

Z. =Trexp(=Hg/T)
= exp(—€,/T). (6.39)
"

where T = 1/L.. The two-point correlator of 7 can also be expressed in the quantum lan-
guage

1
(n() -n(0)) = —Tr (e*HQ/TeHQrﬁefHQr .ﬁ)
C

_ i ~ 2 =€, /T ,—(ey—€,)T

=z MZ [(uliijv)Pe/Te , (6.40)
where the summation over w, v extends over all the eigenstates of Hgp, and we have
assumed 7 > 0.

The solution of (6.38), combined with (6.39) and (6.40), provides the complete solution
of the universal scaling properties of the classical XY chain. An elementary solution of the
eigenvalue equation (6.38) is only possible at 7 =0, to which we restrict our attention
from now on. In zero field, the eigenstates are ¥, (6) e™?  where m is an arbitrary
integer, and the corresponding eigenvalues are Am? (these are the states of (1.23)). The
ground state has zero energy (m = 0), and, as promised, the gap to the lowest excited states
(m = % 1) is A. We can therefore evaluate the partition function

e 2
Z(h=0)= Z exp (_ATm)
=A(A/nT), (6.41)

a result that satisfies (6.37); the function A(y) was defined in (6.30). If we compare this
with (6.29), and use (6.32) and (5.49), the equivalence of the two expressions for Z, is
not immediately obvious. However, equality can be established by use of the following
inversion identity, which the reader is invited to establish as a simple application of the
Poisson summation formula:

(6.42)

In terms of the original classical model, the expression (6.29) for Z. is useful for large
& (or large values of K, corresponding to a low classical “temperature,” which has been
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absorbed into the definition of K) when its series converges rapidly; conversely the dual
expression (6.41) is most useful for small £ (or small K and high classical “temperatures”).

Let us also discuss the form of the correlation functions at / = 0. Recalling (6.15), and
the wavefunction ¥, (6) o €/, we have the very simple matrix element

|(mlf|m + 1)]* =1, (6.43)

and all others vanish; the correlation function follows simply from (6.40), and it is clear
that the result agrees with (6.37). In particular, at T =0 or L, = co we have

m(t) - n(0)) = e~ 2l (6.44)

which establishes, as in the Ising chain, the inverse of the gap A as the correlation length
of the classical chain.

6.4 The classical Heisenberg chain and an 0(3) quantum rotor
|

We now generalize the results of the previous section to the D =1, N =3 case. The N =3
classical ferromagnet is also known as the classical Heisenberg chain. The partition func-
tion is still given by (6.13) and the classical Hamiltonian by (6.14), with the only change
being that n is now a three-component unit vector. Taking its continuum limit as for N =2,
we replace (6.22) and (6.24) by the partition function

Z. = /Dn(t)rS(n2 — Dexp (—H¢[n(®)]),

L. _ 2
H[n(z)] = / dr[(N Dé (d“(’)) _ h-n], (6.45)
0

4 dt

with n(0) =n(L;); now £ =2Ka/(N — 1) and ﬁ:h/a as in (6.23). We have chosen
the definition of £ by anticipating a later computation in which & will be seen to be the
correlation length. We only consider the case N =3 in this subsection and have quoted,
without proof, the form for general N; note that (6.45) agrees with (6.22) for N = 2. Unlike
(6.22), it is not possible to evaluate the partition function (6.45) in this form. Recall that
for the N =2 case of (6.22) we had a simple angular parameterization in which H became
purely quadratic in the angular variable. One could parameterize the three-component n
using spherical coordinates, but the resulting H is not simply quadratic.

Further progress toward the evaluation of Z. can, however, be made after the quantum—
classical mapping. To do this, note, as in (6.28), that the functional integral in (6.45) can be
interpreted as the imaginary-time Feynman path integral for a particle moving in a three-
dimensional space with coordinate n. Then the term with (dn/d7)? is its kinetic energy and
its mass is 1/£, and the term proportional to h is like a “gravitational potential energy.” The
constraint that n?> = 1 may be viewed as a very strong potential that prefers that the particle
move on the surface of a unit sphere. We can therefore perform the quantum-—classical
mapping simply by writing down the Schrodinger Hamiltonian, Hy), for this particle. The
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restriction that the motion take place on the surface of a sphere simply means that the radial
kinetic energy term of the particle should be dropped. The resulting Hp generalizes (6.35)
to N =3:

Hop=—=L?>—h-n, (6.46)

where the angular momentum operator L has three components (in general it has
N(N — 1)/2 components); again this is simply the N = 3 single rotor model Hk in (1.22)
in the presence of a field h. The operators L and f obey the commutation relations in
(1.21). The parameter A is again the energy gap at h=0, as we will see below, and is
given by A=1/&, as in (6.32). If we determine all the eigenvalues €, of Hg, then the
explicit expression for Z. is given by (6.39). Determination of the eigenvalues of Hy can,
for instance, be done by solving the Schrodinger differential equation for a wavefunction
Y, (m) on the surface of a unit sphere. The Hamiltonian in Schrédinger’s equation is given
by Ho, with L a differential operator:

. d
La = —léaﬂynﬁﬁ. (647)
14

In summary, the complete solution of the classical partition function Z, is given by map-
ping the problem to the dynamics of an O(3) quantum rotor with Hamiltonian Hp defined
by Equations (2.69), (1.19), and (2.70), where the value of Z. is given by (6.39).

We conclude this section by explicitly determining the eigenvalues for h=0. In this
case, it is evident that the eigenfunctions v, are simply the spherical harmonics, and the
eigenvalues are

A/2E+1, €¢=0,1,2...00 (6.48)
with degeneracy 2¢ 4 1 (as in (1.24)), so that

Z.h = 0) = Tre Ho/T

- A
=§]%+4mm<—ﬁ¢w+n), (6.49)
£=0
replacing (6.41), and as before 7 =1/L.. The ground state is the nondegenerate £ =0
state, and it can be checked that the energy gap is A. The correlations continue to obey
(6.44), and so there is no long-range order in the classical Heisenberg chain, and the cor-
relation length =1/A.

6.5 Mapping to classical field theories

Continuing our analysis parallel to that of the Ising model in Section 5.6, here we apply
the result of Sections 6.3 and 6.4 to obtain a representation of the original d-dimensional
quantum rotor model (6.1) as a classical statistical mechanics model in D dimensions.
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Here our analysis is actually simpler than that in Section 5.6 because we can keep the
imaginary time coordinate T continuous at all stages. For the Ising model, we were forced
to discretize time into M, steps of size a: this is because the Ising spins could evolve only
in discrete steps. Here, we are dealing with continuous spin variables which can evolve in
continuous time, and so the limit a — 0 can be taken at the outset.

As in Section 5.6, we begin with the d-dimensional quantum rotor model, and then
apply the results of Sections 6.3 and 6.4 independently to the quantum rotor on each site i.
In particular, using the equivalence between (6.22) and (6.31) for N =2, and that between
(6.45) and (6.46) for general N, we can now write

Z =Trexp(—Hg/T)
=[1 [ Pmosndo) = Dexpi-5,

yr 1 dn; (1) \?
S, /0 dt 2Jg;< - > J%n, n; |, (6.50)
along with the periodic boundary conditions n;(1/7) =n;(0). This expression is of the
needed form: it involves a summation over the orientation of a “classical” O(N) spin
located on a D + 1-dimensional spacetime, with the temporal direction having the form
of a circle of circumference 1/T, i.e. the spacetime has the topology of a cylinder. After
discretizing the time direction, it takes the form of the model (3.2) considered in Chapter 3,
although we will not need to take that step here. A complementary mapping is obtained
by taking the spatial continuum limit of (6.50): then we obtain the D-dimensional O(N)
nonlinear sigma model in (2.12), with ¢ given in (6.11) and the coupling g given by

g =Nyga" . (6.51)

Finally, we can apply the arguments of Chapter 3 to motivate the D-dimensional model
of the field ¢, (¢ =1...N) given by (2.11) or (3.25). Just as was the case in Chapters 3
and 4, the quantum field theory in (2.11) will be the most convenient formulation to under-
stand the behavior of the quantum Ising and rotor models across the quantum critical point.

6.6 Spectrum of quantum field theory

We have finally assembled all ingredients to describe the quantum phase transition in the
quantum Ising and rotor models. We have argued that the quantum field theory (2.11)
completely describes all low energy properties in the vicinity of the quantum critical point:
in particular it captures the excitations of both phases and of the critical point.

Having used the classical analysis of Chapters 3 and 4 to motivate the “soft-spin” ¢
continuum formulation in (2.11), let us now work backwards from this classical theory to
a Hamiltonian description in terms of a continuum quantum model. This will be a conve-
nient way of describing the ground state and its excitations. Just as was the case for the
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classical model, we can analyze the continuum quantum model perturbatively in powers
of the coupling u. As argued in Chapter 4, we can expect this perturbative computation to
fail at the quantum critical point for D < 4, and we will then have to invoke the renormal-
ization group analysis for a complete picture. However, in this section we will be satisfied
by the mean-field description at lowest order in u: as we saw in Chapter 3, this gives an
adequate description of both phases and of the critical point, failing mainly in the values
of the critical exponents for D < 4.

Applying the arguments used to obtain (6.50) in reverse, we conclude that (2.11) is
equivalent to the continuum quantum model with the Hamiltonian

1 u 2
H= /ddx {5 [no% 4 A(Vea)? + r¢§(x)] + o (¢§(x)) } (6.52)

Here 7y (x, t) is the canonical momentum to the field ¢, and they therefore satisfy the
equal-time commutation relations

[Po(x), p(x")] = i84p8(x — x'). (6.53)

The remainder of this section analyzes the theory defined by (6.52) and (6.53), to leading
order in u. Our analysis is the quantum analog of the classical considerations in
Section 3.2.

6.6.1 Paramagnet

First, let us consider the paramagnetic phase, » > 0. The effective potential has a mini-
mum near ¢, =0, and so the low-lying excitations are small fluctuations of ¢, about this
minimum. For these, we can ignore the quartic u term. Then (6.52) becomes a harmonic
theory, which we can diagonalize into normal modes just as we did earlier for (6.7). Now
the normal mode expansion in terms of harmonic oscillator operators is

_ d’% 1 ik-x F PN —ik-F
b0 = | a e (a0 + e ),
— A’k [ex 7\ kX gy —ik%
ma) = =i | 5 5 (aa(k)e —al (ke ) (6.54)

where the creation and annihilation operators satisfy the analog of the commutation rela-
tions in (6.9):

[aa (k). afy(K)] = 8up2m)*8 (k — &),
[aq (k). ap (k)] = 0. (6.55)

Again, these commutation relations ensure that (6.53) is obeyed, and the Hamiltonian is
just the sum of harmonic oscillators as in (6.10):

)

dk fo o
) ex[al (k)aq (k) + 1/2]. (6.56)
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The energy of these normal modes is
e = (k> + )2 (6.57)

So our main result is that the low-lying excitations of the paramagnetic phase consist of N
particles, which transform under the fundamental representation of O(N). This spectrum
is seen to be in perfect correspondence with earlier results from the g > 1 expansions. For
the N =1 case, the particle in Section 5.2.1 is equivalent to the present excitations: both
are created by the action of the order parameter ¢, ~ 6% on the ground state. For N > 1,
we have the N-fold degenerate particles discussed in Section 6.1.

The energy gap above the paramagnetic state, from (6.57), is A = /r. Unlike our pre-
vious g > 1 analysis, we can now follow the evolution of this gap all the way up to the
quantum critical point at » = 0. This gap vanishes at the critical point as in (1.1), thus iden-
tifying the mean-field exponent zv = 1/2. Recall that we noted earlier in Section 2.1 that
the quantum Ising and rotor models have dynamic exponent z = 1.

6.6.2 Quantum critical point

Right at the critical point r =0, we have our first result for the nature of the excitation
spectrum: there are N particles, all dispersing as

&x = ck. (6.58)

The linear dispersion is consistent with dynamic exponent z = 1. It should be contrasted
with the small momentum ~ k? dispersion of particles in the paramagnetic phase in (6.57).
We see in Chapter 7 that the particles are not stable excitations of the critical point for
D < 4: the strong interactions from the quartic coupling # make them susceptible to decay
into multiple lower energy excitations, and the quasiparticle residue Z is equal to zero at
the quantum critical point. In contrast, the particles in (6.57) are stable in the paramagnetic
phase, with a nonzero Z.

6.6.3 Magnetic order

For r <0, just as in Section 3.2, the potential in (6.52) is minimized at ¢ = Nodq, 1, Where

No was given in (3.23)
—6
No =, ——. (6.59)
u

We have arbitrarily chosen the magnetic order oriented along the o = 1 direction, without
loss of generality. Now let us write

Ga(x) = Noda1 + Po (x), (6.60)
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\)

The longitudinal mode corresponding to the oscillations of ¢ about the nonzero minimum value. There are also
N — 1 gapless transverse modes which move orthogonally to the plane of the page which are not shown.

and expand the Hamiltonian in (6.52) to quadratic order in the ¢y . A straightforward com-
putation yields

N

H = %f dy {Z (72 + A(Veda)?) + 2|r|q3f}. 6.61)

a=1

We can now quantize just as in Section 6.6.1, and find two types of excitation:

ex =ck, N — 1 particles,
252 1/2 .
e = (c“k” +2|r|)" /=, 1 particle. (6.62)

The gapless N — 1 particles are easy to identify: they are clearly the spin waves we met in
Section 6.2 in (6.11).

For N > 1, the single particle with energy gap +/2[r| is not one we have met before.
It corresponds to small longitudinal oscillations of the ¢; field about the minimum at
@1 = Ny, see Fig. 6.1. It is the analog of what is known in particle theory literature as the
Higgs particle. In general, this Higgs particle can decay into multiple lower-energy spin
waves. It has been argued that such decay processes dominate for d < 3, and the Higgs
particle is therefore not a stable excitation. However, in d = 3, the Higgs is stable; indeed
neutron scattering experiments [414] on TICuCls have observed the Higgs excitation [430],
see Fig. 6.2.

For N =1, we have only the particle excitation with the energy gap +/2[r]. For d > 1,
we claim this is the same as the low-lying particle excitation found in Section 5.3.1 in
the small-g expansion. In the latter approach, the excitation was a “bubble” of a down
spin moving in a ferromagnetic background of up spins. In the present field-theoretical
analysis we have fluctuations of ¢; about Ny, which also contribute to decrease in the local
ferromagnetic moment.

Finally, what about the case N =1, d=1? We found in the small-g expansion in
Section 5.3.2 that the stable excitations were domain walls or “kinks” that interpolated
between the ground states with magnetization £Ny. Here, such a domain wall involves
interpolating ¢; between the minima in the effective potential at =Ny over the maximum
at ¢1 =0, see Fig. 6.3. This domain wall is also a local minimum of the potential in the
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From Ref. [414]. Measurements of the excitation energies in TICuCl3 across the quantum critical point induced by
applied pressure (horizontal axis). This transition is described by the 0(3) quantum rotor model in d = 3. Below the
critical pressure, we are in the paramagnetic phase, and the three quasiparticle modes are shown by the symbols to
the left of the critical pressure. Above the critical pressure, in the magnetically ordered phase, the two spin wave
modes are shown by the symbols at zero energy. There is also an additional Higgs mode shown by the nonzero energy
symbols to the right of the critical pressure. The ratio of the energy of the Higgs mode to the triplet mode on the
paramagnetic side is close to ﬁ, as predicted [430] by the ratio of (6.57) and (6.62).

A domain wall between two Ising ferromagnetic states interpolates from one minimum of the effective potential to
the other.

Hamiltonian but with a space-dependent ¢ (x). Indeed, taking the variational derivative of
(6.52) with respect to variations in ¢ (x), we obtain the saddle-point equation

—07¢1 — Irlp1 + uei /6 = 0. (6.63)
This equation has the usual solutions ¢y = Ny, but also the space-dependent solution

é1(x) = £No tanh((x —xo)V/Irl /2), (6.64)

where x is abitrary. This is the domain wall centered at x = x(. Quantization of the motion
of xo leads to the domain wall particle. The Higgs particle of small ¢; oscillations about
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+ N is evidently unstable to decay into a pair of domain wall particles: we discussed this
phenomenon in Section 5.3.2. We study these domain walls more completely in Chap-
ter 10, where we will find that they are fermions, and provide a complete description of the
transition into the paramagnetic state.

Exercises

6.1

6.2

6.3

Establish the connection between the quantum rotor model of Section 1.4.2, and
the spin ladder model described in Section 1.4.3. Note that the matrix elements of
n; in the angular momentum eigenstates are equal to those of the position operator
between the spherical harmonics. Determine the spectrum of its angular momentum
£ =1 excitations to leading order in g. By mapping this spectrum to that of the spin
ladder, determine suitable values of K and g.

O(2) rotors with long-range interactions: An array of charged superconducting dots
at the sites i (with positions r;) of a d-dimensional cubic lattice is described by the
Hamiltonian

A2 L€ 22
H = . %_;_g]:ninjm—./;cos((pi—(ﬁj), (6.65)

where 71; is the number operator for Cooper pairs on dot i (each Cooper pair has
charge e* =2e), ¢; is the conjugate phase operators, and the only nonvanishing com-
mutation relation is

[43,» A j] = i8uq. (6.66)

Assume we are in the large J superconducting phase where the phases are all aligned
at ¢; =0 (say). Obtain the Heisenberg equations of motion for & and A;, and lin-
earize them for small fluctuations about the ground state. By determining the normal
mode spectrum of these equations, obtain the long-wavelength form of the “plas-
mon” oscillations ind =1, 2, 3.

Consider the two-particle sector of the quasiparticle excitations of the paramagnetic
state described in Section 6.6.1. The particles have a two-body interaction propor-
tional to u. Compute the matrix elements of this interaction (k1, o1 |u|k2, oz). Set up
the two-body scattering problem, and discuss qualitative features of the low momen-
tum scattering amplitude in d = 1, 2, 3. Compare your results with those obtained in
the 1/g expansion of the Ising model in Exercise 5.5.2.
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critical point

We have so far described our quantum phases and critical points in terms of the wave-
functions and energies of the eigenstates of the Hamiltonian. However, as we saw in our
treatment of D-dimensional classical statistical mechanics in Chapters 3 and 4, a more
subtle and complete characterization is obtained by considering correlation functions of
various observable operators. These correlation functions are also amenable to a Feynman
graph expansion and the renormalization group transformation, which was crucial in our
full treatment of the classical critical point. This chapter considers correlation functions of
the d-dimensional quantum model, and applies them to obtain an improved understanding
of the quantum phases and the quantum critical point.

Section 5.5.3 has already presented a detailed description of the connection between
the correlation functions of the D =1 classical Ising chain and the single-site (i.e. d =0)
quantum Ising model. This mapping is immediately extended to the general D case, fol-
lowing the reasoning in Sections 5.6 and 6.5. From this we obtain the fundamental result
that the two-point correlation function, C, of ¢, in (3.39) of the D-dimensional classi-
cal field theory (2.11) is precisely the same as the time-ordered correlation function of
the operator ¢, under the Hamiltonian 7 in (6.52). Specifically, the latter correlation
function is

£Tr (e‘H/Téa(x, ™dp(. Tz)) for 7 > 1,

Cop(x. 713y, T2) =1 | . . (7.1
=Tr (e‘ Mg (y, 12)dalx, n)) for 71 < 1,
where ¢q (x, 7) is defined by imaginary time evolution under the H:
u(x, 7) = " py(x)e 7T (7.2)

This quantum correlator is then precisely the classical correlator C in (3.39) after the
coordinates (x, t) are mapped to the D-dimensional coordinate x in (3.39).

The quantum correlation function in (7.1) is thus a technically useful quantity. All the
methods developed in Chapters 3 and 4 can be immediately applied towards its computa-
tion: this leads to a very efficient method for determining key characteristics of the phase
diagram of the quantum model. However, C is not directly measurable in experiments on
the quantum system. The purpose of the first two sections below is to establish a connec-
tion between the imaginary-time correlation C and real-time correlation functions natu-
rally related to experimental probes. We then use these connections to better characterize
the phases and the critical point of the quantum model.
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7.1 Spectral representation
I —

The first step in our analysis is to express C in (7.1) in the so-called spectral representation.
Actually, we have already used spectral representations at 7 =0 in (5.54) and (6.40), and
present a more complete discussion here.

To clean up the notation, we drop the spin components in (7.1) because they play no
essential role, and consider the case N = 1. Because the correlator in (7.1) is periodic
in time with period 1/7, it is useful to define its Fourier transform at the “Matsubara”
frequency, w,, which must be an integer multiple of 27 T, w, =27nT, by

yr
x (x, wp) E/ dte'®*C(x,1;0,0)
0

1T ' R A
= % /0 dret T Tr <e—H/T¢(x, )¢ (0, 0)>, (7.3)

where we have used spatial and temporal translation invariance to set the arguments of the
second ¢ at the origin of spacetime.

Now imagine we know all the eigenstates and eigenenergies of the continuum Hamil-
tonian H in (6.52). In general, these states will occupy a continuum of energies, but by
placing the field theory in a d-dimensional cubic box of size L (we will eventually take
L — 00) we can obtain a discrete spectrum in which the exact eigenstates are labeled by
the index m. Thus a complete set of orthonormal eigenstates is |m), and their eigenenergies
are m. These eigenstates satisfy the completeness identity:

> my(m| =1, (74)

where 1 is the identity operator. We now insert this identity before and after the first )
operator to obtain

(. o) = Z (m/|¢(x)|m§m|¢(0)|m’) /I/Tdte(iwnEm+E,’n)rEm//T
0

m,m’

(E—E,,,/T _ e—Emz/T)

, ; (7.5)
(iop — Em + Epy)

1
=2 D mIp()lm) (mlpO)|m')
m,m’
in the last step we used the fact that !®/T =1 at all Matsubara frequencies. We can now
write this in its final form, known as the spectral representation
®©dQ p(x, Q)
xron = [ LR 7.6)
oo T QL —iwy
where the spectral density p(x, 2) is given by
b1
P, Q) == 3 (' lp)lm)m|g O)lm')

m,m’

x (e—Em//T _ e_Em/T)S(Q — Em =+ Em/), (77)
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This spectral density is the key quantity connecting various correlation functions in both
real and imaginary time. Indeed, once we know the spectral density, we can easily obtain
all needed correlation functions. In particular, from (7.6) we immediately obtain the cor-
relation function at the Matsubara frequencies of imaginary time. The inverse problem is
much more difficult: from a knowledge of x (x, w,) at all w,, it is not easy to find p(x, 2).
Indeed, this problem is ill-posed: very small errors in the values of x (x, w,) lead to large
errors in p(x, €2). However, when exact analytic expressions for x (x, w,) are available, it
is possible to determine p(x, 2); we will use this method on a number of occasions.

7.1.1 Structure factor

Let us now turn to correlation functions in real time, ¢, which are directly observable in
the laboratory. We define time evolution of operators in the Heisenberg picture by (compare

(7.2))
b (x, 1) = My (x)e™ T (7.8)

Then the real-time analog of (7.1) is the correlation function

Cop(x, ;X 1) = %Tr (e*H/TqBa (x, g (x, t/)). (7.9)

As above, we drop the indices «, 8 below, and deal only with the case N = 1.
The dynamic structure factor, S(k, w) is defined by a Fourier transform of the real-time
correlation (compare (7.3)):

o0 T2 2N ’
Sk, w) =/ddx/ dtC(x, t; x', t)e G Hol=1) (7.10)
—00

Note that the time integration extends over all real values of ¢, unlike the limited domain
between 0 and 1/ T for imaginary time.

The dynamic structure factor is the quantity naturally measured in scattering experi-
ments, such as neutron, X-ray, or light scattering of solid-state systems. This becomes
clear from the spectral representation: proceeding as in (7.5) by repeated insertions of the
identity (7.4), it is easy to show that

St @) = 20 3 BT g lm) P — By + Ew), (D)

m,m’

where V is the volume of the system and qﬁ(lz) is the spatial Fourier transform of the
operator ¢ (x). The expression (7.11) has the structure of a transition rate computed using
Fermi’s golden rule. The system is initially in the state |m’) with the thermal probability
e Ew/T ) Z: an external perturbation (the incoming photon or neutron) couples linearly
to the operator ¢(/€), and (7.11) computes the transition probability per unit time to the
final state |m). The result is clearly proportional to the Born scattering cross-section of
the photon or neutron with momentum transfer k and energy transfer w. Note that we are
making the Born approximation only on the coupling between the probe and the system:
in principle, (7.11) treats all interactions within the system exactly.
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Comparing the expression (7.11) with the spectral density in (7.7), we obtain the exact
identity

Sk ) = 5

T —alT e_a,/Tp(k, w), (7.12)

where p(k, w) is the spatial Fourier transform of p(x, w). This is the first of our needed
connections between real- and imaginary-time correlations, relating the dynamic struc-
ture factor to the spectral density, which in turn determines the correlator at the imaginary
Matsubara frequencies by (7.6). The identity (7.12) is one statement of the “fluctuation—
dissipation” theorem, and the reason for this terminology will become clearer in the fol-
lowing subsection.

7.1.2 Linearresponse

Now we consider another experimentally useful quantity: the time-dependent response to
an external perturbation. For simplicity, we consider an external time and space-dependent
“field” hq(x,t) which couples linearly to the field operator ¢ (x), and so changes the
Hamiltonian by

H— H— /ddxqba(x)ha(x, 1. (7.13)

This perturbation is the analog of (3.40) in the classical model.

Because of the presence of &, (x, t), all observables now have space and time depen-
dence, and the system is no longer in thermal equilibrium. We would like to compute the
change in the observables from equilibrium to linear order in &4 (x, t). This is given by a
very general expression known as the Kubo formula. Without any specific knowledge of
‘H, we can write the shift away from equilibrium for an arbitrary observable O(x) in the
following form

SO () = /ddx’/ dt' xou(x = x',t —tHhe (X', 1), (7.14)

where the initial § indicates “change due to external field,” and the expectation value on
the left-hand side is evaluated in the density matrix describing the state of the system in
the presence of /. The coefficient on the right-hand side is the dynamic susceptibility y:
it is a characteristic of 7 in the absence of 4, and so it is invariant under time and space
translations. Finally, the expression (7.14) must obey the important constraint of causality:

x(x,t)=0fort <O, (7.15)

because the response can only depend upon the values of % at earlier times. This identifies
x as the so-called “retarded” response function.

The Kubo formula is a general result for the susceptibility x. Its derivation involves a
simple exercise in first-order time-dependent perturbation theory: we start from an initial
thermal state described by a density matrix exp(—H/T)/Z, and compute its evolution
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under the change (7.13) by integrating the equations of motion to first order in 4. The
computation is discussed further in Exercise 7.1, and leads to the main result

Yoo (X — X' 1 — 1) = i0(t — t’)%Tr (e—H/T[@(x, 1), o (', t’)]), (7.16)

where 6(¢) is the unit step function, H is the Hamiltonian in the absence of %, and the time
evolution of the operators is specified as in (7.8).

For our subsequent analysis we focus on the observable O = ¢, and drop the « index
by considering N = 1. Then the susceptibility of interest is

x(x—x' t—1') = i6( — t’)%Tr (e*H/T[qB(x, 1, d(x', t/)]). (7.17)

It is useful to consider this susceptibility in momentum and frequency space by defining

OO 7= .
% (k, @) =/ddx/ dt x (x, r)e thxtior, (7.18)
0

Note the limits on the time integration, which are a consequence of (7.16). Because of
these limits, if we consider @ as a complex number, the integral in (7.18) is well-defined
for e in the upper half-plane: the oscillatory factor ¢/’ becomes a decaying exponential
for w in the upper half-plane, and so the integral (7.18) converges. The function y (k, w)
is therefore an analytic function of w in the upper half-plane, and we define its value on
the real w axis by analytic continuation from the upper half-plane. Alternatively stated,
we map w — o + in, where 1 is a small positive number, at intermediate stages of the
computation, and take the limit  — 0 at the end; this procedure leads to convergent results
at all stages.

Let us now obtain a spectral representation of (7.17) and (7.18) as before. We insert (7.4)
around the ¢ operators, and perform the Fourier transform to obtain

(e Ew/T — ¢=En/T)

wo+in—E, + E,

1
xk o) = — Z/ [’ 1 () ) 2 (7.19)

in the limit  — 0F. Now comparing (7.19) with (7.7), we obtain our main result

Xk, ) = f L LU (7.20)
o T R—w—1in

connecting the retarded response function to the spectral density. The relations (7.6), (7.12),
and (7.20) are the key results of this section, connecting the spectral density to the imaginary-
time correlations, the real-time dynamic structure factor, and retarded susceptibility. Also
note that y (k, o =0) = x (k) is the static susceptibility.

A key feature of our results is the close similarity between (7.6) and (7.20). They show
that the imaginary-time susceptibility y (k, w,) and the retarded response function y (k, w)
are part of the same analytic function x (k, z) defined by

(ks 2) = / a2 pk. ) 721
o T R—12

for a general complex frequency z. For z=iw, on the imaginary axis, y(k, z) is the
imaginary-time correlation at the Matsubara frequencies. And for z=w + in, just above
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the real axis, we obtain the retarded response functions of the Kubo formula. Thus we can
map the imaginary-time correlation to the retarded response function by analytic continu-
ation. Also, our notation for the frequency argument of x, w, vs. w, implicitly determines
whether we are considering response functions on the imaginary or real axis.

For the case where the Kubo formula (7.17) involves the commutator of a field with its
Hermitian conjugate, the associated spectral density p(k, €2) in (7.7) is real. Then we can
write (7.20) as

(1—e/T)

pk, w) =Imy(k, w) = ITS(]C, w), (7.22)

where we used (7.12). The structure factor on the right-hand side is a measure of fluctua-
tions of the field ¢, while Imy (k, w) measures the response of ¢ which is out of phase with
the applied field (from (7.14)). As in the damped harmonic oscillator, it is the out-of-phase
component which measures the energy absorbed by the system from the external field, thus
justifying the name “fluctuation—dissipation” theorem.

We have now finally assembled all the tools necessary to make full use of the connection
between classical and quantum critical points. The following sections contain the payoff
in our understanding of quantum phase transitions. We are now able to take the imaginary-
time “classical” correlations in D dimensions discussed in Chapters 3 and 4 and use them
to understand the properties of the quantum Ising and rotor models of Chapters 5 and 6 at
a deeper level.

7.2 Correlations across the quantum critical point
I —

This section addresses the same problem as Section 6.6: a description of the spectrum of the
quantum field theory (6.52) across the quantum critical point. Rather than using the pertur-
bative arguments of Section 6.6, here we are able to go further by analytically continuing
the RG-improved results of Chapter 4. As in Section 6.6, we consider the paramagnetic
phase, the magnetically ordered phase, and the quantum critical point in turn.

7.2.1 Paramagnet

We begin with the Gaussian result (3.44) for the D-dimensional classical theory. Analyti-

cally continuing this to the quantum theory in d dimensions, we map k?> — ¢*k? — w?, and
so obtain the retarded response function
1
x(k, w) = (7.23)

k2 4r—(w+in?

Taking its imaginary part, we have the spectral density

A
pk, w) = [8(w — &) = d(w + &), (7.24)
Ek
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where &, = (c2k* + r)!/? is the same dispersion relation as in (6.57), and we have intro-
duced a “quasiparticle residue” .A=1. Thus the spectral density has delta functions at
precisely the energy of the N-fold degenerate quasiparticles of Section 6.6.

Now let us move beyond the Gaussian theory, and look at perturbative corrections in
u. Then the D-dimensional susceptibility is given by (3.45), which includes a self-energy
¥ (k). The perturbative expression for the self-energy to order 1> was given in (4.35). The
one-loop terms for the self-energy only contribute a renormalization of r, and the effects
we are interested in arise from the analytical continuation of (4.35) under k2 — 2k% — w2,
so that

1

k, w) = '
x (k, w) A2 +r—(w+in? — 2k, )

(7.25)

We continue to identify the position of the pole of y (k, w) (if present) as a function of w
as a determinant of the spectrum of the quasiparticle, and the residue of the pole as the
quasiparticle residue .A. The real part of the self-energy X (k, ) will serve to modify the
quasiparticle dispersion relation, and the value of A, but will not remove the pole from
the real w axis. To understand possible decay of the quasiparticle, we need to consider the
imaginary part of the self-energy.

We made general arguments for the absolute stability of the quasiparticle, provided that
k is not too large, in Chapters 5 and 6, and these continue to apply here. Their consequence
here is the relation

ImE(k, 0 = &) =0 (7.26)

at T =0. This can be explicitly verified by a somewhat lengthy evaluation of (4.35), and an
analytic continuation of the result: see Exercise 7.2. An immediate consequence is that the
dynamic susceptibility has a delta function contribution which is given exactly by (7.24).
All the higher order corrections only serve to renormalize r, and reduce the quasiparticle
residue A from unity; the dispersion relation continues to retain the form in (6.57) by
relativistic invariance. The stability of the delta function reflects the stability of the single
quasiparticle excitations: a quasiparticle with momentum k not too large cannot decay into
any other quasiparticle states and still conserve energy and momentum.

However, X (k, w) does have some more interesting consequences at higher w. We dis-
cussed in Sections 5.2.2 and 6.1 the existence of multiparticle continua. Here w is the
energy inserted by ¢ into the ground state, and so for w > pr, with p integer, we expect
the creation of p particle states. The global O(N) or Z, symmetry actually restricts p to
be odd, and so the lowest energy multiparticle states that will appear in x are at w =3r.
Consonant with this, we find that the self-energy acquires a nonzero imaginary part at zero
momentum only for w > 3r, i.e. there is a threshold for three-particle creation at w =3r.
The form of ImX (0, w) at the threshold can be obtained by analytically continuing (4.35):
this is explored in Exercise 7.2 and leads to

ImX (0, w) x sgn(w)d(lw| — 3r)(jo| — 3r) @D (7.27)

for w around 3r.
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Im x(k,w)

€k w

The spectral density in the paramagnetic phase at T = 0and a small k. Shown are a quasiparticle delta function at
w = & and a three-particle continuum at higher frequencies. There are additional n-particle continua (» > 5and
odd) at higher energies, which are not shown.

Taking the imaginary part of (7.25), we obtain the generic form of the spectral density
shown in Fig. 7.1.

We now present a simple physical argument for the nature of the threshold singularity in
(7.27), to supplement the more formal computation in Exercise 7.2 from (4.35). Just above
threshold, we have a particle with energy 3r + dw which decays into three particles with
energies just above r. The particles in the final state will also have a small momentum, and
so we can make a nonrelativistic approximation for their dispersion: r+c2k?/(2r). Because
the rest mass contributions, r, add up to the energy of the initial state, we can neglect them
from now. The decay rate, by Fermi’s golden rule is proportional to the density of final
states, which yields

Sw d d 2.2
dlp d
M2 (0, 3r + ) oc/ dQldQZ/ | 5(91 _cr )

o m)d 2m)d 2r
2.2 2 2
w5 (22— 1) 5 (50— -, - CLTD
2r 2r
~ (Sw)D, (7.28)

in agreement with (7.27).

We expect this perturbative estimate of the threshold singularity to be exactin alld > 2.
In d =1, there are strong final state corrections from the interactions between the quasi-
particles, and these are better explored using the methods of Chapter 10.

7.2.2 Quantum critical point

Here our present methods yield a qualitatively new result, beyond the reach of the pertur-
bative arguments of Chapters 5 and 6.

We analytically continue the classical critical point result in (4.34) to obtain the dynamic
susceptibility at the quantum critical point at 7 =0:

1

Tyt (7.29)

x(k, w) ~
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Im x(k,w)

ck w

The spectral density at the quantum critical point. Note the absence of a quasiparticle pole, like thatin Fig. 7.1

The key feature differentiating this result from (7.23) is that this susceptibility does not
have poles on the real frequency axis. Rather, there are branch cuts going out from
® = =ck to infinity. Taking the imaginary part, we obtain a continuous spectral weight
at |o| > ck

sgn(w)f (|| — ck)

(@2 — c2k2y1=n/2” (7.30)

Imy (k, w)

see Fig. 7.2. The absence of a pole indicates that there are no well-defined quasiparticle
excitations. Instead we have a dissipative continuum of critical excitations at all |w| > ck:
any perturbation will not create a particle-like pulse, but decay into a broad continuum.
This is a generic property of a strongly-coupled quantum critical point.

More generally, we can use the scaling from (4.42) to describe the evolution of the spec-
trum as r approaches the critical point at r =r, from the paramagnetic phase at T =0.
Because of the relativistic invariance, the energy gap A ~ &% with z =1, where the cor-
relation length & diverges as in the classical model & ~ (r — r.)~". In terms of A, analytic
continuation of (4.42) yields

1 ~/(ck w
x(k, w) = F ( > (7.31)

AT\ AT A
In the paramagnetic phase, the N quasiparticles have dispersion &; = (¢?k? + A2)!/2 (the

momentum dependence follows from relativistic invariance). Comparing (7.3 1) with (7.24),
we see that the two expressions are compatible if the quasiparticle residue scales as

A~ A", (7.32)

so the quasiparticle residue vanishes as we approach the quantum critical point. Above the
quasiparticle pole, the susceptibility of the paramagnetic phase also has p particle con-
tinua having thresholds at w = (c2k> + p>A2)!/2, with p > 3 and p odd. As A — 0 upon
approaching the quantum critical point, these multiparticle continua merge to a common
threshold at w = ck to yield the quantum critical spectrum in (7.30).

7.2.3 Magnetic order

Now r <r., and we have to expand about the magnetically ordered saddle point (6.60).
The first important consequence of the magnetic order is that the nonzero limit in (1.14)
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combines with (7.10) to yield a delta function in the dynamic structure factor
S(k, ) = NEQm) T8 ()8 (k) + ..., (7.33)

where the ellipses represent contributions at nonzero w. This delta function is easily
detectable in elastic neutron scattering, and is a clear signature of the presence of mag-
netic long-range order.

We now discuss the finite w contributions to (7.33). We assume the ordered moment is
oriented along the o« = 1 direction. From Gaussian fluctuations about the saddle point in
(6.60) we obtain, as in (6.61), susceptibilities which are diagonal in the spin index, with
the longitudinal susceptibility

1
k, w) = , 7.34
xi1(k, ) 2K @ L i F 2] (7.34)
and the transverse susceptibility
1
Xaatk, ) = 5=5———— a>1 (7.35)

c2k? — (w+in)?’

The poles in these expressions correspond to the N — 1 spin waves and the Higgs particle
of Section 6.6.3.

It now remains to study the perturbative corrections to (7.34) and (7.35). The N — 1 spin
waves are expected to be generically stable and well-defined, as they owe their existence
to the broken symmetry. We study the general structure of the corrections to (7.35) in
Chapter 8. In contrast, as we noted in Section 6.6.3, there is nothing protecting the stability
of the longitudinal Higgs particle, and we now examine its decay into multiple spin-wave
excitations.

Let us return to the classical perspective, and expand the action in (3.25) in powers of
qsa defined in (6.60); then the corrections to (6.61) are

1 ~ ~ Irlu ~ -~ u -~
Sp = /de {5 [(vx¢a)2 +2|r|¢f] + ,/Tqblqbﬁ + 4—!(¢§)2}. (7.36)

Note the new cubic term, which plays a key role in our considerations below. We would like
to understand the influence of the nonlinearities in (7.36) on the pole at w = (c2k>+2|r|)!/?
in (7.35). For this purpose, let us introduce the self-energy of the longitudinal mode

1

k) = .
) = e =

(7.37)

To lowest order in u, the leading term in the self-energy comes from two cubic interactions,
as shown in Fig 7.3, and evaluates to

(N —Djr|u
k) = %H(k),
dPp 1 Cp

INk) =

@o)P pP(p+h? KD 739
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Leading diagram for the self-energy of the longitudinal response. All internal lines involve propagators of ¢, with

XXX
XX XD

More singular terms in the self-energy of the longitudinal response. Again all internal lines involve propagators of g,
withoe > 1.

where in the last step we have given the answer for D < 4, with Cp a phase space factor
dependent upon the spacetime dimension (C3 = 1/8). For D > 4, the answer depends upon
the spacetime dimension, and at small k we can simply take I1(k) to be a constant. For
D < 4, this contribution to the self-energy is divergent in the limit of low momentum. This
divergence is a consequence of the gapless spin-wave modes, which apparently have a
singular effect on the longitudinal response. This divergence should raise the concern that
higher order terms in the self-energy will be even more singular. This is indeed the case,
and we have shown some of the more singular graphs in Fig. 7.4. Fortunately, it is possible
to re-sum the most singular terms at each order in u because they form a geometric series.
We find

_ 2.2
iy = W= DIl [1_ (N + Du (N + D)%u

2
. k) + ——— l‘[(k)+...]

_ (V- Dr|ull(k)/3 . (7.39)
14+ (N + Dull(k)/6

Now note that for d < 3, the divergence of I[1(k — 0) and (7.39) imply that ¥1;(k — 0)
is a finite constant. However, there are many other contributions to ¥1; which yield a
constant, and so this raises a natural concern on the extent to which we can trust (7.39). We
need a parameter other than the nonlinearity u to systematically control the computation.
A convenient choice is to take N, the number of components of ¢, and to take the large
N limit. We study this expansion in much greater detail in Part III, starting in Chapter 11.
Here the N — oo limit has to be taken after defining u =u /N, and keeping r and u fixed.
It can then be shown that (7.39) is the leading contribution to X1 in this limit, and that all
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other corrections are suppressed by a factor of 1/N (see Exercise 7.3). Taking the N — oo
limit in (7.39), we now write

S ) — |r|uTl(k)/3
11 ( )—m-

Let us now analytically continue (7.37) and (7.40) to real frequencies to obtain the
retarded dynamic susceptibility. For d > 3, where we can take TI(k) to be a constant,
there is little effect apart from a renormalization of r, and the “Higgs” pole in (7.17)
survives. However, there is a much stronger effect in d <3 for N > 1. Here, after map-

— 00 (7.40)

ping k> — ¢2k* — w?, we have at low momenta and frequency
1
x11(k, w) = P . N—> oo (7.41)
2k? — w? + —|r|_(czk2 — ?)B-D/2
Cat1u

The pole at the position of the Higgs energy w = =+ (c?k? + 2|r|)!/? has disappeared, and
we only have a branch cut having its onset at the spin-wave energy w = =+ ck. Thus, for
d <3 and N > 1, there is no Higgs particle, and only a broad continuum of multiple spin-
wave excitations in the longitudinal response. Note also that, unlike the Gaussian result
in (7.34), the static longitudinal susceptibility x(k — 0, w=0) ~ k973 is divergent;
this is also a generic consequence [372,426,559] of the breaking of the continuous O(N)
symmetry in D < 4. The Higgs particle does survive at N =1 for all d > 1, corresponding
to the excitation studied in Section 5.3.1.

The d =3 case is marginal, and we will not evaluate the detailed form for I1(k) in this
case. The Higgs particle is at the boundary of stability, and this accounts for its observation
in T1CuCls, as discussed in Section 6.6.3.

Exercises
|

7.1 Write down the equation for motion of the density matrix, and integrate it to first
order in the external perturbation. Hence obtain the Kubo formula (7.16).

7.2 Evaluate the self-energy of the quasiparticle in the paramagnetic phase by computing
the Feynman graph in (4.35). Analytically continue the result to real frequencies to
obtain (7.26) and (7.27).

73 Write down the complete expression for X1 (k) to order u%. Show that the result
agrees with (7.40) in the limit N — oo at fixed N=Nu.
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This chapter continues our study of d-dimensional quantum field theory (2.11) by a closer
examination of the structure of the magnetically ordered phase. The considerations below
apply also to the D-dimensional classical model (3.25), and given our improved under-
standing of the close connections between the two models in Chapter 7, we will freely
move back-and-forth between the classical and quantum cases.

We have so far characterized the magnetically ordered phase by the presence of long-
range correlations in the two-point correlations of the order parameter field ¢, . After defin-
ing the two-point correlation function (without subtraction of the disconnected pieces as in
(3.39)) by

Cop(x —x') = (pa(x)pp (")), (8.1)
the magnetically ordered phase was identified by
lim Cyp(x) #0. (8.2)
|x]—o00

The right-hand side is the square of the spontaneous magnetization Ny. The existence of
a nonzero Ny signals a spontaneous breakdown of the O(N) symmetry of the underlying
degrees of freedom.

While this definition is formally adequate, we now explore another definition which
is closer to our physical intuition on the structure of a magnetically ordered state. We
often think of ordered phases as having an intrinsic “rigidity,” i.e. they respond little to
external perturbations, and prefer to revert to their original configuration. Thus, a solid,
with broken translational symmetry, is resistant to shear deformations, in contrast to a
liquid which preserves translational symmetry and shears freely. This chapter provides
a characterization of the rigidity of the magnetically ordered phase of the quantum field
theory (2.11).

8.1 Discrete symmetry and surface tension

108

Let us consider the Ising case first, as described by the N =1 case of the d-dimensional
quantum Hamiltonian in (6.52). The key idea is to consider changes in its total free energy
under changes of the boundary conditions. We have so far considered infinite systems, but
now let us place the field theory on a d-dimensional cubic box of side L. We single out a
preferred direction, say x1, and take periodic boundary conditions of ¢ along all the (d — 1)
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transverse directions x . Let 0 < x| < L, and we allow ¢ to vary freely as a function of
x1 but modify the Hamiltonian by the following boundary terms

H— H—h / A e = 0, 1) — hr/dd—lxmm —Lx). 83

In other words, we apply a field /1, on the left edge, and a field %, on the right edge.

Now follow the distinct behaviors of the system in the limit of large #¢ = h,, from that
forhy= —h,.

For hy = h,, the fields at the edges will pin ¢ along a common direction. In the para-
magnetic phase, the memory of this boundary pinning decays in a length of order § as
we move into the bulk of the system. However, in the magnetically ordered phase, the
“rigidity” ensures that preferred edge orientations of ¢ propagate all the way across the
system. Because the two edges are oriented in the same way, we will clearly have a smooth
polarization of the spontaneous magnetization along the common direction.

In contrast, for hy = — h,, we get new physics only on the magnetically ordered side.
Now the magnetic polarizations along the edges are oriented in opposite directions, and
they will have to reconcile this incompatibility somewhere in the middle of the system.
A domain wall, like that in (6.64), is forced in by the boundary conditions, and this will
clearly increase the free energy of the system.

It is now clear that the free energy difference, AF, between the two boundary condi-
tions contains useful information. It is dominated by the presence of the domain wall for
the hy = — h, boundary conditions, and includes information on all the quantum and ther-
mal fluctuations of the domain wall around the mean-field configuration of (6.64). From
the considerations above, we can conclude that the free energy difference behaves in the
following manner in the limit of large L

~ e L/E forr > r.

. 8.4
» 41 forr < r, 8.4

a7 -
The exponential decay in the paramagnetic phase characterizes its insensitivity to changes
in the boundary conditions. In contrast, in the magnetically ordered phase, the rigidity
forces in a domain wall whose free energy is proportional to L¢~!, the volume of its trans-
verse dimensions. The proportionality constant is the surface tension, X. The above defi-
nition makes it clear that ¥ has dimensions of energy/(length)@—1.

We can now use the scaling arguments of Chapter 4 to deduce the behavior of ¥ as we
approach the critical point. The surface tension is directly related to the free energy F =
— T In Z, and so its transformations under the renormalization group follow directly from
that of the partition function. As noted in (4.49), the RG is defined to leave Z invariant,
and so F scales, as expected, like an energy; in other words

dim[F] = z, (8.5)

where 7 is called the dynamic critical exponent. We define z more carefully in Section 10.2,
and all the models considered so far have z = 1. Hence, from (8.4), we deduce that

dim[¥]=d+z - 1. (8.6)
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From this it follows that ¥ vanishes as we approach the critical point r ' r. as
¥ ~ gD, (8.7)

We can actually say more for the special case of the quantum Ising model under consider-
ation. Here z = 1, and energy scales are connected to length scales by the velocity c. After
use of this energy scale, there are no arbitrary scales left in the definition of X, and so we
can conclude that

¥ = YhcE 9, (8.8)

where Y is a universal dimensionless number, i.e. it is the same for all quantum Ising
models at their quantum critical point.

The above arguments also allow us to deduce the behavior of AF precisely at the quan-
tum critical point r =r.. Here the only available length scale is L, and so AF ~ L™%. For
the z = 1 quantum Ising model

AF = Yohe/L, (8.9)

where, again, Y» is a universal constant.

8.2 Continuous symmetry and the helicity modulus
- |

We now generalize the considerations of Section 8.1 from N =1to N > 2. The presence of
a continuous O(N) symmetry dramatically modifies the response to changes in boundary
conditions. Rather than having a sharp domain wall between oppositely oriented states,
the optimal state can greatly lower its free energy by spreading out the difference between
the two edges over a gradual change in orientation of the magnetic order. Such a gradual
change was clearly not an option for the Ising case.

We present our remaining discussion for N =2, although all the results below have an
immediate generalization to N > 2. We take the same geometry as in Section 8.1, and write
the boundary fields as

H = H — ha f 4 o (1 = 0, x1) — i / A x ot = Loxy). (8.10)

Let us assume the fields have a common large magnitude £, and differ only in their orien-
tations:

hee = ho(cos(6y), sin(6y)),  hro = ho(cos(6,), sin(6,)). (8.11)

Thus we have imposed a rwist in the phase of the XY order parameter. The twisted bound-
ary conditions are clearly characterized by the angular difference A9 =6, —6,. Clearly, we
want A6 to have the smallest possible absolute value, and so we define the phases so that
—m < A6 < m. Now we can expect that the lowest free energy state will have the small-
est possible local phase gradient. So it pays to spread the twist across the entire sample,
yielding a local phase gradient of A9/L. This phase gradient costs free energy: for large L
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the phase gradient is small, and so we can expand the local free energy density in powers
of A6/L. By time-reversal symmetry, the free energy can only involve even powers of the
phase gradient, and so we conclude that the cost to the free energy density is proportional
to (AG/L)?*. Integrating the free energy density over the entire sample, we conclude that
forr <r.

NIN
AF = % (T) L. (8.12)

This equation replaces the result (8.4) for N > 2. There is no change in the results of
Section 8.1 between N =1and N > 1 forr > r..

The coefficient in (8.12) defines the helicity modulus, ps. Depending upon the physical
context, it is also referred to as the spin stiffness or (as we will see below), the superfluid
density. The helicity modulus is nonzero only in the magnetically ordered phase, and is a
measure of the rigidity of the response to twists in the phase of the order parameter.

The behavior of p; as we approach the critical point can be deduced as in Section 8.1
We have

dim[ps] =d +z — 2, (8.13)
and hence the helicity modulus vanishes as p; ~ £ ~@+2=2) For z =1, we have
ps = T3hcg =D, (8.14)

where Y3 is a universal number.

Our considerations so far have defined p; in terms of the full free energy, which is com-
puted by integrating out all degrees of freedom. However, the structure of (8.12) suggests
that we can use the RG to obtain a local definition of p; after a partial integration of the
degrees of freedom. We have seen above that the dominant low-energy excitations in the
magnetically ordered phase are slow twists in the orientation of the local magnetic order.
In RG terms, this means that after we integrate out to length scales longer than the spin
correlation length &, the state of the system can be characterized by a slowly varying field
0(r), representing the local twists in the order parameter. Thus, at long scales, we have an
effective Hamiltonian for an emergent field 8 (x), which is given by

Hegr = %/ddx (V,60)2. (8.15)

For the case of the quantum rotor model, we can use the relativistic invariance of (2.11) to
write down an effective Lagrangian for 8 (x, 7):

Lot = &/dr/ddx {(v,ce))2 +a (are)z}. (8.16)
2 c

So we have a simple and powerful result. At length scales larger than &, the quantum sta-
tistical mechanics of the magnetically ordered phase is described by quantum and thermal
fluctuations of the field 6 (x, t), which is controlled by the Gaussian quantum field theory
in (8.16). The value of pg in (8.16) is exactly the same as that in (8.12), and so its deter-
mination requires a full computation in the underlying field theory. The following section
provides a specific method by which p; can be computed perturbatively from (2.11).
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8.2.1 Order parameter correlations

The structure of (8.15) also allows us to make a general and exact statement about the two-
point correlation functions of the field ¢,. As before, we derive the results for N =2, but
the final result holds for all N.

We assume the magnetic order is in the o = 1 direction, with {¢1) = No. We now com-
pute the transverse susceptibility, x22(k, 0) exactly in the limit k — 0; this susceptibility
will also be denoted as x . It is the response of the system to a very slowly varying static
field, 4 (x), which couples linearly to the « =2 component of ¢, . The system will respond
to such an external field by a slowly varying shift in the angular orientation of the order
parameter, and the net energy cost will change from (8.15) to

Hegp = /ddx [%(vxe)z A sine]. (8.17)

Minimizing the energy cost with respect to variations in 6 to linear order in /, we obtain
in Fourier space

(¢2(k)) ~ Nob (k)
2

_ Mo h(k). (8.18)
psk?
This gives us the exact result
NZ
Jlim x4k, 0) = 5. (8.19)

8.3 The London equation and the superfluid density
I —

Here we use L in (8.16) as an effective description of the model of N =2 quantum rotors
discussed in Section 1.4.3. There, we met the Hamiltonian (1.35) as a description of bosons
hopping between potential minima at the site i. These bosons could represent either Cooper
pairs of electrons in a superconducting array of Josephson junctions, or ultracold bosonic
atoms in an optical lattice. It is useful to imagine that each boson carries an electrical
charge e*. For the Cooper pair, e* = 2¢; the ultracold atoms are neutral, but it is useful to
endow them with a nonzero charge ¢* as a technical device for characterizing the physical
properties of the ordered state.

We now place the rotor model (1.35) in an external magnetic field associated with the
vector potential X(x). The coupling of the underlying quantum particles to this vector
potential implies that the boson hopping term exp(i (6; — 6;)) in (1.35) will be modified by
the Aharanov—Bohm phase factor to

e* Xj N
exp <i9j —i0; —i— / dx - A(x)) . (8.20)
hC[ X
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Here c; is the actual velocity of light, not to be confused with the velocity ¢ appearing
in the field theory (2.11). Naturally, the structure of (8.20) was fixed by requiring that the
theory be invariant under electromagnetic gauge transformations under which

*
Ao A4+V0, 6 — 6 +—0, (8.21)
hcye
where ¢+ is an arbitrary gauge transformation. All our subsequent analyses of the rotor
model (1.35) should respect this gauge invariance: its mapping to the field theory (2.11),
and the subsequent RG procedure by which (8.16) is derived as the low-energy effective
field theory of the ordered phase. This gauge invariance immediately allows us to deduce
the form of the effective theory L in the presence of the externally imposed A (x): we
simply demand that the effective theory also be gauge invariant, and this leads to the unique
result

Lot = &/dr/d"x {(vxe - (e*/(hcz))/_f)z + 12 (3,9)2}. (8.22)
2 c

With (8.22) in our hands, we are now in a position to compute a number of interest-
ing response functions of the quantum rotor model. In particular, we can easily obtain the
electrical current J that is induced by the external vector potential A. As in standard elec-
tromagnetic theory, the current operator J is defined by the functional derivative of the
action with respect to A:

J = —q%, (8.23)
which for (8.22) yields
- e* e* -
J = Ps <Vx9 — h—qA) (8.24)

Just as in Section 7.1.2, we are now ready to define the expectation value of the current
using linear response in the perturbation imposed by A, and to compute the associated
response function using a Kubo formula. Thus a Fourier transform of (7.14) yields (after
generalizing to both a spatial and imaginary time dependence in both J and K):

(Ja(k, @n)) = Kap(k, 0n) Ap(k, @n), (8.25)

where a,b=x,y,... are indices representing spatial directions, and K, is the linear
response function for the electrical current, which is often referred to as the current—current
correlation function. This function plays an important role in characterizing the properties
of the ordered state.

It is now a simple matter to evaluate the expectation value of (8.24) under the Gaussian
theory (8.22) and so obtain the low-energy structure of K, in the ordered state; we find

pse*z kakp
Kap(k, =— Sab — . 8.26
ab( wl’l) h2Cg < ab k2 + (,()%/Cz ( )
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This result has a number of important physical implications, which we will now describe.
Before turning to these, let us note that (8.26) can be used to obtain another formal defini-
tion of p:

h2ce . . kakp
Pe = T ye L lim, (sub - k—2> Kap(k, ). (8.27)

The order of limits is significant, and this relationship identifies the helicity modulus as the
zero momentum limit of the static current—current correlation function. We use (8.27) to
provide an explicit computation of ps in the quantum field theory of the rotor model.

Let us evaluate (8.26) at zero frequency, and insert the result into (8.9). In the Coulomb
gauge V, - A =0, we obtain

Ds 6,>|<2 N
———A.
h#cy
This is the important London equation, characterizing the electromagnetic response of a

superconductor. It combines with the familiar Maxwell equation for the magnetic field
B=V, x A

o (8.28)

V.x B=—1, (8.29)

V2B = —B. (8.30)

The solution of this equation near the boundary between the system and free space shows
that the B field decays exponentially to zero at a length-scale Ay . This is the London
penetration depth, given here by

1 4y pge*?
Vi 2
A7 Wc;

(8.31)

This is an exact relationship between the penetration depth and helicity modulus of the
superconductor. Note that it involves only fundamental constants of nature, and py is the
only material-dependent quantity. Thus, ps provides a complete description of the response
to external magnetic fields, and can be directly measured by observations of the London
penetration depth.

Finally, (8.25) and (8.26) also contain information on the electrical conductivity of the
ordered phase. Recall that we can also induce an electrical field using the vector potential
by making it time-dependent: E = —(1/Cg)(85/8t). So from (8.26) we see that the elec-
trical current is given by J=0E , where the electrical conductivity is given by (for real
frequencies w, and for a spatially isotropic system)

0(©) = LKk — 0, 0). (8.32)
1X0)
From (8.26), we have

Pse€

*2
Re[o (w)] = 77 S (w). (8.33)




15

Exercises

The zero frequency delta function shows why the “magnetically” ordered phase of the
O(2) rotor model is a superconductor. For neutral particles, we can use similar arguments
to deduce the response to an external force (rather than an electrical field), and so identify
this phase as a superfluid. The relationship (8.33) also shows why p; is identified as the
superfluid density.

8.3.1 The rotor model

Let us now evaluate the current response function for the quantum field theory (2.11). We
proceed using the perturbative expansion described in Sections 6.6.3 and 7.2.3, and obtain
the result to leading order in u. Corrections at higher order in u are discussed later in more
detail in Chapter 15.

For N =2, we can introduce a complex field ¥ = ¢; +i¢>. Then coupling to the external
vector potential is obtained by requirements of gauge invariance, under which the spatial
gradient term in the action is modified by

Vo2 = (Ve — ie"/(hee) Ay (8.34)

Evaluating the current from (8.23), we obtain

6*2

hz Cy

- eF -
J = (V" = Vauy) = 20w A, (8.35)
We can now evaluate (f ) using the Kubo formula, using the perturbation theory of
Section 6.6.3. We parameterize ¥ = No(1 + p)e'?, and expand the resulting action in
powers of p. At leading order, we find that the effective action for 6 has exactly the form
of (8.22), while the current (8.35) reduces to (8.24), provided that we identify

ps = 2NZ. (8.36)

The fluctuations in p lead to corrections to this expression at higher order in u, as described
in Chapter 15.

Exercises
|

8.1  Conductivity across the superconductor—insulator transition. This exercise antici-
pates results that are explored in more detail in Chapter 15. In the vicinity of the
superconductor—insulator transition (with no long-range Coulomb interactions), the
low-energy states are described by the N = 2 ¢3 field theory. We write this in terms
of a complex field ¥ = (¢1 + i)/ /2 with action

u
S:fddxdr [|VX\D|2+|8T\IJ|2+r|\I/|2+5|\IJ|4]. (8.37)
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Consider the response of this theory to an external vector potential A (x, T) under
which

VoW — (V, —ie*A)W. (8.38)
The imaginary-time current—current correlation function is then given by

82InZ
8Ag(x, T)8A(X, T') A:o’
(8.39)

Kap(x —x' 7 — 7)) = (Jo(x, D) Jp(x', 7)) =

where «, 8 are components of the spatial coordinate x. From the zero-momentum,
finite frequency component of K we can obtain the conductivity, o, at imaginary
frequencies by (see e.g. the text by Mahan)

1
o(wn) = —Kiig =0, wn). (8.40)

n
After analytic continuation to real frequencies, we can obtain the physical conduc-
tivity o (w). Obtain expressions for Re[o (w)] at T =0 to the leading nonvanishing
order in an expansion in u for the r > 0 (insulating) and r <O (superconducting)
phases, as described below:

(a) In the superconducting phase, r < 0, the leading contribution is of order 1/u, and
you are only required to obtain this. This contribution arises from the condensate,
and yields a Re[o (w)] ~ &(w). Obtain only the coefficient of the delta function.

(b) In the insulating phase, r > 0, the leading contribution is of order u°, and you are
required only to obtain this. Your expression will have two terms, the
so-called “paramagnetic” (with two W propagators) and “diamagnetic” (with
one W propagator) contributions. First evaluate the integral over the internal
imaginary frequency. The paramagnetic term depends upon w,,, while the diag-
magnetic term is independent of w,. Before evaluating the momentum integral,
analytically continue i w, — w and determine Re[o (w)] — only the paramagnetic
term should contribute to this. Finally, examine the momentum integral in this
last expression — you should find that the integrand is nonzero only below a max-
imum momentum, and so the integral is always convergent.
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This chapter finally moves beyond the quantum rotor models which have been the complete
focus of our attention so far in Part II. Our motivation is two-fold: to introduce the coherent
state path integral, which plays an important role in developing the field theory for many
interesting quantum phase transitions; and to provide a deeper and more complete expla-
nation of our claimed connection between the N = 2 rotor model and the experiments on
ultracold bosonic atoms in an optical lattice which was claimed in Sections 1.3 and 1.4.3.
We do this by studying the boson Hubbard model, which has a direct connection to the
microscopic Hamiltonian of the ultracold atoms.

The Hubbard model was originally introduced as a description of the motion of electrons
in transition metals, with the motivation of understanding their magnetic properties. This
original model remains a very active subject of research today, and important progress
has been made in recent years by examining its properties in the limit of large spatial
dimensionality [160, 165].

In this chapter, we examine only the much simpler “boson Hubbard model,” following
the analysis in an important paper by Fisher et al. [148]. As the name implies, the ele-
mentary degrees of freedom in this model are spinless bosons, which take the place of
the spin-1/2 fermionic electrons in the original Hubbard model. These bosons could repre-
sent Cooper pairs of electrons undergoing Josephson tunneling between superconducting
islands, helium atoms moving on a substrate, or ultracold atoms in an optical lattice. Pro-
cesses in which the Cooper pair boson decays into a pair of electrons are neglected in
this simple model, and this caveat must be kept in mind while discussing applications to
superconductors.

Many of the results discussed in this chapter were also obtained in early literature on
quantum transitions in anisotropic magnets in the presence of an applied magnetic field.
These are reviewed by Kaganov and Chubukov [256], who also gave an extensive discus-
sion of experimental applications. We will, however, not use their formulation here.

Apart from its direct physical applications, the importance of the boson Hubbard model
lies in providing one of the simplest realizations of a quantum phase transition that does
not map onto a previously studied classical phase transition in one higher dimension. The
continuum theory describing this transition includes complex Berry phase terms, which, in
the simplest formulation of the theory, do not become real even after analytic continuation
to imaginary time. We shall meet some genuinely new physical phenomena associated
with quantum critical points in a relatively simple context, and the insight will be generally
applicable to more complicated models in subsequent chapters.

However, as noted above, there are also quantum phase transitions in the boson Hubbard
model which map precisely onto those of the N = 2 quantum rotor model. We establish



118

Boson Hubbard model

this here, and also show how the quantum rotor universality is destroyed as we vary
parameters.

Let us define the degrees of freedom of the model of interest. We introduce the boson
operator @i, which annihilates bosons on the sites, i, of a regular lattice in d dimensions.
These Bose operators and their Hermitian conjugate creation operators obey the com-
mutation relation

[bi, 6T] = 8i). 9.1)
while two creation or annihilation operators always commute. It is also useful to introduce
the boson number operator

fipi = b) b, (9.2)

which counts the number of bosons on each site. We allow an arbitrary number of bosons
on each site. Thus the Hilbert space consists of states |{m ;}), that are eigenstates of the
number operators

npil{m}) = mil{m;}), 9.3)

and every m  in the set {m ;} is allowed to run over all nonnegative integers. This includes
the “vacuum” state with no bosons at all |{m ; = 0}).
The Hamiltonian of the boson Hubbard model is

Hy = —w ) (bb; +bjbi) =) v+ (U/D) Y hilini —D. 94
i i

The first term, proportional to w, allows hopping of bosons from site to site ({ij) repre-
sents nearest neighbor pairs); if each site represents a superconducting grain, then w is the
Josephson tunneling that allows Cooper pairs to move between grains. The second term,
1, represents the chemical potential of the bosons: changing the value of x changes the
total number of bosons. Depending upon the physical conditions, a given system can either
be constrained to be at a fixed chemical potential (the grand canonical ensemble) or have
a fixed total number of bosons (the canonical ensemble). Theoretically it is much simpler
to consider the fixed chemical potential case, and results at fixed density can always be
obtained from them after a Legendre transformation. Finally, the last term, U > 0, repre-
sents the simplest possible repulsive interaction between the bosons. We have taken only
an on-site repulsion. This can be considered to be the charging energy of each supercon-
ducting grain. Off-site and longer-range repulsion are undoubtedly important in realistic
systems, but these are neglected in this simplest model.

There is a basic similarity between the boson Hubbard model and the O(N) rotor
Hamiltonian Hp in (1.25) that is useful in understanding their respective physical proper-
ties. First, let us consider the issue of symmetries. The rotor Hamiltonian Hr was invariant
under global O(N) rotation of the rotor fields n; and I:i; the present Hp is invariant under
a global U(1) = O(2) phase transformation under which

A

b; — b;e™. 9.5)



19

9.1 Mean-field theory

Now note that the w term in Hp is quite similar to the J term in Hg: both couple neighbor-
ing sites in a manner that prefers a state that breaks the global symmetry. However, these
terms compete with the Jg term in Hg, or the U term in Hp, both of which are completely
local and prefer states that are invariant under their respective symmetry transformations.
So, by analogy with Hg, we may expect a quantum phase transition in Hp as a function of
w/U between a state in which the U(1) symmetry (9.5) is unbroken to one in which it is
broken.

There is, however, a crucial difference between Hr and Hp that requires a more careful
discussion of the symmetries in the two models. Recall that a consequence of the O(N)
symmetry of Hr was the conservation of total angular momentum in Hpg; similarly we
have the conservation of the total number of bosons

Np =Y fpi; (9.6)
i

it is easily verified that N » commutes with H. Note that to H r we can add an external field
H coupled to the conserved total angular momentum, as we do in (11.1); the term analogous
to this is the chemical potential i in Hp, which couples to Ny. This correspondence also
brings out the difference. Recall that all of our analysis of Hg was carried out in zero
field, H = 0, and we examined only the linear response to an infinitesimal external field
H. However, the choice H = 0 was a natural one, as it was only for this value that the
remainder of Hp was O(N) invariant (at least for N > 3). In contrast, note that the u
term in Hp does not break any symmetries, and Hp remains invariant under (9.5) for
any value of . Hence there is no natural symmetry criterion by which we can prefer a
specific value of u, and we have no choice but to examine Hp for all u. (Even for the
case N = 2, the choice H = 0 for Hr can be made from the requirement of a “particle—
hole” symmetry under which n; — —n;, while L; remains invariant; there is no such
corresponding symmetry for Hp.) It turns out that the results for Hp for general u also
allow us to understand Hpy for finite nonzero H.

We begin our study of Hp by introducing a simple mean-field theory in Section 9.1.
The coherent state path integral representation of the boson Hamiltonian is then developed
in Section 9.2. The continuum quantum theories describing fluctuations near the quantum
critical points are introduced in Section 9.3.

9.1 Mean-field theory

The strategy, as in any mean-field theory, is to model the properties of Hp by the best
possible sum, Hyr, of single-site Hamiltonians:

e = 3 (o + (U/2) iy — 1) — Wby — W), ©.7)

i
where the complex number Wp is a variational parameter. We have chosen a mean-field
Hamiltonian with the same on-site terms as Hp and have added an additional term with
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a “field” Wp to represent the influence of the neighboring sites; this field has to be self-
consistently determined. Note that this term breaks the U(l) symmetry and does not
conserve the total number of particles. This is to allow for the possibility of broken-
symmetric phases, whereas symmetric phases appear at the special value Wp = 0. As
we saw in the analysis of Hg, the state that breaks the U(1) symmetry will have a nonzero
stiffness to rotations of the order parameter; in the present case this stiffness is the super-
fluid density characterizing a superfluid ground state of the bosons.

Another important assumption underlying (9.7) is that the ground state does not sponta-
neously break a translational symmetry of the lattice, as the mean-field Hamiltonian is the
same on every site. Such a symmetry breaking is certainly a reasonable possibility, but we
ignore this complication here for simplicity.

We will determine the optimum value of the mean-field parameter Wp by a standard
procedure. First, determine the ground state wavefunction of Hy for an arbitrary Wp;
because Hyr is a sum of single-site Hamiltonians, this wavefunction is simply a product of
single-site wavefunctions. Next, evaluate the expectation value of Hp in this wavefunction.
By adding and subtracting Hyr from Hp, we can write the mean-field value of the ground
state energy of Hp in the form

Eo _ Ewmr(Wp) Zw(b™)(b) + (byw} + (b )W, (9.8)
M M

where EvMp(Wp) is the ground state energy of Hyg, M is the number of sites of the lattice,
Z is the number of nearest neighbors around each lattice point (the “coordination num-
ber”), and the expectation values are evaluated in the ground state of Hyr. The final step
is to minimize (9.8) over variations in Wp. We have carried out this step numerically and
the results are shown in Fig. 9.1.

Note that even on a single site, Hyr has an infinite number of states, corresponding
to the allowed values m > 0 of the integer number of bosons on each site. The numerical
procedure necessarily truncates these states at some large occupation number, but the errors
are not difficult to control. In any case, we will show that all the essential properties of the

Superfluid

M.I.O

-1 T T 1
0 0.1 0.2 0.3
zZw/U

Mean-field phase diagram of the ground state of the boson Hubbard model Hz in (9.4). The notation M.I. n refers
to a Mott insulator with ng (. /U) = n.
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phase diagram can be obtained analytically. Also, by taking the derivative of (9.8) with
respect to W, it is easy to show that at the optimum value of Wp

Vg = Zw(b); 9.9)

this relation, however, does not hold at a general point in parameter space.

First, let us consider the limit w =0. In this case the sites are decoupled, and the mean-
field theory is exact. It is also evident that W = 0, and we simply have to minimize
the on-site interaction energy. The on-site Hamiltonian contains only the operator 7, and
the solution involves finding the boson occupation numbers (which are the integer-valued
eigenvalues of ) that minimize Hp. This is simple to carry out, and we get the ground
state wavefunction

Im; = no(u/U)), 9.10)
where the integer-valued function ng(u/U) is given by

0, for u/U < 0,
1, for0 < u/U < 1,
no(u/U) = 2, forl < pu/U <2,

n, forn—1<u/U <n. 9.11)

Thus each site has exactly the same integer number of bosons, which jumps discontin-
uously whenever (/U goes through a positive integer. When /U is exactly equal to a
positive integer, there are two degenerate states on each site (with boson numbers differing
by 1) and so the entire system has a degeneracy of 2M. This large degeneracy implies a
macroscopic entropy; it will be lifted once we turn on a nonzero w.

We now consider the effects of a small nonzero w. As is shown in Fig. 9.1, the regions
with Wp = 0 survive in lobes around each w = 0 state (9.10) characterized by a given inte-
ger value of no(ie/U). Only at the degenerate point with u/U = integer does a nonzero
w immediately lead to a state with Wp # 0. We consider the properties of this Wp # 0
later, but now we discuss the properties of the lobes with Wp = 0 in some more detail.
In mean-field theory, these states have wavefunctions still given exactly by (9.10). How-
ever, it is possible to go beyond mean-field theory and make an important exact state-
ment about each of the lobes: the expectation value of the number of bosons in each site
is given by

(b1 bi) = no(1/ U), 9.12)

which is the same result one would obtain from the product state (9.10) (which, we empha-
size, is not the exact wavefunction for w # 0). There are two important ingredients behind
the result (9.12): the existence of an energy gap and the fact that N}, commutes with Hp.
First, recall that at w = 0, provided that /U was not exactly equal to a positive integer,
there was a unique ground state, and there was a nonzero energy separating this state from
all other states (this is the energy gap). As a result, when we turn on a small nonzero w, the
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ground state moves adiabatically without undergoing any level crossings with any other
state. Now the w = O state is an exact eigenstate of N » with eigenvalue Mno(u/U), and
the perturbation arising from a nonzero w commutes with Np. Consequently, the ground
state will remain an eigenstate of Ny with precisely the same eigenvalue, Mno(u/U),
even for small nonzero w. Assuming translational invariance, we then immediately have
the exact result (9.12). Note that this argument also shows that the energy gap above the
ground state will survive everywhere within the lobe. These regions with a quantized value
of the density and an energy gap to all excitations are known as “Mott insulators.” Their
ground states are very similar to, but not exactly equal to, the simple state (9.10): they
involve, in addition, terms with bosons undergoing virtual fluctuations between pairs of
sites, creating particle-hole pairs. The Mott insulators are also known as “incompressible”
because their density does not change under changes of the chemical potential © or other
parameters in Hp:

d(Np)
ou

=0. (9.13)

It is worth re-emphasizing here the remarkable nature of the exact result (9.12). From
the perspective of classical critical phenomena, it is most unusual to find the expectation
value of any observable to be pinned at a quantized value over a finite region of the phase
diagram. However, as we will see, quantum field theories of a certain structure allow such
a phenomenon, and we meet different realizations of it in subsequent chapters. The exis-
tence of observables such as N that commute with the Hamiltonian is clearly a crucial
ingredient.

The numerical analysis shows that the boundary of the Mott insulating phases is a
second-order quantum phase transition (i.e. a nonzero Wp turns on continuously). With
the benefit of this knowledge, we can determine the positions of the phase boundaries.
By the usual Landau theory argument, we simply need to expand Ep in (9.8) in powers
of W B>

Eo = Eoo +r|Ws|)> + O(|Wp[*), (9.14)

and the phase boundary appears when r changes sign. The value of r can be computed
from (9.8) and (9.7) by second-order perturbation theory, and we find

r=xo(u/U)[1 = Zwxo(n/U)], (9.15)

where

no(u/U) +1 no(u/U)
Uno(u/U) = w=Ulno(p/U) = 1)’

xo(n/U) = (9.16)
The function no(u/U) in (9.11) is such that the denominators in (9.16) are positive, except
at the points at which the boson occupation number jumps at w = 0. The solution of the
simple equation r = 0 leads to the phase boundaries shown in Fig. 9.1.

Finally, we turn to the phase with Wp # 0. The mean-field parameter W varies contin-
uously as the parameters are varied. As a result all thermodynamic variables also change,
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and the density does not take a quantized value; by a suitable choice of parameters, the
average density can be varied smoothly across any real positive value. So this is a com-
pressible state in which

d(Np)
o

#0. 9.17)

As we noted earlier, the presence of a Wp # 0 implies that the U(1) symmetry is broken,
and there is a nonzero stiffness to twists in the orientation of the order parameter. The fluc-
tuation analysis discussed in Section 9.3 can be combined with the methods of Chapters 8
and 15 to show that this state is a superfluid and that the stiffness is just the superfluid
density.

Corrections to the mean-field phase diagram of Fig. 9.1 have been considered by
Freericks and Monien [153, 154]. They find singularities in the shape of the Mott lobes
at the positions of the z = 1 transitions. Monte Carlo simulations of the phase diagram
have also been carried out [39,364], and confirm the physical picture discussed above.

We also note that extensions of the boson Hubbard model with interactions beyond
nearest neighbor can spontaneously break translational symmetry at certain densities. If
this symmetry breaking coexists with the superfluid order, one can obtain a “supersolid”
phase. These issues have been discussed in [21,40, 155, 170,352,483,520,521]. See also
Exercise 9.1.

9.2 Coherent state path integral
I —

This section applies to the boson Hubbard model the analog of the mapping described in
Section 6.5 for the quantum rotor model. We apply this using a general method called the
coherent state path integral. While the path integral in Section 6.5 is over all possible quan-
tum trajectories in the configuration space, n; (t), of the quantum rotor model, the coherent
state path integral is over phase space; we choose to work in phase space because there is
often no choice of configuration space which does not break some important symmetry of
the Hamiltonian. Thus the integral involves integrands which do not commute with each
other in the conventional Hamiltonian formulation, and this is reflected by the presence of
Berry phase terms in the action for the path integral. Consequently, the action is not real,
even in imaginary time. One subtle consequence of the presence of Berry phases is that the
path integral is not a well-defined mathematical quantity, unlike the integrals in Section 6.5
which can be rigorously defined by their connection to equivalent statistical models. So
formally, the coherent state path integral requires additional temporal derivative terms for
a proper regularization: we generally ignore such issues here, because the naive analysis
based upon assuming a well defined time continuum limit is invariably correct: the reader
is referred to [357] for a more complete discussion.

To avoid inessential indices, we present the derivation of the coherent state path integral
by focusing on a single site, and drop the site index. We first derive the result in a general
notation, to allow subsequent application to quantum spin systems in Section 19.1. So
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we consider a general Hamiltonian H S), dependent upon operators S which need not
commute with each other. So for the boson Hubbard model, S is a two-dimensional vector
of operators b and b' which obey (9.1). When we apply the results below to quantum spin
systems, S represents the usual spin operators S x,y,z> which obey (1.29).

Our first step is to introduce the coherent states. These are an infinite set of states |N),
labeled by the continuous vector N (in two or three dimensions for the two cases above).
They are normalized to unity,

(NIN) =1, (9.18)

but are not orthogonal (N|N’) # 0 for N # N'. They do, however, satisfy a completeness
relation

cNde IN)(N| = 1, (9.19)

where Cy is a normalization constant. Because of their nonorthogonality, these states are
called “over-complete.” Finally, they are chosen with a useful property: the diagonal expec-
tation values of the operators S are very simple:

(N|S|N) = N. (9.20)

This property implies that the vector N is a classical approximation to the operators S. The
relations (9.18), (9.19), and (9.20) define the coherent states, and are all we need here to
set up the coherent state path integral.

We also need the diagonal matrix elements of the Hamiltonian in the coherent state basis.
Usually, it is possible to arrange the operators such that

(NIH (S)IN) = H(N); 9.21)

i.e. H(N) has the same functional dependence upon N as the original Hamiltonian has
on S. For the boson Hubbard model, this corresponds, as we will see, to normal-ordering
the creation and annihilation operators. In any case, the right-hand side could have a dis-
tinct functional dependence on N, but we will just refer to the diagonal matrix element
as above.

We proceed to the derivation of the coherent state path integral for the partition function

Z =Trexp(—H(S)/T). (9.22)

The transformation of Z into a path integral proceeds along the same lines as in Section 5.6.
We break up the exponential into a large number of exponentials of infinitesimal time
evolution operators

M
Z = i “ATH(S 2
Mgn()(}l"!exp( wH(S), (9.23)
1=
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where At; = 1/MT, and insert a set of coherent states between each exponential by using
the identity (9.19); we label the state inserted at a “time” t by |[N(7)). We can then evaluate
the expectation value of each exponential by use of the identity (9.20)

(N(0)| exp(—ATH (8))IN(z — AT))
~ (N(0)|(1 — ATH(S)IN(T — AT))

~1— AI(N(I)I%|N(I)) — ATH(N)
~ exp (—Ar(N(t)|%|N(r)) - AIH(N)). (9.24)

In each step we have retained expressions correct to order At. Because the coherent states
at time 7 and T + At can in principle have completely different orientations, a priori, it is
not clear that expanding these states in derivatives of time is a valid procedure. This is a
subtlety that afflicts all coherent state path integrals and has been discussed more carefully
by Negele and Orland [357]. The conclusion of their analysis is that except for the single
“tadpole” diagram where a point-splitting of time becomes necessary, this expansion in
derivatives of time always leads to correct results. In any case, the resulting coherent state
path integral is a formal expression that cannot be directly evaluated, and in case of any
doubt one should always return to the original discrete time product in (9.23).

Keeping in mind the above caution, we insert (9.24) into (9.23), take the limit of small
At, and obtain the following functional integral for Z:

1T
Z = DN(t) exp {—SB — / drH(N(r))}, (9.25)
N(©0)=N(1/T) 0

where

/T d
Sp = / dr(N(r)|d—|N(r)), (9.26)
0 T

and H(SN) is obtained by replacing every occurrence of S in the Hamiltonian by SN.
The promised Berry phase term is Sp, and it represents the overlap between the coherent
states at two infinitesimally separated times. It can be shown straightforwardly from the
normalization condition, (N|N) = 1, that Sp is pure imaginary.

9.2.1 Boson coherent states

We now apply the general formalism above to the boson Hubbard model. As before, we
drop the site index i.

For the state label, we replace the two-dimensional vector N by a complex number v,
and so the coherent states are |1), with one state for every complex number. A state with
the properties (9.18), (9.19), and (9.20) turns out to be

) = eV exp (57 [0), 9.27)
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where |0) is the boson vacuum state (one of the states in (9.3)). This state is normalized as
required by (9.18), and we can now obtain its diagonal matrix element

0

(Wlbly) = e—'w‘zwm Vb ¢V o)
_ P 9 p _
= WP = W, (9.28)

which satisfies the requirement (9.20). For the complete relation, we evaluate

/dlﬂd‘ﬁ*llﬂ)(lﬂl = Z In)('n| /dl//dl//*|¢|2ne—\1ﬁ|2

n
n=0

=7y |n)nl, (9.29)
n=0

where |n) are the number states in (9.3), dydy* = dRe(y)dIm(yr), and we have picked
only the diagonal terms in the double sum over number states because the off-diagonal
terms vanish after the angular v integration. This result identifies Cy = 1/7. So we have
satisfied the properties (9.18), (9.19), and (9.20) required of all coherent states.

For the path integral, we need the Berry phase term in (9.26). This is a path integral over
trajectories in the complex plane, ¥ (t), and we have

LAy

o7 (9.30)

d * rod b
W@ lp (D) = eV OF 0! P eV Do) = y
dt dt
We are now ready to combine (9.30) and (9.25) to obtain the coherent state path integral of
the boson Hubbard model.

9.3 Continuum quantum field theories
I —

Returning to our discussion of the boson Hubbard model, here we describe the low-energy
properties of the quantum phase transitions between the Mott insulators and the superfluid
found in Section 9.1. We find that it is crucial to distinguish between two different cases,
each characterized by its own universality class and continuum quantum field theory. The
important diagnostic distinguishing the two possibilities is the behavior of the boson den-
sity across the transition. In the Mott insulator, this density is of course always pinned
at some integer value. As one undergoes the transition to the superfluid, depending upon
the precise location of the system in the phase diagram of Fig. 9.1, there are two possible
behaviors of the density: either (A) the density remains pinned at its quantized value in the
superfluid in the vicinity of the quantum critical point, or (B) the transition is accompa-
nied by a change in the density. We show below that case (A) is described by the N = 2
case of the quantum rotor field theory (3.25) which we have already studied, and study in
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greater detail in Part III. Case (B) leads to a different field theory whose properties are
examined further in Chapter 16.

—Hp/T

We begin by writing the partition function of Hp, Zp = Tre in the coherent state

path integral representation derived in Section 9.2:

1/T
Zp = /Dbi(t)DbZ(r) exp (—[ dr[,b),
0

db; .
i T Tt i i
Ly = Z (b, — = ubjbi + (U/2) bjb, b,b,-) —w (zj; (b/bj+bibi).  (931)

Here we have changed notation ¢ () — b(7), as is conventional; we are dealing exclu-
sively with path integrals from now on, and so there is no possibility of confusion with the
operators b in the Hamiltonian language. Also note that the repulsion proportional to U in
(9.4) becomes the product of four boson operators above after normal ordering, and we can
then use (9.21).

It is clear that the critical field theory of the superfluid—insulator transition should be
expressed in terms of a spacetime-dependent field W (x, t), which is analogous to the
mean-field parameter Wp appearing in Section 9.1. Such a field is most conveniently intro-
duced by the well-known Hubbard—Stratanovich transformation on the coherent state path
integral. We decouple the hopping term proportional to w by introducing an auxiliary field
Wpi(7) and transforming Zp to

1T
Zp = / Db; (t)Db] (1)DW; (t)DW . (7) exp (— / dr/j;),
0

-db; s L ¥ ~1
C, = Z (b} - (b} bi + (U/2) b bl bib; — Wpib] — \Il}ibi) + Z\p;iwij Wg;.
i i,]

(9.32)

We have introduced the symmetric matrix w;; whose elements equal w if i and j are near-
est neighbors and vanish otherwise. The equivalence between (9.32) and (9.31) can be
established easily by simply carrying out the Gaussian integral over Wp; this also gener-
ates some overall normalization factors, but these have been absorbed into a definition of
the measure DWp. Let us also note a subtlety we have glossed over: strictly speaking, the
transformation between (9.32) and (9.31) requires that all the eigenvalues of w;; be posi-
tive, for only then are the Gaussian integrals over Wp well defined. This is not the case for,
say, the hypercubic lattice, which has negative eigenvalues for w;;. This can be repaired
by adding a positive constant to all the diagonal elements of w;; and subtracting the same
constant from the on-site b part of the Hamiltonian. We will not explicitly do this here as
our interest is only in the long-wavelength modes of the Wp field, and the corresponding
eigenvalues of w;; are positive.
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For our future purposes, it is useful to describe an important symmetry property of
(9.32). Note that the functional integrand is invariant under the following time-dependent
U(1) gauge transformation:

bi — bie'?@,
Wpi — Wpie?™,

.09
w— u+i—. (9.33)

ot
The chemical potential 1« becomes time dependent above, and so this transformation takes
one out of the physical parameter regime; nevertheless (9.33) is very useful, as it places

important restrictions on subsequent manipulations of Zp.

The next step is to integrate out the b;, bj fields from (9.32). This can be done exactly in
powers of Wp and W}: the coefficients are simply products of Green’s functions of the b;.
The latter can be determined in closed form because the Wg-independent part of £}, is sim-
ply a sum of single-site Hamiltonians for the b;: these were exactly diagonalized in (9.10),
and all single-site Green’s functions can also be easily determined. We re-exponentiate
the resulting series in powers of Wp, Wy and expand the terms in spatial and temporal
gradients of Wp. The expression for Zp can now be written as [148]

% 1T
Zp = /D\IIB(x,r)DlI/E(x,t)exp <—$ —/ dr/ddxﬁg),
0

AWy 2

ow
EB:Kl\I,E?—FKz B

- u
el IRLE |VWg|* + FlWg|* + 5|w3|“ +o0 0 (934)

Here V = Ma“ is the total volume of the lattice, and a“ is the volume per site. The quantity
Fo is the free energy density of a system of decoupled sites; its derivative with respect to
the chemical potential gives the density of the Mott insulating state, and so

N U
_ 970 _ —”O(Md/ ). (9.35)
I a
The other parameters in (9.34) can also be expressed in terms of u, U, and w but we will
not display explicit expressions for all of them. Most important is the parameter 7, which
can be seen to be

Fa' = —— — xo(u/U). (9.36)
Zw

where xo was defined in (9.16). Notice that 7 is proportional to the mean-field r in (9.15);
in particular, 7 vanishes when r vanishes, and the two quantities have the same sign. The
mean-field critical point between the Mott insulator and the superfluid appeared at r = 0,
and it is not surprising that the mean-field critical point of the continuum theory (9.34) is

given by the same condition.
Of the other couplings in (9.34), K1, the coefficient of the first-order time derivative also
plays a crucial role. It can be computed explicitly, but it is simpler to note that the value of



129

9.3 Continuum quantum field theories

K can be fixed by demanding that (9.34) be invariant under (9.33) for small ¢: a simple
calculation shows that we must have

K =—2L (9.37)

This relationship has a very interesting consequence. Note that K| vanishes when 7 is
wu-independent; however, this is precisely the condition that the Mott insulator—superfluid
phase boundary in Fig. 9.1 have a vertical tangent (i.e. at the tips of the Mott insulating
lobes). This is significant because at the value K; = 0 it is evident that (9.34) is nothing
but the N = 2 rotor model field theory action in (3.25), which is further studied in Part III.
So the Mott insulator to superfluid transition is in the universality class of the O(2) quantum
rotor model phase transition for K1 = 0. In contrast, for K| # 0 we have a rather different
field theory. We can now drop the K> term as it involves two time derivatives and so is
irrelevant with respect to the single time derivative in the K; term. The resulting field
theory is examined in some detail in the following chapter.

To conclude this discussion, we would like to correlate the above discussion on the
distinction between the two universality classes with the behavior of the boson density
across the transition. This can be evaluated by taking the derivative of the total free energy
with respect to the chemical potential, as is clear from (9.4):

i A A o0F
(b1b) = —at 220 _ a7
! on ou
0F,
= no(u/U) — ada—B, (9.38)
%

where Fp is the free energy resulting from the functional integral over Wp in (9.34). We
examine the properties of (9.34) for general K, including fluctuations, in the following
chapter. Here let us be satisfied by a simple mean-field treatment.

In mean-field theory, for ¥ > 0, we have Wp = 0, and therefore Fp = 0, implying

(b]bi) = no(u/U), for¥ > 0. (9.39)

This clearly places us in a Mott insulator. As argued in Section 9.1, (9.39) is an exact result,
and we obtain another verification of this in our analysis of the fluctuations of (9.34) in
Chapter 16.

For 7 < 0, we have Wy = (—F/u)'/*, as follows from a simple minimization of Lg;
computing the resulting free energy we have

1/2

ou \ 2u

adF o7
~no(u/U) + ——. (9.40)
u o

)
(13,“;1') =no(u/U) + adi (r—)

In the second expression, we ignored the derivative of u as it is less singular as 7 approaches
0; we will comment on the consequences of this shortly. Thus at the transition point at
which K1 = 0, by (9.37) we see that the leading correction to the density of the superfluid
phase vanishes, and it remains pinned at the same value as in the Mott insulator. So, as
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claimed earlier, the transition with no density change is in the universality class of the
O(2) quantum rotor model. Conversely, for the case K| # 0, the transition is always
accompanied by a density change. This is a separate universality class, which is considered
in the next chapter, and we will see there that we can also consider the density itself as an
order parameter for the transition in this case.

We close by commenting on the consequences of the omitted higher order terms in (9.40)
to the discussion above. Consider the trajectory of points in the superfluid with their density
equal to some integer n. The implication of the above discussion is that this trajectory will
meet the Mott insulator with no(u/U) = n at its lobe. The O(2) quantum rotor model
phase transition then describes the transition out of the Mott insulator into the superfluid
along a direction tangent to the trajectory of density n. The approximations made above
merely amounted to assuming that this trajectory was a straight line.

Exercises

9.1 Supersolids. Consider a double-layer boson Hubbard model of bosons b 1; and l;2i on
two parallel layers 1,2:

Han = —0 3 (B vy + B s+ Bl + 61,62) — w0 Y (B + 5L )
(i) i
+3 (- [ﬁ i ~]+£[ﬁ (Gipti — 1) + fipi (B ‘—1)]
' M npli b2i ) bli\Npli b2i\Np2i
i

+V Zﬁbuﬁbzi + W Z[ﬁbuﬁbu + flbziﬁsz]- 941)
i (ij)

Thus bosons on the same layer have an on-site repulsion U > 0, bosons on oppo-
site layers have a repulsion V > 0. Bosons on the same layer also have a nearest-
neighbor interaction W, and we allow W to have either sign. We consider the case
where the average boson density per site and per layer is exactly 1/2, and we take
the limit U — oo: thus no site can have more than one boson. Use a variational
approach to determine the ground state of H>p as a function of V/w and W/w. The
proposed mean-field variational wavefunction is

|G) = l_[ (al + Olzl;L + 0[332: + o(4l;Ll;;.) |0Y, (9.42)

1

where |0) is the empty state, and o1, a2, o3, and o4 are variational parameters. Nor-
malization of the wavefunction implies that

et 2 + ol + ls | + fea|* = 1. (9.43)
(a) Show that the average density of 1/2 implies

laz|? + |as)? + 2|asl> = 1. (9.44)



131

Exercises

(b) Compute (G|H>p|G) for a lattice with same-layer coordination number Z. Then
minimize this as a function of the o 2 3 4 subject to the constraints (9.43) and
(9.44). The results yield a phase diagram, and the phases can be identified as
discussed below.

(c) Argue that any phase with o # 0 must be a superfluid.

(d) Similarly, show that any phase with &1 = a4 = 0 is an insulator.

(e) The model H,p has a layer interchange symmetry, and our mean-field allows
this symmetry to be spontaneously broken. Show that this symmetry is broken
in phases in which |aa| # |@3|. As such phases break a lattice symmetry, it is
natural to refer to them as “solids.”

(f) Are there any regimes which are both solids and superfluids? Such a phase would
be a supersolid.

(g) Determine the order (first or second) of all quantum phase transitions in the phase
diagram.
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Part IT analyzed the properties of quantum Ising and rotor models in some detail at 7 = 0.
We related the quantum phase transitions in these models to the N-component relativistic
field theory (2.11), and used it to understand the critical properties.

The purpose of Part III is to extend this understanding to 7 > 0. We will demonstrate
that the 7 = 0 quantum critical point controls a wide “quantum critical” region at 7 > 0,
as illustrated in Fig. 1.2. We are especially interested in dynamic properties in this region:
an interesting feature is that many “friction” coefficients are universal and depend only on
fundamental constants of nature. We also explore the other regions of the phase diagrams
in Fig. 1.2, including behavior in the vicinity of the phase transition at 7 > 0.

We begin this chapter by extending results of the d = 1 quantum Ising model of Chap-
ter 5to T > 0. This model does not have any phase transition at any 7 > 0, and so the
crossover structure of the phase diagram is in the class in Fig. 1.2a. Phase transitions at
T > 0 appear in models to be studied in the following chapter.

All of the results in this section are believed to be exact, but the physically oriented
reader should not be turned off by this: we will keep technical details to a minimum and
show how the exact results can be obtained by physical arguments that do much to illustrate
the main underlying principles. Most of the important concepts of this book appear in the
simple model under consideration; much of Part III is a description of similar phenomena
in more complicated settings. This is thus one of the central chapters of Part III, and a
careful reading is urged.

We will study the d = 1 case of (1.7), which is

Hp = =1 (867 +676%,)- (10.1)
i

As we have discussed in Part I and Chapter 5, Hj exhibits a phase transition at T = 0
between an ordered state with the Z, symmetry broken and a quantum paramagnetic state
where the symmetry remains unbroken. The quantum—classical mapping QC ensures that
this transition is in the universality class of the D = 2 classical Ising model.

There has been a great deal of theoretical work on the ground state correlations of
Hj [34,299,330,378]. However, properties of the order parameter 6, at T > 0, which are
our primary interest here, have been studied much less. Methods relying upon knowledge
of all the exact eigenstates and eigenfunctions of H; do yield explicit results for equal-time
correlators [36,299,327,420], but results for unequal-time correlators have been restricted
to T = oo [67,376,377] or to precisely the critical coupling [241,331] (seen below to be
g = 1). There is also an approach that relies upon deriving nonlinear partial differential
equations satisfied by the T > 0 unequal-time correlators [278,289,332], but these have
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not yet been solved to yield the physical correlators. Our discussion of the low-7" dynamics
here follows the intuitive phenomenological approach developed recently in [442]. Despite
its seeming inexactness, its results are believed to be asymptotically exact, and this will be
supported by evidence from numerical computations.

In our discussion of the quantum critical point of H;, we have occasion to meet again
the scaling concepts encountered before in Chapter 4. These are extended here to define the
dynamic critical exponent z. Another very useful, but much less familiar, concept
is that of the reduced scaling function, and it is introduced as an essential tool toward
understanding the mechanism of emergence of classical behavior in limiting regimes of
the phase diagram.

We describe the properties of Hy using the analog of the correlation functions introduced
in Chapter 7 for the quantum field theory. In the present context, this includes the dynamic
two-point correlations of the order parameter 6<:

C(xi, 1) = (6%(xi,1)67(0, 0))
=Tr(e /T HiGie~HIIGE) [ 2, (10.2)

where Z = Tr(e H1/T) is the partition function, and x; = ia is the x-coordinate of the
ith spins with a the lattice spacing. As before, we always use the symbol ¢ to represent
real physical time. Occasionally we also find it convenient to consider the correlation at
an imaginary time t; this is defined by the analytic continuation it — t from (10.2)
with 7 > O:

C(xi, 1) = Tr(e HIITHIT6 e~ HITE) [ 2. (10.3)

Compare this definition with (5.51); from the discussion in Chapter 3 it should be clear
that C(x, t) is the correlator of the classical D = 2 Ising model (3.1) on an infinite strip
of width 1/T and periodic boundary conditions along the “imaginary-time” direction. We
also deal with the dynamic structure factor, S(k, w); as in (7.10) this is the Fourier trans-
form of C(x, t) to wavevectors and frequencies:

Sk, ) = /dx/dzC(x,t)e—“"x—wf). (10.4)

This is a useful quantity because it is directly proportional to the cross-section in scatter-
ing experiments in which the probe (usually neutrons) couples to o*. If the energy of the
scattered neutron is integrated over, then the cross-section is proportional to the equal-time
structure factor, S(k), defined by

Sk) E/d—wS(k,w), (10.5)
2

which is clearly also the spatial Fourier transform of C (x, 0). The number of arguments of
S will specify whether we are referring to the dynamic or equal-time structure factor. The
identity (61?)2 = 1 implies that C(0,0) = 1 and leads to the following sum rule for the
dynamic structure factor:

dkdw

oSt =1, (10.6)
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Finally, as in Chapter 7 we have the dynamic susceptibilities, x (k, w) at real frequencies,
and y (k, wy,) at the Matsubara frequencies, which are related to the structure factor by the
fluctuation—dissipation theorem. The spectral representation shows that x (k, ®) is an odd
function of w. The dynamic susceptibility measures the response of the magnetization o*
to an external field that couples linearly to o° and is oscillating at a wavevector k and
frequency w. In the limit that the external field becomes time independent, the response is
given by the static susceptibility, x (k), defined by

x (k) = x(k, = 0). (10.7)

Again, the number of arguments of x will specify whether we are referring to the dynamic
or static susceptibility.

The nature of the spectrum of H; in the limits of small and large g has already been
presented in Chapter 5. The distinct structures of these spectra implied that there had to
be at least one quantum critical point at an intermediate g. The exact spectrum is deter-
mined here in Section 10.1 and this shows the existence of a unique quantum critical point
at g = 1. The universal continuum quantum theory of the vicinity of g=1ind =1 is
obtained in Section 10.2. Equal-time correlators for 7 > 0 are discussed in Section 10.3,
and the dynamical properties of the different 7 > 0 regimes are examined in Section 10.4.

We note that the reader may also wish to examine the recent book by Chakrabarti,
Dutta, and Sen [74], which discusses aspects of quantum Ising models in one and higher
dimensions.

10.1 Exact spectrum
|

The qualitative considerations of the previous section are quite useful in developing an
intuitive physical picture. We now take a different route and set up a formalism that even-
tually leads to an exact determination of many physical correlators; these results vindicate
the approximate methods for g > 1, g < 1 and also provide an understanding of the novel
physics at g = 1.

The essential tool in the solution is the Jordan—Wigner transformation [251,299]. This
is a very powerful mapping between models with spin-1/2 degrees of freedom and spinless
fermions. The central observation is that there is a simple mapping between the Hilbert
space of a system with a spin-1/2 degree of freedom per site and that of spinless fermions
hopping between sites with single orbitals. We may associate the spin-up state with an
empty orbital on the site and a spin-down state with an occupied orbital. If the canoni-
cal fermion operator ¢; annihilates a spinless fermion on site i, then this simple mapping
immediately implies the operator relation

&5 =1-2cc:. (10.8)

It is also clear that the operation of ¢; is equivalent to flipping the spin from down to up,
or the operation of &f = (6 + i&iy )/2; similarly, creating a fermion by ciT is equivalent
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to lowering the spin by 6,” = (6;* — i6;") /2. Although this equivalence works for a single
site, we cannot yet equate the fermion operators with the corresponding spin operators for
the many-site problem; this is because while two fermionic operators on different sites
anticommute, two spin operators commute. The solution to this dilemma was found by
Jordan and Wigner, who showed that the following representation satisfied both on-site
and inter-site (anti)commutation relations:

6" = 1_[ (1- ZC}CA,')CZ',
j<i
6, = 1_[ (1 - ZC;Cj)cj. (10.9)
j<i
The naive single-site correspondence has been modified by a “string” of operators, whose
value is +1 (—1) if the total number of fermions on the sites to the left of site i are even

(odd). Note that the spin operators have a highly nonlocal representation in terms of the
fermion operators. This feature is also found in the inverse of (10.9):

a=|(]]si]s"
j<i

o =163 )6 (10.10)
Jj<i

It can be verified that (10.8), (10.9), and (10.10) are consistent with the relations
{ci,c;}zﬁij, {ci,cj}:{cf,c;}zo,

Ad A ~ Nz AL ~t
[0i+’ 6/ 1= 8ij67, [O’iz, 5; ] = 426;;6,,

(10.11)
where the curly brackets represent anticommutators and square brackets are commutators.

The above formulation of the Jordan—Wigner transformation is the conventional one, but
in analysis of the Ising model it is convenient to rotate spin axes by 90 degrees about the

y-axis so that

6t —>a%, 0¥ —> —6°. (10.12)
The mapping becomes
A T
£ =1-2cc,
67 =—T1 (1 —2cle;)(ei +¢f). (10.13)
j<i

Inserting (10.13) into Hj, we find that the resulting Hamiltonian is quadratic in the Fermi
operators [325]:

H =-J Z (c?ciH —i—cLlci + c;fclr] + cit16i — 2gc?c,- + g). (10.14)
i

This fermionic Hamiltonian has terms such as ¢'¢' that violate the fermion conservation
number; from (10.13), this means that ), 6;" is not conserved and | —) spins can be
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flipped in pairs under time evolution, as we saw in the perturbation theory in Section 5.2.
Hence the eigenstates of H; will not have a definite fermion number. Nevertheless, the
new terms are still quadratic in the fermion operators, and Hj can be diagonalized by
elementary means. First, use the momentum eigenstates

1 —ikr;
cr = — cie "M, (10.15)
©= a7 2

where M is the number of sites, to get

Hy =17 (2[g — costka)l cfex + i sin(ka) [ ycf +c_xec] —g).  (10.16)
k

Next, use the Bogoliubov transformation to map into a new set of fermionic operators (yx)
whose number is conserved. These new operators are defined by a unitary transformation
on the pair cg, cT_ o

Ve = ukck — ivge’ (10.17)

where uy, vi are real numbers satisfying u% + v,% =1, u_; = ur,and v_p = —vg. It can be
checked that canonical fermion anticommutation relations for the cx imply that the same
relations are also satisfied by the yy, that is,

e vi) =8, vl vl) =t wy =0 (10.18)
‘We also note the inverse of (10.17):
cr = weye +ivey (10.19)

We insert (10.19) into (10.16) and demand that H; not contain any terms like y Ty that
violate conservation of the y fermions. The as yet undefined constants uy, vy can always be
chosen to ensure this: we define uy = cos(6x/2), vy = sin(6;/2), and a simple calculation
then shows that the choice

satisfies our requirements. The final form of Hj is

Hp =Y ey n—1/2), (10.21)
k
where
e =2J(1 4+ g% —2gcosk)!/? (10.22)

is the single-particle energy. As g > 0, the ground state, |0), of H; has no y fermions
and therefore satisfies y4|0) = 0 for all k. The excited states are created by occupying the
single-particle states; they can clearly be classified by the total number of occupied states,
and an n-particle state has the form y,jl Vkl e y,j;l |0), with all the k; distinct.
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The above structure of the spectrum confirms the approximate considerations of
Sections 5.2 and 5.3. We have found that the particles are in fact free fermions, and two
fermions will not scatter even when they are close to each other; alternatively they can
be considered as hard-core bosons, which have an § matrix that does not allow parti-
cle production and that equals —1 at all momenta. We shall find it much more useful
to take the latter point of view, as the bosonic particles have a simple, local interpreta-
tion in terms of the underlying spin excitations: for g >> 1 the bosons are simply spins
oriented in the | <) direction, whereas for g < 1 they are domain walls between the
two ground states. The fermionic representation is useful for certain technical manipula-
tions, but the bosonic point of view is much more useful for making physical arguments,
as we see below.

It is also reassuring to see that the exact single-particle excitation energy (10.22) agrees
with (5.8) in the limit g > 1, and with (5.21) in the limit g < 1.

10.2 Continuum theory and scaling transformations
- ____________________________________________________________________________|

The excitation energy &, in (10.22) is nonzero and positive for all k provided g # 1. The
energy gap, or the minimum excitation energy, is always at k = 0 and equals 2J|1 — g|.
This gap vanishes at g = 1, and it is natural to expect that g = 1 marks the phase boundary
between the two qualitatively different phases discussed in Sections 5.2 and 5.3. Precisely
at g = 1, fermions with low momenta can carry arbitrarily low energy, and they therefore
must dominate the low-temperature properties. These properties suggest that the state at
g = liscritical, and there is a universal continuum quantum field theory that describes the
critical properties in its vicinity.

In Chapters 3 and 4 we mapped the classical Ising model to a field theory, which was
then used to develop scaling and renormalization group ideas. A key to this analysis was
the existence of the Gaussian field theory (4.2), which gave an analytically tractable fixed
point of the RG, and then allowed a systematic analysis of corrections to the critical the-
ory near dimension D = 4. We have obtained an exact solution of a quantum critical
point above, for the quantum Ising model in d = 1. We therefore have the opportunity
to subject it to an analysis which parallels that carried out earlier for the classical model.
Upon taking its continuum limit, we find that the d = 1 quantum model is also described
by a free (or “Gaussian”) quantum field theory, but which is now expressed in terms of
fermions. This free fermion theory is easily amenable to an RG analysis, just like that in
Section 4.1 for the bosonic theory, and has a fixed point describing the quantum phase
transition of the quantum Ising model. Unlike the situation in Section 4.1, we find here that
the free fermion fixed point is in fact stable to all non-Gaussian interaction corrections.
This allows us to obtain exact results for the critical properties of a generic quantum Ising
model in one dimension.

A natural question then arises of the connection between the free fermion fixed point
found below in d = 1, and the fixed points found in Chapter 4 for d < 3 (or D < 4). One
of the central points of Parts I and II was that the D-dimensional classical Ising model,
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and (d = D — 1)-dimensional quantum Ising models are formally equivalent near their
respective critical points. Should their RG fixed points then not be the same? The only
reasonable conclusion from this equivalence, if correct, is that the d = 1 free fermion
RG fixed point below is in fact the same as the Wilson—Fisher fixed point of the quan-
tum field theory (2.11) for N = 1, when the latter is extended from d close to 3, all
the way down to d = 1. There is a great deal of evidence that this remarkable claim is
true: numerical analysis of the (3 — d) expansion of the Wilson—Fisher fixed point at large
orders yields results for critical properties which are strikingly close to the exact results
presented below.

So let us turn to obtaining the critical theory of the d = 1 quantum Ising model. Because
the important excitations are near k = 0, we expect that a naive gradient expansion will
yield the required theory. We define the continuum Fermi field

1
W(x;) = ﬁc,-, (10.23)
where the normalization has been chosen so that W has units of inverse square root of
length and

(W), ¥ ()} =8 —x'), (10.24)

with the right-hand side a Dirac delta function in the continuum limit. We express Hj in
terms of W, and expand in spatial gradients, to obtain from (10.16) the continuum Hp:

aw' oW
HF=E0+/dx Aot w2 ) Aavte |4, (10.25)
2 0x Jx

where the ellipses represent terms with higher gradients, and E is an uninteresting additive
constant. The coupling constants in Hp are

A=2J1-g), c=2Ja. (10.26)

Note that at the critical point g = 1, we have A = 0, and we have A > 0 in the magneti-
cally ordered phase and A < 0 in the quantum paramagnet.

The continuum theory Hr in (10.25) can be viewed as having been obtained by replacing
the dependence of the Hamiltonian on ¢;, J, and g by W, A, and ¢ and then taking the limit
a — O at fixed ¥, A, and c. Note from (10.26) that this limit requires / — oo and g — 1.
Note also the similarity to the discussion in Section 5.5.1.

It is convenient to perform our subsequent scaling analysis in a path integral representa-
tion of the dynamics of Hr. The path integral is derived using the analog of the coherent
state path integral discussed in Section 9.2, but applied to the Fock space of fermions.
This procedure involves fermion coherent states, and leads to a path integral involving
Grassman numbers. A full description of Grassman numbers, and of the fermion coherent
states, would lead us on a long detour. Fortunately, there are many excellent discussions of
the Grassman path integral in the literature, e.g. the book by Negele and Orland [357] or
the text by Shankar [464]), and we refer the reader to them. In the end, the final form of the
coherent state path integral is identical to that derived for bosons in Section 9.2: the only
difference is that the variables of integration are noncommuting Grassman numbers rather
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than commuting complex numbers. In this manner, we obtain for the partition function

Z = Tre /T,
1/T
zz/mmﬁexp —/ dvdx L), (10.27)
0

where the functional integral is over complex Grassman fields W, W' in space (x) and
imaginary time (t), and the Lagrangean density £; is
S0V ( )

— +

wi— —> + AV, (10.28)

L=V
0x 0x

0T 2

The continuum theory £; can be diagonalized much like the lattice model H;, and the
excitation energy now takes a “relativistic” form

gr = (A + *kAH)1/2, (10.29)

which shows that |A| is the T = 0 energy gap (we chose the sign of A to be differ-
ent on the two sides of the critical value of g) and c is the velocity of the excitations,
both measurable quantities. The form of e correctly suggests that £; is invariant under
Lorentz transformations. This can be made explicit by writing the complex Grassman
field ¥ in terms of two real Grassman fields, when the action becomes what is known
as the field theory of Majorana fermions of mass A /c? [244]; we do not explicitly display
this here.

The key to establishing that £; is a universal critical theory is to examine its behavior
under the scaling transformations of Chapter 4. Let us restate the physical meaning of
this transformation in the present context. We think of £; as an effective theory of an
underlying lattice problem, applicable only at length scales larger than some lattice spacing
a or with momenta smaller than A = 7 /a. We are ultimately interested in long-distance
physics, and so it is useful to think of eliminating some short-distance degrees of freedom
from £;: say all modes of the field ¥ with momenta between A and Ae™¢, where e~ ¢ is
a dimensionless rescaling factor. As (10.27) involves only a Gaussian functional integral,
integrating these modes out will only add an overall additive constant to the free energy.
We are left with a new theory having the same action as £; but valid only at length scales
larger than ae’. We complete the scaling transformation by rescaling lengths, times, and
fields so that the resulting £; has the same form and short-distance cutoff as the original
L. To this end we define (compare (4.1) and (4.3))

x = xe ¢,
T =te ¥,
U= well?, (10.30)

The reader can easily check that the new £; expressed in terms of x’, 7/, and W', has the
same form, and the same short-distance cutoff a, as the original £; had in terms of x, t,
and W at the position of the quantum critical point A = T = 0. The parameter z is the
dynamic critical exponent and determines the relative rescaling factors of space and time.
In the present case, only the choice z = 1 leaves the velocity ¢ invariant. Indeed, all the
quantum rotor models will have z = 1 because they are related to classical problems that
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are fully isotropic in D spatial dimensions, as noted in Section 2.1. When viewed as a
transformation on the continuum theory (i.e. for the case a — 0), it is evident that (10.30)
is an exact invariance of L, and this is often a useful point of view to take.

Let us move away from the critical point A = 0, T = 0, by changing A but keeping
T = 0. Under the rescaling (10.30) the action £ remains invariant only if we introduce a
new A':

A = Aét. (10.31)
We see that any initially nonzero A grows indefinitely as one transforms to larger scales

(larger £); so it is a relevant perturbation, It destroys scale invariance at the largest scales.
Let us re-express the above results in terms of scaling dimensions. We have

dim[A] = 1. (10.32)

As in Chapter 4, we define the exponent v as the inverse of the scaling dimension of the
most relevant perturbation about a quantum critical point; in the present case, this will turn
out to be A, and so

v=1. (10.33)
For the fermion field operator we have
dim[V] = 1/2, (10.34)
while the spacetime dimensions have
dim[x] = -1, dim[7] = —z. (10.35)

The temperature, T, is just an inverse time, and therefore
dim[T] = z. (10.36)

This is positive, and so, not surprisingly, T is also a relevant perturbation at the quantum
critical point. Let us also consider the scaling dimension of the free energy density F of
the system; we apply the tilde here, because earlier we had used F for the total free energy,
not the free energy density (also, we always subtract out from F the ground state energy
at the quantum critical point A = 0 and consider the singular behavior of the remainder).
This is given by F= —(T/V)In Z, where V is the volume and Z is the partition function.
As the logarithm is dimensionless, and clearly dim[V] = d dim[x], we have

dim[F]=d +z, (10.37)

which is the generalization of the classical result in (4.49).

Finally, we also need the scaling dimension of the order parameter 6<. This is not a
simple local function of the Fermi field W and is therefore quite difficult to determine. We
describe a relatively elaborate calculation in Section 10.3 that shows that

dim[6%] = 1/8. (10.38)

This is the first example here of an anomalous dimension. Indeed, the connection to the
classical Ising model discussed in Chapter 5 suggests that the operator 6° maps directly
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onto field ¢ of the field theory (2.11): both are the Ising order parameters which mea-
sure the broken symmetry across the phase transition. From (4.32), we have dim[¢] =
(D —2+1n)/2 =n/2. So we conclude from (10.38) that the d = 1 quantum Ising model
has n = 1/4. We expect that n = 1/4 is also the exact result at the Wilson—Fisher fixed
point in D = 2; i.e. the value of (4.37) fore =2 and N = 1.

All previous scaling dimensions of the d = 1 Ising model coincided with their so-
called engineering dimension, that is, that obtained by the familiar dimensional analysis
of lengths and times in meters and seconds, with the additional freedom to use powers
of the velocity c to convert all times into lengths; the anomalous dimension is defined by
the difference of the scaling and engineering dimensions, and so all previous anomalous
dimensions were 0. The engineering dimension of ¢, a dimensionless matrix, is clearly
0. Nevertheless, we see that it has a nonzero scaling dimension. This can happen without
violating equality of engineering dimensions (which must always be preserved) because
we have the additional freedom to use powers of the lattice energy scale J (or the lattice
spacing, a) in defining the continuum limit of observables. Indeed, (10.38) implies that
only the combination J'/867 has correlators that are finite in the continuum limit @ — 0
discussed below (10.26).

Armed with the knowledge of these scaling dimensions, we can put important general
constraints on the structure of various universal scaling forms. We follow a simple, gen-
eral convention in presenting these scaling forms. First pick the observable of interest and
determine its scaling dimension. Then write down as a prefactor that power of 7 which has
the same scaling dimension as the observable. This multiplies a dimensionless universal
scaling function of a number of arguments; each argument should be a coupling or coor-
dinate times a power of 7 so that the combination has net scaling dimension 0. Finally,
powers of innocuous variables such as ¢ with zero scaling dimension are inserted so that
the engineering dimensions of the expressions are consistent.

As an example of such considerations, let us consider the scaling form satisfied by the
two-point correlator C(x, t) defined in (10.2):

1/4 Tx A
Cx,t)=ZT " '"d; —,Tt,? . (10.39)
c

Here Z is an overall noncritical normalization constant, with zero scaling dimension, which
depends on the details of the microscopic physics; its presence is related to the anomalous
dimension of 6% and consistency of (10.39) requires Z to have engineering dimension
—1/4. We shortly relate Z to observable properties of the ground state. The scaling function
®; depends universally on its three arguments. The power of T in the front follows from
(10.38) and (10.36). Note that the physics depends completely on the ratio of two energy
scales, that of the T = 0 energy gap to temperature: A/T. The central purpose of this
chapter is to present a fairly complete description of the physical properties of ®; as a
function of A/T.

It is very important to note that the scaling form (10.39) will not satisfy the relationship
C(0,0) = 1, which is exactly obeyed by the lattice model; this short-distance property is
lost once the continuum limit has been taken. Alternatively stated, the sum rule (10.6) will
not be obeyed by the Fourier transform of (10.39).
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We can also describe rather explicitly the sense in which ®; is universal; that is, what
happens if we generalize H; or L to include other short-range couplings? There are two
different types of perturbation to £; that are possible. The first type arises from higher
spatial gradients in the mapping from the particular Hamiltonian Hj, and the simplest of
these is
9>

Al
= 9.2

(10.40)
The second type comes from additional terms we could add to Hj, such as 61." 61?‘“, that
respect the symmetry (1.13) and are therefore not expected to modify qualitative features of
the transition; after the Jordan—Wigner transformation, and expansion in spatial gradients,
such a term induces in the continuum limit a term

vt gw

oAl
ox dx

v; (10.41)
note that two spatial gradients are required because the term with only one would vanish
because of the Fermi statistics identity W? = 0. A simple computation shows that

dim[A;] = —1, dim[A2] = =2, (10.42)

and so these couplings are irrelevant, they can be neglected in a discussion of the leading
long-distance and low-T properties. This is in striking contrast to the bosonic Gaussian
fixed point of Section 4.1, which was unstable to perturbations via the ¢* interaction.

The absence of other relevant perturbations at A = 0 implies that £; is the universal
continuum quantum field theory describing crossovers near the A = 0, T = 0 quantum
critical point. It is fortunate that this universal theory happens to be expressible as a free
fermion model. Although our original motivation for examining H; was its solvability,
the arguments of this section have shown that this choice also happily coincides with that
required for obtaining a universal critical theory.

There are two types of consequence of the irrelevant couplings. The first is that the
values of the parameters Z, A, and ¢ appearing in the scaling form (10.39) change; this
change is quite difficult to compute, and therefore we should consider Z, A, and ¢ to
be defined by some experimental observable at 7 = 0: A is defined to be the energy
gap at T = 0, c is the velocity of excitations at A = 0, and Z is shown later to be
related to certain amplitudes at 7 = 0. The second is that there are subleading cor-
rections to the whole scaling form itself. The form of these corrections can be deduced
from the general rules stated earlier, and we find that the result (10.39) has multiplicative
corrections like

(14 MmT +20T?>+ ). (10.43)

These corrections are expected to be unimportant at low enough 7.

Let us compute finite-temperature correlators of the free fermion field W. These correla-
tors are not related to any local observable of the Ising chain, and therefore they cannot be
measured experimentally. Our main purpose in discussing them is to further illustrate the
present scaling ideas in a simple context. The two-point W correlators can be computed by
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performing the analog of the lattice Bogoliubov transformation on the continuum theory.
We found for imaginary time t > 0

+ L [®dk ™ I/ T—1) | elk]
C -7 C T
<\Il(x, )W (0, 0)) =5 fm 3 2T (e + e°147)

(D) (mrir ) s
4c sin(mT(t —ix/c)) sin(xT(t+ix/c))

In a similar manner, we can find

iT I 1
W DR O.0) = (47) (sin(nT(r —ix/c)  sin(xT(c +ix/c))>' (1043

The results (10.44) and (10.45) have precisely the scaling forms that would have been
expected under the scaling dimensions in (10.30). At T = 0, (10.44) simplifies to

1 1 1
<\If(x, w0, 0)) - ( N : ) (10.46)
47 \ct —ix cTt+ix
Now note that the transformation
. c . (nT .
cT £ix - —ssin (—(C‘C + zx)) (10.47)
nT c

connects the T = 0 and T > O results. This mapping is actually an example of a very
general connection between all T = 0 and T > 0 two-point correlators of the contin-
uum theory £;. The existence of this mapping is due to a larger conformal symmetry of
L [68]. (The reader is referred to [244] for further discussion on this point.) Here we defer
discussion of this mapping to Chapter 20 where it arises as a simple consequence of the
bosonization method.

10.3 Equal-time correlations of the order parameter
|

This section is of a technical nature. Its main purpose is to show how one may obtain the
result (10.38) that dim[6*] = 1/8. We also obtain explicit expressions for certain crossover
functions that cannot be obtained otherwise. The limiting forms of these crossover func-
tions, and all of the interesting dynamical properties of the system, are obtained again later
in Section 10.4 using simple physical arguments that rely on the bosonic picture of the
excitations developed in Sections 5.2 and 5.3 using the large and small-g expansions. Most
readers may therefore glance at the next paragraph where we outline the main results and
omit the remainder of this section.

We begin by writing down the main result and then outline how it is obtained. The equal-
time two-point correlation of the order parameter has the following long-distance limit at
any T > 0 [420]:

. 1/4 < T|x| )
lim C(x,0)=ZT ""G;(A/T)exp| ——F1(A/T) ), (10.48)
C

|x]—00
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where Z is the nonuniversal constant introduced earlier in (10.39), and F;(s) and G;(s) are
universal scaling functions. Notice that (10.48) is completely consistent with the general
scaling form (10.39). A crucial property of (10.48) is the prefactor of T''/#, which estab-
lishes that dim[6¢] = 1/8. A second important property is that the two-point correlations
decay exponentially to zero at large enough x. Thus the 7 = 0 long-range order discussed
in Section 5.3 disappears at any 7' > 0 (we will later give a simple physical explanation of
this). The exponential decay defines a correlation length £ that obeys

T A

_]__ =
§ = CFI (T) (10.49)

The exact, self-contained expression for the universal function Fj is [420]

1 oo NV
Fi(s) = |s|0(—s) + —/ dylncoth &5
7T Jo

(10.50)

The s > 0 (s < 0) portion of F; describes the magnetically ordered (paramagnetic) side.
Despite its appearance, the function F;(s) is smooth as a function of s for all real s and
is analytic at s = 0. The analyticity at s = 0 is required by the absence of any ther-
modynamic singularity at finite 7 for A = 0. This is a key property, which was in fact
used to obtain the answer in (10.50). The exact expression for the function Gy (s) is also
known [420]:

1 2 00 2
lnG1(s)=/ ay (dF’(y)) 1 +/ d—y(dF’(y)), (10.51)
s Y dy 4 1y dy

and its analyticity at s = 0 follows from that of F;. For the solvable model H;, we chose
the overall normalization of G; such that Z = J !/, In general, the value of Z is set by
relating it to an observable, as we show below. Also note that Z has no dependence on A;
it is therefore nonsingular at the quantum critical point.

We show a plot of the universal functions F; and Gy in Fig. 10.1. Notice that they are
perfectly smooth at A = 0 (s = 0).

‘We now outline how to establish (10.48). We work with the lattice model H; and con-
sider the evaluation of (&f&iﬁrn). The continuum limit for the correlators of £; can only be
taken at a relatively late stage. Using the fermionic representation (10.13) and the simple
identity 1 — 2¢]c; = (¢] + ¢;)(c] — ¢;), we obtain [299]

[itn—1
sl =] o0 | TT 6 +)(e) =) o+ v

i+n—1
= <(cl‘ — ci) 1_[ (cj} + Cj)(Cj — cj) (CzIJrn + C,-+,,)>. (10.52)
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o

The crossover functions for the correlation length (F;) and the amplitude (G;) as a function of s = A /T.

Note that the string extends only between the sites i and i + n, with the operators on sites
to the left of i having cancelled between the two strings. Now, using the notation

)

Ai=c +e, Bi=c —q, (10.53)

1
we have

(6767,) = (BiAi+1Bit1 - Aisn1Bisn_1Aitn). (10.54)

Since the expectation values are with respect to a free Fermi theory, the expression on the
right-hand side can be evaluated by the finite-temperature Wick’s theorem [136], which
relates it to a sum over products of expectation values of pairs of operators. The expectation
value of any such pair is easily calculated:

(AiAj) = dij,
(BiBj) = —4ij,
(BiAj) = —(AjBi) = Di—jy1, (10.55)
with
2
d o
D, = f —¢e_’"¢D(el¢), (10.56)
0 2
and

. 1/2
D(z = €% = <11 8% ) tanh [—((1 — g1 — g/z))l/z} (10.57)
—-g/z T

note that the argument of the tanh (which arises from the thermal Fermi distribution func-
tion) is simply &4/2T . In determining (B;A;), we have used the representation (10.19)
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and evaluated expectation values of the y; under the free fermion Hamiltonian (10.22).
Collecting the terms in the Wick expansion, we find

Dy D-y -+ D_pyi
D
(6767,,) =T, = (10.58)
. Dy D_;
Dy, D Do

We are now faced with the mathematical problem of evaluating the determinant 7j,: to
obtain the universal scaling limit answer we need to take the limit n — oo while keeping
the system close to its critical point. The expression for 7,, is in a special class of deter-
minants known as Toeplitz determinants, and the limit 7;_, - can indeed be evaluated in
closed form using a fairly sophisticated mathematical theory. We do not present the details
of this evaluation here, but refer the reader to the literature [36,327,332,420]. The final,
universal, result has already been quoted at the beginning of this section.

10.4 Finite temperature crossovers

The key result of the previous section is that equal-time correlations of the order parameter,
C(x, 0), decay exponentially to zero at any T > 0. The expression for the correlation
length as a function of A /T is given in (10.49). From this result we can easily obtain the
following important limiting forms, which are also rederived in this section using simpler

physical arguments:
c lzzTeA/T, forA>T

4c

s=1 X fujal«r (10.59)
xT
¢ for A < —T
—_— or —
[A|

Note that for A > 0, the correlation length diverges exponentially as T — 0. As we show
explicitly in Section 10.4.1 below, this is a characteristic property of a state with long-range
order only at T = 0. Precisely at A = 0, the correlation length diverges as ~ 1/T, which
agrees with the naive analysis of scaling dimensions at a quantum critical point ~ 771/,
Finally, for A < 0, the correlation length reaches a finite value as T — 0, suggesting
a quantum paramagnetic ground state. These dependencies imply the important crossover
phase diagram shown in Fig. 10.2. There are three distinct universal regimes, character-
ized by the limiting forms in (10.59), determined by the largest of the two characteristic
energy scales, A or T, as we discussed near Fig. 1.3. A closely related phase diagram was
discussed by Chakravarty, Halperin, and Nelson [75] in the context of a model we study
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Finite-T phase diagram of the d = 1 quantum Ising model, H;, as a function of the coupling g and temperature T;
compare Figs. 1.2aand 1.3. There is a quantum phase transitionat T = 0,9 = g, = 1with exponentsz = 1,

v = 1. Magnetic long-range order (Ng = (6;) # 0)is presentonly for T = Oand g < g. The ground state for
g > gcisaquantum paramagnet. There is an energy gap above the ground state forall g # g,. We use an energy
scale A ~ g, — gsuch that the energy gap is | A |. The dashed lines are crossovers at | A| ~ T. The low-T region
on the magnetically ordered side (A > 0,g < g.) is studied in Section 10.4.1, and the low-T region on the quantum
paramagnetic side (A < 0,9 > g,)is studied in Section 10.4.2. The continuum high-T (or “quantum-critical”)
region is studied in Section 10.4.3; itts properties are universal and determined by the continuum theory in (10.28).
Finally there is also a “lattice high-T" region with T >> J where the properties are nonuniversal and determined by
the lattice scale Hamiltonian.

in Chapter 13, with a different terminology for the various regimes. We find our choices
more appropriate and convenient, although we briefly recall their notation in the following
subsections.

We note that we finally have a first realization of the generic crossover phase diagram of
the vicinity of the quantum critical point illustrated in Fig. 1.2a.

There are two low-T regimes with 7 < |A|. The one for A > 0, on the magnetically
ordered side, has an exponentially diverging correlation length & as T — 0; it is studied in
Section 10.4.1. The other low-T regime with A < 0 has a correlation length that saturates
at a finite value as 7 — 0; it is studied in Section 10.4.2. Then there is a novel continuum
high-T regime, T > |A|, where the physics is controlled primarily by the quantum critical
point A = 0 and its thermal excitations and is described by the associated continuum
quantum field theory; its properties are discussed in Section 10.4.3. This is the analog of
the “quantum-critical” regime of [75], but we prefer the term *“high-7"" as a more accurate
description of the dynamical properties of this regime. It is implicit in our high-7" limit here
that we are not taking the temperature so high that the mapping to the universal continuum
model breaks down, and we have to allow for corrections like those in (10.43): this implies
that we should always satisfy T < J. There is therefore a second, nonuniversal high-T
limit of the lattice model, also shown in Fig. 10.2, where T >> J, but we have little to say
about this regime here. The dynamic T = oo Ising model results of [67,376,377] fall into
this last regime; more generally discussions of dynamics at 7 = oo may be found in [168]
and references therein.

The three subsections below describe the universal dynamics of the Ising chain in the
regions of Fig. 10.2. We pay particular attention to the central concept of the phase
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coherence time 1, which was introduced in Section 2.2, where it was defined loosely
as the time over which the wavefunction of the system retains phase memory, and so quan-
tum interference is observable between local measurements separated by times up to 7.
We use more precise definitions here. We show that 7, obeys

7, ~ h/kgT in the “Continuum High-T” region, T > A,
t, ~ (h/kpT)e!/* 8T in the “Low-T" regions, T < |Al. (10.60)

Note that 7, always diverges as T — 0, for, as we argued in Section 2.2, the ground
state of the system has perfect phase memory. On the magnetically ordered side (A > 0,
g < 1), the divergence of 7, is not surprising as it is also accompanied by divergence of
the correlation length, as we saw in (10.59). However, on the quantum paramagnetic side
(A < 0, g > 1), the correlation length saturates as T — 0; this clearly does not give a
complete physical picture as the divergence of 1, indicates a certain temporal coherence.
Therefore, as already noted in Section 2.2, the commonly used description of the A < —T
region as “quantum disordered” is quite misleading: there are quite precise long-range
correlations in time that characterize the perfect coherence of the paramagnetic ground
state. Finally, in the continuum high-T region, we see that the lower bound on 7, in (2.13)
is saturated — this is therefore the most incoherent region.

10.4.1 Low T on the magnetically ordered side, A > 0,7 < A

In their study of the model of Chapter 13, Chakravarty, Halperin, and Nelson [75] called
the analogous regime “renormalized classical” [75]. The reasons for this name become
clear below; however, this is not the only regime that displays classical behavior, as we see
in Section 10.4.2.

First, let us consider the results for the equal-time correlations. Assuming that it is valid
to interchange the limits 7 — 0 and x — oo in (10.48), we can use the limiting values
Fi(00) =0,Gi(s > o0) = s1/4 to deduce that (recall (1.14)):

N = lim C(x,0)=2zZAY4 atT =0. (10.61)
[x[—>00
Thus, as claimed earlier, there is long-range order in the g < 1 ground state of H;, with the
order parameter Ng = (6%) = Z!/2A1/8, (Note that Ny vanishes as g approaches g. from
below with the exponent 8 = 1/8.) We can also use the relationship (10.61) to relate the
parameter Z to the observables No and A. Turning next to nonzero 7', for small T < A,
we obtain from the large s behavior of Fj(s) (see (10.50)) that

C(x,0) = Nge WI/%  large |x|, (10.62)
where the correlation length
2|AIT\ /2
sglz(—| '2 ) 1AV (10.63)
TcC

is finite at any nonzero 7, showing that long-range order is present only precisely at T = 0.
We have put a subscript ¢ on the correlation length to emphasize that the system is expected
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to behave classically in this low-temperature region. This is a crucial characteristic of this
region and the reason for classical behavior is quite simple and familiar. The excitations
consist of particles (the kinks and antikinks of Section 5.3) whose mean separation (~ &, ~
e2/TY is much larger than their de Broglie wavelengths (~ (c2/AT)Y/?), which is obtained
by equating the kinetic energy e — A ~ ¢?k?/2A to the thermal equipartition value 7'/2
as T — 0, which is precisely the canonical condition for the applicability of classical
physics. It is also reassuring to note that (10.62) has the form of equal-time correlations in
the classical Ising chain at low 7', which were discussed in Section 5.5. The prefactor Ng
is the true ground state magnetization including the effects of quantum fluctuations, and
this is the reason for the adjective “renormalized” in the name for this region.

We show that it is possible to give a simple physical interpretation for the value of &,
in (10.63). The energy of a domain wall with a small momentum k is A + ¢*k?/2A, and
therefore classical Boltzmann statistics tells us that their density, p, is

1/2
o= / ﬁf(Aﬂlkz/zA)/T _(Ia e AT, (10.64)
27 27 c?

Comparing with (10.63), we see that £, = 1/2p. This result follows if we assume that
the domain walls are classical point particles, which are distributed independently with
a density p. Consider a system of size L > |x|, and let it contain M thermally excited
particles; then p = M/L. Let g be the probability that a given particle will be between 0
and x. Clearly,

_ Il

=, 10.65
=7 ( )

The probability that a given set of j particles are the only ones between O and x is then
g’/ (1 — g)M=J; as each particle reverses the orientation of the ground state, in this case
0%(x,0)5%(0,0) = Ng(—l)j. Summing over all possibilities we have

M o ' M
C(x,00 =N (—D)/g/( —g)MT ———
’ ,2 jlM = )

= N3 =29 ~ NZe 2aM = NZe 201, (10.66)

thus establishing the desired result.

This semiclassical picture can also be extended to compute unequal-time correlations. In
this computation it is essential to consider the collisions between the particles. Even though
the particles are very dilute, they cannot really avoid each other in one dimension, and
neighboring particles will always eventually collide (this is not true in higher dimensions
where sufficiently dilute particles can be treated as noninteracting). During their collisions,
the particles are certainly closer than their de Broglie wavelengths, and so the collisions
must be treated quantum mechanically. Indeed, these collisions will be characterized by
the two-particle S matrix, which was considered earlier in Section 5.3.2; however, the
diluteness does allow us to consider the collisions of only pairs of particles.

To study dynamic correlations, let us re-examine the explicit expression for C(x, t) in
(10.2). We can show how it can be evaluated essentially exactly using some simple physical
arguments. The key is to recall that classical mechanics emerges from quantum mechanics
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A typical semiclassical contribution to the double time path integral for (5% (x, t)3%(0, 0)). Full lines are thermally
excited particles that propagate forward and backward in time. The = signs are significant only forg < g and
denote the orientation of the order parameter. Forg > g, the dashed line is a particle propagating only forward in
time from (0, 0) to (x, t).

as a stationary phase evaluation of a first-quantized Feynman path integral. We therefore
attempt to evaluate the expression in (10.2) by such a path integral. It is clear that the inte-
gral is over a set of trajectories moving forward in time, representing the operator e~ 1!,
and a second set moving backwards in time, corresponding to the action of ¢!/*. In the
semiclassical limit, a stationary phase is achieved when the backward paths are simply the
time reverse of the forward paths, and both sets are the classical trajectories. An example
of a set of paths is shown in Fig. 10.3. Now observe that:

(i) The classical trajectories remain straight lines across collisions because the momenta
before and after the collision are the same. This follows from the requirement of con-
servation of total momentum (k; +kp = ki + k/z) and energy (&, + &k, = ekl + gké) in
each two-particle collision, which has the unique solution k; = k| and ky = k), (or its
equivalent permutation, which need not be considered separately because the particles
are identical) in one dimension.

(it) For each collision, the amplitude for the path acquires a phase S, along the for-
ward path and its complex conjugate along the backward path. The net factor for the
collision is therefore | Sk, > = 1.

These two facts imply that the trajectories are simply independently distributed straight
lines, placed with a uniform density p along the x-axis, with an inverse slope

dey
Vg = T (10.67)
and with their momenta chosen with the Boltzmann probability density e~%/T /p
(Fig. 10.3).

Computing dynamic correlators is now an exercise in classical probabilities. As each
particle trajectory is the boundary between domains with opposite orientations of spins,
the value of 6%(0, 0)6%(x, t) is the square of the magnetization renormalized by quan-
tum fluctuations (Ng) times (—1)/, where Jj is the number of trajectories intersecting the
dashed line in Fig. 10.3. Now it remains to average NOZ(—I)f over the classical ensemble
of trajectories defined above. This average can be carried out in a manner quite similar to
that in the equal-time computation earlier. Again choosing a system size L > |x| with M
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particles, the probability ¢ that a given particle with velocity vy is between the points (0, 0)
and (x, t) in Fig. 10.3 is (compare (10.65))
e — et
= A

We have to average over velocities and then evaluate the summation in (10.66). This gives
one of the central results of this chapter [442]:

(10.68)

C(x,1) = NJR(x,1),
dk —ex /T

R(x,t) =exp|— | —e °F" |x —wt] ). (10.69)
b

(This relaxation function also appeared in [115,316] in a phenomenological analysis of
related models by exponentiating a short-time expansion that ignored collisions.) The
equal-time or equal-space form of the relaxation function R(x, ¢) is quite simple:

R(x,0) = e xl/Ee
R(0,1) = e 1!V (10.70)

for general x, ¢ the function R also decreases monotonically with increasing |x| or |z],
but the decay is not simply an exponential. The spatial correlation length &. is given in
(10.63). We have identified the equal-space correlation time as the phase coherence time
for obvious reasons: the long-range order in the ground state is clearly a manifestation of
phase coherence, and its decay in time is a natural measure of 7,. We can determine 7,
from (10.69), and remarkably we find that 7, is independent of the functional form of &
and depends only on the gap:

x E/Mdkﬁe%kﬂ
T Jo dk

Ty
:% oodske_g"/T
T Jial
2kpT
L KN (10.71)
wh

where we have momentarily inserted the fundamental constants & and kp in the last step to
emphasize the universality of the result.

In the limit 7 < A we are now able to completely specify the form of the scaling func-
tion ®; in (10.39). The behavior of ®; is characterized by the concept of a reduced scaling
function, which is determined entirely by classical physics; we have several occasions to
use this concept later in this book. Note that the original function ®; had three arguments:
the scales of space and time relative to 7 and the ratio A /T. For T < A the last argument
disappears, and we find that the scales of space and time are determined by the large clas-
sical scales &. and 1, respectively. By an analysis of (10.69) we find that the correlations
can be written in the following reduced classical scaling form:

C(x,1) = Nj®g (i, L>, (10.72)
s Ty
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where clearly R(x, t) satisfies the scaling form

R(x.1) = ®g (i, i). (10.73)
& Ty

These scaling forms are valid only for T <« A, and they must be consistent with the
fully quantum ®; in (10.39), which is valid for all A/T. This requirement implies that
the scales & and 7, must be universal functions of A/T, as we have already seen in the
expressions (10.63) and (10.71). Evaluating (10.69) we can obtain an explicit closed form
expression for ®p:

In®g(E, 7) = —& erf(%) —feE ), (10.74)

A/T and so we can

Note that the characteristic time 7, and length &, both diverge as ~ e
define an effective classical dynamic exponent z. = 1 (there is no fundamental reason why
z¢ and z should have the same value). We also note here that the classical dynamic scaling
function obtained above is unrelated to the dynamic scaling functions associated with a
popular classical statistical model for dynamics of Ising spins — the Glauber model [169].
The present underlying quantum dynamics leads to a rather different effective classical
model in which energy and momentum conservation play a crucial role, the time evolution
is deterministic, and the average is over the set of initial conditions.

All of the results above have been compared with exact numerical computations and

the agreement is essentially perfect. We show a typical comparison in Fig. 10.4. This

0.6
0.4

0.2

0 T T 1
0 50 100 t 150

Theoretical and numerical results from [442] for the real part of the correlator (62 (x, HoZ(0, 0))of Hyatx =20
with) = 1, = 0.6 (therefore A = 0.8), T = 0.3; the system is thus in the low-T region on the magnetically
ordered side of Fig. 10.2. The numerical data (shown in circles) were obtained for a lattice size L = 512 with free
boundary conditions. This is compared with the theoretical prediction in (10.69). The imaginary part of the correlator
was numerically found to be negligibly small, and the semiclassical theoretical prediction is that it vanishes.
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agreement gives us confidence that the physical, “hand-waving,” quasi-classical particle
approach to dynamical properties outlined above is in fact exact.

The Fourier transform of (10.72) and (10.74) yields the portion of the dynamic structure
factor, S(k, w) (defined in (10.4)), describing the 7 > 0 broadening of the 7 = 0 delta
function in (7.33). We expect this broadening to occur on a frequency scale of order 1/,
and so the predominant weight in S(k, w) is at frequencies w <« 7. Under this condition,
some simplifications occur in the relationships between the response functions introduced
in the opening of this chapter. In particular, for w <« T, the fluctuation—dissipation theorem
(7.12) reduces to its simpler, “classical” form

Sk, w) = 2—TImX k, w). (10.75)
w

As Imy (k, ) is always an odd function of w, in the limit that (10.75) is obeyed, S(k, w)
becomes an even function of w (the reader should keep in mind that this last fact is not
generally true). Applying (10.75) to (10.5), we see that the equal-time structure factor is
simply T times the static susceptibility,

S Z/d_a)lmx(k,w)
T

w

= Ty k), (10.76)

where the second equation relies on the Kramers—Kronig transform in (7.20). So we see
that the static, zero-frequency response to an external field contains information on the
equal-time spin correlations; however, it must be remembered that this is only true for
effectively classical systems in which the predominant weight in the spectral density is at
frequencies smaller than T'; it is not true in general. For the present situation, the value of
S(k) follows immediately from (10.69) and (10.70):

28,

Tx(k) = Sk) = Ngrkzgz. (10.77)

Thus the delta function in S(k) implied by (7.33) has been broadened on a momentum
scale & !, and §(0) takes an exponentially large value proportional to & ~ e¢®/T.

Turning to the broadening in S(k, w), we find it useful to introduce the parameterization
2T
—Imy (k, 0) = S(k, w) = T x (k) 7y, Psc(kéc, wTy), (10.78)
1)

where ®g, is a universal scaling function whose form follows from a Fourier transform of
(10.74). We have inserted the prefactors in front of ®g. because then it follows easily from
(10.76) that its frequency integral has a fixed normalization

dw _
/—w¢sc(k, @) =1. (10.79)
2

We use scaling forms such as (10.78) at several other occasions in this book. We perform
a numerical Fourier transform of (10.74) and the result for ®g is shown in Fig. 10.5. We
see that the dynamic structure factor has a large peak of order NgéctgJ ~ 22T and decays
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The scaling function CDSC(I_(, @), appearing in (10.78), as a function of v atk = 0 (fullline) and k = 1.5 (dashed
line). This describes the broadening of the delta function in the dynamic structure factorin (7.33)at0 < T < A.

monotonically to zero on a frequency scale ~ T, !"and on a momentum scale ~ I ! The
frequency width of &g broadens with increasing wavevector, but its maximum remains
atw = 0.

The existence here of a classical reduced scaling function describing relaxation of the
order parameter reflects an important underlying physical property: the clear separation of
scales at which quantum and thermal fluctuations are dominant. Quantum fluctuations are
paramount at distance scales up to ¢/ A and these cause a reduction in the ordered moment
from unity to Ny. The influence of thermal fluctuations is not felt until the much larger

scale &., where the excitations behave classically except during collisions.

10.4.2 Low T on the quantum paramagneticside, A < 0,7 < |A|

In a study of the model of Chapter 13, Chakravarty, Halperin, and Nelson [75] called the
analogous regime “quantum disordered” [75]. However, as we have already noted and
as we show below, this nomenclature does not capture the long-range time correlations
associated with the exponentially large 7, in this regime.

We begin by describing the equal-time correlations. We need to take the s — —oo limit
of the functions Fj(s), G;(s); from these limits we find

ZT
|A|3/4

C(x,0) = e W& x| > ccatfixed0 < T < |A], (10.80)

with the correlation length & given by
g7l = —|C| + (—' C|2 > e IAVT (10.81)

Hence correlations decay exponentially on a scale ~ c¢/|A|, and there is no long-range
order.
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The equal-time correlations at 7 = 0 behave in a similar manner, although the limits
T — 0and [x] — oo do not commute for the prefactor of the exponential decay. Let
us first use a simple argument to determine the overall large-x dependence of the T = 0
correlation. We have already argued in the strong-coupling analysis of Section 5.2 that an
important feature of the quantum paramagnet was a stable quasiparticle that was created
and annihilated by the operator 6*. Further, we showed in Section 7.2.1 that this quasipar-
ticle would lead to a pole in the dynamic susceptibility. From the relativistic invariance of
the continuum theory Hf in (10.25), and the result (7.23) we conclude that the dynamic
susceptibility of the Ising model must have the form

A

k) =
XK ©) = T AT @ isE

., T =0, (10.82)

where § is a positive infinitesimal. Apart from the pole, there will also be a continuum
of excitations above the three-particle threshold of w = 3A, as indicated by (7.27); these
are represented by the ellipses in (10.82). The scale factor A4 is the quasiparticle residue,
and we will obtain its value shortly. First, we use (10.82) to deduce the T =0 equal-time
correlations. This is most simply done by first analytically continuing (10.82) to imaginary
frequencies wj,, and then using the inverse of the definition (7.3). This gives us

—1kx
C(x,0
(x.0) = A/ / 27 2 + 2k2 + A2

:7§ﬁﬁﬁfNW0up»mmT_o (10.83)
Comparing this result with (10.80) and (10.81), we see that the two results differ in the
power of |x| that appears in the prefactor of the exponential. This is acceptable because
the two cases involve different orders of limits of 7 — 0 and |x| — o0, and there is
no mathematical requirement that the orders of limit commute — in (10.83) we have sent
T — O first, whereas the limit |x| — oo was taken first in (10.80).

To complete the description of the equal-time correlators we need to specify the value of
A. This requires a microscopic lattice calculation of the type considered in Section 10.3;
an analysis of the large-n limit of 7,, at T = 0 was carried out by McCoy [327] and
Pfeuty [378], and comparing their results with (10.83) we can deduce that

A=2cZ|AIV4, (10.84)

where we recall that Z = J~!/4 for the nearest-neighbor model H; in (10.1). Hence
the residue vanishes at the critical point A = 0, where the quasiparticle picture breaks
down, and we have a completely different structure of excitations. The relationship (10.84)
also defines the value of Z on the quantum paramagnetic side in terms of the observ-
ables A and A; this complements the result (10.61), which defined Z on the magnetically
ordered side.

The above is an essentially complete description of the correlations and excitations of
the quantum paramagnetic ground state. We turn to the dynamic properties at 7 > O.
At nonzero T, there will be a small density of quasiparticle excitations that will behave
classically for the same reasons as in Section 10.4.1: their mean spacing is much larger
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than their de Broglie wavelength. The collisions of these thermally excited quasiparticles
lead to a broadening of the delta function pole in (10.82). The form of this broadening can
be computed exactly in the limit 7 < |A| using a semiclassical approach similar to that
employed for the ordered side [442]. The argument again employs a semiclassical path-
integral approach to evaluating the correlator in (10.2). The key observation is that we may
consider the operator 6% to be given by

5x, 1) = QeZIAVH 2, )+ T, )+ (10.85)

where 7 is the operator that creates a single-particle excitation from the ground state, and
the ellipses represent multiparticle creation or annihilation terms, which are subdominant
in the long-time limit. This representation may also be understood from the g >> 1 picture
discussed earlier, in which the single-particle excitations were |—) spins: the 6% operator
flips spins between the £x directions, and therefore creates and annihilates quasiparticles.

Because the computation of the nonzero T relaxation is best done in real space and time,
let us first write down the 7' = 0 correlations in this representation. We define K (x, ) to
be the T = O correlator of the order parameter:

K(x,1) = (6%(x,1)67%(0,0)) 7=

:/ﬁCZIAII/“ei(kX_W)

2w &k
A 2 2.2\1)2

= Ko(|A[(x* —c7t7) /7 /c), (10.86)
T

where K is the modified Bessel function. This result is obtained by the Fourier transform
of (10.82) and (7.20). Note that for t > |x|/c, the Bessel function has imaginary argument
and is therefore complex and oscillatory. Indeed, (10.86) has a simple interpretation as the
spacetime Feynman propagator of a single relativistic particle in one dimension; this can
be made more evident by looking at the nonrelativistic limit of (10.86) well within the light
cone x K ct; in this case (10.86) reduces to

: 1\ Alx?
K(x,t):Z|A|1/4e’At<m> exp i|20|;t , (10.87)

which is the familiar Feynman propagator of a nonrelativistic particle of mass |A|/c?; the
leading oscillatory term ~e'2! represents the common “rest mass” energy of all the par-
ticles. Well outside the light cone, x > cf, (10.86) reduces to the equal-time correlator
obtained earlier in (10.83); here the correlations become exponentially small. Our primary
interest is the 7 > 0 properties of the correlations within the light cone, where the cor-
relations are large and oscillatory (corresponding to the propagation of real particles) and
display interesting semiclassical dynamics.

Now we consider the T # 0 evaluation of (10.2) in the same semiclassical path-integral
approach that was employed earlier in Section 10.4.1. Again we are dealing with semi-
classical particles, although the physical interpretation of these particles is quite differ-
ent: they are quasiparticle excitations above a quantum paramagnet, and not domain walls
between magnetically ordered regions. As in Section 10.4.1 the path-integral representa-
tion of (10.2) leads to two sets of paths: one forward and the other backwards in time.
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However, there is a special trajectory that moves only forward in time: This is the trajec-
tory representing the particle that is created by the first 6 and annihilated at the second
;. The inverse process in which the first 65 annihilates a pre-existing thermally excited
particle can be neglected because the probability of finding such a particle at a given loca-
tion is exponentially small. Also, as in the semiclassical limit, the forward and backward
trajectories of the thermally excited particles are expected to be the same; the particle on
the trajectory created by the 65 must be annihilated at the 6, for otherwise the initial and
final states in the trace in (10.2) will not be the same. This reasoning leads to a spacetime
snapshot of the trajectories that is the same as in Fig. 10.3, but its physical interpretation
is very different. The dashed line represents the trajectory of a particle created at (0, 0)
and annihilated at (x, ¢), and % signs in the domains should be ignored. In the absence of
any other particles this dashed line would contribute the T = 0 Feynman propagator above,
K (x,1),t0 {6%(x,1)6%(0, 0)). The scattering of the background thermally excited particles
(represented by the full lines in Fig. 10.3 (which are not domain walls)) introduces factors
of the § matrix element Sg, x, in (5.14) at each collision; as the dashed line only propagates
forward in time, the S matrix elements for collisions between the dashed and full lines are
not neutralized by a complex conjugate partner. All other collisions occur both forward and
backward in time, and therefore they contribute |S,x, |*> = 1. Using the low momentum
value Sk, = —1, we see that the contribution to (6% (x, £)6%(0, 0)) from the set of tra-
jectories in Fig. 10.3 equals (—1)7 K (x, t), where j is the number of full lines intersecting
the dashed line. Remarkably, the (—1)/ factor is precisely the term that appeared in the
analysis at low T on the magnetically ordered side in Section 10.4.1, although for very
different physical reasons. We can carry out the averaging over all trajectories as in the
analysis leading to (10.69), thereby obtaining one of our main results for low-7" dynamic
correlations on the paramagnetic side [442]:

C(x,t) =K(x,t)R(x,1), (10.88)

with K (x, t) given by (10.86), and R(x, t) again specified by the second result of (10.70).
Now note that in going from the magnetically ordered to the quantum paramagnetic side
the only change in parameters has been the change in sign of A. The dispersion spectrum
&y is invariant under this change of sign, and so we can use precisely the same expressions
for the relaxation function R(x, ) as before: the result (10.70) still applies, and we can
continue to use the expression (10.74) for the scaling function ®g. Furthermore, the char-
acteristic space and time scales, & and 7, on which R varies are still given by (10.63) and
(10.71), respectively. (Note that we were careful to insert the absolute value |A| in these
expressions, even though that was not needed for the magnetically ordered side.)

An interesting feature of the result (10.88) is that it clearly displays the separation in
scales at which quantum and thermal effects act. Quantum fluctuations determine the oscil-
latory, complex function K (x, t), which gives the T = 0 value of the correlator. Exponen-
tial relaxation of spin correlations occurs at longer scales ~&., 7, and is controlled by
the classical motion of particles and a purely real relaxation function. This relaxation is
expected to lead to a broadening of the quasiparticle pole with widths of order Ec_l, Ty Uin
momentum and energy space. We can consider the presence of a quasiparticle delta func-

tion in the spectral density of excitations above the ground state as a representation of the
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Theoretical and numerical results from [442] for the correlator (&Z (x, Ho?(0, 0)) of Hjatx = 30with/ =1,

g = 1.1 (therefore A = —0.2), T = 0.1; thus the system is in the low T region on the paramagnetic side of

Fig. 10.2. The numerical data were obtained for a lattice size L = 512 with free boundary conditions; it has a “ringing”
at high frequency owing to the lattice cutoff. The theoretical prediction is from the continuum theory prediction in
(10.88) and is represented by the smoother curve. The envelope of the numerical curve fits the theoretical

prediction well.

perfect quantum coherence in the ground state, and so for 7 > 0 its width in energy is
a natural measure of the inverse phase relaxation time 1/7,. In Fig. 10.6 we compare the
predictions of (10.88) with numerical results on a lattice of size L = 512. As expected,
there is a rapid oscillatory part representing the Feynman propagator of a single particle
and an envelope that decays exponentially at a much slower rate. The theoretical curve was
determined from the continuum expression for K (x, ), but the full lattice form for & was
used. The theory agrees well with the numerics; some differences are visible for small x,
outside the light cone, but this is outside the domain of validity of (10.88).

We can also compute the structure factor S(k, w) from (10.88) by taking the Fourier
transform as in (10.4). This will mainly have weight at positive frequencies w ~ g =~
|A| + ¢?k? /(2| A]), corresponding to the creation of a quasiparticle by the external probe.
It is not possible to analytically perform the Fourier transform in general, but the leading
term in an asymptotic expansion in 7/|A| can be obtained in closed form. For reasons
discussed in [107], it turns out that because &./ct, = (2T/7'[|A|)1/2 < 1, the slower
relaxation in time dominates the Fourier transform, and we can simply evaluate the Fourier
transform while ignoring the x dependence of R:

Sk, w) = /dt/de(x,t)R(O’ t)e—ikx—wn)

1/4
_ (20Z|A| ) 1/7, (10.89)

&k (0 — &)+ (1/79)%

This result holds for k close enough to the band minimum, with |k| < /T A/c; for larger k
there is no alternative to complete numerical evaluation of the Fourier transform. The result
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(10.89) verifies our earlier expectation based upon the physical interpretation of 1/7,: the
T > 0 relaxation merely modifies the delta function into a Lorentzian of width 1/7, in
energy space.

10.4.3 Continuum highT, 7> |A|

We turn finally to the universal continuum high-T region of Fig. 10.2, where T > |A|
(this is also known as the “quantum-critical” region). We do not have anything to say about
the lattice high-7 region and so implicitly assume that 7 < J.

In our study of the two low-T regions of Fig. 10.2 we found that it was possible to
develop a semiclassical particle picture of phase relaxation because 1/1, <« T. The present
high-T region turns out to be quite different. We find that no effective classical model can
provide an adequate description of the dynamics because the phase relaxation time is quite
short. In particular we find that 1/7, ~ T, so that, as noted earlier, this regime is maximally
incoherent. The de Broglie wavelength of the effective excitations is of the same order as
their spacing; this holds whether we consider the excitations to be the domain walls of the
magnetically ordered phase or the flipped spins of the quantum paramagnet. Consequently,
it is difficult to disentangle quantum and thermal effects because they both play an equally
important role. The large class of classical models discussed in the review of Hohenberg
and Halperin [223] cannot, therefore, be applied in the present context. This novel regime
of dynamics was first discussed in [440] and [86] in the context of the model of Chapter 13
and was dubbed quantum relaxational. We find it more convenient to introduce it in this
book in the simpler context of the Ising chain.

As in the previous subsections, we begin by understanding the structure of the equal-time
correlations. Right at the critical point, A = 0, g = g, this high-T regime extends all the
way down to 7 = 0. Atthe T = 0, g = g, quantum critical point, we can deduce the form
of the correlator by a simple scaling analysis. As the ground state is scale invariant at this
point, the only scale that can appear in the equal-time correlator is the spatial separation x;
from the scaling dimension of ¢ in (10.38), we then know that the correlator must have
the form

C(x,0) ~ a7 =0,A=0. (10.90)

(Ixl/e)1/4”
Actually, we can also include time-dependent correlations at this level without much addi-
tional work. We know that the continuum theory (10.28) is Lorentz invariant, and so we
can easily extend (10.90) to the imaginary-time result

1

Clx, 1)~ (2 + x2/2)18’

a7 =0,A=0. (10.91)
This result can also be understood by referring to the classical D = 2 Ising model in
(3.1). In this context, (10.91) is simply the statement that correlations are isotropic with
all D dimensions, and so the long-distance correlations depend only upon the Euclidean
distance between two points.
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We extend the result (10.91) to T > 0 by a trick that we quote without proof. (Later
in Chapter 20 we note an explicit derivation using the bosonization method.) The basic
point is that the A = 0 continuum theory (10.28), in addition to being scale and Lorentz
invariant, is also invariant under conformal transformations of spacetime [244]. Turning on
aT > 0is equivalent, in imaginary time, to placing the theory £; on a spacetime manifold
that is a cylinder of circumference 1/T. However, it is known that one can conformally
map the cylinder to the infinite plane, which allows one to obtain a remarkable and exact
relationship between 7 = 0 and 7 > 0 correlators in imaginary time at the critical cou-
pling A = 0. This mapping was explicitly obtained in (10.47) where we simply noted it
as an interesting property of a fermionic correlator we were able to obtain explicitly for
T > 0. The implication of this discussion is that the same mapping can also be applied to
(10.91), allowing us to obtain the correlators at T > 0O:

1
Clx,t)~TY4 A=0. (1092
. 7) [sin(mT(t —ix/c))sin(z T (t + i)c/c))]l/8 ( )

We can obtain an independent confirmation of this result by specializing to the equal-time
case again and comparing to our earlier results in Section 10.3; we have from (10.92)

T1/4
[sinh(zw T |x|/c)]'/*

1/4 T |x|
~ T exp ) as |x| — oo. (10.93)
c

C(x,0) ~

Compare this with the precise results for this regime quoted earlier in (10.48), where using
the values F;(0) = m/4 (from evaluation of (10.50)) and G;(0) = 0.858714569... we
have

. 1/4 7TT|.x|
lim C(x,0)=ZT"7"G;(0)exp| —— ) atA =0. (10.94)
[x|—>00 4c

The two results, obtained by very different methods, are in perfect agreement. We can
combine (10.94) with (10.92) to determine the prefactor in (10.92) and thus obtain our
final closed-form result for the universal two-point correlator at A = 0:

271/4G(0)
[sin(xT(t —ix/c))sin(x T (t +ix/c)]/®

C(x,7r)=2zT'* (10.95)

As expected, this result is of the scaling form (10.39), and indeed it completely determines
the function ®; for the case where its last argument is zero. It is the leading result every-
where in the continuum high-7 region of Fig. 10.2. Note that this result has been obtained
in imaginary time. Normally, as we have noted earlier, such results are not terribly useful
in understanding the long real-time dynamics at 7 > 0 because the analytic continuation
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is ill-posed. However, in the present case, we have the exact expression, and so the analytic
continuation is a useful tool.

Now let us turn to a physical interpretation of the main result (10.95). Consider first the
case T = 0. By a Fourier transformation of (10.91), and using the normalization constant
implied by (10.95), we obtain the dynamic susceptibility

r'(7/8) c
T(1/8) (22 — (w +i8)2)7/8"

x(k, w) = Z(47)**G1(0) T=0,A=0 (10.96)
with § a positive infinitesimal. Note that this function has a branch cut in the complex w
plane at w = ck; this is to be contrasted with the simple pole-like structure that appeared in
the quantum paramagnet at 7 = 0 in (10.82). Instead the answer corresponds precisely to
our expectations from Section 7.2.2, from where we see that the branch cut at the quantum
critical point is a direct consequence of the anomalous dimension of < in (10.38), which
led to the noninteger powers in (10.91) and (10.96). We plot Im (k, @) in Fig. 10.7, which
should be compared to Fig. 7.2. There are no delta functions in the spectral density, as
there were in the quantum paramagnet in Section 7.2.1, indicating that the 6 operator has
negligible overlap with the single fermion quasiparticle state of Section 10.1. Instead, we
have a critical continuum above a branch cut arising from a superposition of states with
an arbitrary number of fermionic quasiparticles. However, the presence of sharp thresholds
and singularities indicates that there is still perfect phase coherence, as there must be in the
ground state. It is also interesting to think about how the 7 = 0 spectral density crosses
over from the form of delta-function+multi-particle continua discussed in Section 7.2.1 as
characteristic of the quantum paramagnet, to the critical continuum in Fig. 10.7. Consider,
for instance, the case k = 0. In the quantum paramagnet, we have a quasiparticle delta
function at w = A, a continuum above the three-particle threshold at @ = 3 A, another
above the five-particle threshold at @ = 5A, and so on. As we approach the critical point
with A — 0, all these continua come crashing down in energy and their limiting superpo-
sition leads to the critical form shown in Fig. 10.7.

15
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w

Spectral density, Imx (k, w)/Z, of H; atiits critical pointg = 1(A = 0)atT = 0, as a function of frequency w,
for a set of values of k.
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The same observable asin Fig. 10.7, //*Imy (k, w) /Z, butfor T 5 0. Thisis the leading result for Imx for
T >> | Al (i.e.inthe high-T region of Fig. 10.2). All quantities are scaled appropriately with powers of T, and the
absolute numerical values of both axes are meaningful.

Now let us turn to 7 > 0. We Fourier transform (10.95) to obtain x(k, w,) at the
Matsubara frequencies w, and then analytically continue to real frequencies. This gives
us the leading result for y (k, w) in the high-T region:

1 . k 1 - w—ck
Ze G0 T(7/8) T <E — i )F (E — %7 )

xk, @)= T7/4 4x T(1/8) (15 _ ;wtck 15 _ co—ck)’ (10.97)
F(E_l AxT )F<E_l 47TT)

We show a plot of Imy in Fig. 10.8. This result is the finite-7" version of Fig. 10.7. Note that
the sharp features of Fig. 10.7 have been smoothed out on the scale 7', and there is nonzero
absorption at all frequencies. For w, ck > T there is a well-defined “reactive” peak in
Imy at w ~ ck (Fig. 10.8) rather like the T = 0 critical behavior of Fig. 10.7. However,
the low-frequency dynamics is quite different, and for w, ck < T we cross over to the
quantum relaxational regime [86]. This is made clear by an examination of the quantity
Imy (k, w)/w as afunction of w/ T and ck/ T ; note from (7.20) that for < T this quantity
is proportional to the dynamic structure factor, S(k, w) (defined in (10.4)), which is in turn
proportional to the neutron scattering cross-section. (We prefer to work with Imy (k, w)/w
rather than S(k, w) because the former is an even function of w, while the latter is not;
in any case, the two are practically indistinguishable for low frequencies.) We show a
plot of Imy (k, w)/w in Fig. 10.9 (notice that Fig. 10.9 is simply Fig. 10.8 divided by w).
Now the reactive peaks at w ~ ck are just about invisible, and the spectral density is
dominated by a large relaxational peak at zero frequency. We can understand the structure
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The spectral density T'"/*Imx (k, ) /wZ as a function of /T and ck /T. Note that this is simply the quantity in

Fig. 10.8 divided by . The reactive peaks at w = ckin Fig. 10.8 are essentially invisible, and the plot is dominated by

alarge relaxational peak at zero wavevector and frequency.

of Fig. 10.9 by expanding the inverse of (10.97) in powers of k and w; this expansion

has the form

(10.98)

’

x(0)
1 —i(w/w)) + k282 — (w/wn)?

X (k, w)

2 and & are parameters characterizing the expansion, and where we recall from

s

where w;

~ T~7/4 For k not too large, the w dependence in (10.98) is simply the

response of a strongly damped harmonic oscillator: this is the reason we have identified the

(10.97) that x (0)

relaxational.” The function in (10.98) provides an excellent

description of the spectral response in Fig. 10.9. We determine the best fit values of the

113

-frequency dynamics as

low

parameters wp 2 and £ by minimizing the mean square difference between the values of

Imy (k, w)/w given by (10.98) and (10.97) over the range 0 < w < 2T and 0 < ck < 2T

and obtain:

’

w1 =039 T

=0.795T,
E=1280¢/T.

w2

(10.99)

The quality of the fit is shown in Figs. 10.10 and 10.11, where we compare the predictions

of (10.97) and (10.98) for Imy (k, w)/w at w = 0 as a function of ck/T, and at ck/T

For k = 0 (w = 0) there is a large overdamped

0, 1.5 as a function of /T, respectively.



167 10.4 Finite temperature crossovers

T4 ImX(k 0)/ 0Z

25

ck/T

Comparison of the predictions of (10.97) (dots) and (10.98) (solid line) for Im x (k, ) /w at @ = 0as a function of
ck/T. The best-fit parameters in (10.99) were used. The function (10.98) yields the square of a Lorentzian as a function
of k; a best fit by just a Lorentzian is also shown (dashed line) and is much poorer.

(T1o) ImX(k, @)/ X (k)

ckiT=1.5

0 05 1 15 2 25

/T
Comparison of the predictions of (10.97) (dots) and (10.98) (line) for (T /w)Imy (k, w)/ x (k) as a function of w /T
atck/T = 0, 1.5. The dispersion relation (7.20) implies that the area under both curves for —co < w < oo'is
exactly 7. Notice also the similarity of the quantity plotted to the scaling function considered in (10.78) and Fig. 10.5;
however, in the present case S(k) # T x (k) as the dynamics is not effectively classical — in particular
S(0) = 1.0587 x (0). The overall magnitude of Im x atck/T = 1.5is smaller than this figure would suggest, as
x(k=1.5)/x(0) = 0.216.

peak at w = 0 (k = 0), but a weak reactive peak at w ~ ck makes an appearance at larger
wavevectors or frequencies.

For an alternative, and more precise, characterization of the relaxational dynamics we
can introduce the relaxation rate I'g defined by

x 10, w) 50,0
dw © 2T x(0)°

Ip!'=ix(0) (10.100)
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where the second relation follows from (7.20). We have chosen this definition for the infor-
mative functional form (10.98), ' = wy, the frequency characterizing the damping. How-
ever, using (10.97) we determine:

w\ kgT
' = <2tan —) —_—
16/ h

kT
~ 0.397825T, (10.101)

where we have inserted physical units to emphasize the universality of the result. Note that
the value of ' is quite close to the value of @ determined by the least square minimization
discussed above.

The rate I'g is a satisfactory measure of how thermal effects have rounded out the sharp,
T = 0 phase-coherent structure in the dynamic susceptibility in Fig. 10.7: we can therefore
identify it with the phase coherence rate 1/7,. At the scale of the characteristic rate I'g,
the dynamics of the system involves intrinsic quantum effects that cannot be neglected.
Description by an effective classical model (as was appropriate in both the low-T regions
of Fig. 10.2) would require that ' < kpT/h, which is thus not satisfied in the high-T
region of Fig. 10.2 under discussion here. As noted earlier, the reason for the quantum
nature of the relaxation is simply that the mean spacing between the thermally excited
particles (considered either as the domain walls of the magnetically ordered state or the
flipped spins of the quantum paramagnet) is of the order of their de Broglie wavelength,
and so the classical thermal and quantum fluctuations must be treated on an equal footing.
It is these quantum effects that lead to the intricate universal numerical relation between
the relaxational and reactive parameters determining the response in (10.97) and (10.98).

10.4.4 Summary

Our detailed study of the 7 > 0 crossovers in the vicinity of the quantum critical point
of the Ising chain has led to a rich variety of different physical regimes, and so it is useful
to summarize their main properties. Such a summary is contained in our earlier Fig. 10.2
and in Fig. 10.12 and Table 10.1. At short enough times or distances in all three regions
of Fig. 10.2, the systems display critical fluctuations characterized by the dynamic sus-
ceptibility (10.96). The regions are distinguished by their behaviors at the low frequencies
and momenta. In both the low-T regimes of Fig. 10.2 (on the magnetically ordered and
quantum paramagnetic sides), the long-time dynamics is relaxational and is described by
effective models of quasi-classical particles; however, the physical interpretation of the
particles is quite different between the two low-T regimes: they are domain walls on the
magnetically ordered side but are flipped spins in the quantum paramagnet. The relaxation
time, or equivalently, the phase-coherence time, is of order (h/ kg T)e©"e'ey £aP)/ kBT apd js
therefore much longer than 72/ kg T'; it is this condition which ensures that quantum thermal
effects act at very different scales and allows for a semiclassical description of the low-
frequency dynamics. In contrast, the dynamics in the high-T region is also relaxational,
but it involves quantum effects in an essential way, as was described above. In this region,
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Table 10.1 Summary of physical regimes.

Values of the correlation length, & (defined from the exponential decay of the
equal-time correlations of the order parameter), and the phase coherence time, z,,

(defined as discussed in the respective sections), in the regimes of .The two
low-T regimes have interpretations in terms of quasi-classical particles, but the physical
interpretations of the two particles are very different, as indicated.

Low T Low T
(magnetically ordered) T (quantum paramagnetic),
quasi-classical particles  Continuum high  quasi-classical particles

—domain walls (quantum critical) —flipped spins
1/2
£ ne? / JA/T 4c c
2AT xT AY
T AT cot(x/16) T AT
o ¢ 2T ¢

Low T (magnetically ordered)

CLASSICAL
RELAXATION |

| "ORDERED" | CRITICAL
0 l/T(p A

b
L4

w

Continuum high T (quantum critical)

QUANTUM
| RELAXATION | CRITICAL

0 1/T(p~T

v

Low T (quantum paramagnetic)

CLASSICAL GAPPED
| RELAXATION | PARAMAGNET | CRITICAL R

0 1/t A "

w

@ TLEPE Crossovers as a function of frequency for the Ising model in the different regimes of Fig. 10.2. The high frequency
critical fluctuations are present in all regimes and are characterized by (10.96). The two classical relaxational regimes

are described by multiple collisions of thermally excited quasi-classical particles; the physical correlations in these two
regimes are quite different but are described by the same relaxation function Rin (10.69). The quantum relaxation is
described by (10.97) and the relaxation rate by (10.100). The “ordered” regime is in quotes, because there is no
long-range order, and the system only appears ordered between spatial scales ¢/ A and ¢,,. In the low-T regions

/7y ~ Te 1A,



170

The Ising chain in a transverse field

the spacing between the thermally excited particles is of the order of their de Broglie wave-
length, and the phase relaxation time is of the order of 7/kpT.

The ease with which our expressions for the phase coherence times 7, in (10.71) and
(10.101) have been obtained belies their remarkable nature. Note that we have worked in
a closed Hamiltonian system, evolving unitarily in time with the operator e "*#1!/% from
an initial density matrix given by the Gibbs ensemble at a temperature 7. Yet, we have
obtained relaxational behavior at low frequencies and determined exact values for a dissi-
pation constant. In contrast, in the theory of dynamics near classical critical points [223],
a statistical relaxation dynamics is postulated in a rather ad hoc manner, and the relax-
ational constants are treated as phenomenological parameters to be determined by com-
parison with experiments. Our subsequent discussions of more complicated models in
higher dimensions also only consider deterministic unitary evolution from an initial density
matrix, but we are only able to obtain approximate values of dissipation constants.

It is also worth contrasting the small k, @ behavior of the dynamic structure factor,
S(k, w), in the three regimes of Fig. 10.2. At low T on the quantum paramagnetic side,
there is a sharp quasiparticle peak at w ~ |A| whose frequency width is exponentially
small (~ Te~|2/T); this peak arises from the creation of a “flipped spin” quasiparticle,
and its width is a consequence of collisions with a dilute gas of pre-existing quasiparticles.
It is strong for the case of energy absorption, w > 0, and has exponentially small weight
on the energy emission side, w < 0. In the low-T regime on the magnetically ordered side,
the peak in S(k, ) is at w, k = 0, but it is now symmetric in @ and has an exponentially
large amplitude (~ ¢*2/T) and exponentially small widths in frequency (~Te~2/T) and
wavevector (~ (c/ «/ﬁ)e‘A/ Ty, Now the thermally excited particles are domain walls,
and their low-energy collisional dynamics leads to the frequency broadening of the peak.
Finally, in the high-T regime, S(k, w) is not a symmetric function of w, but its dominant
structure is near @ = 0 and has a width of order 7'. There are two “dual” physical perspec-
tives on the form of S(k, w) at high T. First, we can imagine raising the 7 on the quantum
paramagnetic side, so that the spacing of the thermally excited quasiparticles becomes of
the order of their de Broglie wavelength, and then the quasiparticle peak at @ = A broad-
ens down to w = 0. In contrast, we can imagine raising 7 on the magnetically ordered side,
so that the domain wall spacing is of the order of their de Broglie wavelength, in which
case the quasiparticle motion has a relaxation rate of the order of 7.

We conclude this chapter by mentioning some experimental applications. We have
already highlighted the experiments on CoNb,Og [90] in Section 1.3. We also mention
here earlier studies on the insulators CsCoBr3 and CsCoCls. The Co ions form chains of
antiferromagnetically interacting Ising spins. Their effective Hamiltonian is not the Ising
chain in a transverse field, but the dynamics and structure of the domain-wall excitations
above the magnetically ordered ground state are essentially identical to those described in
our discussion in Section 10.4.1. Neutron scattering studies [171, 355, 549] have focused
on the temperature induced broadening of the T = 0 delta function in (7.33).
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This chapter turns to the O(N) quantum rotor studied earlier in Chapter 6. We extend the
earlier results to 7 > 0 aided by an exact solution obtained in the N — oo limit.

The quantum Ising model studied in Chapter 10 had a discrete Z; symmetry. An impor-
tant new ingredient in the rotor models is the presence of a continuous symmetry: the
physics is invariant under a uniform, global O(N) transformation on the orientation of
the rotors, which is broken in the magnetically ordered state. Thus we have to use ideas on
the spin stiffness which were introduced in Chapter 8. Apart from this, much of the technol-
ogy and the physical ideas introduced earlier for the d = 1 Ising chain generalize straight-
forwardly, although we are no longer able to obtain exact results for crossover functions at
finite N. The characterization of the physics in terms of three regions separated by smooth
crossovers, the high-7T and the two low-T regions on either side of the quantum critical
point, continues to be extremely useful and is again the basis of our discussion. Because
we consider models in spatial dimensions d > 1, it is possible to have a thermodynamic
phase transition at a nonzero temperature, as in Fig. 1.2b. We are particularly interested in
the interplay between the critical singularities of the finite-temperature transition and those
of the quantum critical point.

The large-N expansion [60,310,311,485] was developed earlier in the context of the
classical model, and is extended here to the quantum rotor model at 7 > 0. This chapter
largely confines itself to the results obtained at N = oco. The results so obtained give an
adequate description of gross features of the phase diagram and some static observables,
but they are quite inadequate for dynamical properties at nonzero temperatures. The latter
problems are addressed in subsequent chapters.

We examine here a slight extension of the quantum rotor model (6.1):

Jg ) A -
HR=7gZLi—JZni-nj—H-ZLi. (11.1)
i (ij) i

Recall that the N-component vector operators n;, with N geq 2, are of unit length, ﬁ? =1,
and represent the orientation of the rotors on the surface of a sphere in N-dimensional rotor
space, while the operators L; are the N(N — 1) /2 components of the angular momentum.
We phrase our physical discussion using the physically important case N =3, in which
case these operators satisfy the commutation relations (1.21) on each site (the operators on
different sites commute); the generalization to other values of N is immediate but will not
be discussed explicitly for simplicity. The form (11.1) for Hg differs from that in (6.1) by
a field H, which couples to the total angular momentum; this field should not be confused
with the field h in (6.46), which coupled to the rotor orientation n. As we see later, the
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field H does not have a familiar analog upon inverting the mapping to (3.2). It is, however,
an important perturbation of the quantum rotor model that arises in many experimental
applications. The total angular momentum is conserved in zero field as it commutes with
Hpg at H=0, and we will see that this has important implications for its scaling properties.

The study of the quantum rotor model Hg in (11.1) occupies a substantial portion of
Part III of this book. The motivation for this is primarily theoretical, but important experi-
mental connections also exist. These were discussed in Section 1.4.2 and Chapters 9, and
further connections are made in Chapter 19.

The large-N expansion is set up in Section 11.1; this is followed by descriptions of the
N = oo solution for T =0 and 7 > 0 in Sections 11.2 and 11.3, respectively.

Most of our results are expressed in terms of the dynamic susceptibility xqg (I;, w) of
the order parameter n. As in (7.1) and (7.3), this is defined most conveniently in imaginary
time:

Cap(x, T) = (ne(X, 1ng(0, 0)),

- /T o
Xap (k, wp) = / /ddxCa/g(x, 7)e kX —onT) (11.2)
0

where n(x;, it) is the imaginary-time representation of the quantum operator n;. The
dynamic structure factor Seg (I;, w) is then defined as in (10.4) and related to x4 by a
relationship analogous to (7.12). For the most part, we compute x in zero field (H=0).
Our analysis of the consequences of H is restricted here to determining its linear response
susceptibility. For reasons that will become evident when we consider the relationship
between quantum rotors and quantum antiferromagnets, we call this susceptibility the uni-
form susceptibility, x,. It is defined by the small-H expansion of the free energy density
F=—-ThZ:

1
F(H)=f(H=0)—zxmﬁHaH,ng--- (11.3)

11.1 Continuum theory and large-N limit
- |

Both the continuum analysis and the study of the large-N limit are most easily done in
the imaginary time path integral. At H=0, the path integral can be derived by the inverse
of the mapping discussed in Section 6.4 and indeed leads to the expression (2.12) already
presented. The modification necessary for H # 0 can be deduced by a simple trick that
relies on the fact that H couples to the conserved total angular momentum. It is easy to see
that the only effect of H is to cause a uniform Bloch precession of all the rotors and that
this precession can be “removed” by transforming to a rotating reference frame. Because
of a nonzero H each rotor acquires an additional precession 87, (t) = — €qp, Hpily (1)5t
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in a small time &¢. Including this extra precession in imaginary time in (2.12) we get the
partition function

Z =Trexp (—ﬂ> A /Dn(x, 7)8(m% — 1) exp(—=S,),

N 1T

Sy = s d’x / dt[(3;n —iH x n)* + ¢* (V,n)?]. (11.4)
We have written the coupling to H in the form special for N =3, but it should be clear
that for general N one writes a term that generates rotations of O(N). Note also the i in
the precession term, which therefore contributes a complex phase to the weights in the
partition function. As a result the field H has no analog in classical statistical mechanics
problems in D dimensions. We will be satisfied in this chapter by simply examining the
linear response of the system to a small H, as specified by the susceptibility x, in (11.3).
Properties beyond linear response require examining the partition function (11.4) with a
nonzero H, including the complex weights. This problem is of a class we examine only in
Part I'V, and we defer the analysis to Section 19.4. The coupling constant

g = Ny3ga’! (11.5)

was defined in (6.51); it has the dimensions of (length)?~! and is the primary coupling we
change to vary the physical properties of the rotor model.

Because the above action is valid only at long distances and times, there is an implicit
cutoff above momenta of order A ~ 1/a and frequencies of order cA. Our main interest
here is the universal physics at scales much smaller than A. The following large-N anal-
ysis makes it clear that such a universal regime does exist for d <3 but that additional
information on cutoff scale physics is necessary for d > 3. This identifies d =3 as the
so-called upper-critical dimension of the model. The large-N analysis is especially suited
for describing the universal physics in d < 3, and we restrict our attention to these cases
here. Properties in dimensions d > 3 are more easily analyzed by other methods and are
discussed later.

The framework of the N = oo solution [58, 79, 85, 86, 100, 214, 385, 440,475] is quite
easy to set up, at least in the phase without long-range order in the order parameter n;
we consider the case with long-range order later in this chapter. We impose the n> =1
constraint by a Lagrange multiplier, . The action (11.4) then becomes at H= 0 (which is
assumed throughout the remainder unless explicitly stated otherwise)

Z = /’Dn(x, T)DA(x, ) exp(—Su1),

N 1/T
5,1220g dx f dt[(3:m)* + * (Vem)? +ir(m® — 1)]. (11.6)

‘We rescale the n field to

i =+/Nn, 11.7)
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and, as (11.6) is quadratic in the n field, it can be integrated out to yield

N 1/T
Z:/Dk(x,t)exp[—i(Trln (—CZV —82+1A — —/ dt/ddx)\)i|

(11.8)

(See [357] for further discussion on interpretation of the functional determinant above.)
The action has a prefactor of N, and the N = oo limit of the functional integral is therefore
given exactly by its saddle-point value. We assume that the saddle-point value of A is space
and time independent and given by i =m?>. The saddle-point equation determining the
value of the parameter m? is

/A d%k - 1 1 (119)
)4 Z A2+ w2 +m? cg’ )
Wp

where the sum over w, extends over the Matsubara frequencies w, =2nn7 T, n integer. It
is also not difficult to evaluate the order parameter susceptibility at N = oo by inserting
an appropriate source term in (11.6): as expected, the result is given simply by the prop-
agator of the n field in (11.6) with A replaced by its saddle-point value. The result obeys
Xap = X Sap, Where

cg/N
— (0 +i8)2 +m?

k,w) = 11.10

Xk o) = - (11.10)
is also the propagator of the n field. The large- N limit of the uniform susceptibility, y,,, can
also be evaluated by first expanding F in powers of H, and evaluating the resulting four-
and two-point correlators of n at tree level using the propagator in (11.10). This gives

_ZTZ/ dlk _cthtm? - o (11.11)
(277)d c2k2+m2+a)2) '

Equations (11.9)—(11.11) apply only when the system does not have long-range spatial
order (at 7 =0 or T > 0) and O(N) symmetry is preserved; they are the central results of
the N = oo theory, and most of the remainder of this chapter is spent on analyzing their
consequences. In spite of their extremely simple structure, these equations contain a great
deal of information, and it takes a rather subtle and careful analysis to extract the universal
information contained in them [85, 86,440]. We begin by characterizing the T =0 ground
states and comparing the results to the strong- and weak-coupling analyses noted earlier.
Then we turn to the finite-temperature crossovers.

11.2 Zero temperature
I —

At T =0, we can make use of the relativistic invariance of the action (11.4) to simplify
our analysis. The summation over Matsubara frequencies in (11.9) turns into an integral,
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and after introducing spacetime momentum p = (k, w/c), the constraint equation (11.9)
becomes

A dd+1p 1 1
(11.12)

Q) P2+ (mjc) g

The integral on the left-hand side increases monotonically with decreasing m; as m — O,
it diverges as In(1/m) in d =1, and it has a maximum finite value at m =0ind > 1. It is
then clear that it is always possible to find a solution for (11.12) in d =1, and for d > 1
there is no solution to (11.12) for g < g, where
A dd+l p 1 1

/ W?_E (11.13)
We have chosen the symbol g, for the boundary point where the solution ceases to exist,
following the discussion in Chapter 10. As we will see shortly, the regime where the solu-
tion exists describes a quantum paramagnetic ground state, and g, is the quantum critical
point for a transition to the g < g, magnetically ordered state. In d = 1 a solution exists for
all g, and so the general d discussion for g > g, below can be applied to all g ind = 1. This
indicates that the d =1 ground state is always a quantum paramagnet. This is a large-N
result and is manifestly incorrect for N =1 as we saw in Chapter 10; it is also not true at
N =2, but we will see that the large-N theory leads to adequate results for all N >3 in
d = 1. For g > g, there is a unique solution of the saddle-point equation (11.12) describing
a quantum paramagnetic ground state; we study its properties in the following subsection
and find that they are quite similar to those of the quantum paramagnetic state of the Ising
chain. The d > 1 critical point at g = g, is studied in the next subsection. Determination
of the d > 1 ground state for g < g, requires a reanalysis of the derivation of the large-
N saddle equation. This is done in Section 11.2.3, where we find a state with magnetic
long-range order and spontaneous breakdown of the O(N) symmetry.

11.2.1 Quantum paramagnet, g > g,

For d > 1, subtract (11.12) from (11.13) and obtain

11 h gty <1 1 ) (11.14)
g 8 Qmy*t \p* p2+mfe)? ) '

Now note that for d < 3 it is possible to send the upper cutoff A to infinity and still obtain
a finite result. Thus, provided that we measure quantities in terms of deviations from their
values at g = g., we see that observables are insensitive to the nature of the cutoff (i.e.
they are universal). For d > 3 it is necessary to retain the upper cutoff, and observables
have additional A dependence. (As briefly noted earlier, this identifies d = 3 as the upper-
critical dimension.) The remaining analysis of this chapter is implicitly restricted to d < 3,
and we examine d > 3 by other, more convenient, methods in subsequent chapters; in the
language of the classical model (3.2), this restriction is equivalent to D <4, where D =4
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is its upper-critical dimension. For 1 <d < 3 we can evaluate the integral in (11.14) with
an infinite cutoff and obtain
1 1 d—1
— == =Xagt1(m/c)*, (11.15)
8 8
where the constant X; = 2I'((4 — d)/2)(4)~%/?/(d — 2). This equation can be easily
solved to obtain the required value of m. In d =1, we have g. =0, and evaluating (11.12)
directly, we find for small m and small g

1 cA 1
— In <_> = —, (11.16)
2 m g

which also has a simple solution for m =cAe™>"/8. Apart from the difference in the
expression in the value of m above, the remaining discussion in this subsection applies
equallytod=1andd > 1.

A key step in the analysis of any ground state of a continuum theory is the determination
of an energy scale that characterizes it. In this case, the quantum paramagnet has a gap,
A4, given by

Ar =m(T =0). 11.17)

We emphasize that, by definition, the gap A4 is a temperature-independent quantity; it
equals the temperature-dependent value of m only at 7 = 0. The presence of a gap is appar-
ent in the structure of the spectral density Imy(k, w), which from (11.10) is

given by
Imy k) = A0 (3 <a) _Jeue Ai)
2./c2k? + A%_
-8 (w+,/c2k2+A2+>>, (11.18)

which has weight only at frequencies greater than A . The spectral weight appears entirely
in the form of delta functions, which indicate the presence of magnon quasiparticles; the
quantity

_ <8
A= (11.19)

is the quasiparticle residue. This magnon is obviously the same as the three-fold degen-
erate particle that appeared earlier in the strong-coupling analysis of the O(3) model in
Section 6.1, and in Section 7.2.1. The spectral density (11.18) is also identical in form to
the exact result for the quantum paramagnetic phase of the Ising chain obtained by taking
the imaginary part of (10.82). The n-particle continua (n > 3, odd) are absent here in the
N = oo theory, but they appear later when we study fluctuation corrections.

We can also evaluate the uniform susceptibility yx, by converting the frequency sum-
mation in (11.11) to an integral and then evaluating the frequency integral. This gives the
simple result

Xu = 0. (11.20)
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This result could have been anticipated. The ground state is a spin singlet; the lowest
excited state is a triplet separated by a gap. In a small H field there is no change in the
energy of the singlet, whereas one of the triplet states lowers its energy but remains above
the singlet for H < A . The ground state therefore remains unchanged and has vanishing
uniform susceptibility.

Also justifying our identification of this phase as a quantum paramagnet is that equal-
time n correlations decay exponentially in space:

L a0 mo,0p =2 [ 400 ™
N T ) @ P (AL e
A e—xA/c

:2c(2n)d/2(A+/C)(2—d)/z 42’ (11.21)

which identifies A /c as the inverse correlation length. Note again the precise agreement
of this result with that for the quantum paramagnetic phase of the Ising chain in (10.83),
where 2¢Z A'/# played the role of the quasiparticle residue, A.

11.2.2 (ritical point, g = g,

This subsection applies only for 1 < d < 3. There is no critical point in d = 1, and there are
violations of naive scaling hypotheses for d > 3.

As g approaches g. from above, we see from (11.15) that the energy gap, Aj,
vanishes as

Ay~ (g— gD, (11.22)

The critical state at g = g, turns out to be scale invariant at scales much longer than A1,
as expected by analogy with the Ising model. The coupling g is the parameter that tunes the
system away from this scale-invariant point, and as A is an energy (inverse time) scale,
the definition (10.35), the definition of the exponent v above it, and the result (11.22)
identifies the exponent

1
The equal-time correlations decay as
diHlp ik
,00-n(0,0) ~ | ———
(n(x.0)-n(0.0) ~ | Z—gm =
1

which is a power law, as expected for a scale-invariant theory; the decay as a function of
time has the same exponent, and so

z=1, (11.25)

as must be the case for a Lorentz-invariant theory. The application of the scaling transfor-
mation on (11.24) also tells us that as in (4.32)
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d+z7-2
dim[n] = Hfﬂ (11.26)

with 5, the “anomalous dimension” of the field, vanishing in the N = oo theory. We see
later in (13.51) that 1/N corrections induce a nonzero 1, as in (4.37). The anomalous
dimension also determines the scaling dimension of the quasiparticle residue A: (11.26)
implies that dim[x (k, w)] = —24n, and demanding consistency of this with the expression
(11.18), we conclude dim[.A] = 5. Therefore, as g approaches g. from above,

A~ (g—g)", (11.27)

(i.e. in general, the quasiparticle residue vanishes as the system approaches the critical
point). Again this scaling is consistent with the Ising model in which A = 2ZAl/* ~
(g — g)'/* (see (10.84)). In the present N = oo theory, the quasiparticle residue Acg/N
was nonzero all the way up to g = g.. This is consistent with the N = oo result of n=0:
there is no dynamic scattering of the quasiparticle excitations at N = oo but such scattering
appears upon including 1/N corrections, which also induce a nonzero 7.

If there are no quasiparticles for n 7% 0, what do the excitations look like? As in the Ising
chain, there is a critical continuum of excitations, whose spectral density is determined
by n. Combining the Lorentz invariance of the theory with a simple analysis of scaling
dimensions, we see that the dynamic susceptibility must have the form

1

G (11.28)

x(k, ) ~
(compare (10.96)), and its imaginary part looks much like Fig. 10.7. The n =0 case is
of course special, in that the spectral density has a single delta function at w = ck, and
the critical excitations have a particle-like nature. This is clearly an artifact of the N = o0
theory and is one of its major failings.

We can also use simple scaling arguments to determine the exact scaling dimension of
H and therefore from (11.3) that of x,. Note that in (11.4) H appears intimately coupled
with a time derivative. As we discussed earlier, this is related to the fact that the only effect
of H is to uniformly precess all the rotors, and this precession is not visible in a rotating
reference frame. This is an exact property of theory, and therefore the precession angle
must be invariant under scaling transformation. As a result the scaling dimension of H
must be that of inverse time, which implies from (10.35) that

dim[H] = z, (11.29)
and, using (10.37) and (11.3), that

dimxu] = d — z. (11.30)

11.2.3 Magnetically ordered ground state, g < g,

This subsection necessarily applies only for d > 1, as there is no ordered state ind = 1.
Our analysis so far has shown no meaningful solution of the saddle-point equations in
the large-N limit for g < g.. The culprit for this shortcoming lies in the step before (11.8),
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where we indiscriminately integrated out all N components of the n field [61]. As we
expect a magnetically ordered phase to appear for g < g., it seems sensible to allow for
the possibility that fluctuations of n along the direction of the ordered ground state will be
different from those orthogonal to it. So we write

n=(/Nro, w1, 72, ..., TN_1), (11.31)

where it is assumed that the order parameter is polarized along the 1 direction. Inserting this
and (11.7) into (11.4), imposing the constraint with a Lagrange multiplier A, and integrating
out only the w1 . ny— fields, we find

,,,,,

Trin (—c?97 — 82 + i)

Z= /DADro exp [ —

‘N [T
+ 2 dr/ddxA (1 _rg)] (11.32)
cg Jo

In the large-N limit, we can ignore the difference between N — 1 and N and obtain the
saddle-point equations with respect to variations in A and ro. As before, m? is taken to be
the saddle-point value of iA. The mean value of r¢ determines the spontaneous magnetiza-
tion at N = 0o, which we denote by Ny; so

No = (n1) = v/Nro. (11.33)
The saddle-point equations are
A dd+lp 1
NZ =1,
0+ g/ Q)4+ p? + (m/c)?
m>Ny = 0, (11.34)

where we have set 7 =0. One solution of the second equation is Ny = 0, but then the first
equation for m becomes identical to the one considered earlier, which is known to fail for
g < gc. Therefore we choose the other solution, where

m =0,
Nl [T 1
(U 8 (2)d+1 P2
-5, (11.35)
ge

It is satisfying to find that Ng is nonzero precisely for g < g., reinforcing our belief in
the correctness of our procedure in finding the saddle point. Note that Ny vanishes as
(gc — g)'/? as g approaches g.. It is conventional to define the critical exponent 8 by the
dependence Ny ~ (g. — g)?, and we therefore have 8 = 1/2 in the present N = oo theory.
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More generally, the scaling dimension of Ng must be the same as the scaling dimension of
n, and we therefore have from (11.26) that (see also (4.47)

2=(d+z-2+nv, (11.36)

an exponent relation that is satisfied by the N = oo theory.

The above approach also determines the two-point correlator of spin components orthog-
onal to the axis of the spontaneous magnetization. We denote the corresponding suscepti-
bility by x (k, ), and it is the Fourier transform of the n;, ny correlator (say); we have at
N =00

cg/N
c2k? — (w+i8)?
Note that there is a quasiparticle pole at w = ck, and the energy of this excitation vanishes
as k — 0. These are the spin-wave excitations discussed earlier in the weak-coupling anal-
ysis. These spin waves survive fluctuation corrections as k — 0, although the nature of the
spectral density becomes different at larger &, as we discuss shortly.

We can now compute the spin-stiffness by combining the N = oo results ((11.35) and

(11.37)) with (8.19):
1 1
ps =cN (— — —) (11.38)
8 8c

x1k, ) = (11.37)

In general, from (8.13), py is expected to vanish as (g, — g)(d_l)”, and the result (11.38) is
consistent with the N = oo values of the exponents.

With the spin stiffness ps in hand, we can now construct the energy scale, which we
denote A_, that characterizes the ground state for g < g.. The requirement is that A_
should have scaling dimension z and physical units of (time)~'. Such an object has to
be made out of powers of ps, whose scaling dimension is in (8.13), and whose physical
units are (length)z_d (time) !, and the velocity c, whose scaling dimension is 0 and whose
physical units are (length)(time)~'; the unique combination is

A_ = (pg/N)/ @D d=2)/@=1) (11.39)

The factor of N has been chosen for future convenience.

We conclude this subsection by remarking on two features of the response functions of
the ordered ground state that depend upon having a nonzero 1 and are therefore absent in
the N = oo theory. First, from (8.19), we deduce that the residue at the spin-wave pole (for
k—0)is Ng/ps; as g approaches g, this vanishes as (g, — g)"", unlike the result (11.37)
in which the spin-wave residue remains nonzero all the way up to g.. Second, with energy
scale A_ in hand, we can also define a corresponding length scale &;:

c
& = A
This is known as the Josephson length. The forms (8.19) and (11.37), which are charac-
teristic long-wavelength transverse responses of a phase with spontaneously broken con-
tinuous symmetry, remain valid at length scales larger than £; and times longer than AL
At shorter scales, the responses cross over to the isotropic response of the critical points as
in (11.28).

(11.40)



181

11.3 Nonzero temperatures

11.3 Nonzero temperatures
|

We have shown in the previous section that (for d > 1) there are two distinct ground states
separated by a quantum critical point at g = g., and each ground state is characterized by
a single energy scale A} or A_, which vanishes as |g — g.|*" near the critical point (in
d =1 we only have one phase characterized by A ).

We can combine the insights gained from the solution of the Ising chain in Chapter 10
with some simple physical considerations, and also by partly anticipating some N = 0o
results to be discussed below, and sketch the 7" > 0 phase diagrams in Figs. 11.1-11.3.
Compare these phase diagrams with those in Section 1.2.

First we show the phase diagram for d =1 in Fig. 11.1 [250]. There is only one phase
in d = 1: a quantum paramagnetic ground state with a gap A . The energy scale A is the
only one characterizing the universal physics, and therefore we expect a qualitative change
in the nature of the physics at T ~ A4 ~ exp(—2n/g) (using (11.16)). We identify the
region T < A as the low-temperature limit of the continuum theory, which will be similar
to the low-T region on the quantum paramagnetic side of the Ising model in Fig. 10.2.
The region Ay < T < J is the high-temperature limit of the continuum theory; it differs
from the high-T' region of the Ising chain in Fig. 10.2, as we see in the next chapter,
by the presence of logarithmic corrections that modify some key dynamic properties and
their physical interpretation. Finally there is a lattice high-T region, 7 > J (not shown in
Fig. 11.1), where microscopic details matter. This region is not of interest to us here.

Turning next to d = 2, we show the anticipated large-N phase diagram in Fig. 11.2. The
crossover phase boundaries and the physical interpretations of the regimes are essentially
identical to those for the Ising chain in Fig. 10.2, both of which realize the phase diagrams
in Fig. 1.2a and 1.3. There is an ordered magnetic state at 7 =0, but the long-range order
disappears at any nonzero 7. This is similar to the Ising chain, but the physics behind the
destruction of long-range order by thermal fluctuations is quite different and is discussed
in more detail in subsequent chapters.

Finally, we also consider the large-N limit for 2 <d <3 in Fig. 11.3. Although these
dimensions are unphysical, examining these cases is useful as we can deal with systems

e
e
e

T CONTINUUM -

HIGH T e
P LOW T

7
-~ Quantum paramagnet
0 _ ¥ >
>
0 g

Large-N phase diagram for the O (N) rotor model in d = 1. This phase diagram applies for all N > 3. The dashed line
is a crossover. Our interest is in the two universal regions, which are the low- and high-T limits of the continuum
quantum field theory. The crossover boundaryisat 7 ~ A ~ exp(—27/9).
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A
T
CONTINUUM
- HIGH T o
~-— or -
~
<~ QUANTUM _ —
LOW T \C\:R'T'CA/L/ LOW T
Magnetic long-range order ~ \ /  Quantum paramagnet
0 \ >
9e g

Large-N phase diagram for the O(N) rotor model for d = 2; compare with Figs. 1.2aand 1.3. Asin Fig. 11.1, this is
expected to apply for all N > 3, and the lower dashed lines are crossovers determined by the conditions AL ~ T.As
g approaches the critical coupling g., A+ ~ (g — g¢)?" forg > gcand A_ ~ (g, — g)*” forg < g.. The
physical interpretation of the regimes is identical to those for the Ising chain in Fig. 10.2, and realizes the phase
diagram in Fig. 1.2a. Asin Fig. 10.2, there is also an additional, nonuniversal, lattice high-T region for T > J (which is
not shown here).

T ~ CONTINUUM -
N HIGH T Phd
N or Ve
AN Ve
< QUANTUM
\ CRITICAL ~
\ /

\ /
MAGNETIC // Low T
Ic')g';(é:ANGE Quantum paramagnet

»
Ll

Large-N phase diagram for the O (V) rotor model with 2 < d < 3, realizing the phase diagrams in Fig. 1.2band 1.3.
Qualitative features of the phase diagram apply for N > 2and2 < d < 3,0r1 <N <2and 2 < d < 3. The dashed
lines are crossovers determined by AL ~ T (AL ~ |g — gc|**), while the full line is the locus of
finite-temperature phase transitions with T, given by (11.67). There is true magnetic long-range order at all
temperatures below the full line. The shaded region shows where the reduced classical scaling functions apply.

whose long-range order survives until a nonzero temperature, as is required for phase
diagrams like those in Fig. 1.2b. Also, the behavior for the physical cases N =1,2,d =2
is quite similar to these large-N limits. The nonzero T phase transition is within the region
T < A_, and the nature of the singularity in its vicinity is discussed below.

The crossovers in these phase diagrams can be described by scaling functions closely
analogous to (10.39). It is more convenient to work in frequency and wavevector space,
and we can obtain the scaling form by arguments similar to those used to obtain (10.39).
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First, we can use the definition (11.2) and the scaling dimension (11.26) to conclude
dim[x (k, ®)] =2dim[n] —d — z = —(2 — n). Then recalling dim[7T'] = z, we can obtain the
scaling form

k A
@ i), (11.41)

x(k, w) = Tz P (Tl/z’ T, 7

where the upper (lower) sign applies for g > g. (g < g.). Also, it should be clear that in
d =1 only the upper sign can apply. The functions & are completely universal and com-
plex valued. They are chosen to have finite limits at all kK and @ as Ay — 0 at fixed T
(although there is an exception to this in d = 1, where, as we see in Chapter 12, the func-
tion & diverges logarithmically as Ay /T — 0; this logarithmic divergence is, however,
absent in the present N = oo theory). There are strong restrictions that arise from the con-
sistency of the two functions as they approach the common point g =g, from the two
sides; not only their values must agree, but also the fact that x (k, @) must be analytic as a
function of g at g =g, for T > 0 places many additional restrictions (the reasons for this
analyticity and its consequences are discussed in more detail in Section 14.2.1). For the
Ising chain we were able to work with a single function by defining a A=A, >0 for
g>gcand A= — A_ <O for g < g., but this is difficult to do in the present case as the
definitions of A4 are quite different. Also, for the Ising chain, A was a simple, analytic
linear function of g, and so the analyticity requirement was simply that ® was analytic as
a function of A at A =0.

The prefactor Z is a nonuniversal constant that is nonsingular at the 7 = 0 quantum crit-
ical point. It can be defined through (11.41) by relating it to some observable that depends
upon the scale of the order parameter field. For g > g., by demanding that the form of
X (k, ) near the quasiparticle pole at 7 =0 in (11.18) (which holds even beyond N = oo,
as we saw in the Ising chain) be consistent with the scaling form (11.41), we can specify

A
Z = (constant) ——. (11.42)
A77/ z
+
The constant can be chosen at our convenience and merely changes the definition of the
@ .. Alternatively, we could approach the critical point from g < g. and use (8.19) to define
N2c?
Z = (constant) —>——

U (11.43)

A similar scaling form can be written for the uniform susceptibility from a knowledge
of the scaling dimension in (11.30):

Td/zfl A
=12 q)u:t(Ti)_ (11.44)

Unlike (11.41), there is no nonuniversal prefactor such as Z in front. This is because the
unknown field scale and the anomalous exponent 1 do not appear in the definition of x,;
rather yx, is related by (11.3) to the free energy density.

The remainder of this section presents explicit results for these scaling functions at
N =oo. In this limit, the expressions in (11.10) and (11.11) specify x and x,,, respectively.
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These are consistent with the scaling forms (11.41) and (11.44) for n=0 and z = 1, if the
Lagrange multiplier m satisfies

A
m=TFs (Ti) (11.45)

where F4 are universal functions obtained from the solution of (11.9), as we show below.
The resulting predictions for the physical properties at T > 0 are quite simple. By Fourier
transforming (11.10), we see that m/c is the correlation length. The imaginary part of
(11.10) also implies that there is a gap in the spectrum equal to m. This feature is an artifact
of the N = oo limit: the response of any interacting system at 7 > 0 has a nonzero spectral
density at all frequencies (in certain cases, the response could vanish above some large
ultraviolet cutoff ~ cA), as there are essentially no restrictions on the set of frequencies at
which all the possible thermally excited states can absorb energy. A particular objective of
the remaining chapters in Part II is to describe a dynamical theory for the filling of this gap
at finite temperatures.

The uniform susceptibility is obtained by evaluating the frequency summationin (11.11)
by standard methods, which the reader can find in text books such as [136] and [314]; the
result is

1 od% 1
K= | Cm)? sinh (VR £ m2/2T)
with m given by (11.45).
We now determine the universal functions F+ and subsequently turn to a description of

the physics in the various regions of Figs. 11.1-11.3. The method used here introduces
a number of useful tricks for the extraction of universal, cutoff-independent crossover

(11.46)

functions.
We present first the calculation on the disordered side where g > g.. The first step is to
subtract, from (11.9) the corresponding equation (11.12) at the same coupling constants at
T = 0; this gives us
A ddk - 1 1 A dd-Hp 1
Q2mn)d ; k2 + w2 +m? Z/ Qn)d+1 p2 + (A4 /c)?

=0, (1147

where A is the gap at the current value of g. A trick we often use is to subtract, from the
summation over frequencies of any quantity, the integration over frequencies of precisely
the same function; so we rewrite (11.47) as

A gdg 1 /‘da) 1
— T Z - =
(2m)d -~ 2k? + w2 +m? 21 2k? + w? + m?

+l A gdtlp ( 1 B 1 )_0 (11.48)
c) Qmdtt\p24+(m/c)2  pP+(Ap/0)?) '

Now we use the general relation

~ w3 +a? 2r wr4a?  aed/T -1’ ’
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which is valid for any positive a (again this can be established by standard frequency
summation methods [136,314]). Note that the right-hand side falls off exponentially as a
becomes large. This is a key property and was the reason for considering the combination
in (11.49). Applying this identity to (11.48), we see that the first integration over k has
an integrand that is exponentially small for large k, and hence it is quite insensitive to
A, which can safely be sent to infinity. The integration over p in the second term is also
ultraviolet convergent, again allowing A to be set to infinity. The resulting expression is
then cutoff independent and hence universal; we obtain for d > 1

dk 1 1 Xda+1

d—1 d—1
mtT — A =0, 11.50
2n)d Ve2k2 £ m2 ex/02k2+m2/T 1 cd ( + ) ( )

where the number X, was defined below (11.15). When d = 1, this equation is modified to

dk 1 1 In(m/AL)

0. 11.51
(2m) «/Czk2 + m? e\/c2k2+m2/T —1 2mc ( )

The solution of these equations is clearly of the form (11.45); after rescaling momenta by
¢/T in (11.50), we find that the function F (s) is determined implicitly by solution of the
equation

dk 1 1
d
2% fra 4 F2 R+FE

for d > 1, and similarly for d = 1. We discuss asymptotic features of the solution of these
equations in the subsections below. We note here that precisely when d =2, the equation
(11.52) has a simple, explicit solution [86]:

— X1 (FI71 — 5471 =0, (11.52)

s/2
F.(s) = 2sinh~"! <e2 ) d=2. (11.53)

Now we turn to the ordered side, g < g., which implicitly means that we have d > 1. We
assume that T is large enough such that the magnetization is zero; the case of the mag-
netized state with 7 7 0 can be treated similarly and is referred to below. Subtract, from
(11.9), the value of pg/N in (11.38), and insert the value of 1/g. in (11.13). Evaluating the
frequency summation as above we find

d‘k 1 1
Q) J2KZ £ m? o/ m/? T _ |
+l/ di+tp 1 1 _ P (11.54)
c (2ﬂ)d+1 p2 + m?2 pz Nc2’ ’

The solution of this is also in the form (11.45), and the function F_(s) is given by
dk 1

1
QM) [ g2 NEHF

— Xgp F&—sd 1 =0, (11.55)
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Again, there is a simple explicit solution when d =2 [86]:

—27s
F_(s) = 2sinh™! (e 5 ) d=2. (11.56)

With expressions for the crossover functions Fi in hand, let us discuss the physical
properties of the system in different regimes of the g—7 plane for different values of d.

11.3.1 Low T on the quantum paramagneticside, g > g, T << A +

The discussion here also applies when d = 1.

Properties of this phase are essentially identical to those of the low-T quantum para-
magnetic region of the Ising model in Section 10.4.2. The ground state has a gap, and
nonzero T induces an exponentially small density of thermally excited triplet magnons.
For the parameter m we have

m=A, +O@E 2T, (11.57)

Hence there is a finite correlation length c¢/m that has exponentially small corrections from
its 7 =0 value ¢/A 4. The N = oo expression (11.10) has a quasiparticle peak that remains
infinitely sharp at 7 > 0. This is clearly incorrect for finite N, as damping must be present,
and is described in subsequent chapters. The uniform susceptibility can be computed from
(11.46), and we find that it is exponentially small:

xu = O(e™ 2+, (11.58)

11.3.2 HighT,T>> AL, A_

Again, properties are similar to those of the continuum high-7 (or quantum critical) region
of the Ising chain as discussed in Section 10.4.3. Now we have, ford > 1,

m = TF.(0)=TF_(0), (11.59)

where F (0) and F_(0) are pure numbers. This represents a correlation length ~ ¢/T. In
d =1, the correlation length has an additional logarithmic correction [250], as can be seen
from the solution of (11.51),

utl (11.60)
m=———, .
In(CT/Ay)
where
C =4me V =7.055507955. .. (11.61)

In a similar manner we find for the uniform susceptibility from (11.46) that when d > 1

Td—l Td—l
Yo = P (0) = -, (0), (11.62)
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where @4 are universal pure numbers, which can be determined by solutions of (11.46)
and (5.69); when d =2 we have the simple result ®,4(0) = (v/5/7) In((+/5 + 1)/2).
Again, when d = 1 there are log corrections [250]

1
xu = —In(CT/AL), (11.63)
TC

which will be better understood in the following chapter.

By analogy with the Ising chain, we expect that the dynamics is quantum relaxational
with a phase coherence time ~ 1/7. However, damping and relaxation are completely
absent at N = oo and are further discussed later.

11.3.3 Low T on the magnetically ordered side, g < g., T < A_

This section applies only for d > 1, as there is no such region for d = 1. The properties for
d =1 are analogous to the low-T ordered region of the Ising chain in Section 10.4.1, but
there are important differences for 2 <d < 3.

Let us assume first that T is large enough so that (n) =0 and so (11.55) can be used to
determine F_. For d =2, one finds that there is a solution of (11.55) for all 7', and even as
T—-0(=A_/T — o0). We find thatas T — 0

m=Texp(—2nA_/T) =T exp(—2nps/NT). (11.64)

Hence the correlation length ~ ¢/m diverges as T — 0 but remains finite for all nonzero
T. This was exactly the situation as in the Ising chain, and the phase diagram for this
model is therefore as shown in Fig. 11.2. We see in subsequent chapters that, as in the case
of the Ising chain, because of the very large correlation length, it is possible to develop
an effective classical dynamical model of the system and to express the result in terms of
reduced scaling functions. Let us also note (from (11.46)) that the uniform susceptibility
ford =21is given as T — 0 by

2A_  2py

S =aa (11.65)

Xu =
This is actually an exact result even for finite N, as we see later.

Now let us consider the case 2 < d < 3. Although there is no physical dimension in this
region, the results obtained below will apply for d =3 with cutoff-dependent logarithmic
corrections we do not want to discuss here. Further, the physics of the quantum Ising model
in d =2 is expected to be similar to that of the large-N solution with 2 < d < 3. The key
observation in this case is that there is no solution of (11.55) for F_(s) above a critical
value s =s., where F_(s.) =0. The value of s is given by

il dk 1 1

s = —_—

¢ Q) kel —1
2 —1gd—1)

I (d/2)@n) (11.66)
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Just as was the case in the 7 =0 analysis at the beginning of Section 11.2, the absence of
a solution for the Lagrange multiplier m (related to F_(s) by (11.45)) implies that there
must be magnetic order for s > s.. This defines a critical temperature 7, given precisely by

T.=A_/s,, (11.67)

such that the system is in the paramagnetic phase only for T > T.. The resulting phase
diagram is shown in Fig. 11.3. There is a finite-temperature phase transition at 7 = T, and
a magnetically ordered phase for 7' < 7. As T approaches T, the conventional classi-
cal phase transition theory becomes applicable in the region |7 — T.| < T;. The classical
scaling functions of this transition emerge as reduced scaling functions of the quantum
functions, in a manner very similar to the discussion on the quantum Ising chain in Sec-
tion 10.4.1. One consequence of this behavior is that all the scale factors of the classical
scaling functions, which are usually considered nonuniversal, are universally determined
by the parameters A_, ¢, and Ny of the quantum crossover functions. We have already seen
an example of this in (11.67), where T, was universally determined by A_ [422].

Let us explicitly observe the collapse of the scaling function (11.45) in this classi-
cal region. Because the primary quantum crossover function has only one argument, the
reduced function would have no arguments, that is, it is a pure power law. Indeed, solution
of (11.55) for s close to but above s, gives us

B a1 V/@=2)
m=TC|:(T TC>(d Dse } . (11.68)

T X4

The correlation length ¢/m diverges with the classical exponent v, =1/(d — 2) with an
amplitude that is universal.

The above is part of a very general lesson. Quantum critical scaling forms such as (11.41)
hold everywhere in the vicinity of the quantum critical point, including at or close to
any finite-temperature phase transition lines that may be approaching the quantum criti-
cal point. The classical critical singularities of these finite-temperature transitions appear
as singularities of the quantum critical scaling function. Further, the amplitudes of the
classical transitions, which are normally nonuniversal, become universal when expressed
in terms of the arguments of the quantum critical scaling function.

11.4 Numerical studies
|

We close this chapter by briefly mentioning computer studies of quantum spin models
which exhibit quantum phase transitions in the universality class of the O(3) quantum
rotor model. As discussed in Section 1.4.3, a variety of dimerized (or “double layer”)
antiferromagnets have transitions from a Néel state to a quantum paramagnet which are
described by the O(3) quantum rotor model. Quantum Monte Carlo studies of such antifer-
romagnets [129,163,323,324,443,444,509,539], have yielded accurate estimates for crit-
ical exponent, with results in excellent agreement with theoretical expectations. Numerical
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results for the uniform susceptibility x, are in good agreement with (11.62) and its 1/N
corrections [86].

Normand and Rice [365,366] have proposed an interesting recent experimental realiza-
tion of the quantum critical point of the d =3 quantum rotor model in LaCuO, 5. This is
a spin-ladder compound in which the ladders are moderately coupled in three dimensions.
By varying the ratio of the intraladder to interladder exchange it is possible to drive such an
antiferromagnet across a d =3 quantum critical point separating Néel ordered and quan-
tum paramagnetic phases. The uniform susceptibility has a 7> dependence at intermediate
T, which is characteristic of the “high-7"" dependence in (11.62) for d = 3. The entire T
dependence of x, has been computed in Monte Carlo simulations of an S = 1/2 antiferro-
magnet on the LaCuO 5 lattice [511] and the results are in good agreement with quantum
rotor model computations like those discussed here.
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This and the following chapter are at a more advanced level, and some readers may wish
to skip ahead to Chapter 14.

In Chapter 11 we studied the O(N) quantum rotor model in the large-N limit for a
number of values of the spatial dimensionality, including d = 1. We noted that the results
provided an adequate description of the static properties when d = 1 for N > 3. This is jus-
tified in the present chapter where we obtain a number of exact results for the same static
observables. We also noted that the large- N limit did a very poor job of describing dynam-
ical properties at nonzero temperatures. This is repaired in this chapter by simple physical
arguments that lead to a fairly complete (and believed exact) description of the long-time
behavior. Some of the discussion in this chapter is specialized to the O(N =3) model,
which is also the case of greatest physical importance; the properties of the O(N > 3)
models are very similar, and many of our results are quoted for general N. Of the remain-
ing cases, the d =1, N =1 model has already been considered in Chapter 10, and study of
the d =1, N =2 model is postponed to Section 20.3.

The physical picture of the 7 =0, N =3 state that emerged in Chapter 11 was very
simple. The ground state was a quantum paramagnet, which did not break any symmetries.
There was an energy gap, A4, above the ground state, and the low-lying excitations were a

triplet of particles with dispersion &; =,/c2k? + AZ ; this picture is verified here by a more
complete renormalization group analysis in Section 12.1. These triplet particle excitations
lead to a quasiparticle pole in the dynamic susceptibility x (k, w), which has the form
(11.18) near the pole. This form contains the quasiparticle residue, .A, which sets the overall
scale of the order parameter field.

Turning next to nonzero temperatures, we obtained the crossover phase diagram shown
in Fig. 11.1, a modified version of which is reproduced in Fig. 12.1. The primary purpose
of this chapter is to give a fairly complete description of the dynamical properties in the
two universal regions of Fig. 11.1 and Fig. 12.1: these are the low-T (T [l A) and high-T
(A4 < T « J) regions of the continuum quantum field theory. As indicated in Fig. 12.1,
the dynamics of the low-T region are described by an effective model of quasi-classical
particles in Section 12.2, closely related to the particle model developed in Section 10.4.2
for the Ising chain. For the high-T region, we develop a new, “dual,” description in a model
of quasi-classical waves, which is introduced in Section 12.3. As indicated in Section 1.4.3,
and discussed more extensively in Chapter 19, the d =1, O(3) rotor model describes a
large class of quantum spin chains. The low-T regime of Fig. 12.1 is applicable to all such
spin chains, while the high-7', quasi-classical wave regime applies only if the continuum
quantum field theory description for the lattice model holds at these elevated temperatures
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Crossover phase diagram of the d = 1, N > 3 rotor model (11.1, 11.4) as a function of the temperature and the
coupling g. The continuum theory description fails above some T, as in Fig. 10.2, but this has not been indicated. The
quasi-classical particle model is developed in Section 12.2, while the quasi-classical wave model is discussed in
Section 12.3.

(the precise restrictions this imposes are discussed in [65], but they will not be entered into
here).

As we noted in Chapter 11, the dynamic susceptibility, x (k, @), in the regions of Fig. 12.1
is completely determined by the parameters A, ¢, and A, and obeys the scaling form
(11.41) with n =0, z=1. The uniform susceptibility, x,, depends only on A and c as
shown in (11.44). We also examine here an important new observable that characterizes the
transport of the conserved angular momentum of the rotor model in space: this is the spin
diffusion constant, Ds. To compute this we need spacetime-dependent correlation func-
tions of the angular momentum density L(x, ¢) (for a lattice model with spacing between
sites, a, the continuum field L(x;, t) = i,- (t)/a); by analogy with (11.2) we define

Cuap(x, ) = (Lo(x, T)Lg(0,0)),
1T .
Yo (ks on) = / f dxCyp (6, Ty D). (12.1)
0

Computations in this chapter show that y, g has the following form at small k and w:

D,k?
Xu,otﬁ(ks ®) = Sup Xu — (12.2)

s

iw+ Dgk?’
For simplicity, we have set the external field H=0. This is done throughout this chapter,
although it is not difficult to extend the results to a small H # 0. The relationship (12.2)
defines the value of the spin diffusion constant Dy. Actually the structure of (12.2) is a
very general consequence of the conservation of L, as we see in Chapter 15, and has been
discussed in considerable detail in the book by Forster [150].

Note that the static uniform susceptibility is defined by

= lim li 12.
Xu kl_r;(l)wl_r)noxu(k,w), (12.3)

and the order of limits is important. It should also be clear that the full wavevector and
frequency-dependent x, (k, @) obeys a scaling form quite analogous to (11.44); one simply
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adds additional arguments of /T and ck/T'/% to (11.44). This in turn implies a scaling
form for Dy:

A
Dy =T o), (%) (12.4)

therefore, as we see in this chapter, the 7 dependence of D; is also completely and univer-
sally specified by the values ¢ and A in the regions of Fig. 11.1.

12.1 Scaling analysis at zero temperature
- ______________________________________________________________________________|

This section briefly reviews a well-known argument [61, 359, 384] that the large-N result
forthe T =0gapin (11.16), Ay ~ cAexp(—2m/g), is basically correct for all N > 3.

Our method is to examine the behavior of the coupling g under an RG transformation
similar to that carried out in Chapter 4. However, rather than working with the field theory
(2.11) with an unconstrained field ¢, we work with the “nonlinear sigma model,” in which
the field n always obeys the fixed length constraint n? = 1.

We work in a field theory with a momentum space cutoff A, and integrate out the degrees
of freedom at momentum scales between Ae~¢ and Ae’ by the background field method
of Polyakov [384,385]. Let n. (x, ) represent a “background” configuration of fields with
wavevectors less than Ae~*. The fluctuations in the scales between Ae™* and A must
not violate the constraint n?> = 1, and they can therefore be parameterized by their N — 1
components along the directions orthogonal to n- (x, 7). Specifically, we write

N—1
(@, 1) = V1 = T (x, 7) + Y Taealx, 0), (12.5)
a=1

where 7 is an N — 1 component field with wavevectors between Ae~¢ and Aef, and
e,(x,7), n.(x,7) are N mutually orthogonal unit vectors in the N-dimensional rotor
space. We insert (12.5) into (11.4) and expand the resulting action in powers of 7 at H = 0.
This gives the spatial gradient terms

cN
Z[(Vn<)2(1 — a7) + (V7)) + amp Ve, - Vep + 2, Vrpe, - Veg],  (12.6)

and also time derivative terms with an identical structure. Terms linear in 7 do not appear
because they vanish upon spatial integration, as the momenta carried by the m, are differ-
ent from those of the background fields. Now the 7, fields are integrated out, and all terms
containing up to two derivatives of the background fields are retained in the results. This
results in an effective action for the fields n. and e,; after using the orthonormality condi-
tion between these fields, all explicit dependence upon the e, disappears, and the action for
the n_ has precisely the form of (11.4) but with a modified coupling g’. Finally, we per-
form the rescaling (10.30) — this has no effect on the coupling g, which is dimensionless in
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d = 1. We have now completed the required scaling transformation and it maps the original
coupling g to a new coupling g’ given by

1 1c(N2)Adk

g g Aet T / 2 c2k2 + w?
The integrals in (12.7) can be easily carried out, and we can then represent the effects of
successive application of this transformation (as in (4.22) and (4.24)) by the differential
equation

+ O(g). (12.7)

= = 12.
- aNs Tt 0(g). (12.8)

This is a key flow equation that helps us understand the properties of (11.4) at small g. By
integrating (12.8) we can easily see that a system with a small initial value of g will flow
into a system with a g of order unity at a scale

2r N

= +0gY, 12.9
2 "o (12.9)

where the coefficient of the leading g~! term does not depend upon the value of the order
unity constant chosen, but that of the O(g) term does. We expect from the strong-coupling
analysis of (6.1) that a system with a g of order unity will have a gap A of the order of its
cutoff ¢ A’. Undoing the rescaling transformation (10.30), we know that the original cutoff
A is related to the new cutoff by A’/A =e~* ~ A/cA, and therefore from (12.9)

cA _ 2n N 0
In (A_+> = —(N e + O(g"), (12.10)

where again, the uncertainty in the precise value of A, relative to A’ does not modify
the leading g ~! term. This result has precisely the same form as the large-N result (11.16),
establishing our earlier claims on the correctness of the large-N theory for static and equal-
time properties — the only change in the present exact treatment has been the replacement
of Ay ~ cAexp(—2m/g) by Ay ~ cAexp(—2n N/(N — 2)g). This also shows that the
large-N results break down badly at N =2 but are quite reasonable for N > 3.

We have been rather sloppy in the above discussion about various constants of order
unity. It is possible to be quite precise about these using a more sophisticated field-theoretic
renormalization group analysis, which we discuss later in this chapter.

12.2 Low-temperature limit of the continuum theory, T < A +
|

This T > 0 region was shown in Figs. 11.1 and 12.1. All of the analysis of this section is
specialized to N = 3, although the generalization to other N > 3 is straightforward.

The approach followed [107,433] for T « A is very similar to that taken for the corre-
sponding low-T region on the quantum paramagnetic side of the Ising chain in
Section 10.4.2. The central difference here is that the quasiparticle excitations are triplets,
and therefore they have an additional spin label, m = —1, 0, 1. This label is associated with
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the eigenvalues of the conserved total angular momentum and leads to important qualitative
differences to be discussed below.

There are two key observations that allow our computation for T < A. The first, as
in the Ising chain, is that the density of thermally excited particles is so low that they
can be treated, when well separated, as classical particles. In particular, as their density
~ e~2+/T their mean spacing ~ ¢®+/T is exponentially large at low 7. Moreover, their
thermal velocities are also small at low 7', and so their typical wavelength becomes large;
however, the divergence of the thermal de Broglie wavelength is only ~ ¢//T A and is
therefore much smaller than the particle spacing at low enough 7. The density of particles

with each spin m (m= — 1,0, 1 for N =3), p,,, is given by expression (10.64), and the
total density, p, therefore equals p; + po + p—1, which is
TAL\ /2
p=3 T AT, (12.11)
27 c?

This classical picture also allows us to simply obtain the value of the uniform susceptibility
Xu- In the presence of a field, the energy of a particle with spin component m simply

acquires the Zeeman shift of —m H . This implies that in a field p,, — p,,e” /T expanding
to linear order in the field we obtain [433,510,512]
20 1 (20.\"* _,
==L _ (== +/T, 12.12
Xu 3T - < o7 ) e ( )

Let us think about the dynamics of these classical particles. While well-separated par-
ticles behave classically, in one dimension these particles are forced to collide with their
near neighbors and cannot avoid each other even in the extremely dilute limit. The colli-
sion must clearly be treated quantum mechanically, and we therefore need the two-particle
S matrix. Because of the presence of the particle labels m, this § matrix can be a rather
complicated object, and not simply a pure phase factor, as was the case in the Ising chain.
Fortunately, we do not need the full S matrix, but only its value in the limit of vanishing
momenta since the particles have thermal velocities that vanish, as noted above, in the low-
T limit as vy = c(T /A )'/%. Furthermore, this zero-momentum § matrix turns out to have
a remarkably “super-universal” structure for d = 1. For the process shown in Fig. 12.2, the
S matrix in the limit of vanishing momenta is

smima (—I)Smlm/zémﬂn/l . (12.13)

my,n,

In other words, the excitations behave like impenetrable particles that preserve their spin in
a collision. As in the Ising chain, energy and momentum conservation in d = 1 require that

m1 m2
X

Two-particle collision described by the S matrix (12.13). The momenta before and after the collision are the same,
and so the figure also represents the spacetime trajectories of the particles.
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these particles simply exchange momenta across a collision (Fig. 12.2). This result can be
obtained in a variety of ways, which are explored in some detail in [107]. The simplest is
to compute it in the strong-coupling expansion of Section 6.1: one solves the two-particle
Schrodinger equation order-by-order in 1/g and finds that (12.13) holds at each order.
Alternatively, one can take the low-momentum limit of the exact S matrix obtained by
Zamolodchikov and Zamolodchikov [553] for the continuum theory (11.4) and find that
(12.13) is valid. The first method shows that (12.13) holds even for lattice models and
is thus not a special property of continuum relativistic theories. Indeed, (12.13) holds for
practically every d = 1 model with a gap and excitations that have a quadratic dispersion at
low momenta; exceptions arise only in specially fine-tuned cases when certain bound states
happen to have exactly zero energy. The reasons for the “super-universality” are explored
in more detail elsewhere [107], but the underlying physics can be seen to be a simple
consequence of the arguments made below (5.15) in Section 5.2.2. We argued there that to
a slowly moving particle, with a very long wavelength, any short-range repulsive potential
can be approximated by an impenetrable delta function (i.e. a potential 6 (x) with u — 00).
The wavefunctions of the two particles on either side of this potential therefore vanish as
they approach x = 0. Exchange of spin requires actual overlap of the wavefunction, which
we have shown becomes negligible in the low-momentum limit. Hence the spins of the two
particles are preserved and we have the result (12.13).

We can now proceed to computation of correlation functions. As in Sections 10.4.1
and 10.4.2, we compute correlators as a “double time” path integral, and in the classical
limit, stationary phase is achieved when the trajectories of the particles are time-reversed
pairs of classical paths as shown in Fig. 12.3. Each trajectory has a spin label, m, which
obeys (12.13) at each collision. The label, m, is assigned randomly at some initial time
with equal probability but then evolves in time as discussed above (Fig. 12.3). We label the
particles consecutively from left to right by an integer k; then their spins mj are indepen-
dent of ¢, and we denote their trajectories xi (¢). The velocities of the particles are chosen
independently at the initial time from the classical Boltzmann distribution P (v):

Atypical set of particle trajectories contributing to C(x, t). Each trajectory represents paths moving both forward and
backward in time, and the (—1) phase at each collision is neutralized by its time-reversed contribution. The particle
coordinates are x (), with the labels k chosen so that x, (t) < x(t) forall t and k < £. Shown on the trajectories are
the values of the particle spins my, which are independent of ¢ in the low-T limit.
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A+ 172 A.;,_Uz
P = — . 12.14
®) <27‘rczT ) P\ 207 ( )

We first discuss evaluation of the correlations of the conserved angular momentum den-
sity, Cy,ap, defined in (12.1); this has no analog in the Ising case, as the latter model did
not have a conserved charge associated with a continuous symmetry. In the absence of an
external field H, this correlator is rotationally invariant, and it is convenient to compute
the correlator of the component of the angular momentum whose eigenstates we labeled
in Fig. 12.3: we therefore compute C,, 33. The operator L3 has a particularly simple effect
on the particle trajectories in Fig. 12.3. It simply reports the azimuthal angular momentum
of the particle it is operating on but does not create or annihilate any particles (this is evi-
dent from the strong-coupling expansion of Section 6.1). We therefore need only to sum
over the trajectories shown in Fig. 12.3; for these every collision has a time-reversed pair,
and therefore the —1s from the S matrix are completely neutralized. We are left then with
a purely classical ensemble of point particles labeled with three “colors” (the azimuthal
angular momentum). The observable L3 (x, t) can be written in this ensemble as

Li(x, 1) = kaS(x — xe(1)). (12.15)
k

We have to determine its correlators under the average over a set of initial conditions of
random, uncorrelated values of mj and xi, and over velocities given by the distribution
(12.14). In particular we have

Cumle —x't = 1) = > (mem}(x — 2 (1)@ — xe (1)
k, k'

2
= §Z<5(x — ()8 — xx (1)) (12.16)
k

In the second step (which is a crucial one), we have used the fact that the x,’( and m;(s are
uncorrelated and also that different s are mutually independent. We are now left with a
well-defined problem in classical statistical mechanics. Place point particles independently
and uniformly along an infinite line with a density p. Give each an initial velocity from the
distribution (12.14). Tag a particle, k, and determine its position autocorrelation function,
averaged over the set of all possible initial conditions. (Notice that such a particle tagging
would seem quite unphysical a priori, but we have shown above how it is a natural con-
sequence of the average over the spins my.) This tagged particle problem can be solved
exactly, as was first shown by Jepsen [249] and a little later by Lebowitz and Percus [288].
The following paragraph presents the exact evaluation of (12.16) using a method drawn
from the latter authors.

The key to the solution is to note that the trajectories in Fig. 12.3 are quite simple: they
are simply straight lines. Let us label the straight line “trajectories” (as opposed to the
“particles”) by the symbol w. Then the wuth trajectory is simply

xu,(t) = Xy + vut, (12.17)

where x,, are the trajectory positions at t+ = 0, and v, are their velocities, and both of
these have to be averaged over. Now, at a given time 7, each trajectory p will “belong” to a
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particle k,, (¢), where k,, is a rather complicated integer-valued function of time. Its explicit
expression is

M
ky(t) = Z 0(x (1) — x,0 (1)), (12.18)

w=1

where we have assumed there are a total of M trajectories (we will send M — oo at a
later stage), and 6 (x) is the unit step function. It should be clear that (12.18) simply counts
the trajectories to the left of a given trajectory at a time ¢, and this identifies the particle
number. We can now rewrite (12.16) as a sum over trajectories, rather than particle number:

M

Cuzateit) = 3 (80x = xu ()88, 004, 0))
o' =1
271
= Z f <6(x — x, (1) (x,)
wop'=1

x exp| i Y (O0ru(t) = xu (1) — O — x,)) > (12.19)

”’N

where in the second step we have introduced a Fourier representation of the Kronecker
delta function. The average in (12.19) represents the multidimensional integral

)
]_[/ dx“/ v, P(v,). (12.20)

L2

We have assumed the particles are on a line of length L, and we are being quite sloppy
about the boundary conditions. We ultimately want to take the limit M — oo and L — o0
with the density p = M /L fixed, and the result can be shown to be quite insensitive to
the boundaries in this limit. Now the advantage of the Fourier representation in (12.19)
should be quite evident: the 2M -dimensional integral factorizes into products of M inte-
grals. These integrals can be evaluated in closed form, and the subsequent limit M — oo,
L — oo, p=M/L fixed can be easily taken. We skip these intermediate steps and present
the final results.

The final results satisfy the scaling forms discussed below (12.3), but they are, as
expected, more usefully expressed in terms of reduced scaling forms that describe the
semiclassical physics of the dilute gas of triplet magnons. The characteristic length and
time scales of these reduced scaling functions are closely analogous to those found for the
Ising chain in (10.63) and (10.71). In particular, we choose

1/2
2
éc = l = 1 2me 6A+/T,
p 3\TA,
_ & ‘/_ AT 12.21
Y= Sy, T (1221)
vr
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Note that & is the mean spacing between the particles and 7, is a typical time between
particle collisions, which is naturally identified also as phase coherence time. The final
result for C,, is then

Cuap (3, 1) = 20% <'i|, 't_'> Sap (12.22)
3 & Ty

where F is a universal scaling function given by

FE.D = [(zcmu)Gl(—u) + e /YD) 1o (2 G2 Ga(— )

G2()Ga(—ut) + GA(—u)Ga(u) /.
2 -
! Go(u)Go(—u) h ( 1V G2 (u) Ga( u))]

x exp(—(Ga(u) + Ga2(—u))ib), (12.23)

with u = x/t, Gi(u) = erfc(u)/2, and G(u) = e’”z/(2ﬁ) — uG1(u). These expres-
sions satisfy fooo dxF(x,t)=1/2, which ensures the conservation of the total magnetiza-
tion density with time and yields

2
/dxcu,33(xa 1) = ?’0 =T xu, (12.24)

with the uniform susceptibility, x,, given by (12.12); this relationship between the spatial
integral of C,, and x, follows from the conservation of total magnetization (which implies
that the spatial integral of C, is t independent), and the analog of the relation (10.76) (to be
derived shortly) applied to correlators of the angular momentum density. For short times,
F has the ballistic form

FG, D ~e %7 )iyx, (12.25)

which is the autocorrelator of a classical ideal gas for d = 1 and holds for |7| < |x| < 1.
In contrast, for |f| >> 1, |X| it crosses over to the diffusive form

g—ﬁxz/zf

(12.26)
In the original dimensionful units, (12.21) and (12.26) imply a spin diffusion constant, Dj,
given exactly by

p, = ST (12.27)

PT3A, ’

While this is an exact spin diffusion coefficient of the semiclassical model introduced
above, it is not immediately clear that this result is also exact for the underlying quan-
tum rotor model. There is a subtle question of orders of limits, which makes the above less
than rigorous, and the reader is referred to [107] for further discussion. Also, let us note
that the Fourier transform of (12.26) yields the diffusive form (12.2) with the susceptibility
Xu given by (12.12).
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We turn to the correlations of the order parameter field n(x, 7). These are very closely
related to the computations of the N =1 case in Section 10.4.2. The basic observation is
that, like 6%, the field n(x, ) is the creation and annihilation operator for magnon exci-
tations above the ground state. In other words, a relationship analogous to (10.85) holds.
This can be seen explicitly from the strong-coupling expansion in Section 6.1. Then, by
arguments analogous to those in Section 10.4.2, we expect for the two-point correlator
Cop = Cdgpin (11.2)

K(x,1)= C(x,t)lr—

_ / ﬁﬂeikx—iskz
2 2¢p

= %Ko(m(xz — 220, (12.28)

where A is the quasiparticle residue. The Bessel function is the Feynman propagator of a
relativistic particle, and its properties were discussed below (10.86). The T > 0 computa-
tion proceeds as in Section 10.4.2. We have to augment the trajectories in Fig. 12.3 by an
additional trajectory created and annihilated by the n fields. This is the only trajectory that
moves only forward in time and hence picks up additional —1 signs at each of its collisions.
The T > 0 modification is then a matter of averaging over these —1 signs. Unlike the Ising
case, this cannot be done analytically, as the “colors” on the lines introduce additional com-
plications. This problem and its numerical solution have been discussed elsewhere [107];
the answer has a structure closely analogous to that in Section 10.4.2. We find, as in
(10.88), that

Cx,t)=K(x,t)R (x,1), (12.29)

where R(x, t) is arelaxation function very similar, although not exactly equal, to that found
in (10.88). It obeys a scaling form identical to (10.73), and so R decays exponentially on
the spatial scale ~ &, and on the temporal scale ~ t,. As in Section (10.4.2), we can
also Fourier transform (12.29) to obtain the structure factor S(k, w). This has to be done
numerically, and it is found that, for |k| < v/AT /c, the frequency dependence of the answer
is reasonably well approximated by the following Lorentzian form:

_ A 0.72/7y
Sk, @) ~ el (@ — ex)? 4+ (0.72/74)%

(12.30)

This result is the analog of (10.89).

12.3 High-temperature limit of the continuumtheory, A K T < J
|

If we continue to push the analogy with the Ising chain further, we would expect that the
present region (Figs. 11.1 and 12.1) should be similar to the universal high-T region of
the Ising chain discussed in Section 10.4.3. There, we found a novel regime of “quan-
tum relaxational” dynamics for which no classical description was possible: the thermally
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excited particles had a spacing that was of the order of their de Broglie wavelength. The
physics in the present region of the O(3) model is similar, but the presence of logarithms
associated with the flow (12.8) does lead to a new twist. In particular, we find that loga-
rithms of (7 /A4) make the classical thermal fluctuations marginally more important than
the quantum fluctuations. If one is satisfied with results to leading logarithm accuracy (i.e.
where one neglects all corrections of order 1/1In(7 /A )), then it is possible to develop an
effective classical model of the dynamical properties. This classical model is quite different
from that of the low-T region (7' < A4 ), where we had a description in terms of classical
particles. In contrast, the present description is in terms of classical waves. Our discussion
here borrows heavily from the original analysis in [107].

There are a number of ways to make the basic argument. One is to note that the large- N
result (11.60) predicts a correlation length for n correlations

&~ (c/T)In(T/AL). (12.31)

(We will shortly obtain the exact correlation length to leading logarithmic accuracy, and
this has the same form as (12.31)). At distances of the order of, or shorter than, this correla-
tion length we may crudely expect that the weak-coupling, spin-wave picture of Section 6.2
will hold, and the typical spin-wave excitations will have energy of order, or smaller than,
c&~!, which is logarithmically smaller than the thermal energy T'; in other words

-1
1
s . <1. (12.32)
T In(T/A4)
So the occupation number of these spin-wave modes will then be
1 T
~ > 1. (12.33)

ec8 T 1 cgl

The last occupation number is precisely that appearing in a classical description of ther-
mally excited spin waves, which is the approach we follow here.

Another way to state the dominance of classical effects is to run the flow equation
(12.8) backwards: going to higher 7" means that we are exploring shorter scales and higher
energies, at which (12.10) implies an effective coupling g ~1/In(7/A), which is small.
The coupling g controls the strength of the quantum fluctuations, and these are therefore
expected to be subdominant. This latter argument is made more precise in the following
discussion.

We begin our analysis by first focusing on the static and thermodynamic correlations in
this region. We shall use a method introduced by Luscher [307], and the same method is
of considerable use to us in subsequent chapters. The main idea is to develop an effective
action for only the zero Matsubara frequency (w, =0) components of n after integrating
out all the w, # 0 modes. We do this first for the correlation length in this and the following
subsection. We turn to the thermodynamic uniform susceptibility in Section 12.3.2, and to
the dynamical properties in Section 12.3.3.

The effective action for the zero-frequency modes can be obtained in the same back-
ground field method discussed in Section 12.1: we just identify the n. modes with the
zero-frequency components and the 7 fields with all finite-frequency components. Then
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it is easily seen that the effective action for n. has precisely the same form as the d =1
classical ferromagnet discussed in Section 6.4, with partition function (6.45) at h =0; for
our purposes we write this as

Z= /Dn(x)&(nz— l)exp( W - 1)5/ (d"(x)) ) (12.34)

where £ is already known from Section 6.4 to be the spatial correlation length. (Actually
we have usually reserved £ to be the symbol for the equal-time correlations, whereas the
present approach gives the correlation length for the zero-frequency correlations; as we will
see in Section 12.3.3, these two lengths are asymptotically equal because of the dominance
of classical thermal fluctuations.) Generalizing (12.7) to the present situation we have

(N — DET c_ 2 f 1
2 - N -=2) T W2
LN N2 (é) (12.35)
g 2 T

where in the second equation we have ignored constants of order unity. Now we can use
(12.10) to eliminate A, and we find
c(N -2)In(T/AL)

§= AN (12.36)

in agreement with (11.60). Notably, dependence on g has also disappeared. This is not an
accident — the renormalization group was designed to make this happen order-by-order in
g, and all physical properties depend only upon the measurable ratio A, /T.

Actually, it is possible to be quite precise about the omitted constants of order unity
in the argument of the logarithm in (12.36). To do this requires use of the field-theoretic
renormalization group, and this is done in Section 12.3.1. The same method is applied to
the uniform susceptibility, x,, in Section 12.3.2.

12.3.1 Field-theoretic renormalization group

We introduced the renormalization group in Chapter 4, and implemented it by the “momen-
tum shell” method in Section 4.2. This method is adequate for most purposes. However, in a
few cases, involving higher loop computations or the determination of universal amplitude
ratios, a more formal field-theoretic approach is needed. While physically not as transpar-
ent, it does allow for efficient computations in which all nonuniversal features are automat-
ically suppressed.

A full description of this sophisticated approach is already available in a number of
reviews in the literature [59,244,557] (we especially recommend the article by Brézin et
al. [59] for a physical exposition), and the uninitiated reader is referred to these works
for an in-depth treatment. Here we are satisfied by noting the essential points and quickly
reviewing the computations necessary for our purposes.
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To understand the low-energy and long-distance limit of the d =1 O(N) rotor model,
it is necessary to understand the behavior of the couplings under changes of the cutoff A.
Computationally, it is advantageous to replace the cutoff by a new renormalization scale,
W, defined in the following manner. We define the coupling constants and the scale of the
fields by relating them to the values of suitably chosen Green’s functions (computed in
the presence of a cutoff A) at external momenta proportional to u. This statement is often
shortened to “define the couplings at the scale p.” Now if we take an arbitrary observable,
and re-express it in terms of couplings defined at the scale u, we find that the resulting
expressions are finite in the limit A — oo (this is a consequence of the “renormalizability”
of the field theory). So we take just this limit in all Green’s function, and we are left with
A-independent expressions in which we no longer have to deal with the (messy) details of
the short-distance cutoff. As an added bonus, the independence of the underlying physics
on the arbitrary scale w also yields the required renormalization group equations. For the
case of the O(N) rotor model, only two redefinitions of coupling constants or field scales
(“renormalizations’) are necessary [61]: one renormalizing the coupling g to gg(n), and
the other rescaling the overall field scale (related to the quasiparticle residue .A) by a factor
Z. Let us consider just the coupling constant renormalization for now. There is a multi-
plicative factor that relates gg to the bare coupling constant, g, in the theory with a cutoff
A; in an expansion in powers of gg, this factor is a function of In(A/u). However, it
is advantageous to regulate the ultraviolet behavior by dimensional regularization (which
means evaluating all momentum integrals in d =1 — € spatial dimensions), in which case
the logarithms turn into poles in €. The explicit relationship between the bare and renor-
malized coupling was shown by Brézin and Zinn-Justin [61] to be

_ N —2gr(u) 2
= “A14+ —— O . 12.37
g =gr(Wpn ( to et (g%) ( )
Similarly, the field rescaling factor is shown to be [61]
- N —1
Z=1- (9( 2). 12.38
7N SR (w) + 0 gr ( )

It is now possible to state the simple, field-theoretic recipe for computing correlators of
(11.4) for d = 1. First, obtain formal expressions for any rotationally invariant, physically
observable correlator of the bare theory in an expansion in powers of g, and leave all
the Feynman integrals as formal, unevaluated expressions. Next, perform the substitution
(12.37) to replace g by g, and also multiply the correlator by a power of Z~! for each
power of the field n in the correlator. Now, evaluate all the integrals in d = 1 —¢ dimensions,
in powers of €. The constants in (12.37) and (12.38) have been cleverly chosen so that
all poles in € cancel. The resulting expressions for the correlators of the theory are now
expressed in terms of gg and the momentum scale ., with no explicit dependence on A.

It would seem that not much has been achieved with this rather sophisticated transfor-
mation. We began with a theory with a dimensionless coupling g and a cutoff A. This
cutoff was rather hard to deal with in computing Feynman graphs, especially multiloop
ones. We have ended up with a closely related theory with the same universal low-energy
properties. This theory is expressed in terms of a dimensionless coupling gr and a scale
1, which plays the physical role of an ultraviolet cutoff. The latter theory is much easier
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to compute with, and so it seems that all we have done is to devise a clever and convenient
short-distance regularization that allows us to compute properties to a high order in gg.

However, there is an additional advantage to the second approach: by using the indepen-
dence of the original bare theory on pu, it is possible to easily derive an exact renormal-
ization group equation for the flow of gr (1), and all observables, under rescalings of the
“cutoff” u — pe’. Indeed, simply differentiating (12.37) with respect to y at a fixed g
gives us the flow equation

%’e = ];T—Nzgﬁ, (12.39)

which is of course the same equation obtained earlier in (12.8). We are dealing with the
coupling gg rather than g, but this is physically innocuous as it is simply the consequence
of trading the momentum cutoff A for a renormalization scale p (which effectively plays
the role of the cutoff). Similarly, the field-scale renormalization, Z, also implies an exact
statement on the behavior of correlation functions under changes of . (Again we are not
terribly concerned with the physical consequences of changing the scale of correlators of n
as we eventually set the overall amplitude of the structure factor using the physically mea-
surable quasiparticle amplitude .A.) This is also discussed by Brézin and Zinn-Justin [61];
for the two-point correlator of n defined in (11.2) their result takes the form

5—1 ) K1 %-71 )
Z7 C(x,t; gr(1), p1) = |In s Z C(x, 15 gr(p2), p12)- (12.40)

We have several occasions to use this fundamental relation later.

Let us return to the physical problem of computing the correlation length using the
present field-theoretic approach. The consequences of the above recipe are simple: we take
the formal expression represented by the first equation in (12.35), perform the substitution
in (12.37) to replace g by gr(1), and then evaluate the integrals in d = 1 — € dimensions.
Let us specify a few steps required in the latter evaluation:

d'"~k 1
TE /
l—e 272 2
om0 @m)t=¢ c*k* + w;

_/ d=k | 3 1 / dw 1
“ ) @)l e c2k? + w? 27 2k + w? + T2

d27€p 1
Qm)l=€ c2p? 4 T2

1 /T\¢ d=k [ 1 thk 1 1 N I'(e/2) (12.41)
=-\|—- ——— | —coth- — —= — . :
c\c Qm)l-<€ | 2k A 2NN (4mr)l—e/2
We are only interested in the poles in € and the accompanying constants, and to this accu-
racy the first integral on the right-hand side can be evaluated directly at € =0, while the

+lee
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I function yields a 1/¢ term. Now inserting (12.41) and (12.37) into the first equation in
(12.35), we find that all the poles in € cancel in the resulting expression, and we get

(N-DET N (N-2)

PR = In(u/TV0), (12.42)

where the constant C was defined in (11.61). Rather than leave this expression in terms of
n and ggr(w), it is conventional to express the result in terms of the so-called renormaliza-
tion group invariant Ag;z. This is a somewhat unfortunate conventional notation for this
quantity, as it suggests that A5z is some sort of cutoff. In fact it is not; it is really a quan-
tity that is closely analogous to the momentum scale A /c, which is related to the energy
gap, or the T =0 correlation length. In the language of Section 5.5.1, A;TIS is a “large”
length scale, rather than a “short” scale. The basic idea behind the definition of Ay is
as follows. Choose any physically measurable length scale associated with a d =1 rotor
model at 7 =0 you wish. By simple dimensional analysis, this scale must be of the form
(1/m) x some function of gg(u). Because this scale is physically measurable, it must not
depend upon the choice of w, that is, the resulting combination should be invariant under
the flow equation (12.37). This turns out to be a very strong restriction: up to an arbitrary
overall numerical factor, it turns out there is only one such function. We choose this overall
factor by convention and call the result Aj75: by integration of the two-loop version of the
flow equation, we define, following [307],

- (N—2) \ VN2 27N
AMS = /JA/E( N gR) exXp (—m) (1243)

The constant C in the prefactor is purely for convenience and arbitrarily chosen.

Now the implication of the reasoning above is that all T =0 measurable length scales
are universal numbers times A;/T]s’ and they cannot depend separately upon p and gg(u);
similarly, all measurable length scales at 7 > 0 are A;/Tls times universal functions of the
dimensionless ratio cA37g/T. It is easy to verify that this holds for our expression for the
correlation length in (12.42). Solving (12.43) for gr (1) and substituting in (12.42) we find

ET) — ¢(N —2) {m[ CT }
Ta(N — 1) cAsrs

1 T In ln(T/cAMS)) }
ST Inln py— +0 < T A )| (12.44)

As expected, the scale u has completely dropped out.

However, the expression (12.44) is not very useful as it stands because it involves the
scale Ag;z, which was defined by convention in the dimensional regularization scheme
and is not a priori known for any physical system. To make it useful, we need to relate
A5 to some other physical observable. We have consistently been using the 7 = 0 energy
gap Ay to characterize the ground state, and so it would be useful to know the universal
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dimensionless ratio A /c Ag. This was computed recently by Hasenfratz and collaborators
[205-207] using the Bethe ansatz solution of the o-model; they obtained

Ay (8/e)/N7D
cAys TA+1/(N-2)°

The results (12.44) and (12.45) constitute the more precise form of (12.36). Explicitly, for
the case N =3 we have the exact leading result for the correlation length

R2reHNT
T ,
E(T) = = T AL

where y is Euler’s constant.

(12.45)

(12.46)

12.3.2 Computation of x,

This section determines the uniform susceptibility, x,, by a strategy similar to that
employed above in the computation of £(7'): place the system in an external magnetic
field H, integrate out the nonzero-frequency modes, and then perform the average over the
zero-frequency fluctuations. We choose an H that rotates n in the 1-2 plane, and use (12.5)
to integrate out the nonzero frequencies. Therefore the fields n_, e, are independent of ,
while the , have no zero-frequency components. It is also clear that the fields n- (x) are
simply the n(x) fields appearing in (12.34). We expand the partition function to quadratic
order in H, drop all terms proportional to the spatial gradients of n(x) or e,(x) (these
can be shown to yield logarithmically subdominant contributions to y,), and find that the
H-dependent terms in the free energy density are

NH?
B % |:<n% + n%) (1 - Z(”3>) + Z (earep1 + eqep) (mamp)

a ab

N
- Z(ealebZ — eazept)(ec1eq2 — ec2eqn)
abcd

X /dxdt (g 0rmp(x, T); we0:7w4(0, O)):|. (12.47)

Evaluating the expectation values of the m fields, and using orthonormality of the vectors
n, e,, we can simplify the expression (12.47) to

NH? s c(N 2)g
— 1—
2cg (nl + }12) Z / 2 62k2 + a)2

2cg dk c?k? — 2

Finally, to obtain the susceptibility x,, we have to evaluate the expectation value of
the zero-frequency field n under the partition function (12.34). This simply yields
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(n%) = (n%) =1/N. The first frequency summation is precisely the same as that evaluated
earlier for £ in the first equation in (12.35), while the second is explicitly finite in d =1
and can be directly evaluated; in this manner we obtain our final result for y,,:

2 |:(N— NTE (N—Z)]

7)==
Xu(T) N 2¢2 2mce

:(N_2)1n< cr ) (12.49)

Nrmc cAme

We have omitted the form of the subleading logarithms, which are the same as those in
(12.44). Again, let us quote the explicit expression for x, for N =3:

NreGNT
ame T ), (12.50)

1
T)=—1
KXu(T) 3rc n( A

It is useful to compare the T > A, expression (12.50) for y, with the T < A4 result in
(12.12): the two expressions are roughly equal for T ~ A, suggesting that one or the other
of the two asymptotic limits is always reasonable.

12.3.3 Dynamics

We have now assembled all the ingredients necessary for a complete description of the
low-frequency dynamics. The key observation, made above (12.33), is that the energy, w,
of the characteristic excitation obeys w < T. We expect the spectral density, Imy (k, w), to
be dominated by weight at such frequencies, and the fluctuation—dissipation theorem (7.22)
then takes its “classical” form in (10.75). We work here with an effective theory in which
(10.75) is obeyed exactly, and so the equal-time structure factor, S(k), is related to the static
susceptibility, x (k), by S(k) =T x (k), as in (10.76). However, the static susceptibility is
given by the two-point correlator of the w, =0 components of the n field, and these are
determined by the effective action (12.34). Then we arrive at the important conclusion that
(12.34) yields the equal-time correlators of n in the limit that the classical fluctuation—
dissipation theorem in (10.75) is obeyed.

How do we extend (12.34) to unequal-time correlations? Recall that in classical statis-
tical mechanics equal-time correlations are given by an integral over configuration space
(as in f dq), while an extension to dynamics requires an integral over phase space (as in
[ dpdq). Furthermore, the integral over the conjugate momenta simply factorizes, and for
equal-time correlations we can return to the configuration space formalism. So here, we
need to extend (12.34) by finding the appropriate integral over conjugate momenta. The
conjugate momentum of the rotor orientation n is clearly the rotor angular momenta L.
Therefore we treat L also as a classical variable and generalize (12.34) to a “[ dqdp”
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integral of the form (we particularize the remainder of the discussion to the special case
N =3):

Z= /Dn(x)DL(x)S(nz — 8L - n) exp <_%>

1 dn\* 1 _,
ch—/dx Te(—) +—L?|, (12.51)
2 dx Xul

where L and n are classical commuting variables. The second term in H. was absent
in (12.34) and represents the kinetic energy of the classical rotors. Integrating out L we
obtain (12.34) as we should. The value of the coupling x, in the kinetic energy can be
determined by a simple argument. It is clear that an external field H will couple to the total
angular momentum and will therefore modify the classical Hamiltonian by

He — He — /dxH ‘L. (12.52)

Evaluating the linear response of (12.51) shows that

2

Hu = 3 Xl (12.53)

with N =3 (we have given, without proof, the expression for general N); the factor of
2/3 comes from the constraint L. - n=0. Using (12.49), we then have the value of y, .
It should also be clear from this discussion that x, | has a simple physical interpretation:
it is the susceptibility to a field oriented perpendicular to the local direction of the order
parameter n.

Finally, to proceed to unequal-time correlations, we need the equations of motion obeyed
by the classical n, L fields. A direct approach is to compute the quantum equations of
motion and then to simply treat the quantum operators fi and L as classical c-numbers.
This is valid because the expectation value of any term will be dominated by large values
as in (12.33), and any effects from noncommutativity will be suppressed. A quicker way
to obtain the answer is to realize that the same result is obtained by replacing the quantum
commutators by Poisson brackets and generating the Hamilton—Jacobi equations of the
Hamiltonian H,. The required Poisson brackets here are the continuum classical limit of
the commutation relations (1.21):

{La(x), Lg(x)}pp = €apy Ly (x)8(x — x'),
{Lo(x), np(x")} pB = €apyny, (x)8(x — x"),

{no(x), ng(x"}pp = 0. (12.54)
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From this, and (12.51), we obtain directly the equations of motion for the quasi-classical
waves:

an (. 7.}
— = {n,
9t cIPB
1
= L x n,
Xul
oL — (L. H.)
E)t - ’ ciPB
9’n
=(Té&)n x W (12.55)

To compute the needed unequal-time correlation functions, pick a set of initial conditions
for n(x), L(x) from the ensemble (12.51). Evolve these deterministically in time using the
equations of motion (12.55). The value of the correlator is then the product of the appro-
priate time-dependent fields, averaged over the set of all initial conditions. We also note
here that simple analysis of the differential equations (12.55) shows that small disturbances
about a nearly ordered n configuration travel with a characteristic velocity c(7) given by

o(T) = (TE(T)/ xur (TH?, (12.56)

which is a basic relationship between thermodynamic quantities and the velocity c(T).
Note from (12.44) and (12.49) that to leading logarithms ¢(7") & ¢, but the second term in
the first equation of (12.49) already shows that this result is not satisfied by the subleading
terms.

Before relating the required correlators of the quantum model for 7 3> A to the classi-
cal model defined above, we need to settle one final issue: that of the overall scale of the
fields n, L. The scale of L is easy to set — it is specified completely by the coupling to the
field H in (12.52), and by the first of the Poisson bracket relations in (12.54). These take
the same values in the underlying quantum model and undergo no renormalization upon
integrating out the finite-frequency degrees of freedom. We have therefore

Cuap(x, 1) = (Lo(x,1)Lg(0,0)), (12.57)

where the subscript ¢ represents the averaging procedure discussed below (12.55). The
argument for the field scale of n is somewhat more subtle. So far the only parameter that
has been sensitive to the scale of the order parameter has been the quasiparticle amplitude,
A, which was defined from the residue of the quasiparticle pole at 7 = 0. In contrast,
we need the overall scale of n at a temperature 7 3> A . The matching between these two
scales can, however, be performed with the aid of the renormalization group invariance
equation (12.40) noted earlier. Now the quasiparticle amplitude A is naturally defined at
a scale w1 ~ A4, where the coupling gg is of order unity. However, integrating out the
finite-frequency modes and deriving the effective action for the zero-frequency modes is
most easily done at iy ~ T, as the coupling gg ~ 1/(In(T /A +) and the perturbation theory
will be free of large logarithms. The two scales can be related via (12.40), and in this way
we obtain the required result
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5 T\
Cop(x,t) =AC |:ln <A—+)i| (no(x, H)ng (0, 0)). (12.58)
The constant C is an unknown pure, universal number, which cannot be obtained by the
present methods. It could, in principle, be obtained from the Bethe-ansatz solution.

Let us now examine the structure of the classical dynamics problem defined by (12.51)
and (12.55). It obeys the crucial property of being free of all ultraviolet divergences. This
is clear from the analysis of equal-time correlations in Section 6.4 and the unequal-time
perturbation theory discussed in [65]. Consequently, we may determine its characteristic
length and time scales by simple engineering dimensional analysis, as no short-distance
cutoff scale is going to transform into an anomalous dimension. Indeed, a straightforward
analysis shows that this classical problem is free of dimensionless parameters and is a
unique, parameter-free theory. This is seen by defining

_ X
X ==,

§

L=L| § , (12.59)
TXuL

where we have anticipated that the characteristic time, 7, will be the phase coherence

time, and it is given by
EXML
— : 12.60
=\ r ( )

then inserting these into (12.51) and (12.55), we find that all parameters disappear and the
partition function and equations of motion acquire a unique, dimensionless form, given by

setting T =& = x,1 = 1 in them.

The above transformations allow us to obtain scaling forms for the dynamic observables
in terms of, as yet undetermined, universal functions.

First, consider the correlators of n. The equal-time two-point correlations of (12.34) are
known from Section 6.4 to decay simply as e~¥1/¢ /3; from these and (12.58), we deduce
that the equal-time structure factor S(k) (defined in (10.5)) is given by

e s T\ 2/3

For the dynamic structure factor, S(k, @), (12.59) implies a scaling form similar to (10.78),
2T
—Imy (k, w) = Sk, w) = S(k) T, Psc(ké, wTy), (12.62)
w

where ®g. is a universal scaling function, normalized as in (10.79). Also, because the
equations of motion are classical, the relation (10.75) is obeyed exactly, and ®g. is an
even function of @. For further information on the structure of ®g. we refer to a recent
paper [65], which used a combination of analytic and numerical methods. At sufficiently
large k&, we expect a pair of broadened, reactive, “spin-wave” peaks at w ~ ¢(T)k (with
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0 T 1
0 1 @ 2

Numerical results of [65] for the scaling function ®s. (0, ) appearing in (12.62).

¢(T) given in (12.56) and an exact expression for the linewidth given in [65]), which are
similar to those found in the high-7 limit of the quantum Ising chain in Fig. 10.11. For
the opposite limit of small k&, we present the numerical results of [65] for ®g.(0, ®) in
Fig. 12.4. There is a sharp relaxational peak at @ = 0, which is again similar to that found
in the high-T limit of the quantum Ising chain in Fig. 10.11. However, there is now a well-
defined shoulder at @ = 0.7, which was not found in the Ising case. This shoulder is a
remnant of the large-N result (11.10), which predicts a delta function at w = + m, with m
given by (11.60) ind = 1. So N =3 is large enough for this finite-frequency oscillation to
survive in the high-7 limit.

There is an alternative, helpful way to view this oscillation frequency. The underlying
degree of freedom in our dynamical field theory has a fixed amplitude, with |n| = 1. How-
ever, correlations of n decay exponentially on a length scale &; consequently, if we imagine
coarse-graining out to £, it is reasonable to expect significant amplitude fluctuations in the
coarse-grained field. It is now useful to visualize an effective field ¢, with no length con-
straint, as we discussed in Section 2.1. On a length scale of order &, we expect the effective
potential controlling fluctuations of ¢, to have a minimum at a nonzero value of |¢,| but
to also allow fluctuations in |¢y | about this minimum. The finite frequency in Fig. 12.4 is
due to the harmonic oscillations of ¢, about this potential minimum, while the dominant
peak at w =0 is due to angular fluctuations along the zero-energy contour in the effective
potential. This interpretation is also consistent with the large-N limit, in which we freely
integrate over all components of n, and so angular and amplitude fluctuations are not dis-
tinguished. The above argument could also have been applied to the quantum Ising chain
(in this case, angular fluctuations are replaced by low-energy domain wall motion, consid-
ered in Section 10.4.1), but the absence of such a reactive, finite-frequency peak at k =0
in Fig. 10.11 indicates that N =1 is too far from N = oo for any remnant of this large-
N physics to survive. We meet related phenomena in our study of a quasi-classical wave
model for the high-7" limit for d =2 in Section 14.3.

We turn next to the correlators of L. The long-time behavior of these was examined
numerically in [65], and it was found to be consistent with the diffusive form (12.2). We
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already know the value of the uniform susceptibility, yx,. For the spin diffusion constant,
Dy, we can deduce simply from the fact that it has dimension (length)?/time, and from
(12.59), that it must obey

T1/23/2

12
Xul

D, =B (12.63)

where B is a universal number. The numerical estimate [65] is B ~ 3.3.

12.4 Summary

We summarize the basic properties of the two regimes in Figs. 11.1 and 12.1 and in
Table 12.1. We also recall that in the low-T region, the dynamic structure factor, S(k, w),
has most of its weight in a frequency window about w = A of width 1/7,. In the high-T
region, S(k, w) becomes an even function of @ and most of its weight is in a window of
width 1/7, centered around w =0.

Finally, we mention some application to experiments.

We have already seen in Section 1.4.3 that the d = 1, O(3) quantum rotor model describes
the so-called two-leg ladder antiferromagnets [33, 102]. There are materials, such as
SrCu03 [33], that consist of two adjacent S =1/2 spin chains, with neighboring spins

Table 12.1 Basic properties of low-T and high-T regimes.

Values of the correlation length, & (defined from the exponential decay of the
equal-time correlations of n), the uniform spin susceptibility, x,, the phase
coherence time, 7,,, and the spin diffusion constant, s, for the two regimes in

and  .Resultsarefor N = 3, although many results for general N > 3
appear in the text. There is a large length scale, &, in the low-T region, which was
givenin and does not appear below; this is the spacing between the
thermally excited particles.

Low-T, High-T,
quasi-classical particles quasi-classical waves
c c 32w~V T
3 — In| ———
A+ 2n T A+
172 —(2+y)
Y l 2A+ e_A+/T L In 32me T
c\ nT 3nce Ay
7 ﬁeA+/T 3 )2
¢ 3T 2T

2 AT T\ /2
ce
D — 278 —
s 3A4 g (Xu)
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on the two chains coupled to each other like the rungs of a ladder; thus, they are modeled
by (1.28) for the case where the sum over i, j extends a simple one-dimensional chain.
Actually, as we see in Section 19.3.1, a much broader class of d =1 antiferromagnets is
described by the O(3) rotor model, including spin chains in which the individual spins have
integer spin S. The mapping to the rotor model requires that all of these antiferromagnets
have an energy gap above the ground state.

There have been a very large number of experimental studies of such one-dimensional
antiferromagnets. For example, in a neutron scattering study of the S =1 spin chain com-
pound Y,BaNiOs, Xu et al. [544,545] present clear evidence for a triplet particle in the
low-T spectral density, along with the long phase coherence time associated with its pres-
ence [4,544]. The most recent measurements [545] are in quantitative agreement with the
results in Section 12.2. Thermodynamic and NMR measurements on S = 1 spin chains and
spin ladders have been surveyed by Itoh and Yasuoka [239]: a striking feature of the data
is that the energy gaps measured in activation plots of the NMR relaxation rate 1/7; are
about 1.5 times the measured gap in a thermodynamic measurement of the uniform suscep-
tibility. It is argued in [107] that this feature can be quite generally explained by the picture
of low-T spin diffusion developed in Section 12.2 and the value of the spin diffusivity in
(12.27). Detailed comparisons [107] of the ballistic to diffusive crossover in (12.23) have
been made against NMR experiments by Takigawa et al. [498] on the S =1 spin chain
compound AgVP, Se.

As we see in Chapter 19, the high-T analysis of Section 12.3 applies to spin chains with
larger values of S, or to spin ladders with greater than two legs, at intermediate tempera-
tures; the precise limits on experimental applicability are discussed in [65]. Explicit com-
parisons of the thermodynamic predictions in Section 12.3 have been made against Monte
Carlo data for § =2 chains by Kim et al. [269], with reasonable agreement. Experimental
studies of S =2 chains have also been undertaken [174], and there are interesting prospects
for confrontation between theory and experiments on dynamical properties in future work.
Dynamical measurements have been made on two-leg ladder compounds at higher temper-
atures [265] and the results have an interesting qualitative similarity to (12.63).
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The large-N limit of quantum rotor models for d =2 was examined in Chapter 11 and led to
the phase diagram shown in Fig. 11.2. There we claimed that the large- N results provided
a satisfactory description of the crossovers in the static and thermodynamic observables for
N > 3. We establish this claim in this chapter and also treat the dynamic correlations of n at
nonzero temperatures. The discussion of the dynamics takes place in a physical framework
suggested by the modified version of Fig. 11.2 shown in Fig. 13.1. The low-T region on
the quantum paramagnetic side can be described in an effective model of quasi-classical
particles that is closely related to those developed in Sections 10.4.2 and 12.2. In the other
low-T region on the magnetically ordered side, we obtain a “dual” model of quasi-classical
waves, which is connected to that developed in Section 12.3. Finally, in the intermediate
“quantum critical” or “continuum high-7"" region, neither of these descriptions is adequate:
quantum and thermal behavior, as well as particle- and wavelike behavior, all play impor-
tant roles, and we use a melange of these concepts to obtain a complete picture in this and
the following two chapters.

The results for the quasi-classical wave regime described in this chapter are obtained by
a combination of analytical and numerical techniques, which become exact in the low-T
limit. For the other two regions, we use the large-N expansion. This approximate approach
is satisfactory for most purposes, but it fails in the very low-frequency regime, o < 7. A
proper description of the low-frequency dynamical correlators of n must await alternative
techniques, which are developed in Chapter 14 and Section 14.3.

The cases N =1, 2, d =2 are special because they permit phase transitions at nonzero
temperatures, and their crossover phase diagrams are of the form in Fig. 11.3. We do not
treat the ordered phases or the vicinity of the nonzero-temperature transition in this chapter
but defer their discussion to Chapter 14. In principle, the results obtained for the low-
T region on the quantum paramagnetic side, and for the continuum high-7 region (see
Fig. 11.3), apply for all N, including N =1, 2. However, the caveats mentioned in the
previous paragraph on the failure of the large-N expansion at low frequencies apply even
more strongly to N =1, 2, and the dynamics for these cases is best understood using the
methods of Chapters 14 and 15. Nevertheless, we quote our results in this chapter for these
two regions for all values of N.

We do not consider time-dependent correlations of the angular momentum L in this
chapter. The conservation of the total L implies that its low-frequency dynamics obeys
the diffusive form (12.2). So the problem reduces to determination of a “transport coeffi-
cient” (the spin diffusion constant Dy), and we defer discussion of the transport problem
to Chapter 15.
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Modified version of Fig. 11.2 for the crossovers for the rotor model (11.1, 11.4) ford = 2, N > 3; see also Fig. 1.3.
While quasi-classical descriptions of the dynamics and transport can be developed in the two low-T regions, the
behavior in the “quantum critical” or “continuum high-T" region is more complex, with contributions from both
thermal and quantum phenomena, and from both particle- and wave-like phenomena. We show in Section 14.3 that,
to leading orderin € =3 — d, the low-frequency correlators of m in the quantum critical region are described by an
effective quasi-classical wave model. In contrast, the transport of the conserved L in the quantum critical region is
dominated by higher energy excitations and requires a particle-like description in a quantum Boltzmann equation,
which is discussed in Chapter 15.

The main purpose of this chapter is a more complete description of the basic scaling
forms for nonzero-temperature correlations of n introduced in Section 11.3. For d =2, on
the magnetically ordered side (g < g.), the scaling ansatz (11.41) is

ho)y=—2 ¢ (k2 p 13.1
X(»w)—m - 7’7’%’ (13.1)

where we have set z =1 and used the expression (11.39) for A_, which for d =2 is simply
A_ = py/N; (13.2)

that is, the 7 = 0 spin stiffness p; is an energy that serves as a measure of the deviation of
the magnetically ordered ground state from the quantum critical point; the factor of 1/N
(13.2) is for future convenience, as p; is naturally of order N in the large-N limit. Clearly
ps is defined only for the case of models with a continuous symmetry, and so (13.1) applies
only for N > 2. For g > g. we have

x (k, w)=%<b+ (%;%) (13.3)
characterizing the nonzero-temperature behavior on the quantum paramagnetic side for
all N.

We begin in Section 13.1 by treating the low-T region on the magnetically ordered
side of the d =2 phase diagram in Fig. 11.2; note that in this figure the magnetic long-
range order disappears at any nonzero 7. This is shown below to happen for all N >3,
and we only consider these cases. Section 13.2 then considers dynamical properties of the
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continuum high-7" and quantum-paramagnetic low-7" regions of Figs. 11.2 and 11.3 and
describes the structure of the scaling function in (13.3); in principle, these results apply
forall N.

13.1 Low T on the magnetically ordered side, T < p,

As noted above, we only consider the case where magnetic order disappears at any nonzero
T, and this happens (as shown below) for all N > 3. Recall that the quantum Ising chain,
considered in Chapter 10, also had the feature of losing magnetic order at any nonzero
T (compare the phase diagrams in Figs. 10.2 and 11.2). We find here that the static and
dynamic properties of the d =2 N > 3 rotor models in this low-T region are very simi-
lar to those discussed earlier for the corresponding region of the quantum Ising chain in
Section 10.4.1. However, our analysis uses techniques that are very similar to those devel-
oped earlier in the “classical wave” description of the high-T region of the d =1 rotor
model in Section 12.3. The reader is urged to review these sections before
proceeding.

The key property of this region is the very large value of the correlation length, obtained
earlier in (11.64) in the large-N limit:

&~ (¢/T)exp(2mps/NT). (13.4)

We can use an argument similar to that following (12.31) for the d = 1 model, to establish
the effective classical wave behavior of the system in this region; indeed the subscript ¢
in (13.4) anticipates this. The typical wave excitations of the n field will have an energy
~c&! and hence a thermal occupation number

1 T 27T g

— N N exp( ) > 1. (13.5)
ek /T — 1  c& NT

Therefore, as in Section 12.3, we can treat these waves classically. Note that the classical

thermal fluctuations are exponentially preferred, unlike the much weaker logarithmic pref-

erence in Section 12.3. The exponential preference is similar to that found for the quantum

Ising chain in Section 10.4.1, although there the reason was the energy gap toward creation

of domain walls.

This low-T region was studied in the influential paper of Chakravarty, Halperin, and
Nelson [75], where they called it “renormalized classical,” as seems natural from the rea-
soning above. We have not used this name here to prevent confusion with other types of
effectively classical behavior that appear in different regions of the phase diagram.

As in the Ising case, we can expect that static and dynamic correlations obey a reduced
scaling form of two arguments. The analog of the expression (10.72) turns out to be

(N=1)
T\ -2 t
Cx.t) = N2 (—) ®, <x —>, (13.6)
0

s Sc’ Ty
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where Ny is the ground state ordered moment, @, is a completely universal function to be
determined by some effective classical model, and, as before, 7, is a characteristic phase
coherence time, which is determined below. Unlike the Ising case, it is not possible to
determine @, exactly, although most of its qualitative properties can be described. There
is an additional prefactor of a power of T/p; in (13.6) that is not present in (10.72); note
that this is a rather weak prefactor on the scale of &. as In&. ~ p;/T. As we discuss below,
its origin is in the “wavefunction renormalization” of the D =2 nonlinear o-model, which
also led to the logarithmic prefactor in (12.58) in the classical wave region of the d =1
quantum rotor model. It is also easy to check from (11.43) that (13.6) is consistent with
the global scaling form (13.1). Finally, note that (13.6) is consistent with the large-N result
obtained from (11.10), (11.35), and (11.38). Also, by matching scaling forms at N = oo
we obtain the value 7, =&./c; however, we had no damping in the dynamic susceptibility
(11.10) at N = 00, and so T, cannot even be interpreted as a phase coherence time. We shall
find that the value of the phase coherence time at finite NV is different: 7, ~ (05/7) 1/ 2& /c;
this result is actually quite similar to that for the quantum Ising chain, where, in (10.63)
and (10.71), we obtained 7, ~ (A/T)!/2&./c.

We describe the computation of the exact values of & and 7, in the following subsec-
tions. A description of the function @, then follows.

13.1.1 Computation of &,

The exact value of &, in the limit T < p;, was obtained by Hasenfratz and Niedermayer
[207] building upon foundations laid in [75]. Here we obtain the result by a different
method, which has the advantage of connecting with results already obtained for the d =1
case and also allowing for a streamlined discussion of dynamic properties in subsequent
subsections.

We begin by precisely defining &.: the definition (13.6) leaves it undefined up to an
overall constant, which could be absorbed into a redefinition of ®.. It is then clear that
demanding

—X

,lim D.(x,0) ~ (13.7)

| X|]—o00 ﬁ
fixes &, as the exponential decay rate of the long-distance equal-time correlations. The
x-dependent prefactor in (13.7) is the familiar “Ornstein—Zernicke” form expected in the
long-distance decay of a classical, two-dimensional disordered system (the expression
(11.21) is of this form in D =d + 1 dimensions). The missing coefficient in (13.7) is
universal, but its value is not known exactly, although estimates have been made in the
1/N expansion [86] and in numerical simulations [75,470].

As in Section 12.3, the inequality (13.5) suggests that we develop an effective action
for the w,, =0 component of n to describe its equal-time correlations. A simple argument
then suggests the form of the effective action. Recall that we have true long-range order
in n at T =0, and we have denoted the exact spin stiffness of this ordered state as ps
(Section 11.2.3). The energy cost of any sufficiently slowly varying static deformation n(x)
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can be computed using this stiffness, and so we obtain the following partition function for
the equal-time correlations:

Z= /Dn(x)a(n2 ~1)exp <—;—;/de (Vn)2>. (13.8)

This has the same form as the d =1 classical wave model (12.34). The relationship of
ps to the couplings in the underlying quantum action (11.4) is not known exactly and in
general is quite difficult to determine. At N = 0o we obtained the relationship specified
by (11.38) and (11.13). For our purposes here, it is useful to have an expression for p; of
the quantum model (11.4) in powers of g. Such an expansion can be obtained by a simple
extension of the methods of Section 12.1. We take for n— in (12.5) an externally imposed,
long-wavelength, static deformation of n and then account for the quantum fluctuations by
integrating out 7 fields at all wavevectors and frequencies at 7 =0. The energy cost of
such a deformation defines py, and this is obtained by generalization of (12.7):

cN [ (N-2g [N &Bp 1

ps=—11-

g N @i p O(gz)}’ (139

where, as in Section 11.1, p = (l% w/c), and the nature of the ultraviolet cutoff, A, was
discussed below (11.4). We do not need to specify the precise form of this cutoff, for the
scaling properties of the quantum critical point at g = g, imply that all observables become
cutoff independent once expressed in terms of p; and the ordered moment Ny, in place of
the bare couplings in (11.4). Hence we shall really require the inverse of (13.9): a series
for g in powers of 1/p,, which can, of course, be easily generated from (13.9). Note also
that the large-N limit of (13.9) is consistent with (11.38) and (11.13).

Having determined py, let us return to the properties of the effective partition function
(13.8) for the static fluctuations for d =2. A little thought exposes a crucial difference
from the corresponding model (12.34) for d = 1. In the latter case, the continuum theory
(12.34) was ultraviolet finite and needed no short-distance regularization, and so the exact
correlation length appeared as a coupling constant in (12.34) and completely specified the
equal-time correlations of n. In contrast, (13.8) is not well defined as it stands. Indeed,
the action (13.8) has precisely the same form as the d =1 quantum rotor model at T =0
studied in Section 12.1, and it was shown there to require some short-distance regulariza-
tion (see the expression (12.10) for the energy gap). In the present situation, we do not
have the luxury of choosing the form of this regularization. The partition function (13.8) is
only an effective classical theory and cannot be applied at distances so short that quantum
effects become important. In particular, it cannot hold at wavevectors larger than where
the energy of a spin wave ~ck becomes of order 7. Thus quantum mechanics acts as an
underlying high-momentum regularization of (13.8), at momenta of order A, ~ T /c. We
have added a subscript ¢ to emphasize that this is a cutoff for the classical theory; A, is
completely unrelated to the cutoff of the quantum theory, A, noted in (13.9). The latter has
a nonuniversal nature, while the cutoff at momenta of order A, has a universal form, which
is elucidated below.

An important property of the model (13.8) emerged in the renormalization group anal-
ysis of Chapter 12. We showed that its long-distance properties did not depend separately
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upon its coupling ps/T and its cutoff ~A., but only upon a single renormalization group
invariant A5. Therefore the central task facing us is determination of a precise expression
for A3z as a function of p;/T and the momentum scale T'/c. With this at hand, we obtain
&. by the analog of the Bethe-ansatz relation [205,206] (12.45)

(8/e)!/N=2)
Msm +1/(N —2))’

é_ = (13.10)
as the gap of the d = 1 quantum model at 7 =0 becomes the exponential decay rate of
correlations of the d = 2 classical model (13.8). We could also proceed, in principle, to use
(13.8) to determine the entire function ®.( x, 0).

One way to determine A5 is to return to the underlying quantum model (11.4) and
to directly compute the long-distance form of its equal-time correlators. This gives an
expression for &, in terms of ¢, g, and A; re-expressing g in terms of p; using the inverse
of (13.9), and matching against (13.10), we could then obtain the needed expression for
Agzs. This is clearly an intractable route, as it involves the physics of (13.8) in its strong-
coupling regime. Instead, we use a simple trick that does the matching between the two
theories in a weak-coupling regime.

Recall from our discussion in Chapter 12 that the theory (13.8) is strongly coupled at
length scales longer than A;TIS and weakly coupled at shorter scales. Clearly, we should do
the matching between (13.8) and (11.4) in the latter regime. To do this, imagine restrict-
ing the spatial coordinate, x, of both theories to an infinite cylinder of circumference
L (the temporal direction of (11.4) remains unchanged). If we choose L « A then
we are in the weak-coupling regime, and we can compute properties of both theorles
using perturbation theory. At the same time, we have to ensure that L >>c¢/T so that
all length scales are longer than the inverse classical cutoff Ac_l, allowing us to remain
in the regime of effective classical behavior in model (11.4). Because A;/Tls ~ & is
exponentially large in 1/7T, these two conditions are easily compatible. Thus we have
modified (13.8) to

L
Z= /Dn(x)(S(n2 ~1exp (—;—;/d)q/ dxs (Vn)2>, (13.11)
0

with periodic boundary conditions on n along the x, direction. However, precisely such a
model, in the regime L < A;/TIS’ was studied in Section 12.3: we simply have to identify
xp with the imaginary-time direction 7 of a fictitious d = 1 quantum model, and then L is
just its inverse temperature. This model was analyzed by a further dimensional reduction
in which we integrate out all modes of n that have a nonzero wavevector along the x;
direction, obtaining an effective one-dimensional model:

Z = [Dn(xl)é(nz - 1)exp< w/ 1(3ym 2). (13.12)

We have written the coefficient of the gradient coupling in a form such that &.(L) is pre-
cisely the correlation length of a two-point n correlator along the x| direction (this follows
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from (6.45). Indeed, we can read off the value of §.(L) as a function of A5 and L from
the result (12.44):

_ L(N-2) C
SC(L)—ﬂ(N_l) ln<LAMS)+---, (13.13)

where C is the constant defined in (11.61). We expect a universal scaling form &.(L) =
LF(LAys) for general L, and (13.13) specifies the leading term in the small-u limit of
F(u). The u — oo limit is the strong-coupling regime, with £, = £.(L — o0) given by
the Bethe-ansatz result (13.10).

Let us compute the expression corresponding to (13.13) for the quantum model (11.4).
We do this by performing the dimensional reduction to (13.12) in one step, in a pertur-
bation theory in g (i.e. we will integrate out all modes with either a nonzero wavevector
in the x; direction, or a nonzero frequency in the t direction, but not both). By a simple
generalization of (12.7) or (12.35) to this spacetime geometry, we get

£.(L) = cNE Zf W —2) (13.14)
¢ (N 21 k2 + 2um/L)? + QanT/c)? |’ '

plus corrections of order g, where the prime indicates the sum is over all integers n, m
excluding the single point n =m =0. The integral and summation in (13.14) are badly
divergent in the ultraviolet. However, expressing g in terms of p; using (13.9) makes the
resulting expression free of divergences, as we now show. The basic technical tool is to
lift the denominators in the integrands of (13.9) and (13.14) up into exponentials using the
simple identity

1 o0
1_ f dhe—a. (13.15)
a 0

Then the combination of (13.14) and (13.9) yields, after a suitable rescaling of A,

2Ly, (N —2)T d 1
EC(L)_(N—I)T [1— ye /0 ﬁ<A(x)A(xu)—1—M>}, (13.16)

where v =T L /c and the function A(y) was defined in (6.30). By simple use of the identity
(6.42) and (6.30) it is easy to show that the A integral in (13.16) is convergent. As noted
earlier, we are interested in the classical regime L > c¢/T and therefore in the v — oo
limit of the integral in (13.16). It is not difficult to show that the integral ~In(v) in this
limit; we determined the additive constant associated with this logarithm numerically and
found

_ 2Lp, (N=2T (LT T 2

where the constant C (given in (11.61), was again found to appear.
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We are now prepared to perform the matching between the two approaches to computing
&:(L). Comparing (13.13) and (13.17) we find that the L dependencies are consistent, as
required, and that

T 27p
Aars = o (_ (N = 2S)T>' 1w

This is the result to one-loop order. It is possible to improve this result to two-loop order
by using the relationship (12.43) between A5 and the coupling gg at an arbitrary scale
. Matching (13.18) with (12.43) by choosing u = T /c (~A.) we find that

1 p  (N-2) T
gR(T/C)_NT+ 4r N lnc+0<ps)- (13.19)

Inserting this back into (12.43), we obtain the final result [207]

- T 27 s 1/(N=2) 27T s T
swc(wor)  o(wa) o)) oo

Combined with (13.10), we have the promised exact result for .

13.1.2 Computation of 7,

We follow the same strategy employed in Section 13.1.1 for &.. We extend to dynami-
cal properties the static mapping of the model (11.4) on a cylinder of circumference L,
c/TKLK A;/Tls’ onto the effective one-dimensional classical rotor model. By exactly the
same arguments as those leading to (12.51), we have to supplement the partition function
(13.12) by an additional kinetic energy term for the classical rotors. We therefore consider

Z= f Dn(x)DL(x)S(? — DS(L - m)exp (—H?)

L (N = DT&(L) (dn > 1,
HC_ZT dxi |:—2 (dx1> +—LXMJ_(L)L}7 (13.21)

where Ly, (L) is the uniform susceptibility per unit length of the model (11.4) on a
cylinder of circumference L. The equations of motion of this one-dimensional classical
rotor model follow from the Poisson brackets (12.54). The structure of these was analyzed
in Section 12.3, and by (12.59) they imply a characteristic time

1/2
M) . (13.22)

To(L) ~ < T

The value of 7,(L) is undetermined up to an overall constant, which we will choose later
at our convenience.

It remains to compute x, | (L), and then to use scaling arguments to extrapolate pertur-
bative results from the regime L A7g — 0 to the required L Az75 — o0.
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The uniform susceptibility follows from a straightforward generalization of (12.48) to
the present geometry. We obtain after a rotational average of the two terms in (12.48):

SR P 2>g T !
Xul(L) = cg 1 - %0;/ 27 k2 + (271m/L)2 + (C‘)n/c)2

(N 2)g T Z Z dk k*+ Qum/L)? — (w,/c)?
f 27 (k2 + Qam/L)? + (wn/c)?)?

0 A0 m
(13.23)

We can eliminate g in favor of pg using (13.9) and obtain an expression for x| in terms
of ps, ¢, T, and L. This expression can then be analyzed in a manner very similar to
that used for (13.14) and (13.16). We will not describe the details of this but simply note
that an important difference emerges from the structure of the earlier result (13.17): we
find that there are no singular logarithmic terms in y, (L) in the limit TL/c — oo.
The dependence on T L/c is exponentially small in this limit, and we can therefore expli-
citly take the L — oo limit already in the expression (13.23), by converting the sum-
mation over m into an integral. Taking this limit, and carrying out the summation over
wy, We get

L N2 d*k (1 1 T
Xul(L) = —( )/ Qn )2 (J (eck/T -1 o 02k2>
d*k 1 T
N-2 - ) 13.24
)/ (2m)? <4T sinh?(ck/2T) c2k2> ( )

The two integrals in (13.24) are individually logarithmically divergent, but the combination
is finite. This is a verification that the L — oo limit was smooth, and that unlike (13.17),
it was not necessary to keep L finite to obtain a finite answer. We can easily carry out the
integral over the difference of the integrands in (13.24) and obtain a result x,,; (L) that is
independent of L to the accuracy we need:

_ 2
M(L):p_;[uuw(z) } (13.25)
¢ 27 ps Ps

Note that, combined with y, =(2/N)x,1, this result agrees with our earlier large-N
result (11.65).

We have assembled all the ingredients necessary to estimate 7. Inserting the results
(13.13) and (13.25) into (13.22) we get (ignoring numerical prefactors)

12
rp(L) ~ (2 )/ Lhn (£ (13.26)
) ¢ | "\ LAy
for small L Ayzs.

As the final step, we have to extrapolate the result (13.26) from LA — 0to LAgrg —
oo. This can be done by a relatively straightforward scaling argument. The phase relaxation
time 7, (L) is expected to be given by a natural time scale times a dimensionless function
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of the ratio of the system width L to the only scale, A;/Tls’ that characterized the two-
dimensional nonlinear sigma model (13.11); in other words we expect

AL
Ty = TG(LAm), (13.27)

where A is some prefactor and G is a universal scaling function. Clearly (13.26) is of this
form, and the comparison allows us to fix the value of A. In the limit LAy — o0 we
expect Ty (L) to become independent of the system width L, and therefore we must have
G(u — 00) ~ 1/u. Using this, we get our desired final result for 7, = 7, (L — 00) [75]:

-1
(px)]/Z AFS
T(p ~ — —

T c
12
= (%) e, (13.28)
C

in the last step we have arbitrarily chosen the prefactor and the relationship holds as an
equality. This is the promised result for 7,,. As we noted earlier, this result has an interesting
similarity to that obtained in the corresponding low-T region of the quantum Ising chain
in Section 10.4.1; there we found in (10.63) and (10.71) that 7, ~ (A /T)'/?&./c.

13.1.3 Structure of correlations

We turn to a discussion of the structure of the reduced classical scaling function @,
in (13.6).

Equal-time correlations

For the equal-time case, =0, it is possible to make exact analytic statements in cer-
tain asymptotic limits, which we now discuss (the full functional form of ®.(x, 0) can
be obtained in a 1/N expansion, as discussed in [86]). We have already noted the long-
distance form in (13.7). We now discuss the behavior as x — 0. As we are restricting
ourselves to the classical regime, we do not want to examine distances shorter than the
thermal de Broglie wavelength of the spin waves — we are therefore examining the regime
¢/ T < x < &.. The overall dependence upon x in this regime follows immediately from
the homogeneity relation (12.40); indeed by the precise analog of the argument used to
obtain (12.58), but using distances rather than energies, we have

C(x,0) ~ [In(E/x)]N VN2 o/ T « x «&. (13.29)

We can also precisely fix the prefactor of the term in (13.29) by a simple argument. At
the lower boundary, x ~ ¢/ T thermal fluctuations are no longer important, and the model
crosses over into its quantum fluctuation-dominated ground state correlations. Because the
ground state is ordered, the correlations are very simple: we must have C(x, 0) = Ng /N
for x ~ ¢/ T (the factor of N comes from the average over all orientations of the ground
state magnetization). Demanding that (13.29) match smoothly with this criterion, using the
value &, ~ AA_TIS in (13.20), and working to leading order in 7'/ ps, we find that the prefactor
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of the logarithm in (13.29) is uniquely determined. The resulting dependence of C(x, 0)
obeys the scaling form (13.6) (indeed, it requires the prefactor of (7'/ps)N=D/(N=2) jp
(13.6), and this is the reason for its presence) and gives us the small x = x /&, limit of the
scaling function:

-1
D (F < 1,0) = % [(Nz; 2 ]n(l/)E)i| A (13.30)

It is also useful to present these results in momentum space, in terms of the equal-time
structure factor S(k) defined in (10.5):

S(k) = /dee—”?')?C(x, 0). (13.31)
For small k, the scaling form (13.6) implies that
(N=1)
202 (T \¥2
S0) ~ Ny&- | — , (13.32)
Ps

where the missing coefficient is a universal number given by the spatial integral of &, at
t =0 (its numerical estimate [515] for N =3 is &1.06). For larger k, we Fourier transform
(13.30) and find that for k& >> 1, but ck K T [75,86],

N—1\ TNZ [ (N -7 &) l/(N=-2)
n . .
N psk? 27 s ‘

Sk) = < (13.33)

Note that for k ~ ¢/ T, the term in the square brackets evaluates to 1 + O(T/ps), and so

N —17 TN?
Sk)=|—— | —2, k~¢/T. 13.34
(k) [ v }pskz ¢/ (13.34)

This can be understood in terms of the response (8.19), with an additional factor of
(N — 1)/ N representing the fact that this response appears only in N — 1 directions trans-
verse to the local ordered state.

It is instructive at this point to assemble all the known results for the equal-time correla-
tor C(x, 0) in the present low-T region, 7 < ps. We have

N c
alNO ) X << )
PsX Ps
Ng ¢ KKx K ¢
I - X p—}
N s T
Cx,0) =
Ng (N =2)T (N=1)/(N-2)
—— —1 9 p— 9
N |: 3, n(EC/x)i| 7 <x<L &
T (N=1)/(N-2) e~ X/
2
aN <—> . &k x, (13.35)
AV VEES S

where aj, a are universal constants known only via 1/N expansion or numerical sim-
ulations. It is reassuring to note that all four asymptotic forms in (13.35) are perfectly
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compatible at the boundaries of their regions of applicability. The first result in (13.35) fol-
lows from a Fourier transform of (11.28), combined with prefactor constraints implied by
(11.41),(11.43), and (11.39). In this region the correlations are those of the 7 =0 quantum
critical point at g = g., and the 7 is the anomalous dimension of the (2 4 1)-dimensional
theory. The region ¢/ps < x < ¢/ T is where the system appears to have the long-range
order of the g < g. ground state (thermal fluctuations have not yet become apparent).
A T =0 quantum analysis of (11.4) is required to describe the crossover between these
first two regimes. Finally, the last two regimes in (13.35) are those discussed in the present
section and are contained in the reduced classical scaling function ®..

Dynamic correlations

Let us turn to unequal-time correlations. A reasonable picture has been obtained through
numerical simulations, combined with scaling arguments and matched to limiting weak-
coupling regimes [515,516]; these results are also supported by other analytic approaches
[75,86,176]. By arguments similar to those in Section 12.3.3, the dynamics can be mapped
onto the obvious two-dimensional generalization of the classical nonlinear wave problem
defined by (12.51) and (12.55). This is a problem of classical rotors with orientation n(x, t)
and angular momentum L(x, ¢). The equal-time correlations of n, as already discussed, are
given by the classical partition function (13.8). Those of L are defined, as in (12.51), by
the kinetic energy term L2 /(2xu1) with x,1 given by (13.25). An initial condition is cho-
sen from this ensemble and then evolved deterministically under the equations of motion
following from the Poisson brackets (12.54). This classical problem was numerically sim-
ulated by Tyc, Halperin, and Chakravarty [515] and we now describe their results.

It is convenient to express the results in terms of the dynamic structure factor S(k, w)
defined by (10.4). As in (10.78) and (12.62), we can incorporate the already determined
information on the equal-time correlations and the scaling form (13.6) by writing

%Imx (k, w) = Sk, w) = S(k) Ty, Psc (K&, wTy), (13.36)

where the first relation is the classical fluctuation—dissipation theorem (10.75), and the
universal scaling function ®s is an even function of frequency and has a unit integral of
frequency, as in (10.79). The function ®g. was determined numerically by Tyc, Halperin,
and Chakravarty [515]. They found that over a wide range of frequency and wavevectors,
the frequency dependence of the results could be described by the simple functional form

y (k) y (k)

Dy (k, @) = — _ - - - —,
sl O = 420 T G 420

(13.37)

where v(k) and y(/E) are functions of a wavevector that were determined numerically.
This dynamic response consists of a peak at a spin-wave (rescaled) frequency v (k) with a
damping rate y (k).

For small k, a best fit was obtained with a v(k) — 0 as k — 0, while y(lE) approached
a nonzero constant. Hence the spin waves are overdamped for k&, <« 1, and the dynam-
ics is purely relaxational. There is no analog of the nonzero-frequency ‘“shoulder” found
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in Fig. 12.4 for the classical wave dynamics for d = 1. Thus amplitude fluctuations are
weaker for d =2, and the relaxation is better considered as arising from angular fluctua-
tions about an ordered state. This is physically sensible as it indicates that the n field is
“more ordered” in the present d =2, low-T region than it was in the d = 1 high-T region
of Section 12.3.

For large k (more precisely, for k&, >> 1 and ck/T < 1) we expect that the system should
cross over into the 7 = 0 spin-wave spectrum at @ = ck. Using the values of &. in (13.20),
and that of 7, in (13.28), it is easy to see that this is consistent with the dimensionless
frequency @ = v (k) for T < p, only if

Ink

_ 1/2
V-2 } ) (13.38)

v(l€—>oo)=lz[

The large-k limit of the damping y (k) was examined in a self-consistent perturbation the-
ory in [516] and it was found to be only logarithmically smaller than v (k).

13.2 Dynamics of the quantum paramagnetic and high-T regions
I —

We turn to the dynamical properties of the remaining two universal regions in Figs. 11.2
and 11.3. There is no signature of the ordered state in these regions at any length or time
scale. Instead, the basic physics is of the critical ground state or of the quantum paramag-
net eventually losing phase coherence at times longer than 7, owing to the thermal effects.
The qualitative nature of all the physics turns out not to be particularly sensitive to the pre-
cise value of N, and all of our results below apply to all N, including the cases N =1, 2,
which were excluded in the low-T discussion of Section 13.1. Indeed, the physical phe-
nomena also turn out to be essentially identical to those in the corresponding regions of
the d =1, N = 1 quantum Ising chain, which were discussed in Sections 10.4.2 and 10.4.3.
The dynamical properties of this latter model were summarized in Fig. 10.12, and the
“high-T” and “low-T (quantum paramagnetic)” portions of this figure apply unchanged
to the d =2 models of interest here for all N. Exact dynamic response functions were
obtained in Sections 10.4.2 and 10.4.3 for all the distinct dynamical regimes of the quan-
tum Ising chain. The same response functions of the d =2 models have a very similar
form, but it is no longer possible to obtain exact results. In this section, we demonstrate
how this structure emerges at first order in 1/N. However, as we noted at the beginning of
this chapter, the 1/N expansion breaks down at very low frequencies, and for this regime
we provide an alternative approach in Section 14.3. In a sense, the purpose of this sec-
tion is somewhat technical. The basic physical concepts are perhaps better appreciated in
the simpler, and exact, discussion of Sections 5.2, 10.4.2, and 10.4.3, which the reader is
urged to review.

We also note that the computations for d =1 in Chapters 10 and 12, and for d =2 here,
treat interactions in opposing limits. In the N = 0o, d = 2 results of Chapter 11 we found
a description in terms of N noninteracting massive particles with a self-consistently deter-
mined temperature-dependent energy gap; at first order in 1/N we find that these particles
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weakly scatter off each other with a 7 matrix that is of order 1/N. In contrast, the collisions
of the excitations for d = 1 are described by the S matrices (5.14), (12.13), describing full
reflection of particles with a phase shift of 7z, and these are as far as one can get from the
free-particle result S = 1, while being consistent with unitarity; the d = 1 case is therefore
properly considered as a strong scattering limit. The qualitative similarity in x (k, w) of the
weak-coupling results below and the earlier strong-coupling results for d = 1 is reassuring
and indicates that we have correctly understood the physics.

We begin by setting up the mechanics of the 1/N expansion for the dynamic suscep-
tibility. The N = oo result was given in (11.10). At order 1/N, it is necessary to include
fluctuations in the X field about the saddle point of (11.8), which is determined by the solu-
tion of (11.9). We insert a source term in the original action (11.6) for n and then expand
the modified (11.8) up to cubic order in the deviation of A about its saddle point (all higher
order terms can be dropped at this order in 1/N). The term purely quadratic in A defines a
propagator for the X fluctuations, the structure of which is discussed in some detail below.
We integrate out the A fluctuations to order 1/N, and this leads to the corrections to the n
field correlator, x (k, ), shown schematically in Fig. 13.2. This leads finally to the follow-
ing expression for x (k, w), which replaces (11.10) at order 1/N [86] (the reader can also
consult [29,504] for more explicit details on the mechanics of computing 1/N corrections
for related models):

(k. w) cg/N (13.39)
, W) = s .
X 22— (wtie+m?+ k. o)
where the self-energy X is given by
- 1 d*q , -
Xk, wp) = Xk, wp) — . O)T ; mGo(q, €n)X(q, €n), (13.40)

the two terms representing the contributions of the two graphs in Fig. 13.2; these graphs
should be compared with the discussion in Section 7.2.1 and the perturbative expression

Feynman diagrams which contribute to the self-energy of n at order 1/N. The n propagator is a straight line,
while the A propagator, 1/T1, is a dashed line.
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(4.35). The frequency- and momentum-dependent contribution to the self-energy is %,
which is given by

2. Zf d’q Go(k +G. on + e) — Golg. i€n)

Ek, wp) = — : 13.41
(koon) =5 | 4n? ) (1341)
with 1/I1 the propagator of the A field,
d*q1 . . .
Mg e) =T | 75Go@+q1, e+ 2)Golgr, ), (13.42)
Qy T
and with G proportional to the susceptibility of n at N = oo,
1
Go(k, wy) = (13.43)

c2k? + w2 +m?’

The “mass” m in the propagators is the saddle-point value of the A field, which was deter-
mined earlier in (11.53) to be

eA+/2T (4 4 oB+/TY1/2
2

m =2Tln< ) + O(1/N), (13.44)
where, as usual, A represents the gap of the quantum-paramagnetic ground state. We
also recall the important limiting forms, m = A for T <« A4 (11.57) and m =2 1In((v/5 +
1)/2)T for T > A (11.59). The value of m we are using in (13.44) is actually precisely
the same as in the N = oo expression (11.53), when expressed in terms of the bare coupling
constant g. The 1/N correction in (13.44) represents the change necessary because of the
new value of the ground state energy gap A, at this order. At N =o0, the gap A4 was
related to the bare coupling constant g in (11.15) and (11.17). The 1/N correction to the
value of A is obtained by solving the following equation for the location of the pole in
the zero momentum n propagator in (13.39) at T =0:

m? — A2 + 20,0 = Ay). (13.45)

The equation relating A and the coupling g must then be inverted to express g in terms of
A4 and the result inserted into the expression for m. This leads to the corrections at order
1/N in the expression (13.44), and these are crucial in obtaining universal answers for the
physical response function y (k, w).

We study the properties of (13.39) at T =0 in Section 13.2.1 and at nonzero tempera-
tures in Section 13.2.2.

13.2.1 Zero temperature

The propagator of the A field in (13.42) can be evaluated in closed form at 7 = 0. We find

1 ! Ve2q? — (w +i€)?
drc/c2q? — (0 +ie)? 2A4

[(g, ) = (13.46)
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Note that IT is purely real for |w| < (c2¢® + 4A3_)1/ 2 but acquires an imaginary part for
larger |w|. The threshold corresponds to the minimum energy required to create two par-
ticles with total momentum ¢, in agreement with the expression (13.42) for IT as a two-
particle propagator. We can insert (13.46) into (13.41) and determine the self-energy X.
It is simpler to first consider only its imaginary part. This is obtained by using a spectral
representation for Im(1/I1) and evaluating the summation over €, in the limit of zero T';
taking the imaginary part of the result we obtain

o 1

for w > 0 (for w < 0 we use the fact that ImX (k, w) is an odd function of w), with

g =+/2q* + AL (13.48)

the energy spectrum of the quasiparticle. Actually, there is a little subtlety in obtaining
(13.47) that we have glossed over: for large €2, Im(1/T1(q, 2)) ~ €2, and so its Kramers—
Kronig transform is not well defined. This issue is discussed more carefully in [86], and
it is shown there that for the imaginary part of X, the naive result obtained by simply
ignoring this potential divergence is in fact correct. Now, the relativistic invariance of the
T =0 theory implies that (13.47) is a function only of ¢’k?> — w?, and so its general form
can be deduced by evaluating it at k = 0. For this case, the g integral can be performed, and
then changing variables from Q to y with y? = 20Q —w? + A2, we get our final expression
for ImX:

1 d*q

ImX (k. ) =
mEk. w) =575y

€k+g

NV o?—ctkZ—Ay

47
ImX> (k, = d 2
m (k) N w? — c2k? /2A+ -
x [r% +In?((y +2850)/(y — AT, (13.49)

for w? > 2k + 9A2 | and ImY is zero otherwise. Thus we have a threshold at the creation
of three particles, above which ImX is nonzero: the O(N) symmetry of the model only
allows the N-fold degenerate particle with momentum k and energy w to decay into a
three-particle continuum if its energy is sufficiently large. We also note here the behavior
of (13.49) for @* — ?k? > A%

ImE (k, @) = —%(a)z — A1, (13.50)
where 7 is
8
- 13.51
n=39N ( )

In fact, n is precisely the same critical exponent that appeared in (11.28), as becomes clear
from the discussion below.

Inserting (13.49) into (13.39), we see that the resulting structure in Imy (k, w) is iden-
tical to that discussed in Section 7.2.1 and in Section 10.4.2 for the quantum Ising chain.
Near the quasiparticle energy w = ¢, X is purely real, there is no broadening of the quasi-
particle spectral weight, and it remains a pure delta function. The real part of X does
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contribute a shift in the position of the pole, but this was already accounted for by our
defining A, as the exact 7 =0 energy gap in (13.45). The next nonzero spectral weight
in x arises at the three-particle threshold from the imaginary part of ¥ discussed above,
and also mentioned in (7.27). At next order in 1/N we will also find a threshold at SA 4
and so on.

Let us return to the quasiparticle pole and consider the value of its residue at order 1/N.
For this we have to evaluate X at the pole position. This is most conveniently done by
initially going to imaginary frequencies and explicitly using the relativistic invariance of
the theory. In fact, if we define K = (k2 + a),2z / cz) 172 the relativistic invariance implies that
% is a function only of K. By an angular average of (13.41) in three-dimensional Euclidean
spacetime, this function can be reduced to a one-dimensional integral

AdeQ[ 1 1((K+Q)2+A1> 2

O =men by o |2ke "\ P —orrar ) T s al

}, (13.52)

where I[1(Q) is the relativistically invariant, imaginary frequency form of (13.46). A sim-
ple analysis shows that the integral is logarithmically divergent at large Q, and so we have
introduced a relativistically invariant hard cutoff at momentum A; the same cutoff appears
in other intermediate expressions below, but our final, universal, results are cutoff indepen-
dent. Now, from (13.39), the quasiparticle residue A is given by

dS(K? = —A3
A= (1 - %) (13.53)

that is, we have to evaluate (13.52) and its derivatives at an imaginary K =iA; this is
quite easily done inside the integral in (13.52), and after a numerical evaluation of the
resulting integrand we find

_<g(_ AN X
A_N<1 "1H<A+>+N>’ (13.54)

with the constant X' =0.481740823 ..., where the same 7 defined in (13.51) makes an
appearance, and where we have omitted terms of order A4 /A, which can be neglected
in the limit A — oo, which will eventually be taken. To order 1/N, we can rewrite

(13.54) as
n
4= (%) (1 n %) (13.55)

which indicates that the quasiparticle residue vanishes as A']r as the coupling g approaches
g. from above. That this is the correct form follows from the general scaling arguments
made earlier in Section 11.2.2, which led to the result (11.27), and cannot be completely
justified at any finite order in the 1/N expansion. The earlier arguments showed how such
power laws appear as a general consequence of the vicinity of the system to a scale-
invariant critical point. The exponents in the power laws can be expanded in powers of
1/N, and so they are appearing here as logarithms in the computation of observables. We
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introduce the constant Z, which is precisely that appearing in the basic scaling form (13.3),
by writing

X
A=ZA" <1 + N)’ (13.56)
so that by (13.55)
— (S8 A
Z_(N>A , (13.57)

and (13.56) corresponds to a particular choice of the numerical constant in (11.42). Note
that Z is a nonuniversal constant, dependent upon the nature of the cutoff, and it is
nonsingular as the coupling g goes through g.. However, as neither g nor A is measurable,
we should regard (13.56) as the definition of Z, where it is related to the 7 = 0 observables
Aand A . Indeed (13.56) is the analog of the relation (10.84) for the quantum Ising chain.
In a similar manner, Z can also be related to observables of the ordered ground state (as in
(10.61) for the Ising chain); we simply quote the result obtained in [86]:
2
No _ z(&)"a +71n16). (13.58)
Ps N
We reiterate that while the relations (13.56) and (13.58) relate Z to ground state observ-
ables that vanish in a singular manner at the critical point g = g., Z itself is nonsingular
and finite.

One of the central implications of universal scaling forms like (13.3) is that when the
overall scale of the susceptibility x is expressed in terms of the quasiparticle residue .4, or
the closely related nonsingular constant Z, the remaining expression becomes universal. In
particular, the cutoff dependence in the self-energy X in (13.52) must disappear. Using the
value of Z above, we can rewrite (13.39) as
A -1
x(k,w)=ZT" [czk2 —w’+ Jim <m2 + Tk, ) — n(c*k*> — 0 In (7))]

(13.59)

Provided the limit above exists, it is then evident that (13.59) is precisely of the scaling
form (13.3) and defines the scaling function ®_. Conversely we can use the scaling argu-
ments by which (13.3) was derived to argue that the limit must exist; indeed, it is not
difficult to show explicitly that the limit exists at this order in 1/N at all 7. Notice also that
the subtraction in X affects only its real part, and this is why we saw no divergent terms
in the computation earlier of its imaginary part. The constant m?> has been included within
the large-A limit because the O(1/N) corrections in (13.44) are A dependent, and these
terms are required to obtain a finite limit.

A complete expression for x at T =0 is now available by combining (13.52) and (13.59).
The integral over P cannot be simplified further, but explicit evaluation is however possi-
ble in the limit Ay — 0, which we now consider. We can obtain this limit by approaching
the critical point at fixed momenta and frequency, or by examining the large-energy regime
w? — c?k?>> A . From the former point of view, we have a picture of 1,3, 5, ... parti-
cle continua in the spectral weight coming down in energy, and we can ask, what does
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their superposed spectral weight look like? From (13.52) and (13.46), we have in the limit

AJ’_—)O
li Y (K 1 A
(50 ()

4 > T2 |K+0Q 2K*Q

~ 72N Jo dQ[Yln‘K—Q‘_2Q_3<Q2+T2)]

_ K2 r 8

—K |:nln(K>+9n2N]. (13.60)

Taking the imaginary part of (13.60) for real frequencies, we immediately get (13.50) for
o > ck. This explains why we parameterized the spectral weight in terms of the exponent
n. Inserting (13.60) into (13.59) we get

8 1
Xk ) =2 (1 - %ZN) EEmnE (13.61)

Reassuringly T has dropped out. So as we move to the critical point at 7 = 0, the resultant
of the superposition of the multiparticle continua is a single critical continuum character-
ized by the exponent 7. This spectral weight has precisely the form sketched in Fig. 10.7
for the Ising chain (the latter model had n = 1/4). Indeed the entire structure of the 7 =0
crossover from the quasiparticle pole and multiparticle continua to the critical continuum
is essentially identical to that obtained earlier for the Ising model.

13.2.2 Nonzero temperatures

Turning on a nonzero temperature introduces additional thermal damping to the spectral
functions computed above, and results in a finite phase coherence time, t,. We find that
the structure of these effects is again remarkably similar to those studied earlier for the
quantum Ising chain in Sections 10.4.2 and 10.4.3.

First, we note some intermediate steps associated with the mechanics of the computation.
We are particularly interested in imaginary parts of Green’s functions. From (13.42) we get
atT >0

d’q
Im (T(g, ®)) = / mﬁn(em) —n(eq,)[8(« = eg1+3 — e, )
1 1
+ (1 +n(g4,45) +n(e5,))8(w — e5,45 — €5,) ] (13.62)

where n(¢) is the Bose function

1
n(e) = T 1’ (13.63)
and the dispersion spectrum ¢; is given by
85 =c%q% + m?. (13.64)

Note that the T dependence of (13.62) arises from two sources: that contained in the Bose
function (13.63), reflecting the T-dependent occupation of the modes, and that due to the
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T dependence of the “mass” m in (13.44), which changes the quasiparticle dispersion. We
also need the generalization of (13.47) to finite temperature, where it becomes

1 d*q (> 1
ImE(k, 0) = — /—q/ dQIm <—)
272N J ez bo (g, Q)

x [In(eg,5) —n( @18 — leg,z — Q)
+ (Lt n(eg ) +n(@)3 (@ = ep,; — D). (13.65)

We first discuss the physical properties of the above results in the limit 7 << A4 (i.e.
in the low-T regions on the quantum paramagnetic side of Figs. 11.2 and 11.3). In this
case, it is easy to see from (13.62) and (13.65) that all effects of temperature are expo-
~A+/T or smaller); also the “mass” m ~ A
in this region. This is easy to understand since there is a gap A to all excitations above
the ground state, and all thermal effects are exponentially suppressed. One of the most
important consequences of a nonzero 7T is broadening of the quasiparticle pole in yx (k, w).
We explicitly describe the nature of this broadening at k =0. The 7' =0 pole is then at
w=¢gy9= A1, and for ® & A we can write x as

nentially suppressed (i.e. they are of order e

A 1
x0,0)=r——"——, (13.66)
2e0 (80 —w —1/7Typ)
where
1 1
— = ——ImX(0, &). (13.67)
Ty 2¢&0

Note the similarity of (13.66) to the Ising chain result (10.89) and the d = 1 rotor model
result (12.30). As in the previous cases we have chosen to define the inverse phase coher-
ence time, 1/7y, as the width of the quasiparticle pole. We have included only the
T-dependent corrections to ImX and neglected those to ReX. This is because the former
are much more important for broadening at w ~ A, whereas the latter contribute only a
negligible correction to the overall spectral weight of the quasiparticle feature. Evaluating
1/7, from (13.46), (13.62), and (13.65), we find for T < AL

1 2rTe 2+/T o e
—=—[1+2/ dy . } (13.68)
Ty N 0 72 +1In"(8A4/Ty)

Comparing this with the exact result (10.71) in the corresponding region of the quantum
Ising chain (our definition of 7, there was slightly different) we see that the 7" depen-
dence is essentially identical, and only the numerical prefactors differ. The latter need not
agree, of course, as we are comparing models in different dimensions, and the prefactor
in (13.68), unlike that in (10.71), is not exact and contains only the leading term ina 1/N
expansion. There is also a subleading term with a 1/In?(A,/T) dependence in (13.68).
This logarithm is due to the 7-matrix structure of a dilute Bose gas in two dimensions
(which the thermally excited quasiparticles form), and its origin will be understood better
in Chapters 15 and 16.
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Finally, let us turn to the high-7 region, T > A. In this case T becomes the most
important energy scale and controls the entire structure of the response functions. This is
already apparent from the value of m in this limit: from (13.44) we have

m =0T, (13.69)

where ® =21n[(+v/5 + 1)/2] &~ 0.962424 . .. Thus the two energy scales that determined
spectral functions such as (13.62) and (13.65), the mass m and the temperature 7 in the
Bose function, both become of order 7. As a result, it is evident by a simple rescaling of
the variables of integration in (13.62) that the propagator IT satisfies
I (k Lop (5,2 13.70
(,w)—? H(?T) (13.70)

Determination of the scaling function IT requires complete evaluation of (13.62), and it
is not possible to make any further simplifications. We therefore have to resort to numerical
computation. In the limit ck, w > T, however, it is clear that IT reduces to the A =0 limit
of (13.46). Very similar considerations also apply to the expression for Im% in (13.65). The
case of ReX is, however, somewhat more subtle. We already saw this in the computation at
T =0 where we encountered a logarithmic cutoff dependence. This was cured by express-
ing x in terms of the quasiparticle residue A, or the amplitude Z, which led to the result
(13.59) with a subtraction that cancelled the cutoff dependence in ReX. Indeed, we can
use (13.59) also to evaluate y for T > 0. Precisely the same subtraction is still adequate to
cancel the cutoff dependence. The expression for (13.59) has to be evaluated numerically,
and we do not present the details of this here; they may be found in [86]. The result sat-
isfies the scaling form (13.3) and yields numerical values for the complex-valued scaling
function & at Ay /T =0.

We show the results of such a numerical evaluation in Fig. 13.3. Note the strong sim-
ilarity to the corresponding result for the quantum Ising chain in Fig. 10.8, for which we
had the exact expression (10.97). There are quasiparticle-like peaks with a width of order
T. The typical excitation has an energy of order 7" and also a width of order 7', and so
the quasiparticles are, strictly speaking, not well defined. At very large w, ck > T, the
spectrum crossovers to the 7 =0 result in (13.61), whose form was sketched in Fig. 10.7.

It should also be clear from the above discussion that the phase coherence rate, 1/7,, is
of order T, as it is the only energy scale around. We want to choose a definition that yields
T, =00 at N =00 as there is no damping in this limit. Indeed, as quasiparticles are well
defined at large, but finite NV, even in the high-7 limit, we may continue to use (13.67) as
our definition of 7,. Numerical evaluation yields

1 kpT
— =0.904 —, (13.71)
Ty Nh
where we have inserted a factor of kp/h to emphasize that this result depends only on
fundamental constants.

Finally, we attempt to use the same expansion above to understand the low frequency
behavior of the spectral density Imy (k, @ — 0), as was done in Fig. 10.9 for the quantum
Ising chain. On general grounds, for an interacting system at nonzero temperatures that
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Imaginary part of the scaling function @ in (13.3) as a function of ck /T and e /T evaluated in the high-temperature
limit A /T = 0. The function was computed in the 1/N expansion and evaluated at N = 3. Compare with the
exact answer for the d = 11sing model in Fig. 10.8.

has internal relaxational dynamics, we expect that y (k, w) is analytic as a function of w at
w = 0; so the odd function Imy (k, ®) ~ w, and lim,,_¢ Imy (k, ®)/w is nonzero. This was
found to be the case for the Ising chain in Fig. 10.9. However, the present large-N expan-
sion does not obey this requirement; evaluation of (13.65) shows that a low-frequency
spectral density comes only from collisions of particles with very high momenta, and
their contributions are suppressed by exponentially small thermal factors. Specifically, we
find [440] Imy (k, w — 0) ~ sgn(w) exp(—c/|w|), for some constant c. This result is an
artifact of the 1/N expansion, which places undamped intermediate states in the decay rate
computation in (13.65). Alternatively stated, even though the quasiparticles scatter weakly
in the large-N limit, the low frequency relaxational dynamics of the order parameter n is
strongly coupled. This dynamics is discussed by alternative methods in Section 14.3.

13.3 Summary

As in previous chapters, we summarize the physical properties of the regions of Fig. 11.2
and Fig. 13.1 in Table 13.1. The evolution of the dynamic structure factor S(k, w) between
the three regimes is quite similar to that discussed for the d =1 Ising model in Section
10.4.4. In the quasi-classical particle regime, we have a narrow peak of width 1/7, at a
frequency @ =~ A.. Conversely, in the quasi-classical wave regime, S(k, w) becomes a
symmetric function of w and is sharply peaked near k =0, w =0 with an exponentially
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Table 13.1 Physical propertiesis in three regimes.

Values of the correlation length, & (defined from the exponential decay of the equal-time correlations of
n), the uniform spin susceptibility, x,, the phase coherence time, 7,,, and the spin diffusion constant, D;,
for the two regimes in and  .Theresultsin the quasi-classical wave regime are quoted only
for N = 3 and are asymptotically exactas T/ p; — 0; other results are obtainedina 1/N expansion and

are applicable in principle to all N. The 1/N corrections to the values for x, and & in the high-T region
were not explicitly computed here and are taken from [ ]. The values for D; in the quantum critical and

quasi-classical particle regimes anticipate results from ,in particular from ’
and . The order of magnitude of D; in the quasi-classical wave regime follows from the general
scaling arguments in . Finally, x, in the quasi-classical particle regime anticipates

Low T Low T
(magnetically (quantum
ordered), paramagnetic),
quasi-classical Continuum high T quasi-classical
waves (quantum critical) particles
-1
g ec e27[)0s/T «/§+ 1 1 + 02373 i L
167 ps 2 N T |A]
2 T 1 0.6189\ T A
w 2B [1 Y V5+ (1 _ _9) T Ar ayr
3c2 27 ps 2 N )¢ mc?
) 25 4 N AT
o ( T) ¢ 0.904T T
b £2 0.1077N (In(A4/T))?
: Ty Xu Xu

large height and an exponentially small width. In the high-T regime there is an interesting
structure for w, ck of order T, and this is discussed in Chapter 14.

We close with a discussion of experimental applications.

The primary application of the d =2 O(3) quantum rotor model has been as a continuum
theory of the square lattice Heisenberg antiferromagnet. The connection between these
models becomes clearer in Chapter 19, but the link between antiferromagnets and quantum
rotors has already been motivated in Section 1.4.3.

In the low-T region, T < p;, careful tests of the exact results (13.10) and (13.20) for
the correlation length have been made. The agreement with neutron scattering measure-
ments on the square lattice insulating antiferromagnets La;CuO4 [263] and Sr,CuO;Cl; is
impressive. Much higher precision comparisons can be performed against state-of-the-art
quantum Monte Carlo simulations and these have been discussed in [44] and [267]. The
low-T dynamical properties discussed in Sections 13.1.2 and 13.1.3 were applied to NMR
relaxation rates in [77] and compared against measurements in LapCuQOy in [234].

We turn next to the “high-7” region of the continuum quantum rotor model. Refer-
ence [85] argued for the existence of such a region in the intermediate temperature prop-
erties of the § =1/2 square lattice antiferromagnet. The high-7 computations discussed
in Section 13.2 were used to compute NMR relaxation rates [86, 88] and found to be in



236

The d =2, 0(N > 3) rotor models

good agreement with measurements on La;CuQOy4 [234, 235]. It is not expected that the
crossover from low T to high 7" would be visible in experimental measurements of the cor-
relation length, as was pointed out early on in [85]; this has been discussed further in [179]
and [267]. The issue of the “low-7" to “high-7” crossover in square lattice antiferromag-
nets was also examined in series expansion studies by Sokol, Glenister, and Singh [478]
and Elstner et al. [128], and evidence was obtained for its existence in a number of static
correlators for spin S = 1/2. Interestingly, no such evidence was found for the § =1 case,
which (as expected) is clearly too far from the quantum critical coupling.

The results of this chapter can also be applied, along with suitable reinterpretation, to
the superconducting states of the doped cuprates. For a recent discussion of this, see [431].
As discussed in this chapter, the low-7" quantum paramagnet has a sharp, N-fold degen-
erate, quasiparticle pole given by (13.66), with an exponentially small linewidth specified
by (13.68). This is interpreted [431] as the “resonance peak’ observed in neutron scatter-
ing experiments on high-temperature superconductors [53, 149, 345,411]. Also, near the
magnetic ordering transition, inelastic neutron scattering measurements [210, 263] have
observed an w/T scaling in their frequency-dependent susceptibility, which is consis-
tent with the general scaling forms (13.1) and (13.3) for a vanishing value for their third
arguments.
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dimension

We discussed the concept of the upper-critical dimension in Chapters 3 and 4 in the con-
text of the classical models in D dimensions. There we showed that the critical physics for
D > 4 was accessible in a perturbative analysis, while the D < 4 case required a renormal-
ization group analysis. The latter case required an expansion in the parameter € defined in
(4.25). Here we discuss application of the € expansion to physical issues associated with
the quantum phase transition, where now

e=3—4d. (14.1)

The physics described by this perturbative method can, in most cases, also be elucidated
by the large-N expansion we have developed in the previous chapters. However, there are
a number of instances where the underlying principles are most transparently illustrated by
studies close to and above d = 3. Our specific reasons for undertaking such an analysis are:

e As we have noted earlier, the quantum critical point at 7 =0, g = g, extends out to a
line of finite-temperature phase transitions for the cases d =2, N =1, 2. The € expansion
offers a controlled method for obtaining the structure of the crossovers in the vicinity of
this line.

e We have not yet found a successful description of the low-frequency dynamics of the
order parameter (n or o¢) in the high-T regime for d =2, although we did succeed for
d =1 in Chapters 10 and 12. We show in Section 14.3 that the € expansion leads to an
appealing quasi-classical wave description of this dynamics.

e For the quantum rotor models being studied here, the crossovers above the upper-critical
dimension, with d > 3, are obviously in a physically inaccessible dimension. However,
the basic structure that emerges is quite generic to quantum critical points above their
upper-critical dimension. The results are therefore useful in Part IV, where we consider
other models with a lower upper-critical dimension, so that dimensions above the upper-
critical can be experimentally studied.

e The following Chapter 15 studies transport properties of the quantum rotor models in
the high-7 and quantum-paramagnetic low-T" regions for d =2. While it is possible
to do this within the 1/N expansion, the computation is simplest, and most physically
transparent, using the € expansion we develop here.

The study in this chapter uses the “soft-spin” formulation of the continuum theory of
the vicinity of the quantum critical point that was noted in Section 2.1, and also used in
Section 6.6 and Chapter 7.
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The theory is expressed in terms of an N-component field ¢, (x, 7) (¢ =1... N), which
is related to the lattice quantum rotor field n; by the coarse-graining transformation (3.18);
for N =1, a similar relationship holds between the Ising spin 6 and a one-component
field ¢. We study the quantum mechanics of the ¢, field as specified by the Hamilto-
nian in (6.52), or the imaginary-time path integral in (3.25), which is reproduced here for
completeness:

Z = /Dq&a(x, 7) exp(—=Sy),
h/kpT 1
Sy = / d'x / dr{— [0:00)? + (Vig)*+
0 2
réacr 0|+ 505G, r))z}. (14.2)

The structure of this field theory is similar to that of the continuum theory (2.12) or (11.4)
for the fixed-length n field, with the main difference being that the fixed-length constraint
has been dropped and replaced instead by a quartic self-interaction u. The equivalence of
the universal properties of these two formulations is a well-established principle in the the-
ory of classical critical phenomena [59,61]. This equivalence can be expected on general
universality grounds, as the two models display a quantum critical point between a mag-
netically ordered and a quantum-paramagnetic phase with precisely the same symmetry
structures and spectrum of low-lying excitations. We also explicitly see examples of the
equivalence in our computations with (14.2) in this chapter. In practical terms, this equiva-
lence means that the susceptibility y (k, ®), defined as the two-point correlator of the field
¢« satisfies, for d < 3, the scaling forms (13.1) and (13.3), with precisely the same scaling
function ® . We compute here some features of these scaling functions in an expansion in
€, whereas they were computed in a 1/N expansion in Chapter 13. The approaches have
been compared in the overlapping region of validity where both € and 1/N are small, and
exact agreement is found (although this is not shown explicitly here).

We restrict ourselves in this chapter to results to the leading order in € or u. The structure
of the quantum/classical crossovers is quite complicated at higher orders, and the reader is
referred to [422] for a discussion of this subtle issue; alternative approaches are also avail-
able [156,287,367]. Further, we limit our discussion to regions of the phase diagram where
there is no spontaneous magnetization and complete O(N) symmetry is preserved (the
extension to ordered phases is straightforward). We are therefore approaching the finite-
temperature phase boundaries from their high-temperature side.

We begin in Section 14.1 by a discussion of the T =0 properties of (14.2); these are
simply related to those obtained in Chapters 3 and 4 for the classical problem in D =d + 1
dimensions. Section 14.2 then provides a description of the € expansion for the crossovers
in the static properties of (14.2) at T > 0; although this expansion gives a useful qualitative
picture, it is not particularly accurate for d =2 and also fails for low-frequency dynamical
properties. These deficiencies are repaired in Section 14.2, where we use the € expansion
to motivate an effective model for statics and dynamics that is solved exactly for d =2.

We use units in which the velocity ¢ =1 throughout the remainder of this chapter only.
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14.1 Zero temperature
|

We work in imaginary time throughout this section. We express the response functions in
terms of a D = (d + 1)-dimensional wavevector Q = (iw, g). At T =0, all correlators of
the action (14.2) are invariant under D-dimensional rotations in Euclidean space; they are
therefore only functions of Q% = g2 + (iw)*> = ¢*> — w*. Dynamic quantum response func-
tions are obtained by analytically continuing to negative Q2. For positive O the responses
are, of course, those associated with interpreting (14.2) as a classical statistical mechanics
problem.

Recall our discussion in Section 3.3.2 of the computation of the two-point correlator of
¢, in ordinary perturbation theory in u, where we found that the results were adequate for
D > 4 but suggested that higher orders had to be re-summed for D < 4. Below we need
the explicit re-summation of this series for small u: this is done using the 1/N expan-
sion in Subsection 14.1.1, where we also introduce the concept of the so-called tricritical
crossover functions. Finally, in Subsection 14.1.2 we present a very concise review of the
field-theoretic renormalization group approach to re-summing the perturbation theory in u.

14.1.1 Tricritical crossovers

Our main perturbative result for the susceptibility was presented in (3.57). Extended to
nonzero wavevectors, and adapted to our present notation, this result is

N+ 2) XL (4—D)/2) u
6 ) (D—2)@4n)P/2 s<4—D>/2]'

x Q) =0+ [1 - ( (14.3)
We are now interested in estimating the structure of the higher order corrections in u,
especially for D < 4. For D <4, the structure of (14.3) suggests that we can express the
most important terms at higher order in u for the static susceptibility in the form

- 0 u
x(Q) =sVp (m, s(“——DVz>’ (14.4)

where Wp (g, v) is a universal crossover function. This form is consistent with naive dimen-
sional analysis and the expectation that it is permissible to send A — oo in all the singular
terms at higher orders. The result (14.3) gives us the small-v behavior of Wp(q, v):

N +2\ 2I'(4 - D)/2)
6 )(D—2>(4n>0/2

To get the critical properties of the model for D < 4, however, we need its large-v behavior.

The function Wp(q, v) is the “tricritical crossover” function of [369] and [68]. (This
terminology is motivated by considerations unrelated to those of interest here and will
not be explained.) Computation of Wp (g, v) by various methods is described in the lit-
erature [64, 360]. We simply treat W p(q, v) as a known function and find that some key
properties of the 7 > 0 crossovers near the quantum critical point can be expressed in terms
of it. For completeness, we note how Wp (g, v) may be computed in the large-N limit, with

Wplg.v)=q*+1— ( v+ O@W?). (14.5)
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vN fixed. The computation proceeds by a familiar approach: we decouple the quartic term
in (14.2) by a Hubbard—Stratanovich field A so that

Z = /DADd:a(x, ) exp(—Syp),

< 1 312

Sp = dex {E [(ar%)2 + A (Vedo)* + (r + ix)¢§(x)] + E} (14.6)
Now, integrate out the ¢, fields, which appear only as quadratic terms in (14.6); evaluating
the integral over A as a saddle point, we obtain the required large-N limit. Expressing the

result in terms of s using (3.54), we can easily show that Wp (g, v) is given by
¥p(g,v) = ¢* + Mp(v), (14.7)
where the function ITp (v) is given by the solution of the following nonlinear equation:
I'(4-D)/2)
3(D —2)(4m)P/2

Note that as v — o0, ITp(v) ~ v~2/P=2) and therefore (14.7) and (14.4), imply that
x~10) ~ s¥/(P=2) a5 s — 0. This result agrees with our earlier large-N result in (11.22)
and the N = oo relation X’l 0) ~ As.

Mp(v) + Nv [Mp) P22 =1. (14.8)

14.1.2 Field-theoretic renormalization group

While most of our renormalization group computations can be performed using the
“momentum shell” method introduced in Section 4.2, some results involving crossover
functions are obtained by a field-theoretic approach. This is physically not as transparent,
but is technically elegant and simpler to compute in. The basic ideas behind this approach
have already been presented in Section 12.3.1 in the context of the d =1 quantum rotor
model, along with suggestions for further reading in the literature. Readers who skipped
Chapter 12 should now read Section 12.3.1 up to (12.40).

As before, it is advantageous to replace the cutoff A by a renormalization scale, u, at
which various observable parameters are defined. At the scale u we introduce renormalized
couplings, which then replace the bare couplings in all expressions for observable quanti-
ties. Once this substitution has been performed, it is possible to send the cutoff A — 0,
order-by-order in an expansion in the nonlinearities. In practice, one never needs to intro-
duce A at intermediate stages as all integrals are performed in dimensional regularization
in D=4 — € dimensions. We work only to first order in € here, in which case only two
renormalized couplings are necessary: sg, a renormalized measure of the deviation of the
system from the quantum critical point, and u g, a renormalized four-point interaction. The
explicit relationships between the bare and renormalized couplings are [59]

€ N +38
u:uR'u—<1+ + MR),

Sp 6¢

N +2
s=sR(1+ 61_ ) (14.9)
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A factor of u€ has been scaled out of u so that ug is dimensionless, and Sp =2/[T"(D/2)
(47)P/?] is a standard phase-space factor, introduced for notational convenience.

We can state the simple, field-theoretic recipe for computing correlators of (14.2). First,
obtain formal expressions for the bare theory in terms of s and u, leaving integrals uneval-
uated. Then, perform the substitution in (14.9) to expressions in terms of u g and sg. Now,
evaluate all the integrals in D =4 — € dimensions, in powers of €. The constants in (14.9)
have been cleverly chosen so that all poles in € cancel. The resulting expressions for the
correlators of the theory are expressed in terms of sg, u g, and the momentum scale .

Exact renormalization group equations for all observables can be obtained by the fact
that no physical quantity can depend upon the value of p. By studying the behavior of the
first equation in (14.9) under . — e’ we obtain the flow equation

dug N +38
—p = €ur— (T) U%. (14.10)

This equation is, of course, the present field-theoretic form of the flow equation obtained
earlier in (4.24) by the simpler momentum-shell method. A simple analysis of this dif-
ferential equation shows that, at long distances (¢ — 00), the coupling up flows to the
attractive fixed point at

6¢
(N +38)’

as also found in (4.26). This implies that a theory with ug = ”7% and s =0 does not flow
under rescaling transformations and is therefore scale invariant. This specifies the univer-
sal quantum critical point of theory. Turning on an s > 0 induces flow along the leading
relevant direction and therefore determines the 7 = 0 energy gap. Deviations in u from u g
correspond to allowing corrections associated with the leading irrelevant operator; these
can therefore be ignored in computations of the universal scaling functions.

Let us apply the above approach explicitly to the computation of x (Q). We begin with
the expression (3.55) and make the substitution in (14.9). Working to linear order in ug,
and evaluating the integrals in an expansion in € =4 — D, we can write the result in the
form

wh = (14.11)

1
S — 14.12
X = Gz (14.12)
where A is the T =0 gap of the quantum paramagnetic phase with s > 0. The explicit
expression for A is
5 (N +2) SR
A+=SR |:1+MR 2 In E , (1413)

where there is no additive term of order ur associated with the logarithm. Precisely at
uR = uy the scale invariance of the theory implies that it is permissible to re-exponentiate
the logarithm (as was done in the large-N expansion in (13.55)), in which case we can
write

SR

Ar =1 (?) , (14.14)
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where v is the usual correlation length exponent, defining how the gap vanishes at sg =0
(recall that this theory has z = 1); it is given to this order in € by

1 (N+2)

L, W+2 14.15
YT AN +8)¢ (14.15)

aresult which agrees with (4.29) and (4.41). These results imply, from (14.4), that Wp (v —
00) ~ v~ 2 2V=D/E=D) = (N+2)/(N+8) 1 Jeading order for 4 — D.

14.2 Statics at nonzero temperatures
- |

This section describes the results of the € expansion on the nonzero-temperature properties
of (14.2). The results are helpful in exposing the general structure of the theory, but they are
not expected to be very accurate for d =2 (¢ = 1). An improved and quantitatively more
accurate treatment appears in Section 14.2.1, which also considers dynamic properties.

The description of the T > 0 static correlators proceeds [422] by a method adapted from
an approach developed by Luscher [307] (related methods have also been applied by others
to study classical systems in finite geometries [62,413]). Readers of Chapters 12 and 13
will recall that a similar method was used in Sections 12.3 and 13.1. The main idea is to
integrate out the components of ¢, (x, T) with a nonzero frequency along the imaginary-
time direction by a straightforward € expansion to the vicinity of the quantum critical point.
This will result in an effective action for the zero-frequency component ¢, (x) (which is
independent of ), which must subsequently be analyzed more carefully. The correlators
of this zero-frequency effective action yield the static susceptibility, x (k). It must be noted
that, unlike the situation in Section 10.4.1, this static susceptibility does not yield the equal-
time correlations, as the relationship (10.75) does not hold in general.

As we are only interested in the universal crossovers in the vicinity of the point s =0,
T =0, for D <4, we can set ug = u}} at the outset; further, as ug ~ ¢, the derivation of
the effective action for ¢ (x) can be performed in an expansion in powers of the nonlinear
coupling ug. For D > 4 the mean-field behavior of the system at T =0 suggests that an
expansion in powers of u# should be adequate for T > 0, and we indeed find that this is the
case. A simple, one-loop, perturbative calculation then gives the following effective action
for the static correlators:

szp¢a(x) exp(_qu,eff),
Syer = = [ atx L[ vepu)? + R U (02(x))? 14.16
per = [ dxi5 [(Veg)? + REL0] + (@2@)7 . (1416)

The couplings R and U can be expressed in terms of the bare couplings in the quantum
action (14.2):
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. N +2 dk 1
R = — 2T ,
r+”< 6 ) EZ#()_/(ZJT)d65+k2+r

N +38 d%k 1
U=u—u*|—— T . 14.17
! ”( 6 ) 6§0/(2n)d(63+k2+r)2 (1417

The result for R arises from the first diagram in Fig. 4.1, and that for U from the second
diagram in Fig. 4.1, where the internal lines carry only nonzero Matsubara frequencies. We
discuss the evaluation of these expressions shortly. For the moment, let us simply retain the
formal expressions in (14.17) and proceed a bit further. Now note that the effective action
(14.16) has precisely the same form as the original theory (14.2) at T =0. The only, and
crucial, difference is that the spacetime dimension D has been replaced by the spatial
dimension d. Therefore, the theory (14.16) can be analyzed by the perturbative method of
Section 3.3.2, or by the tricritical formulation of Section 14.1.1 simply by performing the
replacement D — d, and by a relabeling of the coupling constants. Using these methods,
it is easy to get formal expressions for the equal-time correlators resulting from Sy cfr. We
first define a shift in the value of the mass, as in (3.53) and (3.54):

N+2> dik T

R=R+U —.
+ < 6 (27)d k2

(14.18)
Then the response function (14.4) of (14.2) tells us that the static susceptibility, defined in
(10.7), is given by

1 ( k TU
Xk =2 o5 v ) (14.19)

As noted earlier, we regard W; as a known function, and so (14.19) construes the final
solution of the crossovers of the static observables (14.2) at finite temperature in the region
without long-range order. We emphasize again that W; has to be computed in the spatial
dimension d, and not the spacetime dimensions D =d + 1 considered in Section 14.1. The
large-N solution of W, (g, v) was given in (14.7) and (14.8) and is valid for all values of
v; however, we find below that the exact perturbative result (14.5) (valid for small v) is in
fact sufficient over a substantial portion of the phase diagram.

The transition to the phase with long-range order is signaled by a divergence in x (k = 0).
The general structure of (14.19) tells us that this will happen at a value R = R., with
R ~ (TU)* @4 (the missing coefficient is a universal number determined by the func-
tion Wy;). The N =oo result (14.8) has R, =0, and this is also found to leading order
in the 4 — d expansion for tricritical crossovers. In our discussion in this section below,
we assume R, =0 and that corrections due to a nonzero R, are higher order in €. So the
result (14.19) is valid provided R > 0, and the condition R =0 gives the boundary of the
finite-temperature phase transition to the ordered phase.

It remains to compute the values of the couplings R, U to complete our description of
static correlations and the associated phase diagram of (14.2) in the r—T plane. We consider
the cases d < 3 and d > 3 separately, as the results are substantially different.
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1421 d <3

We first determine the value of R for d < 3. The expression for R is given in (14.17)
and (14.18), and to evaluate it in the scaling limit, we use precisely the same prescription
discussed earlier in Section 14.1.2 for the T = 0 computation: the spatial integrals are eval-
uated in d =3 — € dimensions, the couplings are expressed in terms of the renormalized
parameters as defined in (14.9), an expansion is made in powers of €, and finally the result-
ing expression is evaluated at the fixed-point value (14.11). Just as at T =0, the poles in €
cancel also at T > 0, and to first order in €, the result is

N +2 T 5 N+2 SR
R=sg|l (= Y G(—), 14.20
SR[ +6(N+8>n<,u):|+e <N+8> 72 ( )
where the function G(y) is given by
G(y) = ylny+4/ook2dk ! ! L 1 (14.21)
y) = 2 0 /_k2+ye /k2+y_1 k2+y k2 . .

We have obtained this expression assuming that sg > 0 (and therefore y =sg/T? > 0), and
the result for G (y) appears to have some singularity at y = 0. We shall shortly establish that
this is not the case: a crucial property of the function G (y) is that it is analytic at y =0 and
can therefore be analytically continued to y < 0. There is an important physical reason for
this analyticity, and it is a key step in our analysis. Recall that, at T =0, there was a quan-
tum phase transition in (14.2) at sg =0 (r =r, from (3.54)), and so all response functions
are certainly nonanalytic at sg =0. However, we are considering the case 7 > 0, and we
expect that there is no thermodynamic singularity at r = r.. The critical fluctuations surely
get quenched at a nonzero 7, and all observables should have a smooth, well-behaved
dependence on r at r =r. for T > 0, as we saw in the case of the Ising chain in Chapter 10.
There is eventually a nonzero T phase transition for some sg <0 (r <r.) as in Fig. 11.3,
and so there should be a thermodynamic singularity at this point. However, the latter sin-
gularity is a property of the scaling function W, in (14.19), and not a singularity in the
value of the coupling R. Hence if our physical interpretation is correct, G(y) should be
analytic at y =0, and it should be possible to analytically continue G(y) to all y <0 until
the point when we hit the transition to the ordered phase where R, as defined in (14.20),
first vanishes.

We explicitly demonstrate that the expectation above is indeed satisfied by (14.21)
(indeed, our entire analysis of the crossover problem was carefully designed so that this
would occur). After an integration by parts under the integral in (14.21), and some elemen-
tary manipulations, it can be shown that G (y) can be transformed into the following:

00 sinh(v/&2 + y/2) y
G(y)=— | dk|am(ks—YX"X2 ) _op_ 2 | 14.22
) /0 [ n( VK2 +y/2 ) k2 + 1/6} ( )

In this form, it is not difficult to see that G(y) is analytic at y = 0; the function sinh(y/z)/
/7 is a smooth function of z near z =0, and equals sin(+/[z[)/+/]z[ for z <0, and so there
is no singularity in the integrand as y goes through zero. Indeed G(y) is smooth for all
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y > — 2m, with the singularity arising at —27 when the argument of the logarithm first
turns negative. We find below that the transition to the ordered phase occurs for y ~ —¢;
thus the singularity at y = — 2 occurs well within the ordered phase, where the present
results cannot be used, and is therefore of no physical consequence. We also note here
some limits of (14.22) that will be useful later:

Gy =

272 /3 4 2.45381y, Iyl < 1
(14.23)

/2 Iny + 27y + y/4Bre VY. y > 1

While we have a fairly complete picture of the function G(y), the result (14.20) for R is
still not ready to be used as it involves the unknown momentum scale . To remedy this,
we recall a basic strategy used throughout this book: all correlators should be expressed in
terms of observable parameters characterizing the 7 = 0 ground state. In the present situ-
ation we should clearly replace sg as a measure of the deviation from the 7 =0 quantum
critical point at sg =0 by the energy scales Ay discussed in Chapter 11. We do this here
only for sg > 0 (the case sg < 0 is discussed in [422]). The relationship between sg and the
energy gap of the quantum paramagnet, A, was obtained in (14.14). Substituting (14.14)
into (14.20) we find

N+2 T N+2 A?
R =A% [1 +e€ (N—iS) In (A—>] +eT? (N_L;) G (T—;) (14.24)
+

The dependence on the arbitrary scale u has disappeared, and we have the required univer-
sal dependence of R on A and T for sg > O (r > r.). A similar relationship exists between
the scale A_ and R for r <r. [422].

A closely related computation can be performed for the quartic coupling U in (14.16)
using the expression in (14.17). At the fixed point ug = uj we again find that the
dependence disappears:

_ bl [1+ew+ea’ (S—R)} (14.25)
Sp(N +8) 2(N + 8)?2 T2

where G’(y) is the derivative of G(y), and we have actually used the expression for u% to

order €2 to obtain the complete result above. For sz > 0 we can simply substitute s = A%r

in the argument of G’ to get the universal expression for U.

We have assembled all the ingredients to obtain the full crossover structure for the static
susceptibility at T > 0. We use the expressions (14.20) or (14.24) for R and the expression
(14.25) for U, and substitute them into (14.19), with results for the tricritical crossover
function W, obtained in Section 14.1.1. A straightforward examination of the resulting
expressions yields the phase diagram shown in Fig. 14.1, which is closely related to the
phase diagram obtained earlier in the large- N limit in Fig. 11.3. The physical properties of
the regimes have already been discussed in Section 11.3, and we note their properties for
small € in turn below.
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Phase diagram of the theory (14.2) for d < 3 (compare with the large-N phase diagram in Fig. 11.3, and Figs. 1.2b
and 1.3). The qualitative features are expected to applytod > 1forN =1,d > 2forN =2,and d > 2 for N > 3.
The quantum critical point is at T = 0 with coupling r = r¢ (this is also the coupling where s = sg = 0). All properties
are however analytic as a function of r at r = r for T > 0. The dashed lines are crossoversat T ~ |r — r¢|**, asis the
full line, which is the locus of finite-temperature phase transitions at 7, (r). The shaded region is where the reduced
classical scaling functions apply. The region T > T, (r), but r < r, is accessed in our calculation by analytic
continuation fromr > r,, T > 0. The simple perturbative expression in (14.3) can be used in (14.19) for the static
susceptibility everywhere in the paramagnetic region, except for the shaded portion. The low-T region for r > r. hasa
quasi-classical particle description as in Section 10.4.2 and is discussed in Chapter 15. In the magnetically ordered
low-T region for r < r. and N > 2, the long-wavelength spin waves about the ordered state behave classically, while
for N =1, the amplitude oscillations in ¢, about its nonzero mean value lead to a quasi-classical particle. As we
noted in Fig. 13.1, “the continuum high-T" or “quantum critical” region is more complex, with both thermal and
quantum phenomena, and both particle- and wave-like phenomena, playing equal roles. In Section 14.3 we show
that, to leading order in ¢ = 3 — d, the low-frequency correlators of ¢, in this region are described by an effective
quasi-classical wave model; however, the transport of the conserved angular momentum is dominated by higher
energy excitations, and requires a particle-like description in a quantum Boltzmann equation which is discussed in
Chapter 15.

The low-T regime on the quantum paramagnetic side was discussed in Section 11.3.1:
itis present for T << A ~ (r — r¢)". Using (14.23)—(14.25), we have for this case

R~ A%,
U~ eA?,
TU/R* D2 ~eT/AL < 1. (14.26)

The last quantity is that appearing in the argument of the tricritical scaling function, W,
in (14.19). As it is small, it is evident that a simply perturbative evaluation of Wy in (14.5)



247

14.2 Statics at nonzero temperatures

is adequate for analyzing static properties in this regime. Using (14.5) and (14.23)—(14.25)
in (14.19) we get

XNk =K+ A% e <N—+2> T@rTAL) 2e™2+/T, (14.27)
N+38

Thus there is only a correction of the order e /T tothe T=0 response; similar results
were obtained in the large-N limit in Section 11.3.1. This exponentially small correction
arises from the small density of pre-existing thermally excited particles. For the same rea-
sons as those discussed in Section 10.4.2 (and also in Section 12.2), we expect that these
particles form a Boltzmann gas, whose static and dynamic properties can be described
by standard classical methods. We see this in our discussion of transport properties in
Chapter 15.

Next we turn to the high-T regime of the continuum theory 7 > |r — r.|”. Now, the
analogs of the estimates (14.26) are

R~ eT?,
U~ €eT¢,
TU/R“ D2 ~ Je « 1. (14.28)

So again, the second argument of Wy is small, and a perturbative evaluation is permissible.
Using (14.5) and (14.23)—(14.25) in (14.19) we get

N +2\ 27272
+_> i (14.29)

-1 2
k) = k
x k) +6<N+8 3

to leading order in ¢, which implies a correlation length & ~ 1/,/€T. The almost free
nature of this static result suggests that thermal fluctuations are noncritical and can be
treated in an effectively Gaussian theory. However, when the present perturbative approach
is extended to dynamical properties, one finds that it fails in the low-frequency limit [422]
(just as we found for the 1/N expansion in Section 13.2.2). The strongly coupled dynam-
ical problem is treated in Section 14.3, and associated transport properties are detailed in
Chapter 15.

Finally, we turn to a novel part of the analysis using the € expansion: the region of the
phase without long-range order for r < r.. Here sg <0, and it is possible for R to vanish.
Using (14.20), we find that this happens at sg = sg. given by

B N +2)\ 27°T? (14.30)
Ske="\N¥3) 3 ‘

to leading order in €; this relationship can be translated into a universal proportionality
between 7, and A_, but we will not discuss that here. The value of sg. determines the
phase transition line T = T,.(r) shown in Fig. 14.1. The order of magnitude estimates of
the couplings in (14.28) remain valid for T > T,(r) except that the omitted coefficient in
the first expression of R vanishes as one approaches T, (r) from above. A simple estimate
of the dimensionless coupling in the argument of W, then shows that the perturbative com-
putation of W, fails when T — T.(r) ~ €T,(r). This condition delineates the boundary
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of the shaded region shown in Fig. 14.1. Within this region the well-understood classi-
cal physics of a finite-temperature phase transition in d spatial dimensions applies. It is
described by the appropriate classical singularity of W, discussed in Section 14.1.2. (We
note again that these latter results have to be used in d rather than D dimensions; thus this
emergence of classical statistical mechanics is completely unrelated to the QC mapping of
Section 2.2, which mapped d-dimensional quantum mechanics to D-dimensional classical
statistical mechanics.) From the perspective of the global quantum scaling functions such
as (11.41), the shaded regime is where the reduced classical scaling functions apply.

Although (14.30) contains the leading prediction of the € expansion for the value of
the critical temperature T.(r), the result is not satisfactory in one important respect. Note
that we find a T, > 0 for all N. This is the correct result for 2 < d < 3, but it is incorrect
precisely when d =2, the dimensionality of physical interest. For d =2 we should find
T. =0 for all N >3, as we found in the large-N expansion in Chapters 11 and 13. This
failure suggests that the estimate (14.30) for T, is not very accurate for d =2, N =1, 2.
We rectify this failure in Section 14.3, where we treat the effective theory (14.16) directly
in d =2. This can be done by a variety of analytical and numerical methods [426], which
lead to quite accurate results ford =2, N =1, 2.

1422 d>3

This is obviously an unphysical regime, but we discuss it briefly to note the physics of
models above their upper-critical dimension. We later meet models whose quantum crit-
ical points have a lower value for the upper-critical dimension, and their properties are
quite similar to those found here. We assume here that d <4, so that the classical finite-
temperature transition remains below its upper-critical dimension. (There is little physical
interest in discussing the case where both the quantum and classical transition are above
their respective upper-critical dimensions.)

The basic results are already contained in the expression (3.53) for the position of
the T =0 critical point, the definition (3.54), and the values (14.17) and (14.18) for the
effective coupling R. It is always sufficient to use just the first-order result U = u for the
nonlinear coupling. It is not necessary to renormalize the values of any coupling, and we
can simply express the results in terms of bare parameters. The expressions also have a
dependence upon the nonuniversal upper-cutoff A, and the main subtlety in the evaluation
of the results is the separation of this nonuniversality from the 7" dependence, which we
find is universal. Furthermore, this separation of A dependence must be done in a manner
which maintains analyticity in s at s =0 for 7 > 0.

The first step is evaluation of the frequency summation in the expressions noted above
for R. This leads to a form for R closely related to expressions (14.20) and (14.21) for
d<3:

N+2 dk 1 1 T T
R=s+u d Teis T
6 Q) \VI2 45 oVK+s/T 1 k*+s  k

A gPk 1 1
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We observe that the cutoff dependence is isolated entirely in the second integrand, which
is a property of the 7 =0 theory: this is why the 7" dependence, which depends only upon
the low-energy excitations, is universal. We can remove this ultraviolet divergence by sub-
tracting s/K* from the second integrand. (Note that this correction term is smooth in s so
that the analyticity properties of the expression for R in terms of s will not be spoiled.) The
correction term leads to a cutoff-dependent term that is also linear in s, and the remaining
integral is convergent at high momenta. In this way we get our final result:

N+2\ ~
R=s(1 = cund=) +ur (=) Ga (55), (14.32)
6 T2
where ¢ is the same nonuniversal constant that appeared in (3.56), and the universal func-
tion éd(y) is given by

. o 1 1 1 1
Ga(y) = Sdf k4 dk - + =
0 /k2+ye«/k2+y_1 k2+y k2

PR L, (14.33)
Wy 2k ad) '

Despite appearances, this function is analytic as a function of y at y=0. This can be
established by studying the small-k behavior of the integrand and using the fact that the
function 1/(e* — 1) — 1/x 4 1/2 has an expansion about x = 0 that involves only positive,
odd powers of x. Consequently, (14.33) can also be analytically continued to y < 0, but we
will not present the details of this.

With the result for R available in (14.32), and the value U = u, we obtain the static
susceptibility by simply evaluating (14.19) and thence obtain the nonzero-T crossovers
near the quantum critical point 7 =0, s = 0. The structure of the results is very similar to
those obtained in Section 14.2.1, and so we only state the main conclusions. Provided that
there is no long-range order the static susceptibility takes the form

x ') =k +E72 (14.34)
where £ is the correlation length. For s > 0 and T < /s we have
N+2\ (T \?
E2 =5(1 —cuA?3) +u (T+> (2—) §@=D/4,=V5/T, (14.35)
i

thus the T'-dependent correction to the correlation length is exponentially small, as expected
for a system with an energy gap. At higher temperatures, 7 > /|s|, we have the limiting
behavior

72 =5(1 — cuA3) + uT?! (NTH) S;T(d — 1)¢(d — 1), (14.36)

where ¢ (x) is the Reimann zeta function; so for s > 0 and /s < T < (s/ w)/@=D the first
T =0 term in (14.36) dominates, while for higher T the second T-dependent term takes
over. For s <0, setting £~2=0 gives us the condition for the transition to the ordered
phase, T, ~ (|s|/u)1/(d_1), which is analogous to the result (14.30) for d < 3.
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We draw the reader’s attention to an important property of the above results. Note that
in the high-T limit, 7 >> /[s], the correlation length does not obey the relation & ~ T ~1/%
that might be expected from general scaling arguments; instead we have the result of
(14.36) where & ~ T—@=D/2 which agrees with the naive scaling estimate only in the
upper-critical dimension d = 3. The violations of scaling are a consequence of the prefactor
of the irrelevant coupling u in the T-dependent term in (14.36). In the strict scaling limit,
we should set this irrelevant coupling to zero, but then we would have a T-independent
correlation length. So, unlike the case for d < 3, irrelevant couplings have to be included to
obtain the leading T dependence. Such couplings, which cannot be neglected even though
they are formally irrelevant, are called dangerously irrelevant.

Apart from the above explicit computation, the power of temperature appearing in the
correlation length in the quantum critical region can be easily deduced from a knowledge
of the scaling dimension of the irrelevant coupling, u. We know from the structure of the
perturbation theory that & ~2 depends linearly on u. So let us assume

£72 ~uT?P. (14.37)

Now using dim[§] = — 1, dim[u] =3 — d, and dim[T] = 1, and matching scaling dimen-
sions in (14.37), we conclude p =d — 1, which is consistent with (14.36).

It should also be evident (we briefly discuss this issue further in the following section)
that such violations of scaling also appear in the characteristic time for dynamic fluctua-
tions in the high-T regime. They are no longer simply universal numbers times //kp T but
are proportional to higher powers of 1/ 7T times a prefactor involving the nonuniversal bare
value of the coupling u.

14.3 Order parameter dynamicsind =2
- _______________________________________________________________________________|

We begin by formulating an effective theory for the low-energy, long-wavelength fluc-
tuations of the order parameter ¢,. This model is then used to compute the behavior of
Imy (k, w) at small k and small w. An important limitation of the resulting model is that it
cannot be used to compute universal transport properties (i.e. correlators of L, the uniform
susceptibility x,, and the spin diffusion constant Dy). These turn out to be dominated by
larger k and w, because although the small k£ and w fluctuations of ¢, have large ampli-
tudes, they carry very little angular momentum current. A separate model for transport
properties is developed in Chapter 15.

‘We mostly limit our attention here to dynamics in the continuum high-7 (“‘quantum crit-
ical”) region of Fig. 14.1 (which applies to N =1, 2 for d =2) and Fig. 11.2 (which applies
to N >3 for d =2; see also Fig. 13.1) but consider all values of N. Dynamical properties
in this region were studied by the large-N expansion in Section 13.2 and led to Fig. 13.3
for Imy (k, w) (which is the analog of Fig. 10.8 for the Ising chain). The large-N expansion
was found to be adequate near the position of the quasi-particle pole (w =~ ¢3), but it failed
badly for o K T, ck K T. It is this failure we can rectify here; our aim is to obtain the
analog of the Ising chain results for Imy (k, )/w in Figs. 10.9-10.11 for dimension d = 2.
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As we shall see, there are some significant, qualitative physical differences between d = 1
and d =2.

The basis of our approach depends upon the e-expansion values of the coupling con-
stants in the effective theory Sy e, (14.16), for the static ¢, fluctuations. In particular, this
theory is characterized by a “mass,” R (defined in (14.18)), which in the high-T region is
(from (14.20) and (14.29))

272
R=e (x—j:z) 2”3T . (14.38)

The characteristic wavevector and energy of the dominant ¢, fluctuations both equal v/R
(in units with ¢ =1, which we are using in this chapter). Observe that from small e,
VR <« T, and so the occupation number of ¢, modes with this energy is large:

1 T 1
——r——~— > 1. 14.39
eVRIT —1 R e (1439

The second term above is the classical equipartition value and suggests that predominant
fluctuations are classical waves in the magnitude and orientation of ¢y,.

How can we extend the model (14.16) to describe the dynamics of these classical waves?
(The reasoning here is almost identical to that presented in Section 12.3.3 for the high-
T regime of the d =1 rotor model; readers who have skipped Chapter 12 may wish to
read Section 12.3.3 until (12.55), but this is not essential.) The predominance of fluctua-
tions with energy smaller than 7" implies that the classical fluctuation—dissipation theorem
(10.75) applies, and (10.76) allows us to obtain the equal-time correlations of ¢, from the
static susceptibility of (14.16). For unequal-time correlations, we need to account for the
kinetic energy of the ¢, fluctuations. To this end, we introduce a canonically conjugate
momentum, 7y, so that we have the following standard Poisson bracket relations between
the ¢y, Ty:

{6 (), mp ()} 5 = Bupd (x — X,
{ba ), pp(x")} o5 =0.
{ma(x), 1 (X"} pp = 0. (14.40)

The Hamiltonian implied by (14.16) contains only “potential energy” terms, and it has
to be extended to include the kinetic energy. At the low order in € that we are work-
ing with here, there are no renormalizations of the gradient terms in (14.2), and so the
kinetic energy is simply the standard [ ddxng /2 implied by the Hamiltonian form of the
quantum Lagrangean in (14.2); in this respect, the present situation is simpler than that in
Section 12.3.3, where a careful computation of the temperature dependence of the uniform
susceptibility was necessary to obtain the proper kinetic energy. In this manner we are
led to the following classical phase space integral (as in “ [ dgdp”), which generalizes the
configuration space integral in (14.16):
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Z= / Débe (x)Drta (x) exp (—7%) ,

1 ~ U
He = / d'x {5 |72 + (Vaga)? + ReZ | + I(<z>§<x>)2}. (14.41)

Observe that we can freely integrate out the 7, in a Gaussian integral, and the functional
integral over the ¢, and its equal-time correlations then reduce to those implied by (14.16),
as they should. This argument shows that the couplings R and U above are precisely those
computed in Section 14.2 in the € expansion.

For unequal-time correlations, we compute the classical Hamilton—Jacobi equations
implied by (14.41) and the Poisson brackets (14.40):

0a
T {¢o, HclpB
=Ty,
o
8—: = {7, Hc}pPB
2 D U 2
= Vi$a — RPo — g(cbﬁ)qﬁa. (14.42)

Determination of the dynamic correlations now reduces to a problem of the form also dis-
cussed in Section 12.3.3. Pick a set of initial conditions for ¢, 7, from the ensemble
implied by (14.41). Then evolve forward in time, according to the deterministic equations
(14.42). Finally, compute unequal-time correlations by averaging products of fields at dif-
ferent times over the set of initial conditions in (14.41).

(Readers familiar with the theory of classical critical dynamics [223] should be warned
that the equations above look deceptively similar to those found in the classical model
considered by Halperin, Hohenberg, and Ma [194, 195]. Howeyver, in the present situation,
(14.42) is a set of deterministic Hamiltonian equations that preserve total energy (and other
quantities). In contrast, the equations of [194] and [195] are stochastic equations with a
damping coefficient inserted by hand.)

The scaling structure of the deterministic continuum dynamical problem defined above
has been discussed carefully in [426], and the central result is simple and quite easy to
understand. First, let us discuss the equal-time correlations computed in Section 14.2 in
a slightly different language. The continuum statistical mechanics problem defined by the
functional integral in (14.16) requires some consideration of the dependence of correlators
on the short-distance cutoff, A~!. For d < 3, the answer is very simple: introduce a new
renormalized “mass” R as in (14.18), and then send the ultraviolet cutoff, A, to infinity;
a finite, universal, continuum answer is obtained, which is, of course, that specified in the
tricritical crossover function in (14.19). Notice that the integral in (14.18) is divergent in
the ultraviolet for d close to 3. What we are saying is that this is the only short-distance
singularity in the problem for e =3 — d > 0 and small, and that this singularity can be
removed by a simple, linear shift in the value of the mass R. After such a shift, the contin-
uum limit is well defined, and we can then deduce the form of all correlators by a simple
engineering analysis of dimensions. The claim of [426] (which we accept here without
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proof) is that this same shift is also sufficient for unequal-time correlations; readers who
have read Chapter 12 will recall that a very similar claim was made in Section 12.3.3.

Let us, then, perform the straightforward engineering analysis of dimensions. We trans-
form to dimensionless spatial, time, and field variables by the substitutions

(501 = R(Z_d)/4T_l/2¢a7
Ty = R™VAT 125, (14.43)

in (14.41) and (14.42). All dimensional couplings in (14.41) and (14.42) disappear, and
they acquire a universal form dependent only on a single dimensionless parameter multi-
plying the quartic (cubic) term in (14.41) ((14.42)), which is

TU

G=—aan (14.44)

This is, of course, precisely the dimensionless parameter that appeared in crossover func-
tions such as (14.19); we have now given it a separate symbol, which represents its role as
a “Ginzburg parameter” [312], controlling the strength of thermal fluctuations. The scaling
form (14.19) can now be immediately deduced from the mappings (14.43), but the present
approach also allows us to write down the form of the dynamic structure factor in a manner
similar to that used in (10.78), (12.62), and (13.36):

2T T x (k) k w

Elmx(k, w) =Sk, w) = NG Dy, (RI/Z’ R1/2,g>. (14.45)
The first relation is the classical fluctuation—dissipation theorem (10.75), and ®s is a uni-
versal scaling function. The prefactor of the static susceptibility, x (k), satisfies (14.19) and
has already been computed in Section 14.2.1; it has been inserted so that the Kramers—
Kronig relation (10.75) implies that ®g. has a fixed integral over frequency,

/ @%c(lé, @,6) =1, (14.46)
27

asin Fig. 10.11 and (10.79). The value of ®g(0, 0, G) is of particular importance because
it determines the relaxational rate, I'g, of long-wavelength order parameter fluctuations, as
in (10.100).

Our task is now clear. Solve the continuum equations of motion (14.42) for initial con-
ditions specified by (14.41), and so determine the scaling function ®g.. For the high-T
region, this solution should be obtained at the value of G determined in Section 14.2.1,
which is

487/3

9= 2n+2)(n 1 8) Ve (14.47)

and this is small for small €. In general, as implied by the discussion in Section 14.2.1, G is
a smooth, dimensionless function of sz / T1/2V (and can be rewritten as a universal function
of Ay /T on the quantum paramagnetic side, and similarly for the magnetically ordered
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side); it decreases (increases) from the high-7 value in (14.47) as we decrease T toward
the quantum paramagnetic (magnetically ordered) region. For G = 0, the dynamic problem
is one of linear waves and can be easily solved. For small G, equal-time correlations can be
obtained in perturbation theory, and this was discussed in Section 14.2.1. However, as we
have already noted, perturbation theory fails for dynamic properties in the low-frequency
limit [422] for any nonzero G.

The only remaining possibility is to numerically solve the strong-coupling dynamical
problem specified by (14.41) and (14.42). Formally, we are carrying out an € expansion,
and so the numerical solution should be obtained for d just below 3. However, it is naturally
much simpler to simulate directly in d =2, which is also the dimensionality of physical
interest. Therefore, the approach to the solution of the dynamic problem in the quantum
critical region breaks down into two systematic steps: (i) use the € =3 — d expansion to
derive an effective classical nonlinear wave problem characterized by the couplings R and
G, (ii) obtain the exact numerical solution of the classical nonlinear wave problem at these
values of R and G directly for d = 2. This division of the problem into two rather disjointed
steps is also physically reasonable. The dimensionality d = 2 plays a special role, primarily
for the classical thermal fluctuations, and the cases N =1, 2 and N > 3 are strongly distin-
guished, and so it is important to treat these exactly; in contrast, the € =3 — d expansion
provides a reasonable treatment of the quantum fluctuations down to d =2 for all N.

Before embarking on a description of this numerical solution, let us make some periph-
eral remarks. First, the relationship (14.18) between R and R cannot be used when d =2
because there is now an infrared divergence in the momentum integral. To cure this, we

replace (14.18) by
F_rR_U N +2 /ddk T (1448)
h 6 Qm)d k2 + R’ ’

which is a nonlinear relationship between R and R. The change in the propagator makes
no difference at large momenta, and so the cancellation of ultraviolet divergences goes
through as before [303]. The value of R as computed in the € expansion is now different,
but the leading order results in (14.38) and (14.47) remain unchanged. The new relationship
(14.48) does have some important consequences for the structure of the static properties at
large G, but we will not go into this here. In particular, the present approach can be used
to reliably obtain physically important crossovers for d =2 (such as those in the static
susceptibility x (k, @ =0) and in the superfluid density p; for N =2) between the high-T
and low-T regions of Fig. 14.1; this is discussed elsewhere [426] in some detail.

Figures 14.2—14.4 contain the results of a recent numerical computation of the scaling
functions in (14.45) at k =0 (i.e. for S(0, w)). These results are the analog of Fig. 10.11
for the Ising chain (and Fig. 12.4 for the d =1, N =3 rotor model, for those who have
read Chapter 12). Because (14.47) evaluates to a moderately large value of G for d =2,
the perturbation theory results of Section 14.2.1 for x (k) are no longer accurate, and we
also numerically computed the exact values of W, (0, G) for d =2 (see (14.19)), and these
are reported in the captions to the figures. The results show a consistent trend from smaller
values of G and larger values of N to larger values of G and smaller values of N, and we
discuss the physical interpretation of the two limiting cases in turn.
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Numerical results from [426] for the zero-momentum scaling function s (0, w, G) appearingin (14.45) forN = 1.
Results are shown for G = 25 (dots), G = 30 (short dashes), G = 35 (long dashes), and G = 40 (full line). The static
susceptibility takes the values (see (14.19)) Ry (k) = ‘~I—'2_1 (0, G) =1.95,2.45,3.37,and 4.78 at G = 25, 30, 35,
and 40, respectively. The high-T limit value of G in (14.47) evaluatesto G = 35.5ate = TandN=1.

Numerical results as in Fig. 14.2 but for N = 2. The values of G are now G = 20 (short dashes), G = 30 (long
dashes), and G = 40 (full line). The static susceptibility takes the values (see (14.19))

Rx (k) = \Ifz_1 (0, G) =1.67,2.65,and 4.73 at G = 20, 30, and 40, respectively. The high-T limit value of G in
(14.47) evaluatesto G =29.2ate = Tand N =2.

For smaller G and larger N, we observe a peak in S(0, w) at a nonzero frequency. This
peak is the remnant of the delta function in the large-N result (11.10), where the value
of m was given by (11.45), (11.53), and (11.56) (the same peak also appears in the 1/N
computation in Fig. 13.3 in Chapter 13). In the present computation, it is clear that the peak
is due to amplitude fluctuations as ¢, oscillates about the minimum in its effective poten-
tial at ¢ =0. As G is reduced, we move out of the high-7 region into the low-T region
on the quantum paramagnetic side (see Fig. 14.1), and this finite-frequency, amplitude
fluctuation peak connects smoothly with the quantum paramagnetic quasiparticle peak.
Of course, once we are in the quantum paramagnetic region, the wave oscillations get
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Numerical results as in Fig. 14.2 but for N = 3. The values of G are now G = 20 (short dashes), G = 25 (long
dashes), and G = 30 (full line). The static susceptibility takes the values (see (14.19))

Rx (k) = \112_1 (0, G) =1.73,2.17,and 2.75 at G = 20, 25, and 30, respectively. The high-T limit value of G in
(14.47) evaluatesto G = 24.9ate =Tand N =3.

quantized, and the amplitude and width of the peak can no longer be computed by the
present quasi-classical wave description — we need a quasi-classical particle approach, like
that in Section 10.4.2.

In addition to the peak at finite frequency, there is weight in S(0, w) down to zero fre-
quency, with S(0, 0) > 0, and so Imy (0, ®) ~ o for small @ (and a finite relaxation rate I'g
as defined in (10.100)); direct analytic computations of Imy (0, w) in either the € or 1/N
expansions give different, unphysical, low-frequency limits for Imy (0, @) (as was seen in
Section 13.2.2); thus the present exact dynamical computation directly for d =2 with N
finite has cured this sickness.

For larger G and smaller N, the peak in S(0, w) shifts down to @ =0. The resulting
spectrum is then closer to the exact solution for d =1, N =1 presented in Fig. 10.11.
As G increases further, the zero-frequency peak becomes narrower and taller. How do we
understand the dominance of this low-frequency relaxation? For N > 2, there is a natural
direction for low-energy motion of the order parameter: by angular or phase fluctuations
of ¢ in a region where the value of |¢,| is nonzero. Of course, the fully renormalized
effective potential controlling fluctuations of ¢, has a minimum only at ¢, =0, as we
are examining a region with no long-range order. However, for these values of G, there is a
significant intermediate length scale over which the local effective potential has a minimum
at a |¢y| # 0, and the predominant fluctuations of ¢, consist of a relaxational phase
dynamics. This interpretation is also consistent with an analysis of the limit G — oo for
N =3 that was carried out in [426]. Then we expect to be well into the low-T region on the
magnetically ordered side in Fig. 11.2, and so the analysis of Section 13.1.3 should apply.
Indeed, it was shown that in the limit G — o0, the three-argument scaling form (14.45)
reduces to precisely the two-argument scaling form in (13.36). As readers of Chapter 13
will recall, this latter scaling form is described by a classical wave model in which |¢,| is
fixed to be unity and its zero momentum dynamic structure factor has a large relaxational
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peak at zero frequency. The same “phase fluctuation”-dominated peak evidently survives
at the moderate values of G we are considering here.

All of the above reasoning has been for cases with continuous symmetry, N > 2. How-
ever, closely related arguments can also be made for N = 1. In this case, in a region where
|¢ | locally takes a nonzero value, there are low-energy modes corresponding to motions
of domain walls between oppositely oriented magnetic phases. Indeed, precisely such a
domain wall motion was considered for the d =1, N =1 case in Section 10.4.1, and it led
to the zero-frequency relaxational peak in the structure factor in Fig. 10.5.

Even in a region dominated by angular (or domain wall) fluctuations about a locally
nonzero value of |¢,|, there could still be higher frequency amplitude fluctuations of |¢q |
about its local potential minimum. This would be manifested by peaks in S(0, w), both
at =0 and at a nonzero frequency. A glance at Figs. 14.2-14.4 shows that this never
happens in a well-defined manner. However, for N =1, we do observe a nonzero fre-
quency shoulder in S(0, w) at G =35, along with a prominent peak at w =0, indicating
the simultaneous presence of domain wall relaxational dynamics and amplitude fluctua-
tions in |¢|. Readers of Chapter 12 will also recognize the similarity of this with the
shoulder in Fig. 12.4 describing the high-7 limit of the d =1, N =3 case. For the other
cases in d =2, we do not see a clear signal of the concomitant amplitude and angular fluc-
tuations. It seems, therefore, that once angular fluctuations appear with increasing G, the
nonlinear couplings between the modes reduce the spectral weight in the amplitude mode
to a negligible amount.

It is interesting to examine the above results at the value of the high-T limit for G in
(14.47) evaluated directly in € = 1. We find G =35.5, 29.2, 24.9 for N =1, 2, 3, and these
values are very close to the position where the crossover between the above behaviors
occurs. The N =1 case has a clear maximum in S(0, w) at @ =0 (along with a finite
frequency shoulder), while there is a more clearly defined finite frequency peak for N = 3.

We add a final parenthetic remark. Readers may recognize a passing resemblance
between the above crossover in dynamical properties as a function of G and a well-studied
phenomenon in dissipative quantum mechanics [294, 295, 537] — the crossover from
“coherent oscillation” to “incoherent relaxation” in a two-level system coupled to a heat
bath. However, here we do not rely on an arbitrary heat bath of linear oscillators, and the
relaxational dynamics emerges on its own from the underlying Hamiltonian dynamics of
an interacting many-body, quantum system. Our description of the crossover has been car-
ried out in the context of a quasi-classical wave model here, but, as we noted earlier, the
“coherent” peak connects smoothly to the quasiparticle peak in the low-7 paramagnetic
region; here the wave oscillations get quantized into discrete lumps, which must then be
described by a “dual” quasi-classical particle picture.

14.4 Applications and extensions
I —

Bitko, Rosenbaum, and Aeppli [49] have studied the vicinity of the quantum phase tran-
sition in the Ising spin system LiHoF4 in the presence of a transverse magnetic field.
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Thus Ising spins have long-range dipolar exchange, and this puts the quantum critical point
above its upper-critical dimension because long-range forces tend to make the mean-field
approximation better. The resulting exponents are therefore similar to those of the mean
field, and physical properties can be computed in a manner very similar to Section 14.2.2.

We argued in Section 14.2.1 that for systems below the upper-critical dimension with a
finite-temperature phase transition (the cases N =1, 2; d =2), the critical temperature of
the transition is universally related to the ground state energy scale A_. For the case d =2,
N =2, we may choose A_ = py, the ground state spin stiffness, and so T,/ ps is a universal
constant. Indeed the universality applies to the entire temperature dependence of py, and
thus

T
ps(T) = ps®, <p_>7 (14.49)

s

where p; = p5(0), and @, is a universal function, which can be computed by the methods
of Section 14.2.1 in an € expansion or by a direct numerical computation in d =2 [426].
The value of T. is determined by the argument at which &, first vanishes. In d =2,
the function ®, will display a discontinuity at 7 =7, to allow for the Nelson—Kosterlitz
jump [358] in the superfluid density. For experimental comparisons, it is easy to see that
(14.49) implies the slightly weaker result

p)_ g <1) (14.50)

ps(0) T
with the function ® » computable from ®,. The numerically exact computations for d =2
discussed in Section 14.3 have been used to obtain explicit computations of the functions
d,, o p for the model (14.2), and these results contain the jump in superfluid density. It is
quite intriguing that the data [131,202,518] on high-temperature superconductors satisfy
the relation (14.50), suggesting the proximity of a quantum critical point at which the
superfluid density vanishes at 7 =0.

We have not explicitly considered the case of the upper-critical dimension d =3 in our
discussion in this chapter. In this case there are logarithmic corrections, involving a nonuni-
versal upper cutoff scale in the argument of the logarithm, which can be computed using
renormalization group arguments similar to those considered in Sections 12.3 and 13.1.1.
We assume the system begins with a positive coupling u of order unity at a microscopic
scale A. Then, as in Sections 12.3 and 13.1.1, it pays to use the renormalization group
invariance to renormalize to a scale u =T /c; from the flow equation (14.10) we see that
fore=0and T < A

6 1
e (N + 8) In(cA/T) (14.51)

Hence the quartic coupling u is logarithmically small. The w,, # 0 modes can be integrated
out by precisely the methods of Section 14.2 to derive an effective action for the w, =0
modes. This step should be carried out at the scale u =T /c, as this ensures that up is
small and also that there are no large logarithms generated in the perturbation theory in
upg (the only scale running through the Feynman diagrams is 7', and so dimensionally all
logarithms must be order In(cu/ T), which is small). The subsequent analysis of the action
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for the w, =0 modes then proceeds as before. To lowest order, the physical results can be
obtained from the d < 3 computation by the replacement € — 1/(In(cA/T)).

Irkhin and Katanin [237] have applied the methods of this chapter to crossovers in
anisotropic magnetic systems and have made comparisons to experimental and numeri-
cal data.

We have discussed the realization of the d =3, N =3 rotor quantum critical point in
TICuCls by Ruegg et al. [414] in Sections 1.3 and 6.6. In particular, neutron scattering
observations have reported a low-lying amplitude fluctuation mode (or the “Higgs parti-
cle”) in the spectrum of the ordered phase, in addition to the usual spin-wave modes. The
universal properties of such a mode can be obtained directly from the approach devel-
oped in this chapter; we can examine (14.2) for r <r. in an expansion in the nonlinear
coupling u, which will be logarithmically small for d =3 as in (14.51). The longitudinal
fluctuations in |¢y | about a nonzero mean value lead to a mode whose energy vanishes as
|r — r¢| — 0. It should also be mentioned that such an amplitude fluctuation mode is not
expected to be visible as T — 0 for r < r, for d =2, as is clear from the large-G computa-
tions in Section 14.3, and from the large-N expansion at T =0 in [97] and [439] because
the cross-section for the decay of the amplitude mode into multiple spin-wave excitations
is too large in low dimensions.
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This chapter turns to a systematic analysis of transport of conserved charges in the quantum
rotor model. We introduced some general concepts in Section 8.3, and these are illustrated
here by explicit computations at higher orders.

For d =1, we considered time-dependent correlations of the conserved angular momen-
tum, L(x, t), of the O(3) quantum rotor model in Chapter 12. We found, using effective
semiclassical models, that the dynamic fluctuations of L(x, t) were characterized by a dif-
fusive form (see (12.26)) at long times and distances, and we were able to obtain values
for the spin diffusion constant Ds at low 7 and high T (see Table 12.1). The purpose of
this chapter is to study the analogous correlations in d =2 for N >2; the case N =1 has
no conserved angular momentum, and so there is no possibility of diffusive spin corre-
lations. Rather than thinking about fluctuations of the conserved angular momentum in
equilibrium, we find it more convenient here to consider instead the response to an exter-
nal space- and time-dependent “magnetic” field H(x, ) and to examine how the system
transports the conserved angular momentum under its influence.

In principle, it is possible to address these issues in the high-T" region using the nonlinear
classical wave problem developed in Section 14.3 in the context of the ¢ =3 —d expansion.
However, an attempt to do this quickly shows that the correlators of L contain ultraviolet
divergences when evaluated in the effective classical theory. Physically, this is a signal that,
for small €, transport properties are not dominated by excitations with energy < 7' (while
the order parameter fluctuations, considered in Section 14.3, were), and it is necessary to
include fluctuations with higher energy, which must then be treated quantum mechanically.
It is this quantum transport problem we address here. We show that it is necessary to solve
a quantum transport equation for the quantized particle excitations to describe diffusion
in the high-7 and in the low-T quantum paramagnetic regions. We note, in passing, a
proposal [439] applying classical wave models to transport directly for d = 2.

It is useful to begin by introducing some basic formalism. We mostly adopt the
“soft-spin” approach to the quantum critical point discussed in Chapter 14, and so it is
useful to set up the machinery of transport theory using its notation. For general N, the
magnetic field H has N(N — 1)/2 components (as in (1.20)); this field generates rota-
tions of the ¢, order parameter, and the number of components equals the number of
ways of choosing independent planes of rotation in the N-dimensional order parameter
space. Only for the case N =3 considered earlier do the order parameter and magnetic
field have the same number of components. We denote this generalized field by H¢, with
a=1...N(N — 1)/2. Note that for N =2, a has only one allowed value and is therefore
redundant. (We later apply the N =2 model to the superfluid—insulator transition and see
there that H¢ represents the electrostatic potential.) In (11.4), we have already seen the



261

Transportind =2

form of the imaginary time effective action for the N = 3 rotor model in the presence of a
nonzero H“ in the fixed-length n field formulation. By the precise analog of the arguments
made in Section 11.1 in deriving (11.4), we may conclude that the generalization of the
soft-spin theory (14.2) in the presence of an external field H¢ is

Z = /Dqsa(x,r) exp(—Syp),
/T
Sp = /ddxf dr {l[<ar¢a - iHaT(fﬁ(ﬁﬂ)z +52(Vx¢ot)2 + r¢§(x)]
0 2

(g0} (15.1)

Note that H merely causes a precession of the ¢, field. The 7¢ are N x N real antisym-
metric matrices that generate the O(N) rotation (they are i times the generators of the Lie
algebra of O(N)). There are N(N — 1)/2 such linearly independent matrices. It is con-
venient to choose the basis in which all but two matrix elements of a given T¢ are zero,
with the nonvanishing elements equaling 1. In this functional language, the observable
corresponding to the conserved angular momentum density is given by
5Sy

SH(x, 1)

Note that there are N(N — 1)/2 components of this density, and their spatial integrals are
all constants of the motion.

Many of the physical arguments are actually clearer in a Hamiltonian formalism. For
the fixed-length model (11.4), we had the lattice Hamiltonian in (11.1). We can apply the
inverse of the transformation used in going from (11.1) to (11.4) to obtain the Hamiltonian
form of (15.1). If we interpret ¢, as the coordinate of a “particle” with unit mass moving
in N dimensions (no longer constrained to move on a sphere), as discussed in Section 6.6,
we obtain the following continuum Hamiltonian:

L, 1) = — (15.2)

= / ddx{% (72 + A(Vea)? + g2 )]
2
+ % (¢§(x)) — H(x, T matp } (15.3)

Here 7y (x, t) is the canonical momentum to the field ¢, which therefore satisfy the equal-
time commutation relations

[Po(x, 1), Tp(x', 1)] = i84p8(x — x'). (15.4)

Equations (15.3) and (15.4) are, of course, the quantized Hamiltonian versions of the clas-
sical Hamiltonian problem defined by (14.40) and (14.41). The operator representation of
the angular momentum density is obtained by the analog of (15.2), and therefore

LO(x, 1) = Tfma(x, p(x. 1). (15.5)

It can be verified that the fields L?, ¢, satisfy commutation relations that are the continuum
limit of the relations (1.21) for the fixed-length rotor model.
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The basic purpose of this chapter is an analysis of the time evolution of the expectation
value of L“(x, t) in situations close to thermal equilibrium. Let us first examine the exact
Heisenberg equation of motion of the operator in (15.5) under the Hamiltonian in (15.3);
an elementary computation using the commutation relation (15.4) gives a result that can be
written in the form

aLe
Jt

where f,p. are the structure constants of the Lie algebra of O(N) defined by the commu-
tation relations

=V -J+ fupHLS, (15.6)

[T T%] = fupeTC. (15.7)

These structure constants are totally antisymmetric in a, b, ¢; for N =3, fypc = €4p¢, While
for N =2, f,5 = 0. The term proportional to f,5. in (15.6) represents the Bloch precession
of the angular momentum about the external field. The quantity J%in (15.6) is the angular
momentum current. An expression for J@ can easily be obtained by generating the equation
of motion as noted above; however, as the equations of motion involve only the divergence
of J9, this expression will be uncertain up to the curl of an arbitrary vector. It is customary
to choose this arbitrary vector to obtain the transport current J ¢ so that the expectation
value (f ) vanishes in thermal equilibrium. In this case a nonzero (f &) will describe bulk
transport of the angular momentum density (L%) across macroscopic distances when the
system is driven out of equilibrium by an external perturbation.

Let us introduce some phenomenological considerations for a system close to ther-
mal equilibrium. We imagine that weak perturbations from unspecified sources deform
a thermal equilibrium state into one characterized by a nonzero, space-dependent angular
momentum density (L%). In addition a slowly varying “magnetic” field H%(x, t) is also
present. Both these perturbations tend to induce a nonzero transport current (.7 ), and pro-
vided that the perturbations are weak and very slowly varying, we can write down the
following phenomenological expression for the current:

(Je(x,0)) = 6 VH (x, 1) — DyV(L*(x,1)). (15.8)

We have introduced two transport coefficients in the above equation. The first, o, is the
conductivity: a uniform H¢ is expected to induce only a nonzero magnetization density,
and so any induced current can only be due to gradients of H%. The second, Dy, is the
spin diffusion constant we met in the discussion of the fluctuations of L%(x, t) ford =1 in
Chapter 12: the combination of (15.6) and (15.8) shows that for the external field H* =0,
(L%(x, t)) satisfies the diffusion equation

(L (x, 1))
Jat

and identifies Dy as the diffusion constant.

Continuing our phenomenological analysis, we discuss the important Einstein relation
between o and D;. Imagine we are considering a closed system in which H? is time
independent but a slow function of x. Eventually the system reaches thermal equilibrium

= D,V (L% (x, 1)), (15.9)
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in which the local angular momentum density is simply given by the equilibrium response
to a uniform field,

(L") = xuH" (x), (15.10)

where y, was defined in (11.3) (we have arranged the initial conditions so that this result
is compatible with conservation of the total angular momentum). Under this condition of
equilibrium the transport current should also vanish. This is compatible with the defining
transport relation (15.8) only if

o = xuDs. (15.11)

This is the basic Einstein relation between the diffusion coefficient characterizing fluctua-
tions and the conductivity representing the response of the system to an external field.

Using (15.11), we can obtain the basic scaling properties of the conductivity o. Recall
from (11.30) that the scaling dimension of x, is d — z (we henceforth use the value z =1
for the rotor models in the remainder of this chapter), and yx, satisfies the scaling forms
(11.44):

Td—l Ay
Xu = o Dyt T (15.12)

on the two sides of the quantum critical point (recall that A4 are energy scales measur-
ing the deviation of the ground state from the 7' =0 quantum critical point). For d =2,
the N =oo result for the scaling functions ®,4 can be obtained by inserting (11.45),
(11.53), and (11.56) into (11.46). We note here some asymptotic limits, also mentioned
in Table 13.1: on the ordered side, where A_ = py, the ground state spin stiffness, we have
the exact result for T < p; obtained in (13.25), which shows that x, reaches a nonzero

valueas T — O:
25 (N =2)T T\>
= l+———+0(— ; 15.13
K N¢? |: * 27 s * (ps> ( )

on the quantum paramagnetic side, we expect an exponentially small uniform susceptibility
for T <« A4, and we can again obtain an exact result for d =2 by the same dilute gas of
quasiparticles argument that led to (12.12):

A
Xu=—ge /T, (15.14)
TC

finally, in the high-7 limit, 7 >> AL, we must rely on the large-N expansion to obtain the
value of the constant ®, (0), and the N = oo result is

B Tﬁln<«/§+1)

= —— 15.15
Xu C2 T 2 ( )
Turning to the diffusion constant, no explicit scaling results have yet been obtained (indeed,
that is the primary purpose of this chapter), but we can deduce its scaling dimension by a

simple argument. A glance at (15.9) shows that Dy has the dimensions of (length)z/time.
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There is no field scale that appears in the definition of Dy, and as the scaling dimension
has to respect the conservation law for L“, we have the scaling dimensions

dim[D;] =z — 2,
dim[o] =d -2, (15.16)

where the second relation follows from (11.30). Using dim[7'] =z, and matching engi-
neering dimensions with those of ¢ and T, we then see that Dy must equal ¢/ T times a
universal function of Ay /7. Combining this with (15.11) and (15.12) we have the main
scaling form for the conductivity [70, 106, 145,147,417,538]:

Q2 kpT d=2 ho Ai
2 (L) g, (22 2E)) 15.17
o@) =" T \kgT kgT (15.17)

where @, are completely universal scaling functions. We have momentarily returned to
physical units by reinserting factors of 7, kp, and the charge of the carriers, Q (this had
been absorbed into our definition of H%; Q =2e for the superfluid—insulator transition);
we do this occasionally below when quoting results for o. For future use, we have gener-
alized the conductivity to a dynamical frequency-dependent conductivity o (w) represent-
ing the response in the current at frequency w to an external field at the same frequency
(0 =0(0)); the scaling dependence on w/T then follows from now familiar arguments.
We focus in this chapter mainly on the high-7T regime, T > A, and therefore on the value
of ®,1(w/T,0). Also note an important and remarkable property of (15.17): in spatial
dimension d = 2, the prefactor of the power T disappears, and the conductivity is entirely
given by the scaling function ®, times the fundamental constants Q?/A. In the high-
T limit, we are then left with the dimensionless scaling function ®,+(w/T, 0), which
depends on no system parameters at all.

We work, throughout this chapter, in the high-7T and quantum paramagnetic low-T
regions of Fig. 14.1. We do not study the crossover in the shaded classical region of
Fig. 14.1 near the finite-temperature transition for N =2. Although transport properties
in this region are of considerable practical interest, the methods developed here are not
adequate to describe them. One consequence of restricting ourselves out of the shaded
region is that we are always in a regime where the perturbative expansion for the tricritical
crossover function in (14.5) is adequate.

15.1 Perturbation theory

We begin our computation of o by a simple perturbative evaluation of the leading order
term in both the e =3 — d and 1/N expansions [106].

First, let us specify more carefully the configuration of the system. We begin, at some
time in the remote past, with an infinite d-dimensional quantum rotor system in thermal
equilibrium at a temperature 7. A small “magnetic field” with a uniform spatial gradient,
and oscillating with a frequency w, is turned on, also in the remote past. We are interested in
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the eventual steady state in which there is a spatially uniform angular momentum current
present, also oscillating with the frequency w. The proportionality constant between the
current and the field gradient defines the conductivity o (w). As the current is spatially
uniform, the magnetization density is zero at all times (so the term proportional to Dy in
(15.8) is not present).

It should be evident that this physical situation has a translational symmetry. However, in
considering the response to the field, we need a uniform gradient, and therefore it appears
necessary to consider a response at a nonzero wavevector. Because this is slightly inconve-
nient, we use an alternative method that should be familiar to most readers in the context
of discussion of the Kubo formula in many-body systems [136]. The basic point is to note
that H* appears in (15.1) in the same form as the time component of an O(N) non-Abelian
gauge field. It is then useful to generalize (15.1) to also introduce a fictitious spatial com-
ponent of this gauge field, denoted Ae, by changing only the gradient terms in (15.1) to

1 .- yraa 2 o AaTa
3 [(afqba +iH Taﬂd)ﬁ) + (Voo — A Taﬂ¢ﬁ)2i|. (15.18)

One advantage of introducing A% is that we can check that the current J® appearing in
(15.6) is given by the simple expression

. 58S
Ji=_22. (15.19)
5 Aa

this result is the analog of (15.2). The action Sy is seen to be invariant under the non-
Abelian gauge transformation

boa = ¢a + Q2 Typdp,
AG s A4 4 %Q“,
HY — H® +i9,Q°% (15.20)

where Q¢ is an arbitrary infinitesimal function of space and time. We can use this gauge
invariance to transform away the field H“ appearing with the time component, leaving us
with only a nonzero A“_From (15.20) we see that a system with a nonzero H¢ and A4=0
is equivalent to a system with H¢ =0 and A =VQ4, where 0:Q4=iH?. So if we have
a uniform, time-dependent, spatial gradient in H“, we can define the space-independent
E®=VH® and we see, in imaginary frequencies, that Ad (wp) = E® (wp)/wy in the gauge-
transformed system.

The above mapping allows us to present a simple prescription to compute o (w,). Work
with an Sy with H* =0 and a nonzero space-independent Ad (wy). (Note that the external
source A% is explicitly at zero momentum.) Compute the expectation value of (15.19) under
this Sg. Then the conductivity is given by the linear response to a nonzero A¢ by

s [8S,
o)==z \ 540

(15.21)

Ae=0
It is a simple matter to use (15.21) to compute o (iwy), either to first order in u or in
the N = oo limit (in this case one simply uses the self-consistent large-N propagator in
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<>

Feynman diagrams leading to the two terms in (15.22). The dark circle represents the term linear in ATin (15.18),
while the dark square is the term quadraticin A

(11.10), and otherwise ignores interactions). In both cases the answer can be written in the
following form:

@) 20T 3 / dk 20%k2
o(wy) = ———
" wn £ Q)4 | (€2 + 2k + m2) (€4 + wn)? + c2k% + m?)

1
— m} (15.22)
The first term is the “paramagnetic” contribution, while the second is the “diamagnetic”
term, and these arise from the diagrams shown in Fig. 15.1. Here we have taken the gradient
of H% along the x direction and k, is the x component of the d-dimensional momentum
k. The “mass” m has been computed in earlier chapters: the € and large-N results differ
only in their 7-dependent values for m. At N =00 we have the result in (13.44). The €
expansion was considered in Chapter 14, and for the high-T and quantum paramagnetic
low-T regions of interest here, we have from (14.19), (14.5), and (14.25) that

N+2
m*=R—¢ <N—::_—8> 27 T/R, (15.23)

where R is given in (14.24); in the high-T limit we have m?=e((N+2)/(N+8))2n2T?/3
to leading order in the € expansion.

Now insert 1 =9k, /0k, in front of the diamagnetic term in (15.22) and integrate by
parts. The surface terms vanish in dimensional or lattice regularization, and the expression
for the conductivity becomes

2¢2 dk 2c2%k?
=7 x
o (wy) o ;/ Qm) 2 + 2k2 + m?

1 1
- . 15.24
x |:(en +wp)? + 2k +m? €2 +62k2+m2i| ( )

We evaluate the summation over Matsubara frequencies and analytically continue to real
frequencies. The resulting o (w) is complex, and we decompose it into its real and imag-
inary parts, o (w) =0'(w) + ic” (w). We only present results for the real part o’ (w); the
imaginary part o (w) can be obtained via the standard dispersion relation.
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We find that the result for o’ (w) has two distinct contributions [106,522] of very diff-
erent physical origin. We separate these by writing

o' (w) = 01’ (w) + al’l(w). (15.25)

The first part, o (w), is a delta function at zero frequency:

(15.26)

o) () = 2nc48(w)/ dk ks <— 8"(8")>,

@2m)d g2 dey
where n(e) is the Bose function in (13.63) and the excitations have the energy momen-
tum relation & given in (13.64). We discuss the physical meaning of the delta function in
(15.26) in Section 9.1.1, and obtain a separate and more physical derivation of its weight
in Section 15.2. The second part, o}, (w), is a continuum above a threshold frequency
of 20

(@) n“/ WK1+ on(eensiiol — 260)
o w) = C —_— n w| —
" @) 263 ¢ ¢
a2
S 2 _ 4m? d—2
= 220 (1| — 2m) (%) [1+2n(a)/2)]‘9‘ . (15.27)
d 4w c

where Sy was defined below (14.9). It can be verified that the above results for o (w) obey
the scaling form (15.17).

We now discuss the physical and scaling properties of the two components of the con-
ductivity in turn; the results are also sketched in Fig. 15.2.

0.05 1

0 T
0 10
w/ T

The real part, (I)Q,Jr, of the universal scaling function @, 1 in the high-T limit (T > A ) (see (15.17)) at the
one-loop level. The numerical values are obtained from (15.26) and (15.27) with d = 2 (¢ = 1). There is a delta
function precisely at o /T = 0 represented by the heavy arrow. The weight of this delta function is given in (15.28)
and (15.29). The delta function contributes to oy, and the higher frequency continuum to oy;.
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15.1.1 oy

This is a zero-frequency delta function and is present only for 7 > 0. It is interpreted
as the contribution of thermally excited particles that propagate ballistically without any
collisions with other particles. This becomes evident when we re-derive this delta func-
tion contribution later in Section 15.2 using a transport equation formalism. Indeed, to first
order in € (Chapter 14), or at N = oo (Section 13.2), the excitations are simply undamped
particles with an infinite lifetime and energy momentum relation &. As we saw in Section
13.2.2, it is necessary to go to first order in 1/N, to include collisions that give the quasi-
particles a finite lifetime and lead to a finite phase coherence time 7,; a similar analysis
in the € expansion shows that such effects appear at order €2. We show in Section 15.3
that these collisions also broaden the delta function in o7. The magnitude of the broad-
ening is expected to be determined by the inverse lifetime of the quasiparticles; in the
high-temperature limit, this inverse lifetime is of order €T [422] in the € expansion, or of
order T /N in the large-N theory (see (13.68)). The typical energy of a quasiparticle at the
critical point is of order T, and so the quasiparticles are well defined, at least within the €
or 1/N expansion. Note, however, that the quasiparticle interpretation breaks down at the
physically important values of e =1, N =2, 3.

Let us evaluate the expression (15.26) for o7 in its limiting regimes.

First, consider the high-T region, looking first at the € expansion. The coefficient of the
delta function is a function of the ratio m/ T, but note from (15.23) and below that m < T
for small €. Evaluating (15.26) in this limit we find for € small

0,/(a)) = 27rc27de*15(a)) |:i __m 4. i|

18 8xT
1/2
= 2727475 (w) [i Ve (M> + - } (15.28)
18 8 \3(N+38)

Actually the expression (15.26) is good to order € but we have refrained from displaying the
next term as it is rather lengthy. The first term in (15.28) is obtained by evaluating (15.26)
at m =0, d = 3; the second term is from an integral dominated by small ck ~ m <« T and
hence the Bose function can be replaced by its classical limit. It is important to note that
the current carried by the thermally excited carriers is dominated by the leading term of
(15.28), which arises from momenta k ~ T >> m (this is the reason we are not allowed to
use the classical wave model of Section 14.2.1 for transport properties). This will be useful
to us in the analysis of collisions in Section 15.3 where we will simply be able to set m =0
to obtain the leading term. In the large-N theory, the corresponding expression for d =2 is

TB ood 1 o’ !
E(w)/@ ¢ +8_2 et —1

T
= 58(w) x 068940 (15.29)

or(w)

where ® =21In((v/5 + 1) /2). Notice that, as m ~ T, we have now been unable to approxi-
mate g, ~ k to get the leading result, as was done in the € expansion. The spectral weight of
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the delta function to leading order in the € expansion is, from (15.28), 7 T/9=0.3491...T
whereas the N = 0o, d =2 result is 0.3447 ... T, which is remarkably close.

Next consider the low-T regime on the quantum paramagnetic side of the transition,
T < A4. Here both the € and large-N expansions give the following result for d = 2:

ALT d-2)/2
o)) =T (2 2) e 2T §(w). (15.30)
TC

Hence the spectral weight of the delta function is exponentially small, since free quasi-
particles are thermally activated.

15.1.2 oy

This is the continuum contribution to ¢ that vanishes for @ < 2m. At this order in € (or
1/N) there is a sharp threshold at w =2m, but we expect that this singularity will be
rounded out when collisions are included at order €2 (1/N) (but we will not describe this
rounding out here). Although collisions have a strong effect at the threshold, they are not
expected to significantly modify the form of o, (w) at higher frequencies where the trans-
port is predominantly collisionless. In particular, the @ — oo limit is precisely the T =0
result [70]
TSy |w]d—2
I

— 15.31
g ( )

/
o1(w— 00) =

15.2 Collisionless transport equations
|

The low-order perturbative result for o (w) in Section 15.1 is clearly not physically satis-
factory. Owing to the absence of any collisions between the thermally excited particles, we
found a singular delta function at @ =0 and a sharp threshold at @ =2m. Before we can
repair these singularities, we present an alternative derivation of the delta function contribu-
tion at w =0. This is carried out using an equation of motion analysis that clearly exposes
the role of collisionless transport of thermally excited particles [106]. The advantage of
this new approach is that subsequently we can readily include the effects of collisions.

We saw in the previous section that, at the one-loop level, the only effect of the ((;Sé)2
interaction was in inducing the 7-dependent mass m in the propagators. This suggests
that we perform our equation of motion analysis with the following simplification of the
Hamiltonian in (15.3):

H' = Ho + Hext- (15.32)

The first term, Hy, is the free particle part in (6.52), but with a renormalized mass m:

1
Ho =5 / d?x [ng + A (Vigo)? + m2¢§] , (15.33)
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and Hex; contains the coupling to the external magnetic field H¢:

Hext = —/ddxH“(X, t)TO‘llﬂﬂa(x,t)(blg(x,t). (15.34)

As noted earlier, we are interested only in the linear response of the current to the gradient,
E9=— %x H%(x, 1), and it is assumed below that E%is independent of x. Note that, unlike
in Section 15.1, we are making the gauge choice of coupling to H¢ rather than the vector
potential K“; this is for convenience and should not change the final gauge-invariant results.
Strictly speaking, the renormalized mass m that appears in Ho also depends upon E“;
however, to linear order in E“, and for the case of a momentum-independent interaction,
this “vertex correction” can be neglected, and we do so here without proof. The explicit
form of the angular momentum current J@ can be obtained by computing the equation of
motion for the angular momentum density and putting it in the form (15.6). In the present
situation of an x-independent E 4, the choice

J* = T ¢ Vedp (15.35)

ensures that (j 43 vanishes when E?=0. Moreover, (f %) is independent of x for E“
nonzero. For completeness, let us also note here the expression for the total momentum
density, P, of the quantum field theory H; this can be derived by studying the response of
the action to translations, as is discussed in standard graduate texts [245]:

P = 14V y. (15.36)

Notice that it is quite distinct from J4 In particular, in the absence of an external potential,
> . L e
P is conserved (i.e. it obeys an equation of the form d; P + V- @ = 0 for some local

second rank tensor field E), whereas J¢ is not.

The subsequent analysis is simplest in terms of the normal modes that diagonalize H.
Using the standard approach of diagonalizing harmonic oscillator Hamiltonians we make
the mode expansions which generalize (6.54) to arbitrary time dependence:

d%k 1
Q) e

. dk  [e 2 ikx t T —ik-%
ﬂa(x,t):—z/ (zn)d\/;<aa(k,t)e —al(k, e ) (15.37)

fux, 1) = (cath, 065 + 0l &, DeE5),

where the a(;, t) operators satisfy the equal-time commutation relations in (6.55). It can
be verified that (15.4) is satisfied, and Hy is given by the analog of (6.10)

-

We also need the expression for the current J in terms of the a and a'. We are only
interested in the case where the system carries a position-independent current. For this
case, inserting (15.37) into (15.35), we find

dk .- -
P ex[alk, aq(k, 1) +1/2]. (15.38)
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Ja@t) = J4 (1) + J%, 1),

- Ak k.- -
_ 2 ¥
Ji() =ic*Lyg 20 a(aa(k, Hag(k, 1)),
- ‘ A%k L
J9,(t) = —lchgﬂ/Wg(a;(—k,t)aﬂ(k,r))JrH.c. (15.39)

It should be evident that processes contributing to J 7; require a minimum frequency of
2m, and so J§ ja 7; contributes only to oy (w). We therefore drop the J§ ja 7; contribution below
and approximate J Jo Jq. J. The ease with which the high-frequency components of o ()
can be separated out is an important advantage of the present formulation of the quantum
transport equations. Of course, at this simple free-field level it is not difficult to include
J: ‘1‘ ; also and rederive the complete results for o; and oy obtained in Section 15.1. We
do not do so in the interest of simplicity, but urge the reader to carry out this instructive
computation.

The central object in our presentation of transport theory is the mean, time-dependent
occupation number of the normal modes:

fap®. 1) = (al (K, Dap(k, 1)), (15.40)
in terms of which the expectation value of current is
dk k
JU1) = ic® TS, k.t 15.41
(J90) = @yl e — fap(k, 1). ( )

The corresponding expression for the momentum density is

P(1)) = ddkié k 15.42
<<’>>—fw fua & 1), (15.42)

Note the difference in the structure of the O(V) indices between (15.41) and (15.42).

For the subsequent analysis it is convenient to choose a definite orientation for the field
H¢ in the O(N) space. As in Section 12.3, and the discussion above (12.47), we choose the
field that generates rotations in the 1—2 plane, that is, H* =0 except for the component
a, which couples to the generator of O(N) with Tf*2 = — T,'; = 1. We henceforth denote
this nonzero  component simply by H (and E=VH ) and the 1ndex a is dropped. Similarly,
the current J¢ is nonzero only for this component and denoted J. It is also not difficult to
see that to linear order in E , the distribution functions in (15.40) do not get modified for
all components « > 2. This is because any change in these components must be even in E.
This conclusion is also true to all orders in the interaction u in 7. We have therefore

faﬁ(l_é, 1) = Supnler), a>2orf>2, (15.43)

where n(e) is the Bose function in (13.63).

The interesting transport phenomena all occur within the 1, 2 components of fyg (l;, 1).
Within this subspace, it is helpful to transform to a basis where the external field is diago-
nal. We therefore define

ar(k, 1) +iay(k, 1)

ap(k, 1) = 7 :

(15.44)
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Particles Holes
/_5 —> <+“—

J — —
The contribution of the particle-like and hole-like excitations to the total momentum Pand the angular momentum

current J. The particles are moving to the right, while the holes are moving to the left. Their contributions to p
cancel out, while their contributions to J add.

and we occasionally refer to a4 (a—) as the annihilation operators for the particles (holes).
The Hamiltonian Hg can also be expressed in terms of the a4, and it remains diagonal,
with the same form as in (15.33). The current becomes

S d%k " -
(J) = f(zn)dzk (a] (k, yaz (k, 1))

d%k
=f (2n)d2 —f,\(k 1), (15.45)

where the index A is assumed here and below to extend over the values +1, and f, = fi,
are the particle distribution functions (the components of f that are off-diagonal in this A
space can easily be shown to vanish). Let us also note the expression for the momentum
density

d%k
L Zkfk(k 1). (15.46)

An important difference between (15.45) and (15.46) is the A inside the summation in
(15.45), which is absent from (15.46). Thus the angular momentum current is proportional
to the difference of the particle and hole number currents, while the momentum density is
proportional to their sum, see Fig. 15.3.

We have introduced all the basic formalism necessary to formulate the transport equa-
tions, which are the equations of motion of the distribution functions f; (12, t). These are
obtained by computing the Heisenberg equations of motion of a1 under the Hamiltonian
H’ in (15.32). In deriving these equations we make approximations similar to those made
for J: we drop all terms involving the product of two as or a's as these contribute only
to the high frequency o;; (the mixing of these modes with the fj can also be neglected
to linear order in E ). A straightforward computation then gives the central result of this
section:

(88 +1E(@) - 9 )fk(k 1) =0. (15.47)

Let us solve (15.45) and (15.47) in linear response. In the absence of E , the distribution
function has the equilibrium value given by the Bose function f; (k, t) = n(ex). We Fourier
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transform from time, 7, to frequency, w, and parameterize to linear order in E:
fulk, @) = 28 (w)n(er) + Ak - E(@)y (k, w), (15.48)

where we have used the fact that only E breaks spatial rotation invariance and O(N) sym-
metry to conclude that Y is independent of k/ k and A. Now inserting (1 5.48) in (15.47),
and using deg/ k= k/ &y it is simple to solve for ¢ to leading order in E:

2
Wik, w) = = i(—an(gk)) (15.49)

—iw &g dey

Finally, we insert this result in (15.45) and deduce the conductivity

2¢4 dk k§< Bn(sk)>

—io ] @md 2\ o

o(w) = (15.50)
The real part of this agrees with (15.26). Note that the leading factor of 2 comes from the
sum over A. The current is therefore carried equally by the thermally excited particles and
holes; they move in opposite directions to create a state with vanishing momentum but
nonzero charge current. We see in the next section that this charge current can be relaxed
by collisions among the particles and holes.

15.3 Collision-dominated transport
I —

We proceed to improve (15.47) by including collisions among the excitations. These colli-
sions were previously considered in Section 13.2.2, where they led to a finite lifetime for
the excitations. Here we study how the same collisions degrade the transport of angular
momentum current.

A full analysis and derivation [104] of the collision contributions to the transport equa-
tion is quite lengthy and involved, and is beyond the scope of our discussion here. However,
the physical interpretation of the final result is quite straightforward, and with the benefit
of hindsight, it is possible to guess the collision terms by a simple application of Fermi’s
Golden Rule. We follow this latter route here and omit presentation of a complete, formal
derivation. We begin, in Section 15.3.1, by using the € expansion on the Hamiltonian H in
(15.3). The large-N approach is considered later in Section 15.3.2.

15.3.1 € expansion

The basic idea is to treat (15.47) as a rate equation for the occupation probability of particle
states with momentum & and polarization A. The terms present in (15.47) then represent
the flow of particles with their momenta obeying “Newton’s Law” dk /dt = AE. Collisions
can therefore be accounted for by including terms that represent the rate at which particles
in state k collide with other particles (the “out” terms) and also the rate at which particles
in other states scatter into the state k (the “in” terms). Thus, if there is a matrix element M
for scattering of two particles with momenta and polarizations I_é, A and 1}'1, A1 into states
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122, Ay and 1;3, A3, then Fermi’s Golden Rule implies that the right-hand side of the transport
equation will acquire the term

— IMPQr)8(ex + €k, — £k — £ks)
x { fulk. 1) fo, k1, O[1 + fo, (k2. D][1 + fiy (k3. 0)]
— fulke, ) iy k3. O[1+ k. D][1+ fr, k1, D]} (15.51)

summed over momenta 121,2,3 and polarizations A1 2 3. The expression outside the curly
brackets is clearly the collision rate as specified by Fermi’s Golden Rule. Inside the curly
brackets we have the factors associated with the out and in processes, respectively: particles
entering into a collision are being annihilated and have associated with them the average
Bose matrix element (|(n; — 1|ag|ng) |2) = f(k) (where ny is the occupation of state k in
one realization of the thermal ensemble), while those emerging from a collision have the
Bose factor {|{(n; + 1|aZ|nk)|2) =14+ f(k).

Applying the rules discussed above, we pursue a lengthy, but straightforward computa-
tion to give us the following rather formidable transport equation [106]:

d - 0 -
— 4+ AE - — k,t
(3t+ ak)f;x( )

u? [ d% dv% d%; 1
9 J @m)? 2n)¢ 2r) 168kek, €k, iy

x (2)*8(k + ki — ky — k3)27 8 (ex + ek, — £k, — Ek3)
x {4{fx(lz, 1) forlkr, DI+ fulka, DI+ fos (K3, 1)]

— [1+ fatk, DI + fos (ki O] falka, 1) fon(ks, 1)}
+ 2{ £k, 1) fulkr, O + frka, DI + fi(ks, 1)]

— [1+ £k, DI+ fo(kr, D] flka, 1) fr(ks, 1)}

+ (N =) fulk, Dn(er)[L + frlka, ][+ n(ery)]

— [+ filk, D1[1 + n(er)] fulka, Dnlery))

(N-2

5 LAk, ) foa ke, ) [1 4 n(ery) |[1+ ners)]

+

— [+ R ON + fo i, r)]n(ek2>n<sk3)}}, (15.52)

with A = =+ 1. Fortunately, interpreting the individual terms is quite simple. The first two
pairs of collision terms represent processes within those with polarizations in the 1-2 plane,
while the last two pairs (proportional to (N — 2)) represent collisions with particles with
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polarizations with « > 2; in linear response, the latter have their distribution function given
simply by the Bose function, as was noted earlier in (15.43).

In writing down (15.52), we have omitted terms associated with collisions that involve
creation or annihilation of particle-hole pairs, as they have a negligible contribution in
both the high- and low-T limits in the € expansion (such processes are included in our
later discussion of the 1/N expansion). Thus a collision in which, for example, a positively
charged particle of momentum k turns into two positively charged particles and a negatively
charged hole with momenta ki, 122, and 1_53, respectively, is permitted by the symmetries of
the problem. However, it remains to evaluate the phase space over which such collisions
conserve total energy and momentum. In the low-7 quantum paramagnetic region, we
need a particle with energy of at least 3A . to have sufficient energy to emit a particle—
hole pair, and such particles are exponentially rare. In the opposite high-T region, note
that the “mass” m of the particles/holes is of order /€T (below (15.23)), whereas their
momentum is of order 7. Consequently, to leading order in € we may just replace the
energy momentum relation (13.64) by e =ck (see also the dlscuss1on below (15.28)). The
particle-hole pair-creation collision requires that k= k1 +k2 +k3 and k = k| +k+k3. This
is only possible if all three momenta are collinear, and this process therefore has vanishing
phase space in the high-7 limit. More generally, for a nonzero m, the phase space vanishes
ase — 0.

We analyze the solutions of (15.52) separately in the high-7 and low-T paramagnetic
regions of Figs. 11.2, 11.3, and 14.1.

HighT,T>> A4

To obtain the 7 > A, limit of the scaling results for conductivity as encapsulated in
(15.17), it is sufficient to replace the interaction strength u on the right-hand side of (15.52)
by the fixed point value discussed in Chapter 14 and in (14.11). For the result to leading
order in €, we can set

48n2c3

I ETNA (15.53)

The prefactor of ¢ has been deduced by dimensional analysis; it did not appear in Chap-
ter 14 because we used units with ¢ = 1 there. We expect that in the high-7 limit, u ~ T /c,
as that is the only natural scale in the problem; in any case, to leading order in €, the precise
value of u is not needed.

The next step is to linearize the transport equation (15.52) by using the ansatz (15.48)
and to examine the structure of its solution in the limit of small €. First, we find that the
A dependencies in (15.48) and (15.52) are completely compatible, in that the linearized
equation for the unknown function ¥ (k, w) is independent of A. Then we perform a simple
dimensional analysis of the linear integral equation satisfied by . The dependencies on €
(for small €), T, and ¢, can all be scaled out, and it is not difficult to show that the solution
of the linear integral equation can be written in the form
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Structure of the real part, <I>Q,+(J), 0) = &, _(w, 0), of the universal scaling functions @ 4 in (15.17) in the
high-T region, T > A, as a function of @ = w /T in the limit of small €. The peak at small & has a width of order
€2 and a height of order 1/€2; this feature of the conductivity is denoted by o;. The collisionless contribution

(denoted o) begins at & of order €2 as @ — oo, this contribution is a number of order unity times o€,

1’3 \er’' T
where the dimensionless complex function W satisfies a parameter-free and universal linear
integral equation. This equation has to be solved numerically [106], and we will not discuss
the details of the numerical analysis here. Finally, computing the current by using (15.45)
and (15.48) we see that the conductivity o7 can be written in the form

2
vk, w) = C—\p( d Ck), (15.54)

o1 (@) = (15.55)

d-2
%CDUI (2&)’
€ €T

where the scaling function ®,; is simply related to W. This result is clearly compatible
with the scaling form (15.17) for the total conductivity. Note that the natural frequency
scale in (15.54) and (15.55) is of order €27': this is the scale over which the delta function
in o} was expected to be broadened. Furthermore, the peak value of the zero frequency
conductivity, which diverged at the one-loop level, is seen to be of order 1/€2. (These
features are sketched in the schematic of the frequency-dependent conductivity in the high-
T limit in Fig. 15.4.)

The function @, therefore defines the smoothing of the delta function in (15.26) and
has the same total spectral weight. From (15.28) we see that it satisfies

18

in the high-7 limit. It should be noted that this sum rule is special to the leading order in €
being considered here. For € of order unity, there is no sharp distinction between o7 and oy
and there is no sum rule. Indeed the integral in (15.56) when carried out over the total o will
be divergent. For any realistic lattice model there is a large microscopic energy scale (~ J)
beyond which the universal scaling results do not apply, and the entire spectral weight
(including frequencies beyond J) is not divergent; this latter spectral weight satisfies a
sum rule related to nonuniversal microscopic quantities and is unrelated to the universal
result (15.56).

o b4
/ daoRe®d, (@) = — (15.56)
0
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The real part of the universal function ®,,; as a function of & = a)/ezT, defined in (15.55) in the high-T limit
A /T =0.This function describes the inelastic collision-induced broadening of the «» = 0 delta function in

Fig. 15.2 at a frequency scale of order €2T. The conductivity has an additional continuum contribution (o7 ()) at
frequencies larger than o ~ €'/2T, which is not shown above (see Fig. 15.4).

A complete numerical solution for the function ®/ , has been carried out in the high-T
limit in [106] for the case N =2, and the solution is sketched in Fig. 15.5. Most important
is the value of @/ ,(0), which gives the value of the d.c. conductivity [106]

0? (T >“ 0.1650
¢

o) = h €2

, N=2T>A4. (15.57)

As noted earlier, the result is a pure number times Q2/A for d =2 (recall that Q is the
charge of the carriers, which we usually absorb into the definition of H). These are among
the main results for low-frequency transport in this chapter.

LowT,T < Ay

First, we have to determine the value of u that must be used in the transport equation
(15.52). Now Ay is the largest scale in the problem, and so the generalization of the result
(15.53) suggests that

u~ec’(AJe)e. (15.58)

However, this result is not adequate, as we now argue that the limits 7 — O and € — 0
do not commute. For T < A4, as in Sections 10.4.2 and 12.2, all the thermally excited
particles are at energies just above the gap, and so we can approximate their dispersion by

22
2AL°

{;‘k = A+ + (1559)

The typical value of the particle momentum is k ~ /AT /c. The coupling (15.58) would
imply that these quadratically dispersing, slowly moving particles scatter with a 7 matrix
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that is independent of momentum at low momentum. However, we know from elemen-
tary quantum mechanics [502] that this Born approximation result is incorrect; the full 7
matrix scales as ~ k92 as the momentum transfer k — 0, and so we should really use a
momentum-dependent coupling u of order

u~ k12N 242 (15.60)

where the powers of A and ¢ were deduced by a dimensional comparison with (15.58).
(Note that (15.60) diverges as k — 0 in d = 1, where the present perturbative transport
equation cannot be applied; there, we should instead use the exact S matrix in (12.13),
along with the exact transport analysis developed in Section 12.2.) We do not attempt
a complete solution of (15.52) with a momentum-dependent u here but will be satisfied
with a dimensional analysis that exposes the 7" dependence of physical observables. By
an analysis similar to that leading to (15.54), it is not difficult to show that in the limit
T « A, the solution of the linearized integral equation satisfied by i takes the form
2. ,—AL/T

k
£y (wr, — ). (15.61)
AT JALT

where the particle scattering time, 7, is deduced by a dimensional analysis of the collision
term in (15.52) with the momentum-dependent coupling u in (15.60):

1 T \26@d-2)
—~T (—) e AT, (15.62)
T¢ A+

Yk, w) =

Note that this result for 7, is consistent with the d =2 result in (13.68). Now we can
compute the current by inserting (15.61) into (15.45) and (15.48), and the result for oy
takes the form

AT\ @2/2
+ ) AT o, (wty). (15.63)

27 c?

This is consistent with (15.30) in the collisionless limit T, — oo. The scaling function
d, 7 is expected to be a constant when its argument vanishes, and so the d.c. conductivity
can be obtained from (15.62) and (15.63):

T —-3(d-2)/2 A+ (d-2)
o7(0) ~ AL — . (15.64)
+ C

This result is valid for d > 2, where we see that the d.c. conductivity actually diverges as
T — 0. The total spectral weight in the “Drude” peak of the d.c. conductivity, o7, is expo-
nentially small, ~¢~2+/T | but the weak inelastic scattering between the thermally excited
particles is also exponentially rare; the two exponential factors cancel each other out, and
we get a power-law divergent conductivity. For d =2, because of the logarithmic factors
obtained in (13.68), we expect o7 (0) to diverge as (In(A/T))?; recall that this logarith-
mic divergence was absent in the high-7 limit (7 > A4 ), where the d.c. conductivity was
a completely universal constant in d =2. Finally, as we have already noted, these meth-
ods do not apply for d =1, but it is interesting to note that the Einstein relation (15.11),
when combined with our earlier results (12.12) and (12.27), gives us a d.c. conductivity,
o ~ T2 which also diverges as T — 0.

o(w) =Tty (
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15.3.2 Large-N limit

A closely related analysis of collisions can also be carried out in the large-N limit. It has
the advantage of working directly for d =2 at all stages, and so we briefly discuss its
formulation here [425].

The central simplification of the large-N limit is apparent by a glance at the right-hand
side of (15.52): the E field changes the distribution of particles only with polarization
a=1,2, but their scattering is dominated completely by collisions with particles with
polarization « > 2 (note the prefactor of (N — 2) in some of the collision terms). The col-
lisions with these particles actually appear in the form of interactions with the fluctuations
of the X field, which were considered in Section 13.2. The propagator, IT, of this X field
was given in (13.42), and the upshot of the result (15.43) is that this propagator remains
unchanged in the presence of the E field. To leading order in 1/N we can then simply
consider the Gaussian fluctuations of the A field as an infinite set of harmonic oscillators
with density of modes given by the imaginary part of 1/I1. These harmonic oscillators are
coupled to the normal modes of the order parameter n by the An? vertex in (11.6). The
collision terms arise entirely from this vertex, and their form can be deduced from Fermi’s
Golden Rule as discussed earlier. The resulting generalization of (15.47) is then

0 - 0 >
— 4+ AE - — k,t
(at+» ak)fk( )

2/00 dQ [ d%q 1
=-= — Im _
NJo = ) @n)? (g, Q)

(2m)d(ex — €itg) — Q)

" { ity
— Hl+G.00 + fiulk, 0)n()]
Qm)s(er — €itq T Q)
depe

[£k, (A + filk + G, D)1+ n())

- [tk O + fuk +G. )n()
lk+g1
— Ak +G.00+ filk, D)1 +n(Q)]

Q)8 ek + ¢ 11z — D)

: [k, 1) foi (=K + G, D)1+ n(Q))
ELE

|—k+4]

— (L4 foal=k+ G, 0)(1 + fu(k, t))n(sz)]}, (15.65)

where the function IT is defined by analytic continuation from (13.42). Note that this equa-
tion is formulated directly in d =2 and is entirely free of parameters, other than the energy
scales T and A (through the value of g in (13.64)). Hence it is already in the scaling
limit, and its solution leads to a o consistent with the scaling form (15.17).
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Equation (15.65) can of course also be formulated for arbitrary d, and it is reassuring to
verify that in their overlapping regions of validity (N large and € small) the results (15.52) and
(15.65) are in precise agreement with each other. However, there are important differences
between the d =2, large-N analysis of (15.65) and the small-¢ analysis of (15.52) discussed
earlier. Now we have to use the full dispersion g = (c2k2 + mz)l/ 2 in (13.64), and in no
regime is it possible to approximate it by e = ck. Also, unlike (15.52), (15.65) does contain
terms corresponding to collisions that cause production of new particle-hole pairs.

As in the case of the € expansion, it is useful to scale out the small parameter 1/N from
the transport equation (15.65). Using the ansatz (15.48), and obtaining the linear integral
equation for v, it can be shown that its solution can be written in the form

Nc? No ck A
¢ (‘“C *), (15.66)

k ) = Y= \Il I R
vk =3V T T
where again the dimensionless complex function W satisfies a parameter-free and universal
linear integral equation. If we compute the current by using (15.45) and (15.48), it follows
that the analog of (15.55) and (15.63)isind =2

(15.67)

Nw A+
oj(w) = NPy — ).

T' T
The natural frequency scale in (15.66) and (15.67) is of order T /N — this is the scale, from
(13.71), over which the delta function in 01’ was expected to be broadened. A schematic of
the large-N frequency-dependent conductivity in the high-7" limit is shown in Fig. 15.6.

The sum rule on <I>:T+I corresponding to (15.56) is specified by (15.29).
; 7 has been carried out in the high-T
limit in d = 2 and the solution is shown in Fig. 15.7.

The large-N value of CD:T i ;(0,0), which gives the value of the d.c. conductivity, was

A complete numerical solution for the function ®

obtained as
Q2
c(0) = 70.1077N, d=2,T> A4. (15.68)

These results complement similar results discussed earlier in the € expansion.

1
(LT

A

€/

1

< 1 > 5

The analog of Fig. 15.4 for the large-N limitin d = 2.
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o+l

0.1

0.05 -

The real part of the large-N universal function @, as a function of @ = New /T, defined in (15.67) in the high-T
limit A /T = 0. This function describes the inelastic collision-induced broadening of the «» = 0 delta function in
Fig. 15.2 at a frequency scale of order T /N. The conductivity has an additional continuum contribution (o (w)) at
frequencies larger than @ ~ T, which is not shown above (see Fig. 15.6).

15.4 Physical interpretation

This is a convenient point to emphasize some interesting physical features of the above
computations of the universal behavior of the conductivity near a quantum critical point in
d =2. The central property is the basic scaling form (15.17) and the above computations
have all been aimed at describing the structure in the scaling function ®,. A remark-
able property of the result emerges in the high-T region of Fig. 14.1. Here the dynamical
conductivity in d =2 depends upon no material parameters at all and is given by the pure
universal function @44 (0, 0/ T).

We focus on two limiting regions of this result in the high-T region.

First, consider the high-frequency regime, w >> T. Here we found that the perturbative
analysis considered in Section 15.1 gave an adequate description of the physics. The main
result is contained in (15.31) and has a simple physical interpretation. The system is in
its ground state, and the oscillating external field creates a particle-hole pair. The con-
ductivity is then determined by the subsequent motion of this particle-hole pair. As we
are effectively at the critical coupling, there is a gapless spectrum, and this particle-hole
pair will also create a cascade of lower energy particle-hole pairs. Such processes lead to
corrections to (15.31) that are higher order in € (computed in [134]) or 1/N (computed
in [70]). It is clear, however, that all these processes are essentially coherent. The system
was originally in its phase-coherent ground state, and the particle—hole pairs created move
coherently in response to the external field. This coherent transport is characterized by the
universal number @ (0o, 0).
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Now, consider the low-frequency regime, w < T, which also includes the d.c. case.
Here, the interpretation is completely different. The system is initially at finite tempera-
ture, with an incoherent density of pre-existing particle-hole pairs already present. The
external field accelerates the particles and holes in opposing directions, but their repeated
collisions cause them to relax to local equilibrium. The transport is therefore due to a
collision-dominated drift of these excitations and is controlled entirely by inelastic pro-
cesses. Now, clearly, the low-frequency transport is entirely incoherent. However, because
the collision cross-section between the excitations has a universal form near a quantum
critical point, the remarkable fact is that the d.c. conductivity remains universal: it is given
by the number &, (0, 0). Results for this number appear in (15.57) in the € expansion,
and in (15.68) in the 1 /N expansion.

The distinct physical interpretations of ®, (00, 0) and ®,4 (0, 0) make it clear that,
in general, there is no reason for them to have equal values. This difference leads to an
unusual structure in the 7 — 0 limit of the conductivity for d =2. In Fig. 15.8 we show
the universal value of o (w, T — 0). For all @ > 0 we have a frequency-independent con-
ductivity given by the number &, (0o, 0) describing coherent transport; however, only
the single point @ =0 is given by the value &, (0, 0), which characterizes incoherent
transport. For laboratory measurements, we note that a degree Kelvin in temperature con-
verts approximately to 20 GHz frequency by the factor kp/h; so even a radio frequency
measurement is usually comfortably in the regime Aw < kpT, and will therefore measure
®, (0, 0), given by the isolated w =0 point in Fig. 15.8.

In the first edition of this book it was noted that we could not rule out the existence
of exotic models or symmetries that may cause the collision-dominated and collisionless
limits (specified by ®,(0,0) and &, (00, 0), respectively) to be equal. Remarkably,
since then, precisely such an “exotic” model has been found [219]: it is the N — oo limit
of a SU(N) gauge theory with maximal possible supersymmetry in 2+1 dimensions (this is
one of the phases of M theory). The transport properties of this model are obtained via the
AdS/CFT correspondence. We briefly review these recent developments in Section 15.5
below.

0,0) , incoherent
"A/ CDGS— )

(o} ¢ (0L9), coherent
o+

N

v

(0]

The value of o (w, T — 0) ind = 2 at the quantum critical coupling s = 0 (in the notation of Chapter 14) or
g = g (in the notation of Chapter 11). The value ® 4 (0, 0) characterizes the single point v = 0.
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In physical applications of the N =2 transport analysis of this chapter (discussed a bit
more explicitly in Section 15.6), we interpret o as the electrical conductivity of carriers of
charge O (Q =2e for the superconductor—insulator transition); then, in laboratory units,
the conductivity is the quantum unit of conductance, Q2/F, times the scaling functions
computed here. So, when d =2, the high-T' region has a d.c. conductivity that is Q%/h
times a universal number. The reader may be familiar with other physical situations in
which universal conductances of order 2/ h have been discussed previously. These include
Landauer transport in one-dimensional microstructures [ 19], universal conductance fluctu-
ations [18,291], or critical points in noninteracting electron models of transitions between
quantum Hall plateaus [78,227,229]. However, in all these cases, the transport is phase
coherent and the phase-breaking length is assumed to be larger than the sample size. In
contrast, the conductivity studied here near an interacting quantum critical point is domi-
nated entirely by inelastic processes; it is therefore quite remarkable that the d.c. conduc-
tivity is universal despite being entirely incoherent.

15.5 The AdS/CFT correspondence

All our explicit computations so far of quantum critical transport have begun from a quasi-
particle picture. Then we have included interactions to destroy the quasiparticles, and
moved towards a generic quantum critical description. One consequence of this weak-
coupling approach was the parametrically strong frequency dependence of the conductiv-
ity, as illustrated in Fig. 15.6.

It would clearly be valuable to have a complementary description which avoids any ref-
erence to quasiparticle excitations: of the quantum-critical region of a strongly-coupled
theory, these are not well-defined excitations at any scale. Remarkably, just such a descrip-
tion has emerged [219] from what is known as the AdS/CFT correspondence in string
theory.

Before describing these results, we rephrase the general discussion of transport pre-
sented at the beginning of this chapter. First, let us generalize the uniform susceptibility y,
appearing in (15.10) to x,(k, ®), describing the response to a space- and time-dependent
magnetic field. Using the Kubo formula for the dynamic conductivity in (8.32) or (15.21),
and relating correlations of the current to those of the conserved density via the equation
of motion (15.6), we conclude that o (w), is given by

o () = lim %Xu(k, ). (15.69)
The correlation function x,(k, @) allows us to concisely describe the essence of the
crossover from “phase-coherent” or “collisionless” dynamics at high frequencies w > T,
to “phase-incoherent” or “collision-dominated” dynamics at low frequencies, w << T'. The
w and k dependence takes distinct forms in the two limits, as we now describe.
First, consider the collisionless regime, w > T. Here, we may as well set T =0, and the
form of x, (k, w) is then strongly restricted by scale and relativistic invariance. Here it pays
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to use a fully relativistic notation, and use spacetime indices (i, v =1, x, y), and consider
the general form of x, . (pu), where p, = (w, ck) is a spacetime momentum; note that
Xu = Xu.r:- The two essential constraints on x,, are (i) its scaling dimension dim[x,] =d—z
which follows from (15.16) and (15.11), and (ii) the conservation equation (15.6), which
implies p* x, v =0. There is a unique relativistically covariant function which satisfies
these constraints (we restrict our attention to d = 2):

Q2 [ 5 PuPv
Xu,uv = ﬁK P\ My — P2 , (15.70)

where p? = pHv pupv With n,, =diag(—1, 1, 1), and only the universal dimensionless
constant K is undetermined. For y, = x,.;,, we can write this as

QZ k2

Xu(k, w) = —K —.

b /22 — (w +in)?
Thus collisionless transport at relativistic quantum critical points in d = 2 is described com-
pletely by the single number K. Combining (15.69) with (15.71), we obtain the
conductivity

(15.71)

2

o(w) = %K i how > kT, (15.72)
and so the number K is that determined in (15.31) to leading order in the € expansion [70].
Now let us turn to the collision-dominated regime, w < T'. Here we may no longer use
relativistic invariance, because thermal fluctuations have strongly broken the relativistic
invariance of the ground state. Instead, the form of ¥, is now dictated by the constraints
of “hydrodynamics”: this is the idea that perturbations relax back to thermal equilibrium
under the transport equation (15.8). We may now use (15.6) and (15.8) to directly compute
the linear response in the density L“ to an applied field H%: we assume that the field is
oriented along a single direction in spin space, and so drop the index a and the structure

constants f,p.. In this manner, we obtain the response function

Dyk?

_, 15.73
"“Dik? —iw ( )

Xulk, w) = x

where yx, is the static susceptibility, and Dy is the diffusion constant in (15.9). Note the
strong contrast in the functional forms in (15.71) and (15.73) between the collisionless and
collision-dominated behaviors. Applying (15.69) to (15.73), we can verify the Einstein
relation in (15.11) for the conductivity at zero frequency:

o(w) = xuDs, ho < kpT. (15.74)

We have already presented the scaling form for yx,, in (15.12); that for Dy follows similarly

c? Ag
D, = ?(Dsi - (15.75)

and then (15.74) implies (15.17). Note that the resulting value of ¢ (0) has nothing to do
with the constant K in the collisionless dynamics in (15.71).
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15.5.1 Exact results for quantum critical transport

Now we are ready to describe the solvable model obtained from the AdS/CFT correspon-
dence, which fully confirms the structure of x, (k, w) obtained in (15.71) and (15.73).

The solvable model may be viewed as a generalization of the gauge theory we consider
in (19.80) when we discuss the criticality of antiferromagnets on the square lattice in Sec-
tion 19.3.5. We take the same basic structure of critical matter fields coupled to a gauge
field, and generalize it to a relativistically invariant model with a non-Abelian SU(N) gauge
group and the maximal possible supersymmetry. The resulting supersymmetric Yang-Mills
(SYM) theory has only one independent coupling constant g, which is the analog of the
couplings g, in (19.80). The matter content is naturally more complicated than the com-
plex scalar w, in (19.80), and also involves relativistic Dirac fermions as in Chapter 17.
However, all the terms in the action for the matter fields are also uniquely related by super-
symmetry to the single coupling constant g. Under the renormalization group, it is believed
that g flows to an attractive fixed point at a nonzero coupling g = g*; the fixed point then
defines a supersymmetric conformal field theory in 2+1 dimensions (a SCFT3). We are
interested here in computing the transport properties of the SCFT, as a paradigm of quan-
tum critical transport at a strongly interacting quantum critical point.

A remarkable recent advance has been the exact solution of this SCFT3 in the N — oo
limit using the AdS/CFT correspondence [243]. The solution proceeds by a dual formu-
lation as a four-dimensional supergravity theory on a spacetime with uniform negative
curvature: anti-de Sitter space, or AdS4. The solution is also easily extended to nonzero
temperatures, and allows direct computation of the correlators of conserved charges in real
time. At T > 0 a black hole appears in the gravity theory, resulting in an AdS-Schwarzschild
spacetime, and T is the Hawking temperature of the black hole; the real-time solutions also
extendto T > 0.

A description of the derivation of the results is beyond the scope of the present treatment,
and the reader is referred to the original paper [219] and reviews cited therein. The results
of a full computation of the density correlation function, x,(k, w) are shown in Fig. 15.9
and 15.10. The most important feature of these results is that the expected limiting forms
in the collisionless (15.71) and collision-dominated (15.73) are obeyed. Thus the results do
display the collisionless to collision-dominated crossover at a frequency of order kg7 /h,
as we expected from the physical discussion in Section 15.4.

At this point, we describe some technical aspects of the results which turn out to have
important physical implications. For this, let us generalize the arguments leading to x, ;v
in (15.70) to T > 0. At T > 0, we do not expect x,, to be relativistically covariant, and
so can only constrain it by spatial isotropy and density conservation. Setting the velocity
¢ =1 for the remainder of this subsection, these two constraints lead to the most general
form

- 02
X (ks @) = 7\/;)2(13,{” KT (k, ) + PL, KLk, a))), (15.76)
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where PMT‘, and Plfv are orthogonal projectors defined by
Pl = pl = pl =0, pl—s —Nki pr _ () PuPv\_pr (1577
00 ="%oi =Lio =Y ij = 9ij 2 wv = \ My 2 wv? .

with the indices i, j running over the two spatial components. Thus, in the general case
at T > 0, the full density and current response functions as a function of k and w are
described in terms of two functions K& 7 (k, w), representing current fluctuations longi-
tudinal and transverse to the momentum. The results in (15.73) and (15.71) are obtained
by taking suitable limits of these functions. These two functions are not entirely indepen-
dent. At T > 0, we expect all correlations to be smooth functions at k = O: this is because all
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correlations are expected to decay exponentially to zero as a function of spatial separation.
However, this is only possible from (15.76) if we have the additional relation

KT (0, ) = KX (0, w). (15.78)

The relations of the previous paragraph are completely general and apply to any theory.
Specializing to the AdS-Schwarzschild solution of SYM3, the results were found to obey
a simple and remarkable identity [219]:

KLk, o)KT (k, w) = K2, (15.79)

where /C is a known pure number, independent of w and k. Let us give some more details on
the origin of (15.79). In the AdS/CFT correspondence, every globally conserved quantity in
the CFT gets mapped onto a gauge field in AdS. Moreover, in the leading classical gravity
theory on AdS, different global charges commute with each other, and so can be considered
separately. In the end, we have a U(1) gauge field on AdS for every global conservation
law of the CFT. The low-energy effective field theory on AdS4 has the standard Einstein—
Maxwell action for gravity+electromagnetism. The Maxwell action is in 3+1 dimensions,
and this is well-known to have a self-dual structure corresponding to the exchange of elec-
tric and magnetic fields. Thus we have the important and key result that every global charge
in a CFT3 maps onto a self-dual theory in the leading gravity approximation on AdS4. The
identity in (15.79) is a consequence of this emergent self-duality of CFT3s.

The combination of (15.79) and (15.78) now fully determines the response functions
at zero momenta: K£(0,w) = KT(0,w) = K. Then, from (15.69) we have for the
conductivity

0?
o(w) = —K. (15.80)
This result is an important surprise: the conductivity of the classical gravity theory on AdS4
is frequency-independent. Furthermore, its value is fixed by self-duality to be the constant
IC appearing in the self-duality relation (15.79). All these remarkable results are a direct
consequence of the self-duality of the U(1) Maxwell theory on AdS,.

It is also possible to go beyond the simplest Einstein-Maxwell theory on AdS4, which
corresponds to the N — oo limit of SYM3. In [354], Myers et al. argued that the leading
corrections away from N — oo could be incorporated into corrections to the Einstein—
Maxwell action for the U(1) gauge field. They showed that such corrections did induce a
universal frequency dependence in o (w), so that for a wide parameter regime the results
acquired features bearing some similarity to Fig. 15.4.

It is also natural to ask whether anything like the self-duality relation (15.79) applies to
the O(N) rotor model considered in the rest of this chapter. For N =2, there have been
extensive discussions in the literature of a “particle—vortex” duality [109]. Under this dual-
ity, the theory of particles given by (2.11) for the N = 2 rotor model maps onto a relativistic
theory of vortices. However this is not a self-duality: the theory of vortices has an emer-
gent U(1) gauge field, and is described by the theory of quantum electrodynamics in the
presence of a complex scalar field representing the vortex excitations. Reference [219]
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considered the action of this particle-vortex duality on the correlation functions in (15.76),
and found the following interesting relations:

KL, o)K7 (k, 0) = 27)%, KT (k,0)KE(k, w) = 27)2, (15.81)

where K LT determine the correlators of the vortex current as in (15.76), as opposed to the
particle current determined by K -7 Because of the lack of self-duality the vortex current
correlators do not equal the particle current correlators. Unlike (15.79), (15.81) does not
fully determine the correlation functions at k = 0: it only serves to reduce the four unknown
functions K LT, KLT to two unknown functions. Thus, in general, there is no exact self-
duality, and we expect o (w) to be frequency dependent. We believe that the self-duality
arises only in the classical gravity approximation of the dual theory on AdSs.

15.5.2 Implications

Let us summarize the lessons we have learnt from the AdS theory of quantum critical
transport in strongly interacting systems in 2+1 dimensions. This theory should be viewed
as complementary to the quasiparticle-based theory, whose implications were discussed in
Section 15.4.

The lessons are:

e There is a large class of strongly interacting 2+1 dimensional “nearly perfect” fluids
which are able to relax back to thermal equilibrium in a time of order //(kpT), as we
indicated in (1.5). They are “nearly perfect” because this relaxation time is the shortest
possible, as noted in (2.13).

e The quasiparticle transport theory of Sections 15.2 and 15.3 starts from the free theory
with an infinite thermal equilibration time, and includes the effect of weak interactions
using the Boltzmann equation. Complementary to this is the quantum-critical transport
theory applicable for the shortest possible equilibration time of order 4/ (kpT ), which is
the classical Einstein-Maxwell theory on AdS4.

e The Einstein—-Maxwell theory exhibits collisionless dynamics for @ >> T, and collision-
dominated dynamics for w < T, as shown in Figs. 15.9 and 15.10.

e All continuous global symmetries are represented by a self-dual Einstein-Maxwell
theory.

e This emergent self-duality implies that o () is frequency-independent in the Einstein—
Maxwell theory and equal to the self-dual value.

e A frequency-dependent conductivity is obtained [354] upon considering corrections to
the effective Einstein—-Maxwell theory.

e Such “nearly perfect” fluids also have universal momentum transport. By extending the
scaling arguments to momentum transport we conclude that the ratio of the shear vis-
cosity to the entropy density /s should equal a universal number characterizing the
collision-dominated regime. This number was computed in the Einstein—Maxwell the-
ory by Kovtun, Son, and Starinets [281] and found to equal //(4wkp).

It is a remarkable fact that many experiments on the superfluid—insulator transition [490]
do exhibit a critical conductivity very close to the self-dual value obtained by setting
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KLT —KLT i (15.81): ie. o (w)=Q?%/h. We suggest that this indicates a reasonable
description of the low-energy physics by the Einstein—-Maxwell theory.

15.6 Applications and extensions
|

An important application of the transport results of this chapter is for the N =2 case,
which describes a superfluid to insulator transition in lattice models of bosons. This con-
nection is clearer from the discussion in Chapter 9. An intuitive understanding can be
gained by returning to the lattice Hamiltonian representation in (11.1) and interpreting it as
an effective Hamiltonian for a regular two-dimensional array of mesoscopic superconduct-
ing quantum dots [20,76,83,121,125,252,450]. For N =2, there is only one component
of the angular momentum operator, ii (see (6.33)). We interpret I:l- as the number oper-
ator for bosonic Cooper pairs on a superconducting quantum dot at site i, minus a fixed
integer that equals the number of Cooper pairs on an isolated island (the role of this integer
should be clear from Chapter 9). The term proportional to gJ in (11.1) is a caricature of
the additional Coulomb energy required for deviation in the number of Cooper pairs on a
dot from its optimum value. The angle, 6, defining the orientation of f (as in (6.15)), is
taken as the phase of the superconducting order parameter. Then the term proportional to
J represents Josephson tunneling of Cooper pairs between neighboring dots. The phase of
the rotor model with long-range order in n represents the superfluid, while the quantum
paramagnet is the Mott insulator of Cooper pairs.

A large number of experiments have measured d.c. transport on granular films,
Josephson junction arrays, and homogeneously disordered superconductors undergoing
a zero-temperature transition from a superconductor to an insulator; one of the earliest
such experiments was carried out by Strongin et al. [495] and there are reviews of more
recent works in [211] and [301]. However, these experiments cannot be quantitatively
modeled by the simple models we have considered here because all experimental systems
have an appreciable amount of randomness, and this is surely a relevant perturbation on
the simple, clean, quantum critical point we have studied here. (A d =1 + € expansion
for finite-temperature transport in a disordinal system has been described recently by
Herbut [215, 216].) Further, we have entirely ignored fermionic excitations [447, 508],
and these could be important near the critical point, although there are indications in
recent simulations [166] that neglect of fermionic excitations is justified. In some inter-
esting experiments [405], a disordered superconducting film was coupled to a tunable,
dissipative metallic bath, and some initial theoretical attempts to explain the result have
also appeared [450, 534]. (We briefly consider the general consequences of fermionic
excitations in Chapter 18.) Finally, the long-range part of the Coulomb interaction is prob-
ably also relevant at the superfluid—insulator transition. This issue has been addressed
in [146], [547], and [546]. Nevertheless, the scaling forms for the conductivity, and
our general discussion on the crossover between coherent and incoherent transport at a
frequency scale of order kgT/h, is expected to apply to these more complex systems
as well.
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Dynamical measurements of the conductivity at frequencies of order kg T/ in systems
near a superfluid—insulator transition are not yet available. However, such measurements
have been made for a system near a metal—insulator transition by Lee ef al. [290], and they
nicely exhibit scaling as a function of w/T. Related measurements [132] have also been
made near quantum Hall transitions in d =2, and these are again consistent with scaling
as a function of w/T. As we discussed at the conclusion of Section 14.2.2, universal time
scales of order i/ kpT require that the quantum critical theory have nonvanishing inter-
actions between its thermal excitations, for otherwise the interactions are “dangerously
irrelevant” and the characteristic times are higher powers of 1/7. These quantum Hall
measurements therefore indicate that the noninteracting electron models for these transi-
tions [227,481] have to be extended to include interactions.

Recently, exciting prospects have emerged for measuring the dynamic conductivity near
the superfluid—insulator transition in ultracold atom systems [164, 175].

For these ultracold atom systems, and more generally, it is essential for the theory to
move beyond the strict relativistic theories considered in the present chapter. We need
to allow for generic chemical potentials, where, as we showed in Chapter 9, the theory
acquires deviations from the z =1 critical theory. It would also be useful to allow for
weak applied magnetic fields, as well as scattering off impurities. A general theory for
such perturbations in the quantum critical region was presented by Hartnoll et al. [203]: a
number of universal results were obtained in the collision-dominated regime, and verified
by exact solutions using the AdS/CFT correspondence.
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We consider a number of different models in this chapter, but they share some important
unifying characteristics. They all have a global U(1) symmetry. We are particularly inter-
ested in the behavior of the conserved density, generically denoted as Q, associated with
this symmetry. All the models exhibit a quantum phase transition between two phases with
aspecific T = 0 behavior in the expectation value of Q. In one of the phases, (Q) is pinned
precisely at a quantized value and does not vary as microscopic parameters are varied. This
quantization ends at the quantum critical point with a discontinuity in the derivative of (Q)
with respect to the tuning parameter, and (Q) varies smoothly in the other phase; there is
no discontinuity in the value of (Q), however.

We have already met a transition of the above type in Chapter 9: the Mott insulator to
superfluid transition at points excluding the tips of the lobes in Fig. 9.1, where the coupling
K1 in (9.34) did not vanish. In this case Q was just the boson density 5; 51’ /ad . We will
find it convenient to shift the definition of Q by a constant so that the quantized value is
zero: in this case, Q equals (13;131- —no(n/U)) /ad. In this chapter, we study the universal
properties of the continuum theory of this transition, which, following (9.34), we write in
the following form:

1T
Zp =/D\D3(x,t)exp (—/ dt/ddx£3>,
0

£ =028 4 L v - w4 g, (16.1)
ot 2m 2

We have dropped the second-order time derivative (proportional to K3) from (9.34) and
have not included any nonlinearity beyond the quartic, as these will all be shown to be
irrelevant near the transition. We have rescaled Wp by a factor of the square root of K so
that the first-order time derivative has coefficient unity. This sets the normalization of the
continuum field Wp, which is always consistently maintained in this chapter. This time-
derivative term is the same as that arising in the coherent state path integral for canonical
bosons, where it is the “Berry phase” associated with the adiabatic evolution of the coher-
ent states, which were described in Section 9.2.1. Physically, the Berry phase term here
accounts for the Josephson precession in the phase of a condensate of the bosons in the
presence of an external chemical potential. So the normalization of Wp is determined by
its Berry phase, a feature we see in other models. With the above rescaling of W it is easy
to see from (9.37) and (9.34) that, close to the quantum critical point, the coefficient of
|Wg|? is the negative of the chemical potential, 2, up to an additive constant. We absorb
this unimportant additive constant into a redefinition of s, and this leads to the |¥g|? term
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shown in (16.1). We can also identify the charge Q with W} Wp as

() =225 _ (g, (16.2)
au

with Fp = —(T/ V) In Zp. With the form of the quadratic term in (16.1), we also see from
the mean-field results in Chapter 9 that the quantum critical point is precisely at © = 0 and
T = 0. We see in this chapter that there are no fluctuation corrections to this location from
the terms in Lp (the K> term in (9.34) does lead to shifts in the position of the quantum
critical point, but we have already set it to zero here as it is not important for the critical
theory). So at T = 0, (Q) takes the quantized value (Q) = 0 for u < 0, and (Q) > 0
for u > 0; we are particularly interested in the nature of the onset at © = 0 and finite-7
crossovers in its vicinity. We have also assumed here that K| > 0, and so, from (9.37) and
(9.40), (Q) increases from its quantized value away from the quantum critical point. The
opposite case of decreasing Q can be treated after a particle-hole transformation and has
essentially identical properties.

After our study of Zp, we find it useful to introduce a closely related model that also
displays a quantum phase transition with the same behavior in a conserved U(1) density
(Q) and has many similarities in its physical properties. The model is exactly solvable
and is expressed in terms of a continuum canonical spinless fermion field W ; its partition

function is
1/T
Zr =/D\lfp(x,t)exp —f dr/ddxﬁp ,
0

Lr=0p 2 L - g (16.3)
at 2m

The functional integral is over fluctuations of an anticommuting Grassman field Wr (x, 7)
(see the discussion in [357] for an introduction to Grassman numbers and their functional
integrals). Note that the terms in L are in one-to-one correspondence with those in Lp in
(16.1), except that there is no quartic |Wr|* term. Such a term vanishes because the square
of a Grassman number is zero, which is just a mathematical representation of the Pauli
exclusion principle. As a result, L is just a free-field theory. Like Zp, ZF has a quantum
critical point at © = 0, T = 0 and we discuss its properties in this chapter; in particular,
we show that all possible fermionic nonlinearities are irrelevant near it. The reader should
not be misled by the apparently trivial nature of the model in (16.3); using the theory
of quantum phase transitions to understand free fermions might seem like technological
overkill. We will see that Zr exhibits crossovers that are quite similar to those near far
more complicated quantum critical points, and observing them in this simple context leads
to considerable insight.

In a general spatial dimension, d, the continuum theories Zp and Zr have different,
though closely related, universal properties. However, we argue here that the quantum crit-
ical points of these theories are exactly equivalent in d = 1. This is one of the important
results of this chapter. We will see that the bosonic theory Zp is very strongly coupled in
d = 1, and we present compelling evidence that the solvable fermionic theory Zp is its
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exactly universal solution in the vicinity of the © = 0, T = 0 quantum critical point. We
are also able to make a correspondence between the operators of the two theories, and this
allows us to obtain certain exact results for experimentally measurable bosonic correlation
functions of Zp, including some for the nonzero-temperature dynamical properties that
are an important focus of this book. Of course, all fermionic correlators of Zr are exactly
known in arbitrary d, but these are not of significant practical interest.

The last major topic of this section is a discussion of the dilute spinful Fermi gas in
Section 16.4. This generalizes Z¢ to a spin § = 1/2 fermion Vf,, with ¢ =1, |. Now
Fermi statistics do allow a contact quartic interaction, and so we have

1T
Zrs = /D\Dm(x,f)D‘Ifm(x,t)GXP (—/ df/ddx £n>,
0

OV,
ot

1
Lpy =V, + 5 IVWrol? = wWro | 4+ uoWi, Wi Wr Wry. (16.4)

This theory conserves fermion number, and has a phase transition as a function of increas-
ing p from a state with fermion number O to a state with nonzero fermion density. However,
unlike the above two cases of Zp and ZF, the transition is not always at u = 0. The prob-
lem defined in (16.4) has recently found remarkable experimental applications in the study
of ultracold gases of fermionic atoms. These experiments are also able to tune the value
of the interaction ug over a wide range of values, extended from repulsive to attractive.
For the attractive case, the two-particle scattering amplitude has a Feshbach resonance
where the scattering length diverges, and we obtain the unitarity limit. This Feshbach res-
onance plays a crucial role in the phase transition obtained by changing w, and leads to a
rich phase diagram of the so-called “unitary Fermi gas.”

Our treatment of Zr; in the important experimental case of d = 3 shows that it defines
a strongly coupled field theory in the vicinity of the Feshbach resonance for attractive
interactions. It therefore pays to find alternative formulations of this regime of the unitary
Fermi gas. One powerful approach is to promote the two-fermion bound state to a separate
canonical Bose field. This yields a model, Zrp, with both elementary fermions and bosons;
i.e. it is a combination of Zp and Z g with interactions between the fermions and bosons.
We define Zrp in Section 16.4, and use it to obtain a number of experimentally relevant
results for the unitary Fermi gas.

We begin in Section 16.1 by discussing a simple solvable model in d = 1: the spin-1/2
quantum X X chain. This allows us to motivate the physical origin of the fermionic theory
ZF and indicate the relationship between Zp and ZF in the context of a lattice model.
Then Section 16.2 presents a thorough discussion of the universal properties of Zr. This
is followed by an analysis of Zp in Section 16.3, where we use renormalization group
methods to obtain perturbative predictions for universal properties. The perturbation theory
for Zp becomes strongly coupled in d = 1, but we are able to obtain exact results for this
case by the d = 1 mapping between Zp and Z. This is discussed in Section 16.3.3. This
section also contains further discussion of the properties of the X X chain of Section 16.1.
The spinful Fermi gas is discussed in Section 16.4.
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16.1 The quantum XX model
I —

This model is obtained by taking the U — oo limit of the boson Hubbard model Hg in
(9.4). This is then a model of “hard-core” bosons with an infinite on-site repulsion energy.
The only states with a finite energy are those with 715; = 0 or 1 on every site of the lattice.
The Mott insulating states in Fig. 9.1 with ng > 1 have therefore been expelled, and only
the two Mott insulators with ng = 0 or ng = 1 are permitted. Precisely at w = 0, we have
the ng = 1 Mott insulator for u > 0, while for & < 0 we have the ny = 0 Mott insulator,
which is a fanciful term for a bare vacuum with no particles.

This model of hard-core bosons can also be written as a magnet of S = 1/2 spins with
nearest-neighbor exchange interactions. The idea is to associate the two states on each site
with the up and down states of an § = 1/2 spin degree of freedom. In operator language,
we can identify

Ax _ b BT

5 A LT

}——l(bj—bj),

&% =1-2b'h;. (16.5)

Then the boson commutation relations (9.1) and the hard-core restriction imply that the
6 f *»** obey the commutation relations of the Pauli matrices and satisfy 6;?‘2 = 1 (no sum
over o). We may therefore consider them to be the Pauli matrices. With this mapping, the
fully polarized state with all spins up is the np = 0 Mott insulator, while that with all spins
down is the np = 1 Mott insulator. Inverting (16.5), we see that the Hamiltonian Hp in
(9.4) becomes (up to an uninteresting additive constant)

w Ax o~ AV AY n ~
Hxx = ) %): (aixa;‘ + oiyaj) + 3 Xizof. (16.6)

This is the so-called X X model; it describes spin-1/2 degrees of freedom on the lattice sites
with a nearest-neighbor ferromagnetic exchange w/2 > 0 confined to the x—y plane in spin
space, and in a magnetic field /2 in the —z direction in spin space. We argue later that
additional exchange in the z direction in spin space (this corresponds to nearest-neighbor
interactions in the boson Hubbard model) does not modify the universal properties of the
Mott insulator to superfluid transitions. Note also that both the simple fully polarized ng =
0 and nop = 1 Mott insulators are exact eigenstates of Hyx for arbitrary w. For the ng = 1
state this is a consequence of having sent U — 0o, which eliminates virtual particle-hole
pair fluctuations.

Now we specialize to the one-dimensional case, d = 1. In this case exact expressions for
the thermodynamic properties of Hx x can be easily obtained. The basic tool is the Jordan—
Wigner transformation introduced in Section 10.1 for the solution of the Ising chain in
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d = 1. This transforms the spin-1/2 model into a model of spinless fermions. Inserting
(10.8) and (10.9) into (16.6), we get

Hyxx = —Z(w(cfﬂci +cjcl~+1) +,thch,~). (16.7)
i
Note that Hy x is simply a free spinless fermion Hamiltonian and its spectrum can therefore
be easily determined. Adding non-on-site interactions to the original Hp would lead to
fermion interactions in Hy x, which are shown below to be irrelevant. Fourier transforming
asin (10.15) we get the simple diagonal form

Hyx =Y excick, (16.8)
k
with the free fermion dispersion ¢y = —2w cos(ka) — u. So for u < —2w, the energy

of all the fermions is positive and the ground state has no fermions present: this is clearly
the Mott insulator with nyp = 0. For . > 2w all the fermions have negative energy and
every fermion state is occupied, leading to the Mott insulator with ng = 1. At intermediate
values of p there is partial occupation, which can be easily computed at 7 = 0:

0, n =< _Zwa

1 .

(bib:) = 5(1 —(67) = (cfei) = 11 = (A/m)cos™ /2wy, |ul < 2w, (16.9)
1, w=>2w.

We show a plot of the boson number as a function of u in Fig. 16.1. The state with
intermediate occupation number has a nonzero superfluid stiffness but only “quasi-long-
range order” in the superfluid order parameter in d =1, as discussed in Section 16.3.3.
We continue to refer to it as a superfluid, however. Hence the result (16.9) displays two

superfluid—Mott insulator transitions: one at i = — 2w and the other at u =2w. We focus
1
0.5
0 T T 1
-3 -1 ww 1 3

The boson number per site as a function of the chemical potential 1 for the U — oo limit of the boson Hubbard
model Hg in (9.4) in dimension d = 1. There are Mott insulator to superfluid transitions at ;. = 42w.



298

Dilute Fermi and Bose gases

on the one at © = — 2w, where the transition is from a simple vacuum state with no particles
(a Mott insulator with ny = 0) to a low-density superfluid.

For 1 close to 2w, the density of bosons is seen to vanish from (16.9) as ~ (1 +u/2w)l /2.
We may identify the power of 1/2 as an exact critical exponent of the quantum critical point
at u = —2w. Compare this with the mean-field result (9.40), which has the value 1 for this
critical exponent. We see that the mean-field result applies for d > 2.

We can derive a continuum theory for the quantum critical point at u = —2w, T = 0
using an analysis very similar to that in Section 10.2. The low-energy fermionic states that
are occupied across the transition are near k = 0. Therefore we may take the continuum
limit simply by taking spatial gradients of the fields. We define the continuum field W as
in (10.23), and we expand Hxx in spatial gradients. This leads to the Hamiltonian

Hp = /dx (—ﬁ\y;(x)v%y,v(x) - ,u\Il;(x)\IlF(x)), (16.10)

where the fermion mass m = 1/(2wa?). The coherent state path integral of Hp is, of
course, the fermionic theory Zr (16.3).

We have thus presented evidence that the critical theory of the transition in the XX
model in d = 1 is given by Zr. A complete demonstration requires that there are no
further relevant perturbations that can appear in Hp, and this is taken up in the following
section. Recall also that Hxx was derived from the boson Hubbard model (9.4), which
was shown to be related to Zp in (16.1) in Chapter 9. These mappings therefore equate the
universal critical properties of Zp, Hyx, and ZF in d = 1. These universal correlators are
described explicitly in the subsequent sections.

For dimensions d > 1 the analysis of this section and the arguments of Chapter 9 have
established that Hy x has Mott insulator—superfluid transitions (or transitions between fully
polarized and partially polarized spin states) that are described by Zp. These models are,
however, not equivalent to ZF in this case.

16.2 The dilute spinless Fermi gas
I —

This section studies the properties of Zr in the vicinity of its © = 0, T = 0 quantum
critical point. As ZF is a simple free-field theory, all results can be obtained exactly and are
not particularly profound in themselves. Our main purpose is to show how the results are
interpreted in a scaling perspective and to obtain general lessons on the nature of crossovers
at T > 0. Some of the analysis is quite similar to that for a different free fermion theory in
Section 10.2, and so we can be relatively brief.

First, let us review the basic nature of the quantum critical point at 7 = 0. A useful
diagnostic for this is the conserved density @, which in the present model we identify as
\If;\ll r. As a function of the tuning parameter u, this quantity has a critical singularity
at u =0:
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; (Sa/d)Cmp2, >0,
(Wowp) = (16.11)
0, uw <0,
where the phase space factor S; was defined below (14.9). When d = 1, this result is
clearly the universal continuum limit of (16.9).
We now proceed to a scaling analysis. Note that at the quantum critical point u© = 0,
T = 0, the theory L is invariant under the scaling transformations closely related to those
in (10.30):

¥ =xe ¢,
= r1e %,
W = Wpedt/?) (16.12)

provided that we make the choice of the dynamic exponent
z=2. (16.13)

The parameter m is assumed to remain invariant under the rescaling, and its role is simply
to ensure that the relative physical dimensions of space and time are compatible (a role
rather analogous to that of the velocity ¢ in Section 10.2). The transformation (16.12) also
identifies the scaling dimension

dim[Vr] =d/2. (16.14)
Now turning on a nonzero [, it is easy to see that u is a relevant perturbation with
dim[u] = 2. (16.15)

There are no other relevant perturbations at this quantum critical point, and so by the defi-
nition of v above (10.33) we have

v=1/2. (16.16)

We can now examine the consequences of adding interactions to L. A contact interac-
tion such as f dx(lll;(x)lIJ F()c))2 vanishes because of the fermion anticommutation rela-
tion. (A contact interaction is however permitted for a spin-1/2 Fermi gas and is discussed
in Section 16.4.) The simplest allowed term for the spinless Fermi gas is

L1 = (V] (x, VY (x, DWr(x, DVF(x, 1)), (16.17)

where A is a coupling constant measuring the strength of the interaction. However, a simple
analysis shows that

dim[A] = —d. (16.18)

This is negative and so A is irrelevant and can be neglected in the computation of universal
crossovers near the point u = T = 0. In particular, it modifies the result (16.11) only
by contributions that are higher order in u. The arguments show the sense in which the
fermionic theory L is the universal critical theory describing the phase transition in Hy x
ind = 1. Additional exchange couplings in the z direction, or further neighbor interactions,
can only lead to terms like that in (16.17), and all of these are irrelevant.
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Turning to nonzero temperatures, we can write down scaling forms by the same argu-
ments that led to (10.39). Let us define the fermion Green’s function

Gr(x, D) = (Ur(x, NW](0,0); (16.19)
then the scaling dimensions above imply that it satisfies
Gr(x, 1) = @mT)"2 dg, ((2mT)‘/2x, T1, %) (16.20)
where &g, is a fully universal scaling function. For this particularly simple theory Lr we
can of course obtain the result for G g in closed form:
4% eikx—i(kz/(Zm)—u)t
Q2m)4 1 4 e~ K> /Cm)—)/T’

and it is easy to verify that this obeys the scaling form (16.20). Similarly the free energy
FF obeys the scaling dimension (10.37), and we have

Gr(x,1) =

(16.21)

Fr =T o5 (%) (16.22)
with @ £, a universal scaling function; the explicit result is, of course,
dk 2
Fr=-T | —— In(1 4 ¢®K/@m/Ty 16.23
i / ama e ) (1629
which clearly obeys (16.22). The crossover behavior of the fermion density
+ 0FF
(0) = (Wiwp) = ~ (16.24)

follows by taking the appropriate derivative of the free energy. Examination of these results
leads to the now familiar crossover phase diagram of Fig. 16.2. We examine each of the
regions of the phase diagram in turn, beginning with the two low-temperature regions.

16.2.1 Dilute classical gas, kgT << ||, u <0

The ground state for i < 0 is the vacuum with no particles. Turning on a nonzero tempera-
ture produces particles with a small nonzero density ~e~1“//T The de Broglie wavelength
of the particles is of order 7~!/2, which is significantly smaller than the mean spacing
between the particles, which diverges as e/*//4T as T — 0. This implies that the particles
behave semiclassically. These properties are quite similar to those of the low-T region on
the quantum paramagnetic side of the Ising chain in Section 10.4.2. To leading order from
(16.21), the fermion Green’s function is simply the Feynman propagator of a single particle

-
Gr(x,1) = (L)Mexp (—’mx ) (16.25)

2mwit 2t

and the exclusion of states from the other particles has only an exponentially small effect.
Note that G is independent of p and 7 and (16.25) is the exact result for u = T = 0.
The free energy, from (16.22) and (16.23), is that of a classical Boltzmann gas

T dj2
Foe (m_> oI/ T (16.26)
2
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Phase diagram of the dilute Fermi gas Z, (16.3), as a function of the chemical potential 1« and the temperature T.
The regions are separated by crossovers denoted by dashed lines, and their physical properties are discussed in the
text. The full lines are contours of equal density, with higher densities above lower densities; the zero density line is
< 0,7T=0.Theline > 0,7 = Oisaline of z = 1 critical points that controls the longest scale properties of
the low-T Fermi liquid region. The critical end point .« = 0,7 = 0hasz = 2 and controls the global structure of the
phase diagram. In d = 1, the Fermi liquid is more appropriately labeled a Tomonaga—Luttinger liquid. The hatched
region marks the boundary of applicability of the continuum theory and occurs at wo, T ~ w.

Fermi liquid

16.2.2 Fermiliquid, kgT<< ., . >0

The behavior in this regime is quite complex and rich. As we see, and as noted in Fig. 16.2,
the line u > 0, T = 0 is itself a line of quantum critical points. The interplay between
these critical points and those of the u = 0, T = 0 critical end point is displayed quite
instructively in the exact results for G ¢ and is worth examining in detail. It must be noted
that the scaling dimensions and critical exponents of these two sets of critical points need
not be (and indeed are not) the same. The concept of a reduced scaling function, used
earlier (e.g. in Section 10.4.1 for the quantum Ising chain) to describe the emergence of
effective classical models now comes in useful to obtain the critical behavior of the u > 0,
T = 0 critical line out of the global scaling functions of the © = 0, T = O critical end
point. Precisely the same structure is also present in the physically measurable bosonic
correlators of Zp in d = 1 (discussed in Section 16.3.3) but there the results are far more
complicated and only available in restricted regimes. In this case the closed form results
(16.21) and (16.23) contain all the structure, and so these are worth examining explicitly.
First it can be argued, for example, by studying asymptotics of the integral in (16.21),
that for very short times or distances, the correlators do not notice the consequences of
other particles present because of a nonzero T or u and are therefore given by the single-
particle propagator, which is the 7 = p = O result in (16.25). More precisely we have

1
G (x, 1) is given by (16.25) for |x| < Cmu)~V?, |t <« —. (16.27)
"

With increasing x or ¢, the restrictions in (16.27) are eventually violated and the conse-
quences of the presence of other particles, resulting from a nonzero u, become apparent.



302

Dilute Fermi and Bose gases

Note that because px is much larger than 7, it is the first energy scale to be noticed, and as
a first approximation to understand the behavior at larger x we may ignore the effects of 7.

Let us therefore discuss the ground state for © > 0. It consists of a filled Fermi sea of
particles (a Fermi liquid) with momenta k < kr = (2mu)'/?. An important property of
this state is that it permits excitations at arbitrarily low energies (i.e. it is gapless). These
low-energy excitations correspond to changes in occupation number of fermions arbitrarily
close to kr. As a consequence of these gapless excitations, the points u > 0 (7" = 0) form
a line of quantum critical points, as claimed earlier. We now derive the continuum field
theory associated with this line of critical points. We are interested here only in x and
t values that violate the constraints in (16.27), and so in the occupation of states with
momenta near £kr. So let us parameterize, ind = 1,

U(x, 1) = FF Wg(x, 7) + e *FY (x, 1), (16.28)

where Wpg 1 describe right- and left-moving fermions and are fields that vary slowly on
spatial scales ~1/kr = (1/2mu)"/? and temporal scales ~1/u. A similar parameteriza-
tion can be used for d > 1, and we discuss it in Section 18.1; most of the results discussed
below hold, with small modifications, in all d. Inserting the above parameterization in
L, and keeping only terms of lowest order in spatial gradients, we obtain the “effective”
Lagrangean for the Fermi liquid region, Lry ind = 1:

+f 0 . ad d . d
Lrr :\IJR <¥—lvpa) \IJR—F‘IJZ (3_‘E+ZUFE> vy, (16.29)

where vp = kp/m = 2u/ m)!/2 is the Fermi velocity. The Lagrangean Ly, also describes

a massless Dirac field in one spatial dimension and (like (10.28) for A = 0) is invariant
under relativistic and conformal transformations of spacetime. (These facts are of some use
to us later.) Now note that Ly is invariant under a scaling transformation, which is rather
different from (16.12) for the © = 0, T = 0 quantum critical point:

x = xe ¢,
T =te
W (7)) = We L(x, )2,
v = vF. (16.30)
The above results imply
z=1, (16.31)

unlike z = 2 (16.13) at the u = O critical point, and
dim[Wg 1= 1/2, (16.32)

which actually holds for all d and therefore differs from (16.14). Further note that vy, and
therefore u, are invariant under rescaling, unlike (16.15) at the u = O critical point. Thus
vr plays a role rather analogous to that of m at the . = O critical point: it is simply the
physical units of spatial and length scales. The transformations (16.30) show that L ¢ is
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scale invariant for each value of u, and we therefore have a line of quantum critical points
as claimed earlier. It should also be emphasized that the scaling dimension of interactions
such as A will also change; in particular not all interactions are irrelevant about the u 7# 0
critical points. These new interactions are, however, small in magnitude provided p is small
(i.e. provided we are within the domain of validity of the global scaling forms (16.20) and
(16.22)), and so we neglect them here. Their main consequence is to change the scaling
dimension of certain operators, but they preserve the relativistic and conformal invariance
of L. This more general theory of d = 1 fermions is known as a Tomonaga—Luttinger
liquid, and we discuss it in Chapter 20.

The action (16.29) and the scaling transformations (16.30) can be considered as defin-
ing scaling forms on their own, independent of any derivation from the original Lr. By
complete analogy with the arguments presented earlier, we may deduce that

Gro(x.1) = (Vg o(x.0) W, (0,0)

T Tx
= <—) ®R.L (—, Tt) , (16.33)
VF VF

where the powers of T follow from the scaling dimensions of G, x, and ¢; the factors of vp
merely keep track of physical units; and ¢ ; are universal scaling functions. The result
is a reduced scaling form of (16.20) in the sense of the discussion in Section 10.4.1; the
former has three arguments, and in the limit /7T — oo it collapses into (16.33), which is
itself described by the quantum critical theory (16.29).

Explicit expressions for Gg 1 can of course easily be obtained from the definition
(16.33) and the theory L, in (16.29); however, let us proceed from an instructive deriva-
tion from the globally valid expression (16.21). For |x|> (1/2mu)Y/?, |t|> 1/u, and
T < [, the integral in (16.21) is dominated by contributions near the Fermi points k = £
kr. So, near kr let us parameterize k =kr + p, expand terms in the integrand to linear
order in p, and to leading order let the integral extend over all real p; a similar procedure
can be carried out near —k . In this manner the expression (16.21) for G r reduces to

Gx, 1) = eikpx > d_p eplix—vem) +e7ikpx > d_p_ep(ii)ﬁvﬂ) (16.34)
' oo 2 1 4 emvFP/T oo 2 1 e VFP/T :

The integrals over p can be evaluated exactly, and we obtain

Gr(x,1) = e*F*Gr(x, 1) + e H*F*G(x, 1), (16.35)
with
Gr(x,7) r ! (16.36)
X, T) = — . .
RLE vr ) 2sin(x T (x Fix/vr))

This result is clearly consistent with the scaling form (16.33). For T > 0, the equal-time
G R, decay exponentially with a correlation length § =vp /7T, and the power of T is
consistent with the z=1 dynamic exponent of Lp;. At T =0, these fermionic
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Green’s functions take the scale-invariant power-law decay characteristic of the © > 0
critical ground state,

1
2nvE (T Fix/vp)
note that this is consistent with the scaling transformations (16.30). Note also that the
T > O result (16.36) and the T = O result (16.37) of LF; are related by the mapping

(10.47) (with the replacement ¢ — vFr) asserted to be a general property of conformally
invariant theories withz = 1ind = 1.

(16.37)

GrL(x, 1) =

16.2.3 High-T limit, kgT> ||

This is the last, and in many ways the most interesting, region of Fig. 16.2. Now T is the
most important energy scale controlling the deviation from the © = 0, T = 0 quantum
critical point, and the properties will therefore have some similarities to the continuum
high-T' regions discussed in Part II. As always, it should be emphasized that while the
value of T is significantly larger than |u|, it cannot be so large that it exceeds the limits of
applicability for the continuum action Lr: this implies that 7 < w.

We discuss first the behavior of the fermion density. In the high-7" limit of the continuum
theory L, || < T < w, we have from (16.23) and (16.24) the universal result

1
e + 1

ddy
(Wiwp) = (2mT)d/2/ i

(1—29/2)
(4m)d/2 -

This density implies an interparticle spacing that is of order the de Broglie wavelength
= (1/2mT)'/?. Hence, thermal and quantum effects are equally important, and neither
dominates, as we found in corresponding regions in Chapters 10, 11, and 13.

For completeness, let us also consider the fermion density for 7 >> w (the region above
the hatched marks in Fig. 16.2), to illustrate the limitations on the continuum description
discussed above. Now the result depends upon the details of the nonuniversal fermion
dispersion: on a hypercubic lattice with dispersion €; — 1, we obtain

s w/a ddk 1
(Vpwr) = /_H/a 2)d eE—m/T 1

= 2mT)*? ¢(d/2) (16.38)

_ L Lk o1/T? 16.39
—M—d—ﬁf_n/aw@k—ﬂ)"' 1/77). (16.39)
The limits on the integration, which extends from —m /a to /a for each momentum com-
ponent, had previously been sent to infinity in the continuum limit a — 0. In the presence
of lattice cutoff, we are able to make a naive expansion of the integrand in powers of 1/T,
and the result therefore only contains negative integer powers of 7. Contrast this with the
universal continuum result (16.38), where we had noninteger powers of T dependent upon
the scaling dimension of W.
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We return to the universal high-T region, |u| < T <« w, and describe the behavior of
the fermionic Green’s function G, given in (16.21). At the shortest scales we again have
the free quantum particle behavior of the u = 0, T' = 0 critical point:

1
Gr(x, 1) is given by (16.25) for [x| < CmT)™"?, 1| < = (16.40)

Note that the limits on x and 7 in (16.40) are different from those in (16.27), in that they are
determined by T and not u. At larger |x| or ¢ the presence of the other thermally excited
particles becomes apparent, and G g crosses over to a novel behavior characteristic of the
high-T region. We illustrate this by looking at the large-x asymptotics of the equal-time G
in d = 1 (other d are quite similar):

dk elkx
For large x this can be evaluated by a contour integration, which picks up contributions
from the poles at which the denominator vanishes in the complex k plane. The dominant
contributions come from the poles closest to the real axis, and give the leading result

5\ 1/2
G (x| — 00,0) = — (”—) exp (—(1 —) (mJTT)l/zx). (16.42)
2mT
Thermal effects therefore lead to an exponential decay of equal-time correlations, with a
correlation length £ = (mm T)~'/%. Note that the T dependence is precisely that expected
from the exponent z = 2 associated with the 4 = 0 quantum critical point and the general
scaling relation £ ~ T~!/2, The additional oscillatory term in (16.42) is a reminder that
quantum effects are still present at the scale &, which is clearly of order the de Broglie
wavelength of the particles.

16.3 The dilute Bose gas

This section studies the universal properties of the quantum phase transition of the dilute
Bose gas model Zp in (16.1) in general dimensions. We begin with a simple scaling anal-
ysis that shows that d = 2 is the upper-critical dimension. The first subsection analyzes
the case d < 2 in some more detail, while the next subsection considers the somewhat
different properties in d = 3. Some of the results of this section were also obtained by
Kolomeisky and Straley [273,274].

We begin with the analog of the simple scaling considerations presented at the beginning
of Section 16.2. At the coupling # = 0, the & = 0 quantum critical point of Lp is invariant
under the transformations (16.12), after the replacement ¥y — Wp, and we have as before
z=2and

dim[Wg] =d/2, dim[u] = 2; (16.43)
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The ladder series of diagrams that contribute to the renormalization of the coupling uin Zp ford < 2.

these results are shortly seen to be exact in all d. We can easily determine the scaling
dimension of the quartic coupling u at the u = 0, u = 0 fixed point under the bosonic
analog of the transformations (16.12); we find

dim[ug] =2 —d. (16.44)

Thus the free-field fixed point is stable for d > 2, in which case it is suspected that a
simple perturbative analysis of the consequences of u will be adequate. However, for
d <2, a more careful renormalization group-based resummation of the consequences of
u is required, for reasons similar to those presented in Section 3.3.2 for the case of the
quantum Ising/rotor models. This identifies d =2 as the upper-critical dimension of the
present quantum critical point.

Our analysis of the case d < 2 for the dilute Bose gas quantum critical point is very
similar to that in Section 14.1.2. However, we find, somewhat surprisingly, that all the
renormalizations, and the associated flow equations, can be determined exactly in closed
form. We begin by considering the one-loop renormalization of the quartic coupling uq at
the u = 0, T = 0 quantum critical point. It turns out that only the ladder series of Feynman
diagrams shown in Fig. 16.3 need be considered (the 7' matrix). Evaluating the first term
of the series in Fig. 16.3 for the case of zero external frequency and momenta, we obtain
the contribution

/ f d 1 1 - zf—ddk . (16.45)
Q) (—iw +12/2m) (o +2/2m)y 0] @odre

(the remaining ladder diagrams are powers of (16.45) and form a simple geometric series).
Note the infrared singularity for d < 2, which is cured, as in Section 3.3.2, by moving
away from the quantum critical point, or by external momenta.

We can proceed further by a simple application of the momentum shell RG of Chapter 4,
but extended here to a quantum problem. Note that we apply cutoff A only in momentum
space. The RG then proceeds by integrating all frequencies, and momentum modes in the
shell between Ae ¢ and A. The renormalization of the coupling u is then given by the first
diagram in Fig. 16.3 (see also the second diagram in Fig. 4.1), and leads here to the analog
of the flow equation in (4.24). First, it is useful to absorb some phase space factors by a
redefinition of interaction coupling:

A2—d
2mSy "

1o = (16.46)
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and then we obtain [139, 148]

du u?
— =€u — —. (16.47)
de 2
Here S; =2/(I'(d/2) (47)4/2) is the usual phase space factor, and
e=2—d. (16.48)
Note that for € > 0, there is a stable fixed point at
u* = 2e, (16.49)

which controls all the universal properties of Zp.

We now state a very important and surprising feature of the above results, which is not
shared by the corresponding calculations in Chapter 14. The flow equation (16.47), and the
fixed-point value (16.49) are exact to all orders in u or €, and it is not necessary to consider
u-dependent renormalizations to the field scale of Wy or any of the other couplings in Zp.
This result is ultimately a consequence of a very simple fact: the ground state of Zp at
the quantum critical point © = 0 is simply the empty vacuum with no particles. So any
interactions that appear are entirely due to particles that have been created by the external
fields. In particular, if we introduce the bosonic Green’s function (the analog of (16.21))

Gp(x, 1) = (Wp(x,NWL0,0), (16.50)

then for 4 < 0 and T = 0, its Fourier transform G (k, w) is given exactly by the free-field
expression

1
—w+k2/C2m) —pn

Gpk,w) = (16.51)
The field \IJ; creates a particle that travels freely until its annihilation at (x, 7) by the field
Wp; there are no other particles present at 7 = 0, u < 0, and so the propagator is just
the free-field one. The simple result (16.51) implies that the scaling dimensions in (16.43)
are exact. Turning to the renormalization of u, it is clear from the diagram in Fig. 16.3
that we are considering the interactions of just two particles. For these, the only nonzero
diagrams are the ones shown in Fig. 16.3, which involve repeated scattering of just these
particles. Formally, it is possible to write down many other diagrams that could contribute
to the renormalization of u; however, all of these vanish upon performing the integral over
internal frequencies for there is always one integral that can be closed in one half of the
frequency plane where the integrand has no poles. This absence of poles is of course just a
more mathematical way of stating that there are no other particles around.

We consider application of these renormalization group results separately for the cases
below and above the upper-critical dimension of d = 2.

163.1 d <2

The approach and analysis here are very similar to those carried out in Chapter 14 below
the upper-critical dimension (d < 3) for the quantum rotor/Ising models.
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First, let us note some important general implications of the theory controlled by the
fixed-point interaction (16.49). As we have already noted, the scaling dimensions of Wp
and u are given precisely by their free-field values in (16.43), and the dynamic exponent z
also retains the tree-level value z = 2. All these scaling dimensions are identical to those
obtained for the case of the spinless Fermi gas in Section 16.2. Further, the presence of a
nonzero and universal interaction strength u* in (16.49) implies that the bosonic system
is stable for the case i > 0 because the repulsive interactions prevent condensation of an
infinite density of bosons (no such interaction was necessary for the fermion case, as the
Pauli exclusion was already sufficient to stabilize the system). These two facts imply that
the formal scaling structure of the bosonic fixed point being considered here is identical to
that of the fermionic one considered in Section 16.2, and that the scaling forms of the two
theories are identical. In particular, G p obeys a scaling form identical to that for G in
(16.20) (with a corresponding scaling function ®¢ ), while the free energy, and associated
derivatives, obey (16.22) (with a scaling function ® £, ). The universal functions @, and
® £, can be determined order by order in the present € = 2 — d expansion, and this will
be illustrated shortly.

Although the fermionic and bosonic fixed points share the same scaling dimensions,
they are distinct fixed points for general d < 2. However, the arguments already presented
in Section 16.1 suggest that these two fixed points are identical precisely in d = 1 [438].
Further evidence for this identity was presented in [105], where the anomalous dimen-
sion of the composite operator \IJ%; was computed exactly in the € expansion and was
found to be identical to that of the corresponding fermionic operator. Assuming the iden-
tity of the fixed points, we can then make a stronger statement about the universal scaling
function: those for the free energy (and all its derivatives) are identical, &, = @,
in d = 1. In particular, from (16.23) and (16.24) we conclude that the boson density is
given by

dk 1
(Q) = (W Wp) = f —— , (16.52)
27 K2 /@m)—w)/T 4 |

for d = 1 only. The operators Wp and W are still distinct and so there is no reason for the
scaling functions of their correlators to be the same. (We compute numerous exact prop-
erties of the scaling function ®¢, for G g in the following Section 16.3.3.) The crossover
diagram of Fig. 16.2 also applies to Zp ind = 1. The critical Fermi liquid state for 1 > 0,
T = 01is expected to become a critical superfluid state. As we show in Section 16.3.3, the
bosonic correlation functions decay with a power law in space implying “quasi-long-range”
superfluid order at 7 = 0. However, correlations decay exponentially at any nonzero T,
implying the absence of any finite-7 phase transition. This is again consistent with the
T > 0 behavior of Fig. 16.2.

As not all observables can be computed exactly in d = 1 by the mapping to the free
fermions, we now consider the ¢ = 2 — d expansion. We present a simple € expansion
calculation [437] for illustrative purposes. We focus on the density of bosons at 7 = 0.
Knowing that the free energy obeys the analog of (16.22), we can conclude that a relation-
ship like (16.11) holds:
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dj2
(Wi wy) = Ca@m)™=, >0, (16.53)
0, uw <0,

at T = 0, with C; a universal number. The identity of the bosonic and fermionic theories in
d = 1 implies from (16.11) or from (16.52) that C; = S;/1 = 1/7x. We will show how to
compute Cy in the € expansion; similar techniques can be used for almost any observable.
Even though the position of the fixed point is known exactly in (16.49), not all observ-
ables can be computed exactly because they have contributions to arbitrary order in u.
However, universal results can be obtained order-by-order in u, which then become a power
series in € = 2—d. As an example, let us examine the low-order contributions to the boson
density. To compute the boson density for i > 0, we anticipate that there is a condensate

of the boson field Wg, and so we write

Vp(x, 1) = Wo+ Vi(x, 1), (16.54)

where W has no zero wavevector and frequency component. Inserting this into Lp in
(16.1), and expanding to second order in ¥, we get

uo 4 <01 1 2
L1 =— u|Wol> + —|Wo|* — ¥ — + — |VW
1 wl o|+2|0| 18T+2m| 1
u
— u )+ ?0 <4|\110|2|\p1|2 +WRW 4 \1/;;2\1/12). (16.55)

This is a simple quadratic theory in the canonical Bose field W, and its spectrum and
ground state energy can be determined by the familiar Bogoliubov transformation. Carry-
ing out this step, we obtain the following formal expression for the free-energy density F
as a function of the condensate Wy at T = O:

uo
F(Wo) = — p|Wol* + 7|%|“

2 1/2
Lfdk (e 2} 2w
+5 i o BT uo| Yol upl ol
k2
- %—M+2uo|\llo|2 } (16.56)

To obtain the physical free-energy density, we have to minimize F with respect to varia-
tions in W( and to substitute the result back into (16.56). Finally, we can take the derivative
of the resulting expression with respect to @ and obtain the required expression for the
boson density, correct to the first two orders in uq:

(whw )—ﬂjul d |, _ u (16.57)
BEEIT T2 ) enyd V22 + dmp) | '

To convert (16.57) into a universal result, we need to evaluate it at the coupling appropri-
ate to the fixed point (16.49). This is most easily done by the field-theoretic RG employed
in Chapter 14. So let us translate the RG equation (16.47) into this language. As in (14.9),
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we introduce a momentum scale [t (the tilde is to prevent confusion with the chemical
potential) and express ug in terms of a dimensionless coupling ur by

Uy = UR (16.58)

G (i),
Sy 2¢
The motivation behind the choice of renormalization factor in (16.58) is the same as that
behind (14.9): the renormalized four-point coupling, when expressed in terms of ug, and
evaluated in d = 2—¢, is free of poles in € as can easily be explicitly checked using (16.45)
and the associated geometric series. Then, we evaluate (16.57) at the fixed-point value
of ug, following the basic recipe as in Section 14.1.2: compute any physical observable
as a formal diagrammatic expansion in ug, substitute ug in favor of ug using (16.58),
and expand the resulting expression in powers of €. All poles in € should cancel, but the
resulting expression depends upon the arbitrary momentum scale fi. At the fixed-point
value u}, dependence upon fi then disappears and a universal answer remains. In this
manner we obtain from (16.57) a universal expression in the form (16.53) with

I m2-1
C; =S, [ZJF 1 - +O(e):|. (16.59)
16.3.2 d=3

Although we only discuss the case d = 3 here, precisely the same manipulations and
results hold for all 2 < d < 4. The same methods can also be used to compute the logarith-
mic corrections in d = 2, along the lines of the discussion in Section 14.4; this was carried
out elegantly by Prokof’ev’ Ruebenacker, and Svistunov [388]. Related results, obtained
through somewhat different methods, are available in the literature [139,386,387,438].

The quantum critical point at © = 0, T = 0 is above its upper-critical dimension, and
we expect mean-field theory to apply. The analog of the mean-field result in the present
context is the 7" = 0 relation for the density

3 wiug+---, p>0,
(whwg) = (16.60)
0, u <0,
where the ellipsis represents terms that vanish faster as ¢ — 0. Note that this expression
for the density is not universally dependent upon p; rather it depends upon the strength
of the two-body interaction uy (more precisely, it can be related to the s-wave scattering
length a by ug = 4mwa/m).

We turn to the crossovers and phase transitions at 7 > (. These are sketched in Fig. 16.4.
These crossovers were computed by Rasolt ez al. [394], Weichman et al. [536] and also
addressed in earlier work [96,473,474]; we do not follow their approach here, however.
Instead, we show that the results can be obtained by a direct application of the method
used in Section 14.2.2 to study the quantum rotor/Ising models above their upper-critical
dimension.

The basic approach is one used several times in this book: integrate out the modes with a
nonzero Matsubara frequency to obtain an effective action for the static, time-independent
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Crossovers of the dilute Bose gasin d = 3 as a function of the chemical potential 1« and the temperature T. The
regimes labeled A, B, Care described in the text. The solid line is the finite-temperature phase transition where the
superfluid order disappears; the shaded region is where the dlassical D = 3, N = 2 theory describes thermal
fluctuations. The contours of constant density are similar to those in Fig. 16.2 and are not displayed.

modes. In the present situation it is clear that in the nonsuperfluid phase, the effective action
again has the form of Sy eff in (14.16) for the case N = 2 after the identification

W(x) = /m($1(x) +i¢2(x)) (16.61)

of the static modes. The values of the couplings, R and U, can be obtained by a simple
perturbation theory in u. From expressions analogous to (14.17), (14.18), and (14.31) we
obtain

R=-2 +4 @k 1 il + o
= —Zimpu mug Q2m)3 | e®?/2m-w)/T _ 1 k2 —2mp S
(16.62)
and
U = 12muq. (16.63)

Armed with a knowledge of the values of R and U we can then proceed precisely as in
Section 14.2.2: we simply insert these values into the form (14.19) involving the tricritical
crossover function (the susceptibility x in the present case is the boson Green’s function
G g defined in (16.50)), and we use the results for the tricritical crossovers in Section 14.1.1
for the case N = 2. Hence a clear understanding of the functional form of R is useful, and
we now discuss this.

Let us first rewrite R in the form analogous to (14.32):

R = —2mu + dmuo2mT)*?K (%) (16.64)

where the universal function K (y) is given by (compare (14.21) and (14.33))

K(y) = ! ookzdk ! ! +1 (16.65)
V=52, Ky 1 Kk—y k) '

Note that the result for R depends explicitly on the bare value of the coupling u, as is

expected for a system above its upper-critical dimension, and as we also found in Sec-
tion 14.2.2. A crucial property of K (y) (as was the case for (14.21) and (14.33)) is that it
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is analytic as a function of y at y = 0. This is clear from the fact that the only possible
singularity of the integrand is the pole at k> = y, but its residue vanishes because of can-
cellation between the first two terms in (16.65). We quote some limiting forms for K (y)
analogous to (14.23):
£(3/2)/(4m)%? — 0.0327826y, |yl < 1,
K(y) = (16.66)
VDI @m) + e V@n)’? y < -1,
We have not presented the limiting form for y = w/T >> 1 as that is not needed. This limit
puts the system within the superfluid phase (see Fig. 16.4) and the present results are valid
only for the normal phase.

Inserting the above results into (14.19) and performing some straightforward analysis
allows one to construct the phase diagram in Fig. 16.4. We can characterize the nonsuper-
fluid regions of Fig. 16.4 by the behavior of the zero-frequency limit of the boson Green’s
function G g; following (14.34) we parameterize this as

2m
k2 +£72
where £ can be identified as the correlation length of the superfluid order parameter. An
expression for & follows from (14.19) and (14.5) at N = 2:
TUVR
£2=R- “/_. (16.68)
67

As in Section 14.2 the condition for the boundary to the ordered superfluid phase is sim-
ply R = 0. Using (16.64)—(16.66) we therefore obtain, to leading order in u, the critical

temperature
) 2/3
.="(—2 ) . (16.69)
m \2uo¢(3/2)

which describes the phase boundary shown in Fig. 16.4; note that /T, ~ /Ll/ 3ué/ 3m <1,
and so the u/T. > 1 case of (16.66) was not necessary. Before discussing the var-
ious normal state regimes in Fig. 16.4, however, we also obtain an expression for the
free-energy density, F; the boson density then follows immediately from the identity
(lllg Wp) = —dF /0. The free energy is computed by adding the contribution of the
w, 7 0 modes to that of the w, = 0 modes as described by Sy efr in (14.16). In this
manner we obtain

43k A Bk K24 g2
F=T In (1 — e_(kz/(Zrn)—M)/T) + T/ 1n< +8 . (16.70)

Gpk,iwy = 0) = (16.67)

(2m)3 o (2m)3 k2 —2mp

The integral over the w, # 0 terms yields the first logarithm and the denominator in the
argument of the second logarithm. Note that this combination is well defined even for
w > 0, and the singularity at k2 = 2mu is illusory; the expression (16.70) is analytic at
u = 0 and can be straightforwardly numerically evaluated in the present form for all real
values of w. The integral over the ¢, modes in Sy ff gives the numerator of the second
logarithm. Note also that the second integral requires a large momentum cutoff A. It is
natural to take this cutoff of order the de-Broglie wavelength ~/2mT, because the zero
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frequency theory (14.16) is valid only at such scales. However, more precisely, there can be
no cutoff dependence because the problem of the dilute Bose gas is ultraviolet finite after
the two-body interaction has been expressed in terms of the two-body scattering length,
a (this connection is given later in (16.93)). Seeing this cutoff-independence requires a
systematic expansion in powers of ug or in 1/N (for an N-component Bose gas), which
we have not carried out here. From a knowledge of F, and therefore of the boson density
(\Il; Wp), we can, in principle, convert the u—T phase diagram in Fig. 16.4 into a density—
T phase diagram. Such a procedure also yields an expression for 7, in terms of the density:
this was studied in [41,42,224], which also give cutoff-independent expressions using the
1/N expansion. The constant density contours in Fig. 16.4 have a shape quite similar to
those in Fig. 16.2. However, the theoretical analysis and the manner in which the present
problem fits into the general theory of crossovers near quantum phase transitions are much
more transparent in the u—7 plane, and this representation continues to be the basis of our
remaining discussion. We turn to a separate description of the normal state regions in turn
(the discussion parallels that below (14.34)).

(A) u <0, T K |ul|, Dilute classical gas: We use the y < —1 limit of (16.66) in (16.64)
and (16.68) to obtain

2mT \>/?
£72 = om|p| + 10 (£> e IHI/T, (16.71)
2 T
So the correlation length is given by its 7 = 0 value and all T-dependent corrections
are exponentially small. The density of bosons follows from the p derivative of (16.70)

and we obtain

3/2
(Whwp) = (g) eIt 4 (16.72)
The ellipsis represents small corrections that depend upon the strength of the weak
interaction ug, and we invite the reader to work them out from (16.70). This density is
very small and, as in Section 16.2.1, the spacing between the particles is much larger
than their thermal de Broglie wavelength. We therefore expect an effective classical
Boltzmann gas description to apply. Although (16.67) and (16.71) give an adequate
description of the static correlations, dynamic properties require further analysis fol-
lowing that presented in Chapters 13 and 15 for the quantum rotor models.

(B) w<O0, || < T < (|pl/up)*?/m: As in (A), the correlation length is dominated by its
T =0 value of (2m|u|)~/? but the form of the T -dependent corrections differs from
the exponentially small corrections in (A); we have instead, power-law corrections
that follow from the |y| < 1 limit of (16.66) inserted in (16.64) and (16.68):

2mT 3/2
s—2=2m|u|+%(%) £(3/2). (16.73)

The density is no longer exponentially small, and (16.70) gives

32
(whwp) = (";—ﬂ) c(3/2) + -, (16.74)
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where again the ellipsis represents up-dependent corrections, which are somewhat
messy but easy to compute from the expressions provided above. For this density the
spacing between the particles is of order their thermal de Broglie wavelength, and in
this respect this regime is similar to the high-7" limit of the Fermi gas discussed in
Section 16.2.3. Of course, there are nonuniversal #-dependent corrections here, which
were absent for the Bose gas for d < 2 and for the spinless Fermi gas in all d. Again,
a description of dynamics in this region (B) requires extension of the computations of
Chapters 13 and 15.

(C) T > (||/u0)*/3/m, High T: This is of course the true high-T limit of the continuum
theory Zp. Its physical properties are similar to those of (B) but with some significant
differences. The expression (16.73) for the correlation length still applies, but it is
clear that the second T-dependent term is the larger one. Thus the correlation length
&~ T—3/4, which does not agree with the naive scaling estimate & ~ T2 as we
discussed in Section 14.2.2, this is because the interaction u is dangerously irrelevant,
and its bare value appears in the high-7" limit of (16.73). The leading term in the
density is also as in (16.74), but the omitted u-dependent corrections have a rather
different structure.

16.3.3 Correlators of Zgind =1

Readers not interested in the details of correlations in d = 1, may skip ahead to the next
section.

The study of the bosonic correlators of Zp is of some interest because they can be mea-
sured directly in neutron scattering or NMR experiments on spin systems that undergo a
quantum phase transition of the type studied here. Explicit realizations include the X X
chain of Section 16.1 or gapped antiferromagnets in a strong field (discussed in Chap-
ter 19). In all of these cases, the bosonic field Wp has a simple, local relationship to the
spin operators (as in (16.5)), allowing its correlators to be simply related to measurable
quantities. In contrast, the fermionic correlators of Wr (discussed in Section 16.2) have no
physical interpretation in such applications.

We have argued in Sections 16.1, 16.2, and 16.3.1 that the theories Zp and Zp are
equivalent for small . The universal expression for the boson density was given in (16.52).
Here we discuss how to map the two theories at the operator level. For the case of the
transition from a Mott insulator with ng = 0, there are no background particles to account
for, and we can derive the theory Zp simply by the naive continuum limit of the lattice
boson coherent state path integral (9.31). Such a procedure leads to the exact operator
correspondence Wp = b; /a. We know from Section 16.1 that b = (¢ + i&iy )/2 and,
further, that the Pauli matrices are related to the lattice fermion field by (10.9) and thence
to the continuum Fermi field W via (10.23). Combining these transformations, and taking
the naive continuum limit, we obtain the formal operator correspondence

Wg(x,1) = exp <in /x dyWi(y, DWE(y, r)) Wp(x,1). (16.75)
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So our task is, in principle, well defined: all correlators of Wy under Lr are known —
use these to compute those of Wp using the mapping (16.75). In practice, this evaluation
cannot be carried out in the continuum as severe short-distance divergences appear. We
have to return to the underlying lattice degrees of freedom, evaluate the expectation values
under the lattice Hamiltonian, and then return to the continuum limit. A calculation such as
this was discussed in Section 10.3 for equal-time correlators of the quantum Ising model. A
very similar analysis can also be performed for the present X X model. We refer the reader
to the literature for details [420] and present the main results.

We are interested here in the two-point bosonic correlation function G in (16.50). As
discussed in Section 16.3.1, we know that this satisfies a scaling form identical to (16.20),
but the bosonic scaling function ®¢, will be quite different from ®¢ .. The large-distance
limit of the equal-time case can be obtained by the methods of Section 10.3. We use the

mapping

Gp(x,0) = —(5768), (16.76)

216
where x = ia and the latter expectation value is evaluated under Hyx at a temperature
T. This can be performed using essentially the same analysis as in Section 10.3, and we
obtain for T > 0 that [420]

mT

1/2
Jim GB(x,0>=<7> Gx(u/T)exp(—Fx(u/T)(zmT)”2|x|), (16.77)

where the universal crossover functions Fx(y) and G x(y) are given by

[} 2 _
Fx(y) 2/ d—slnco b7 = +O0(=y)vV—V. (16.78)
0 b/ 2

—1 2
lnGx(y)=2/ ds[(d?s@) +4s}+z/ylds(d’;xs(”) . 1679

Note the similarity of these results to (10.50) and (10.51) for the Ising chain. As in the
Ising case, both functions Fy and Gx are analytic (despite appearances) for all real values
of y, as must be the case owing to the absence of thermodynamic singularities at nonzero
T. We show a plot of these functions in Fig. 16.5. These results for Fy and Gx have
also been obtained in [294], [279], [240], and [278] by the rather different, and far more
sophisticated, quantum inverse scattering method.

Let us look at the physical implications of the above results for G in the different
regimes of Fig. 16.2.

Dilute classical gas, keT<< ||, o <0

We need the y — —oo limits of the Fx and Gy scaling functions. From (16.78) and
(16.79) we get Fx(y - —oo) = /—y and Gx(y - —o0) = 1/,/—y, and so we have
for the equal-time correlator

T m 1/2
Gy, 0) == (W) exp (- Qm|u)'/? |x|) as |x| = oo. (16.80)
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The universal scaling functions Fy (y) for the inverse correlation length and the amplitude Gy () (definedin (16.77)),
asafunctionofy = w/T.

This equal-time result has a very simple interpretation. It is precisely the Fourier transform
of TGp(k, w, = 0) with the Gp given in (16.67), the prefactor of T coming from the
classical limit of the fluctuation—dissipation theorem as in (10.76), and with the leading
low-temperature value for & from (16.71), £~ = 2m|u|. Classical behavior is of course
expected, because, as in Section 16.2.1, the spacing between the particles is much larger
than their thermal de Broglie wavelength.

Long-time correlators can be obtained by a simple physical argument that relies on the
similarity of this regime to the low-7 regime on the paramagnetic side of the quantum Ising
chain, discussed in Section 10.4.2. In that case, and here, we have an exponentially dilute
concentration of particles and are interested in the single-particle boson Green’s function.
Semiclassical arguments to compute these were advanced in Section 10.4.2, and those led
to the main result in (10.88). Its analog in the present case is

Gp(x,t) =Gp(x,t)R(x,1). (16.81)

Here G is the result given in (16.25) with d = 1 (this result is also the Fourier transform of
(16.51)) and is the Feynman propagator for a single particle moving quantum mechanically
from (0, 0) to (x, t). The factor R represents the consequence of collisions with the expo-
nentially dilute background of thermally excited particles. As argued in Section 10.4.2,
G p picks up a (—1) from the S matrix of each collision, and the result of averaging over
such collisions leads to R(x, ¢) given in (10.69); the only change here is in the dispersion
spectrum of the particles, &, = k?/(2m) + |u|:

dk
R(x,1) = exp (—/ Zema/T
T

The explicit structure of the function R was described in Section 10.4.1: equal-time corre-
lations decay exponentially in space with the length &., whereas equal-space correlations

dey

x —
dk

t ) (16.82)
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decay exponentially in time with the time 7, (see (10.70)), and the general function obeys
the scaling from (10.73) with the scaling function given in (10.74). The only change is in
the specific values of the characteristic scales &. and 7, which are given by

T \1/2
— lul/T
& (ZmT) e ,

b4
T, = ﬁe“"/T.
Note that both scales are exponentially large at low 7.

The dynamic structure factor can be obtained by a Fourier transform of (16.81). Its phys-
ical properties are very similar to those in Section 10.4.2, with a well-defined quasiparticle
pole at w = &, which is broadened by collisions with other particles on the spatial and
temporal scales given in (16.83).

The results (16.81) and (16.82) have also been obtained in [242] and [278] and by a
more rigorous and much lengthier method. The precise agreement gives us confidence that
the simple semiclassical arguments used above are essentially exact.

Tomonaga-Luttinger liquid, ksT<< w, it >0

This is the region labeled a Fermi liquid in Fig. 16.2. In d = 1 the generic state with
interaction among the fermions away from the critical point is a Tomonaga—Luttinger liquid
(as we discuss in Chapter 20), and we use this more general and standard terminology.

In our discussion of the correlators of W in this region (Section 16.2.2) we showed that
the long-distance properties were described by a line of z = 1 critical points at u > 0,
T = 0 and that this manifested itself in a collapse of the fermion scaling functions into a
reduced scaling form. A similar collapse must also occur for the G p correlator, and indeed
for all other observables. To describe this, we need the scaling dimension of W g under the
continuum critical theory of this line of critical points, which was Lry in (16.29).

This dimension can be easily obtained from the equal-time results above. Using, from
(16.78) and (16.79), Fx(y — o0) = n/4,/y and Gx(y — 00) = 1.042828. .. we get for
T<Kp

mT\'/? n T
Gp(x,0) =Gx(oc0) | — exp | —=—1|x]| ) as |x| — oo. (16.83)
2 2 VF

The prefactor ~ T'/2, along with quantities invariant under the scaling transformation
(16.30) and the exponent z = 1, fixes

dim[Wp] = 1/4 (16.84)

along the u > O critical line; recall that dim[Wp] = 1/2 at the u = 0 critical end point.
The results (16.83) and (16.84) are key, for they allow us to deduce the entire space and
time dependence of G p in this regime using a simple argument. The main point is that the
long-distance and time correlators are controlled by the theory £, which is conformally
invariant. Then we may use arguments essentially identical to those in Section 10.4.3 where
we considered the high-T limit of the quantum Ising chain. The latter was controlled by
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the conformally invariant, z = 1, theory £ in (10.28) at A = 0. As we showed in Sec-
tion 10.4.2, the T > 0 equal-time long-distance decay in (10.94) allowed us to deduce the
complete spacetime-dependent correlation function in (10.95) and also the exact T = 0
correlator at the critical point in (10.91). Proceeding in precisely the same manner here, we
may conclude that the 7 = 0 bosonic correlator obeys, for u > 0,

1

Gp(x, 1) ~ —/————,
B (2 + v272)1/4

(16.85)
where the normalization constant will be fixed shortly. Indeed (16.85) follows simply from
(16.84) and the relativistic invariance of Lpy. Therefore, as noted earlier, the bosonic
superfluid correlations decay with a power law in the & > 0 ground state. At finite T,
the analog of (10.95) is

12 ~12
ﬂ) [ 27 Gx(o0) (16.86)

Gplx, 1) = .
B (%) ( 2 ST (z + ix/vp)) sin(r(z — ix Jop)] /2

Note that this result obeys the reduced scaling form characteristic of the scaling dimensions
of the theory Ly, in (16.30):

mT\'/? Tx
Gp(x,t) = (T) ox (E, Tt) (16.87)

From this expression we can also explicitly relate the reduced scaling function ¢x to the
global scaling function ®¢, (this is the scaling function of G defined as the bosonic
analog of (16.20)) by the u/T — oo of the latter:

¢x (X, 1) = lim dg,Q2/Vx. 1, y). (16.88)
y—00

The physical properties of these dynamical correlations are essentially identical in form
to the dynamic responses discussed in Section 10.4.3, and particularly in Figs. 10.7 and 10.8,
and so need not be described here. Correlations decay exponentially with a length £ ~
vr/T and on a phase coherence time 7, ~ 1/7. Both these scales are those expected in
the “high-7" limit of a critical theory with z = 1. In the present case this is the theory Lrp.
characterizing the line of i > O critical points. Remember, though, that the present region
is a low-T region of the global theory Lp.

High-T limit, kgT > ||

Now we have from (16.78) and (16.79)
mT 172
_ _ 1/2
Gg(x,0) = Gx(0) (—2 ) exp( Fx(0) 2mT) |x|) as x| — 0o,  (16.89)

where Fy (0) = ¢(3/2)(1 — 1/+/8)//m = 0.952781471 ... and G x(0) = 0.86757 ... are
pure numbers. All scales are set by T, and the correlation length ~T ~1/2, as expected from
the z = 2 value at the © = O critical point. Notice also the similarity of this correlation
length to that of the fermionic correlator in (16.42); only the numerical factors are different.
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Asymptotics of dynamic correlation functions in this regime have been obtained by
Korepin and collaborators [242, 278] by the quantum inverse scattering method. How-
ever, this is the one limiting regime where their approach appears indispensable, and an
alternative derivation using the simpler physical arguments employed here does not exist;
finding such a derivation remains an important open problem. (Korepin and collabora-
tors [242,278] also give the dynamic analogs of (16.77) containing the crossovers between
the different finite-7" regimes; the methods discussed here cannot give these either.) Their
results are quite lengthy and are not reproduced here. We will just be satisfied by not-
ing that, as expected by scaling arguments in the high-7 regime of a continuum theory,
time-dependent correlations decay exponentially on a phase coherence time of order 1/7.

Summary

We summarize all of the structure in the dynamic correlations of Zp in Fig. 16.6; note the
similarity to (and some differences from) the corresponding figure for the Ising chain in
Fig. 10.12. First, in all the three universal regions of Fig. 16.2, the short-time properties
are essentially the same: a free nonrelativistic particle propagating quantum mechanically,
without yet having felt the influence of any other particle. The interactions with other
particles appear at longer times, and their consequences are rather different in the various
regimes.

In the low-T regime for £ <0 (T < |ul), the concentration of other particles is expo-
nentially small, and so the decoherence and spectral line broadening due to collisions are
not felt until the very long time 7, ~ (1/ T)eH/T,

In the opposing low-T regime for u > 0 (T < ) the behavior is rather different. Now
the particles are dense and degenerate, and at times longer than 1/u, the Pauli exclusion
principle leads to the quantum coherence of a Fermi liquid ground state (more generally
for large w, a Tomonaga—Luttinger liquid; see Chapter 20). This state is described by the
separate z = 1 theory Lpy in (16.29), and for a while the systems appear to be in the
ground state of £ ;. However, eventually thermal effects cause decoherence and relaxation

Fermi liquid
QUANTUM FERM
RELAXATION
Z=1 © | LIQUID |FREEPARTICLE‘
L4
0 T u
0]
High T
QUANTUM
RELAXATION
| z=2 | FREE PARTICLE
0 T v
10)

Crossovers as a function of frequency for the boson model Zg (in (16.1)) ind = 1in the regimes of Fig. 16.2; this
model is equivalent to Zf (in (16.3))ind = 1.
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atatime 7, ~ 1/7T and a length scale £ ~ 1/T. This last crossover is entirely a property
of Ly, and is characterized by its z = 1 critical exponents.

Finally, in the high-T regime, we have a completely different behavior. Now the value
of p is unimportant, and we may as well set & = 0. The crossover from the free particle
behavior to relaxational dynamics happens at a time 7, ~ 1/7T and a length scale § ~
1/+/T, which are characteristic of the z = 2 critical point at 4 = 0. The mean spacing
between the particles is of order their de Broglie wavelength, and thermal and quantum
effects are equally important.

16.4 The dilute spinful Fermi gas: the Feshbach resonance
- |

This section turns to the case of the spinful Fermi gas with short-range interactions; as
we noted in the introduction, this is a problem which has acquired renewed importance
because of new experiments on ultracold fermionic atoms.

The partition function of the theory examined in this section was displayed in (16.4).
The renormalization group properties of this theory in the zero density limit are identical
to those of the dilute Bose gas considered in Section 16.3. The scaling dimensions of the
couplings are the same, the scaling dimension of Wr, is d/2 as for Wp in (16.43), and
the flow of the u is given by (16.47). Thus for d < 2, a spinful Fermi gas with repulsive
interactions is described by the stable fixed point in (16.49).

However, for the case of a spinful Fermi gas, we can consider another regime of parame-
ters which is of great experimental importance. We can also allow u to be attractive: unlike
the Bose gas case, the u < 0 case is not immediately unstable, because the Pauli exclusion
principle can stabilize a Fermi gas even with attractive interactions. Furthermore, at the
same time we should also consider the physically important case with d > 2, when € < 0.
The distinct nature of the RG flows predicted by (16.47) for the two signs of € are shown
in Fig. 16.7.

d<2
0 u*
——¢—>———<—
u
(@
da>2
v o
< & N & <
< Ll < u
(b)

The exact RG flow of (16.47). (@) Ford < 2 (e > 0), the infrared stable fixed pointatu = v* > 0 describes
quantum liquids of either bosons or fermions with repulsive interactions which are generically universal in the
low-density limit. Ind = 1 this fixed point is described by the spinless free Fermi gas (“Tonks” gas), for all statistics
and spin of the constituent particles. (b) Ford > 2 (¢ < 0) the infrared unstable fixed pointatu = v* < 0
describes the Feshbach resonance which obtains for the case of attractive interactions. The relevant perturbation

(u — u™) corresponds to detuning from the resonant interaction.
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Note the unstable fixed point present for d > 2 and u < 0. Thus accessing the fixed
point requires fine-tuning of the microscopic couplings. As discussed in [362, 363], this
fixed point describes a Fermi gas at a Feshbach resonance, where the interaction between
the fermions is universal. For u < u*, the flow is to u — —oo: this corresponds to a strong
attractive interaction between the fermions, which then bind into tightly bound pairs of
bosons, which then Bose condense; this corresponds to the so-called “BEC” regime. On
the other hand, for u > u*, the flow is to u 7 0, and the weakly interacting fermions then
form the Bardeen—Cooper—Schrieffer (BCS) superconducting state.

Note that the fixed point at u = u* for Zp; has two relevant directions for d > 2. As
in the other problems considered in this chapter, one corresponds to the chemical potential
w. The other corresponds to the deviation from the critical point u — u*, and this (from
(16.47)) has RG eigenvalue —e = d — 2 > 0. This perturbation corresponds to “detuning”
from the Feshbach resonance, v (not to be confused with the symbol for the correlation
length exponent); we have v oc u — u*. Thus we have

dim[p] =2 , dim[v]=d — 2. (16.90)

These two relevant perturbations have important consequences for the phase diagram, as
we see shortly.

For now, let us understand the physics of the Feshbach resonance better. For this, it is
useful to compute the two-body 7 matrix exactly by summing the graphs in Fig. 16.3,
along with a direct interaction first order in #¢. The second-order term has already been
evaluated for the bosonic case in (16.45) for zero external momentum and frequency, and
has an identical value for the present fermionic case. Here, however, we want the off-shell
T-matrix, for the case in which the incoming particles have momenta k1 », and frequencies
1,2. Actually for the simple momentum-independent interaction ug, the 7 matrix depends
only upon the sums k = k1 +k, and @ = w; 4wy, and is independent of the final state of the
particles, and the diagrams in Fig. 16.3 form a geometric series. In this manner we obtain

11
T(k,iw) ug

N / dQ d? 1 1
2 J Qo) (—i(Q+w) + (p+Kk)?/(2m)) (iQ+ p?/(2m))

1 Addp o m TA-4d/2) 2]
= — = — a2 _jw+ — . (1691
oty G G [ "”+4m} (1691

Ind = 3, the s-wave scattering amplitude of the two particles, fj, is related to the T matrix
at zero center of mass momentum and frequency k/m by fo(k) = —mT (0, k*/m)/(4m),
and so we obtain

k)= ———, 16.92
o) =~ (16.92)
where the scattering length, a, is given by
1 4 A ddp o4
Z= / P> (16.93)
a muy Jo @2m)dp?
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For ug < 0, we see from (16.93) that there is a critical value of uy where the scattering
length diverges and changes sign: this is the Feshbach resonance. We identify this critical
value with the fixed point u = u™ of the RG flow (16.47). It is conventional to identify the
deviation from the Feshbach resonance by the detuning v

p=—o, (16.94)

Note that v o u — u*, as claimed earlier. For v > 0, we have weak attractive interactions,
and the scattering length is negative. For v < 0, we have strong attractive interactions, and
a positive scattering length. Importantly, for v < 0, there is a two-particle bound state,
whose energy can be deduced from the pole of the scattering amplitude; recalling that the
reduced mass in the center of mass frame is m /2, we obtain the bound state energy, Ej,

Ep,=——. (16.95)
m

We can now draw the zero temperature phase diagram [362] of ZF, as a function of p
and v, and the result is shown in Fig. 16.8.

For v > 0, there is no bound state, and so no fermions are present for 4 < 0. At u = 0,
we have an onset of nonzero fermion density, just as in the other sections of this chapter.
These fermions experience a weak attractive interaction, and so experience the Cooper
instability once there is a finite density of fermions for © > 0. So the ground state for
@ > 01is a paired Bardeen—Cooper—Schrieffer (BCS) superfluid, as indicated in Fig. 16.8.
For small negative scattering lengths, the BCS state modifies the fermion state only near

Ap
I
1
:
Superfluid
\ BCS
————————— » >V

S

Universal phase diagram at zero temperature for the spinful Fermi gasind = 3 as a function of the chemical potential
w and the detuning v. The vacuum state (shown hatched) has no particles. The position of the v < 0 phase
boundary is determined by the energy of the two-fermion bound state in (16.95): ;& = —v?/(2m). The density of
particles vanishes continuously at the second-order quantum phase transition boundary of the superfluid phase,
which is indicated by the thin continuous line. The quantum multicritical pointat & = v = 0 (denoted by the filled
circle) controls all the universal physics of the dilute spinful Fermi gas near a Feshbach resonance. The universal
properties of the critical line . = 0, v > 0 map onto the theory of Section 16.2, while those of the critical line

w = —v?/(2m), v < 0map onto the theory of Section 16.3. This implies that the T > 0 crossovers in Fig. 16.2
apply for v > 0 (the “Fermi liquid” region of Fig. 16.2 now has BCS superconductivity at an exponentially small T),
while those of Fig. 16.4 apply for v < 0.
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the Fermi level. Consequently as N\, O (specifically for ;1 < v?/m), we can neglect the
pairing in computing the fermion density. We therefore conclude that the universal critical
properties of the line . = 0, v > 0 map precisely on to two copies (for the spin degeneracy)
of the noninteracting fermion model ZF studied in Section 16.2. In particular the T > 0
properties for v > 0 map onto the crossovers in Fig. 16.2. The only change is that the BCS
pairing instability appears below an exponentially small 7' in the “Fermi liquid” regime.
However, the scaling functions for the density as a function of p/ 7T remain unchanged.

For v < 0, the situation changes dramatically. Because of the presence of the bound
state (16.95), it pays to introduce fermions even for u© < 0. The chemical potential for a
fermion pair is 24, and so the threshold for having a nonzero density of paired fermions is
w = Ep/2. This leads to the phase boundary shown in Fig. 16.8 at u = —v2/(2m). Just
above the phase boundary, the density of fermion pairs is small, and so these can be treated
as canonical bosons. Computations of the interactions between these bosons [362] show
that they are repulsive. Therefore we map their dynamics onto those of the dilute Bose gas
studied in Section 16.3. Thus the universal properties of the critical line 4t = —v?/(2m)
are equivalent to those of Zp. Specifically, this means that the T > 0 properties across this
critical line map onto those of Fig. 16.4.

Thus we reach the interesting conclusion that the Feshbach resonance at © = v = 0 is
a multicritical point separating the density onset transitions of Zr (Section 16.2) and Zp
(Section 16.3). This conclusion can be used to sketch the T > 0 extension of Fig. 16.8, on
either side of the v = 0 line.

We now need a practical method of computing universal properties of Zg; near the
w = v = 0 fixed point, including its crossovers into the regimes described by Zr and Zp.
The fixed point (16.47) of ZF provides an expansion of the critical theory in the powers
of € = 2 — d. However, observe from Fig. 16.7, the flow for u < u™ is to u — —o0. The
latter flow describes the crossover into the dilute Bose gas theory, Zp, and so this cannot
be controlled by the 2 — d expansion. The following subsections propose two alternative
analyses of the Feshbach resonant fixed point which address this difficulty.

16.4.1 The Fermi—Bose model

One successful approach is to promote the two-fermion bound state in (16.95) to a canoni-
cal boson field Wp. This boson should also be able to mix with the scattering states of two
fermions. We are therefore led to consider the following model

Zrp = /D\ym(x,f)p\ym(x,r)D\IfB(x,r)exp (—fdtddx LFB),

L =yE ————~ 4 — |VU — u|W
FB Fo P +2m| Fol 1|VEs|
o 1
F sl VW, P 4 (5 — 2) | W)
0T 4m

YW (\ygxpmwm +\p3\y;¢w;¢). (16.96)
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Here we have taken the bosons to have mass 2m, because that is the expected mass of
the two-fermion bound state by Galilean invariance. We have omitted numerous possible
quartic terms between the bosons and fermions above, and these turn out to be irrelevant
in the analysis below.

The conserved U(1) charge for Zpp is

0= \I/;k;T\IJFT + ‘-IJ;kw\I/Fl + Z\IJZ\I’B, (16.97)

and so Zpp is in the class of models being studied in this chapter. The factor of 2 in
(16.97) accounts for the 2 chemical potential for the bosons in (16.96). For p sufficiently
negative it is clear that Zrp will have neither fermions nor bosons present, and so (Q) =
0. Conversely for positive u, we expect (Q) # 0, indicating a transition as a function
of increasing p. Furthermore, for § large and positive, the Q density will be primarily
fermions, while for § negative the Q density will be mainly bosons; thus we expect a
Feshbach resonance at intermediate values of §, which then plays the role of detuning
parameter.

We have thus argued that the phase diagram of Zrp as a function of x and § is quali-
tatively similar to that in Fig. 16.8, with a Feshbach resonant multicritical point near the
center. The main claim of this section is that the universal properties of Zrp and Zr, are
identical near this multicritical point [362,363]. Thus, in a strong sense, the theories Zrp
and Zf; are equivalent. Unlike the equivalence between Zp and Zr, which held only in
d = 1, the present equivalence applies for d > 2.

We establish the equivalence by an exact RG analysis of the zero density critical the-
ory. We scale the spacetime coordinates and the fermion field as in (16.12), but allow an
anomalous dimension 7, for the boson field relative to (16.43):

¥ = xe ¢,

' =re ¥,

Wy, = Wree?t/?,
v, = Wgeldtmt/2

Ay = roedTdmmIt2, (16.98)

where, as before, we have z = 2. At tree level, the theory Zrp with u = § = 0 is invariant
under the transformations in (16.98) with n;, = 0. At this level, we see that the coupling Ag
is relevant for d < 4, and so we have to consider the influence of A¢. This also suggests, as
in Chapter 4, that we may be able to obtain a controlled expansion in powers of (4 — d).

Upon considering corrections in powers of Ag in the critical theory, it is not difficult to
show that there is a non-trivial contribution from only a single Feynman diagram: this is
the self-energy diagram for Wp which is shown in Fig. 16.9. All other diagrams vanish in
the zero-density theory, for reasons similar to those discussed for Zp below (16.49). This
diagram is closely related to the integrals in the 7-matrix computation in (16.91), and leads
to the following contribution to the boson self-energy X p:
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~ o * -
Feynman diagram contributing to the RG. The dark triangle is the X vertex, the full line is the W propagator,
and the dashed line is the Wr propagator.

Xp(k, iw)

2 / dQ /A al 1 1

O 27 Jaet Q) (—i(Q + ) + (p +K)2/(2m)) (iQ + p2/(2m))
.2 A ddp 1
=% /A Q) (—iw + (p +k)2/Q2m) + p*/(2m))

—,\Z/A dlp m _ ., '+k2 ) 4 fA d’p m’ (16.99)
"0 hee @myd p2 70 'O d ' '

pe-t @m)7 pt

The first term is a constant that can be absorbed into a redefinition of 8. For the first time,
we see above a special role for the spatial dimension d = 4, where the momentum integral
is logarithmic. Our computations below turn out to be an expansion in powers of (4 — d),
and so we evaluate the numerical prefactors in (16.99) with d = 4. The result turns out
to be correct to all orders in (4 — d), but to see this explicitly we need to use a proper
Galilean-invariant cutoff in a field-theoretic approach [362]. The simple momentum shell
method being used here preserves Galilean invariance only in d = 4.

With the above reasoning, we see that the second term in the boson self-energy in (16.99)
can be absorbed into a rescaling of the boson field under the RG. We therefore find a
nonzero anomalous dimension

= A%, (16.100)

where we have absorbed phase space factors into the coupling A by
A2-d/2
m~/Sq

With this anomalous dimension, we use (16.98) to obtain the exact RG equation for A:

a_@d-d, »
de 2 2
For d < 4, this flow has a stable fixed point at A = A* = /(4 — d). The central claim of
this subsection is that the theory ZFp at this fixed point is identical to the theory ZF; at
the fixed point u = u* for2 < d < 4.
Before we establish this claim, note that at the fixed point, we obtain the exact result for
the anomalous dimension of the boson field

A=

A (16.101)

(16.102)

=4 —d. (16.103)
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Feynman diagram for the mixing between the renormalization of the \IIFT Wrand \IJBT W operators. The filled
circleis the lI/FT Wr source. Other notation is as in Fig. 16.9.

Let us now consider the spectrum of relevant perturbations to the A = A* fixed point.
As befits a Feshbach resonant fixed point, there are two relevant perturbations in Zrp, the
detuning parameter § and the chemical potential . Apart from the tree-level rescalings, at
one loop we have the diagram shown in Fig. 16.10. This diagram has a \I/;o Yrs source,
and it renormalizes the coefficient of ® ®: it evaluates to

1
MO/ /Aﬂ Q) (—iQ + p?/2m))*(iQ2 + p?/(2m))

dép m2
= 2 et (27t)d (16.104)

Combining (16.104) with the tree-level rescalings, we obtain the RG flow equations

du
= =,
ae =M
d
ﬁ(ts —2u) = (2 — mp) (8 —2u) — 227 p, (16.105)

where the last term arises from (16.104). With the value of 7, in (16.100), the second
equation simplifies to

dé

== 2%)8. (16.106)

Thus we see that © and § are actually eigen-perturbations of the fixed point at A = A*, and
their scaling dimensions are

dim[pu] =2 , dim[6] =d — 2. (16.107)

Note that these eigenvalues coincide with those of Zrg in (16.90), with § identified as
proportional to the detuning v. This, along with the symmetries of O conservation and
Galilean invariance, establishes the equivalence of the fixed points of Zrp and ZF;.

The utility of the present Zrp formulation is that it can provide a description of universal
properties of the unitary Fermi gas in d = 3 via an expansion in (4 — d). Further details of
explicit computations can be found in [363].
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16.4.2 Large-N expansion

We now return to the model ZF; in (16.4), and examine it in the limit of a large number of
spin components [362,525]. We also use the structure of the large-N perturbation theory
to obtain exact results relating different experimental observables of the unitary Fermi gas.

The mechanics of the large-N expansion turn out to be quite similar to those in Chap-
ter 11, although here we are dealing with fermionic fields. The basic idea is to endow the
fermion with an additional flavor index @ = 1... N/2, so that the fermion field is Vr44,
where we continue to have o =1, |. Then, we write Zf; as

/T

ZFS :/quFoa(X,T)eXp <_/ dt/ddxﬁFs> )
0

a\I,F(m

aT
2ug
+ WWTTTa\p;La\VFib\IIFTb’ (16.108)

1
Lpg = \P}k;aa +%|VII/Faa|2_M|‘I’Foa|2

where there is an implied sum over a, b = 1... N /2. The case of interest has N = 2, but
we consider the limit of large even N, where the problem becomes tractable.

As written, there is an evident O(N/2) symmetry in Zf, corresponding to rotations
in flavor space. In addition, there is U(1) symmetry associated with O conservation, and
an SU(2) spin rotation symmetry. Actually, the spin and flavor symmetry combine to
make the global symmetry U(1)xSp(XN), but we do not make much use of this interesting
observation.

The large-N expansion proceeds by decoupling the quartic term in (16.108) by a
Hubbard—Stratanovich transformation (last seen in (9.32)). For this we introduce a complex
bosonic field Wg (x, ) and write

T ~
Zps = /D\DFaa(x,t)D\IlB(x,r)exp (—/ dT/ddx CFS),
0

~ IV 1
Lps = \Ij;da 8‘L'(m + % |v\IjFoa|2 - //L"I’Faa|2
N
oW = Wi, Wi — ViV o W, (16.109)

2|uol

Here, and below, we assume ug < 0, which is necessary for being near the Feshbach
resonance. Note that Wp couples to the fermions just like the boson field in the Bose—Fermi
model in (16.96), which is the reason for choosing this notation. If we perform the integral
over Wp in (16.109), we recover (16.108), as required. For the large-N expansion, we have
to integrate over W4, first and obtain an effective action for Wp; this is the analog of the
integration over n in Chapter 11. Because the action in (16.109) is Gaussian in the Vs,
the integration over the fermion field involves evaluation of a functional determinant, and
has the schematic form

Zps = /D\I’B(x,‘l:)exp(—NSeff[\I’B(x,‘c)]), (16.110)
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where Sefr is the logarithm of the fermion determinant of a single flavor. The key point is
that the only N dependence is in the prefactor in (16.110), and so the theory of Wp can
controlled in powers of 1/N, just as in Chapter 11.

We can expand Segr in powers of Wp: the pth term has a fermion loop with p external
Wp insertions. Details can be found in [362, 525]. Here, we note only the expansion to
quadratic order at © = § = T = 0, in which case the coefficient is precisely the inverse of
the fermion 7" matrix in (16.91):

1 f do dk 1

Seif [V (x, T)] = 2 ) 27 Q) Tk, iw)

Given Segr, we then have to find its saddle point with respect to Wp. At T = 0, we find the
optimal saddle point at a Wp # 0 in the region of Fig. 16.8 with a nonzero density: this
means that the ground state is always a superfluid of fermion pairs. The traditional expan-
sion about this saddle point yields the 1/ N expansion, and many experimental observables
have been computed in this manner [362,525,526].

We conclude our discussion of the unitary Fermi gas by deriving an exact relationship
between the total energy, E, and the momentum distribution function, n(k), of the fermions
[500,501]. We do this using the structure of the large-N expansion. However, we drop the
flavor index a below, and quote results directly for the physical case of N = 2. As usual,
we define the momentum distribution function by

Wgk, w)>+... (16.111)

n(k) = (Wi (k, )Wr, (k, 1)), (16.112)

with no implied sum over the spin label o. The Hamiltonian of the system in (16.108) is
the sum of kinetic and interaction energies: the kinetic energy is clearly an integral over
n(k) and so we can write

dk k* P

dk k* d1n Zp
=2V | —— —n(k) — , 16.113
/(Zn)d om ") T u0—5 ( )

where V is the system volume, and all the W fields are at the same x and 7. Now let us
evaluate the uq derivative using the expression for Zg; in (16.109); this leads to
E 2 —ddk i (k) + ! (Wh(x, NWp(x, 1)) (16.114)
— = —n — X, X,1)). .
% Q2m)d 2m up B B
Now using the expression (16.93) relating ug to the scattering length a in d = 3, we can
write this expression as
E_ m d*k  k? (W5 Wp)m?
— = — (VW 2| ——— [ It Rl iy | 16.115
V= dma VBV /(271)3 2m (”( ) & ( )

This is the needed universal expression for the energy, expressed in terms of n(k) and the
scattering length, and independent of the short-distance structure of the interactions.
At this point, it is useful to introduce “Tan’s constant” C, defined by [500,501]

C = lim k*n(k). (16.116)
k— o0
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The requirement that the momentum integral in (16.115) is convergent in the ultraviolet
implies that the limit in (16.116) exists, and further specifies its value

C =m?(¥jWp). (16.117)

We now note that the relationship n(k) — m? (Wg v B) /k* at large k is also as expected
from a scaling perspective. We saw in Section 16.4.1 that the fermion field Wr does not
acquire any anomalous dimensions, and has scaling dimension d /2. Consequently n (k) has
scaling dimension zero. Next, note that the operator W} Wp is conjugate to the detuning
from the Feshbach critical point; from (16.107) the detuning has scaling dimension d — 2,
and so W} Wp has scaling dimension d + z — (d — 2) = 4. Combining these scaling
dimensions, we explain the k—* dependence of n (k).

It now remains to establish the claimed exact relationship in (16.117) as a general prop-
erty of a spinful Fermi gas near unitarity. As a start, we can examine the large k limit of
n(k) in the BCS mean-field theory of the superfluid phase: the reader can easily verify
that the textbook BCS expressions for n(k) do indeed satisfy (16.117). However, the claim
of [55,479] is that (16.117) is exact beyond mean-field theory, and also holds in the non-
superfluid states at nonzero temperatures. A general proof was given in [479], and relied
on the operator product expansion (OPE) applied to the field theory (16.109). The OPE is
a general method for describing the short-distance and time (or large momentum and fre-
quency) behavior of field theories. Typically, in the Feynman graph expansion of a corre-
lator, the large momentum behavior is dominated by terms in which the external momenta
flow in only a few propagators, and the internal momentum integrals can be evaluated after
factoring out these favored propagators. For the present situation, let us consider the 1/N
correction to the fermion Green’s function given by the diagram in Fig. 16.11. Represent-
ing the bare fermion and boson Green’s functions by G r and G p, respectively, Fig. 16.11
evaluates to

G2 (k, ) dd—pﬁc( G p(—k + p, —0 + Q) (16.118)
F\% (27_[)(1 o B\D, F P, . .

Here G p is the propagator of the boson action Segr specified by (16.111). In the limit of
large k and w, the internal p and 2 integrals are dominated by p and €2 much smaller than
k and w; so we can approximate (16.118) by

G2 (k, )G p(—k, —) dp dQ (p, Q)
pE T Qryd 2m B
= G3(k, )G F(—k, —w) (W5 Wg). (16.119)

Order 1/N correction to the fermion Green’s function. Notation is as in Fig. 16.9.
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This analysis can now be extended to all orders in 1/N. Among these higher order contri-
butions are terms which contribute self-energy corrections to the boson propagator G g in
(16.119): it is clear that these can be summed to replace the bare G in (16.119) by the
exact G g. Then the value of (| Yp |2) in (16.119) also becomes the exact value. All remain-
ing contributions can be shown [479] to fall off faster at large & and w than the terms in
(16.119). So (16.119) is the exact leading contribution to the fermion Green’s function in
the limit of large k and w after replacing <|\IIB|2) by its exact value. We can now inte-
grate (16.119) over w to obtain n(k) at large k. Actually the w integral is precisely that in
(16.104), which immediately yields the needed relation (16.117).

Similar analyses can be applied to determine the spectral functions of other observables
[56,92,209,448,449,479,526].

Determination of the specific value of Tan’s constant requires numerical computations
in the 1/N expansion of (16.110). From the scaling properties of the Feshbach resonant
fixed point in d = 3, we can deduce that the result obeys a scaling form similar to (16.20):

woov )
T 2mT)’
where ®¢ is a dimensionless universal function of its dimensionless arguments; note that
the arguments represent the axes of Fig. 16.8. The methods of [362, 525] can now be
applied to (16.117) to obtain numerical results for ®¢ in the 1/N expansion. We illustrate
this method here by determining C to leading order in the 1/N expansion at u = v = 0.

For this, we need to generalize the action (16.111) for Wp to T > 0 and general N. Using
(16.91) we can modify (16.111) to

C = (2mT)*d¢ < (16.120)

43k
Seft = NT Z/ o3 [P0tk @) + Dr(k, o)1 Wk, o), (16.121)

Wn

where Dy is the T = 0O contribution, and D is the correction at T > 0:

Dot on) = "0 iy +

, W) = —,| —lw, —_—

O @) = Ten " am
1 1d3 1 1

Di(k, wy) = —/—ﬂ’ . : . (16.122)
2) 873 (er?/@mT) 4 1) (—iw + p?/(2m) + (p + k)2/(2m))

We now have to evaluate (\1'21113> using the Gaussian action in (16.121). It is useful to
do this by separating the D contribution, which allows us to properly deal with the large
frequency behavior. So we can write

(Wi w )—lTZ/ﬁ ! — ! + Doo. (16.123)
8= N1 2 | 873 [ Dot an + Drtk wom) Doty | TP U

In evaluating Doy we have to use the usual time-splitting method to ensure that the bosons
are normal-ordered, and evaluate the frequency summation by analytically continuing to
the real axis:
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1 d3k eiwn’/
DOO:—/—limTZ—
N J 873 5—0" & Dy(k, )
_lorx /d3k dQ ! !
CONm2 ) 8w J2 o (VT 1) S — k2 (dm)
8.37758
_ BT (16.124)

The frequency summation in (16.123) can be evaluated directly on the imaginary frequency
axis: the series is convergent at large w,, and is easily evaluated by a direct numerical
summation. Numerical evaulation of (16.123) now yields

0.67987
N

C = (2mT)? + (9(1/N2)) (16.125)

atu=v=0.

16.5 Applications and extensions
|

Experiments on the loss of superfluidity of “He adsorbed in aerogel [98,99,402] provide
a realization of the dilute Bose gas theory in the presence of a random external poten-
tial [148]. There are few analytic results on this random problem, although some detailed
numerical studies have been undertaken [484,535]; however, a reconciliation between the-
ory and experiments has not yet occurred. The experiments have been carried out both in
bulk (d = 3) and in films (d = 2).

Quantum antiferromagnets in the presence of an external magnetic field provide some of
the best experimental realizations of the dilute Bose gas quantum critical point. We defer
discussion of experiments on this case until Chapter 19 where the connection is explicitly
discussed.

Corrections to the T, of a dilute Bose gas in d = 3 beyond the result (16.69) have been
studied numerically [183] and by a renormalization group method somewhat different from
our analysis here [47]. It would be interesting to compare these results with those obtained
here, after accounting for the fact that the critical point is at a nonzero R, ~ (T'U) 172 (see
the discussion below (14.19)); this has not yet been done.



Phase transitions of Dirac fermions

Parts IT and III focus on quantum phase transitions in which the primary degrees of free-
dom are bosonic. However, many of the experimentally most interesting transitions involve
fermions in a crucial way. We met the examples of the dilute Fermi gases in Chapter 16,
where the quantum critical point itself was at zero fermion density. Consequently, the sin-
gularities in the fermion Green’s function are at momentum k = 0, the point at which
the single-particle energy vanishes quadratically. This and the following chapter explore
fermion systems at nonzero density; the systems have different types of singularity in
momentum space. The present chapter explores fermion systems with fermionic excita-
tions with a relativistic Dirac spectrum with an energy which vanishes linearly at isolated
points in the Brillouin zone. We find that this leads to field theories which can be studied by
methods similar to those developed earlier for bosonic systems. Chapter 18 turns to Fermi
liquids, whose zero energy excitations lie along an extended Fermi surface in the Brillouin
zone, and their transitions have numerous qualitative new features. The methods developed
in the present chapter for Dirac fermions prove useful in our analysis of Fermi surfaces in
Chapter 18.

Further motivation for the study of Dirac fermions is provided by numerous new exper-
imental realizations. These include d-wave superconductors, graphene, and topological
insulators. Here we present the theory in the context of d-wave superconductors, but the
methods are easily extended to the other situations [217,254].

We begin in Section 17.1 with a discussion of the origin of d-wave superconductivity in
correlated electron systems, and the appearance of Dirac fermions in their spectrum. Then
we consider two quantum phase transitions, both involving a simple Ising order parameter.
The first in Section 17.2, with time-reversal symmetry breaking, leads to a relativistic quan-
tum field theory closely related to the so-called Gross—Neveu model. The second model of
Section 17.4 involves breaking of a lattice rotation symmetry, leading to “Ising-nematic”
order. The theory for this model is not relativistically invariant: it is strongly coupled, but
can be controlled by a 1/N expansion.

17.1 d-wave superconductivity and Dirac fermions
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We begin with a review of the origin of d-wave superconductivity in correlated electron
models with antiferromagnetic exchange interactions on the square lattice [344,446]. We
then show that the theory of low-energy electronic excitations can be expressed in terms of
a continuum theory of Dirac fermions.
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We apply the standard Bardeen—Cooper—Schrieffer (BCS) mean-field theory of super-
conductivity to the following Hamiltonian for electrons hopping between the sites of the
square lattice

Ht1=28kczclcka+hz§i -Sj, (17.1)
k (i)

where ¢}, is the annihilation operator for an electron on site j with spin a =1, ¢k is
its Fourier transform to momentum space, and ¢ is the dispersion of the electrons; we
can include first- and second-neighbor hopping to obtain & = —2¢1(cos(ky) + cos(ky)) —
2t (cos(ky + ky) + cos(ky — ky)) — p, with u the chemical potential (the Fermi surface
associated with this dispersion appears in Fig. 18.1). The J; term is the nearest-neighbor
antiferromagnetic exchange interaction with

Q 1 T«
Sja = Ecjaaabcjb (17.2)
and o“ the Pauli matrices. We consider the consequences of the further neighbor exchange
interactions for the superconductor in Section 17.2 below.

It is now useful to re-express the exchange interaction in (17.1) in a different form, using

simple mathematical identities obeyed by the Pauli matrices:

A A 1 N 1
Si-S; = —E(eayc;fac}y)(e,g,gcjgciﬂ) + 7 (c;racia) (c;ﬁcjﬁ), (17.3)
where €, is the unit antisymmetric tensor. Note that the first term on the right-hand side
is of the form of an attractive interaction between singlet pairs of electrons: it is this attrac-
tion which leads to superconductivity. The second term is a nearest-neighbor repulsion
which, in mean-field theory, only renormalizes the chemical potential: we therefore neglect
it below. Inserting (17.3) into (17.1), and performing a BCS mean-field factorization of the
attractive interaction leads to the Bogoliubov Hamiltonian
_ v N IR S
Hpcs = Zekckacka > Z Ay (chcj+;l,¢ CNCJ'-H%T) + H.c. (17.4)
k Jou=x,y
Here A, and Ay are mean-field variational parameters which have to be determined by
solution of the self-consistency equations

Ay = _<CjTCj+ll,i - Cjicj+/l,r>' 7.5)

We can diagonalize Hpcs by a Bogoliubov transformation similar to that applied to (10.16),
and so obtain the ground state energy, and the spectrum of Bogoliubov fermion excitations
Ykq- The ground state energy is

Epcs = 5 (1847 +18,7) = | 25 [Ex — sl (17.6)

and this is expressed in terms of the excitation energy of the fermionic quasiparticles, yi,,

1/2

E; = [8]% + !Jl(Ax cosky + A, cosky)|2] (17.7)
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It now remains to determine the parameters A, and Ay. These are determined either
by solving (17.5), or by minimizing (17.7); when generalized to T > 0, both yield the
equation

d*k (A cosky + Ay cosk ) Ey
Ay = / 102 £ anh <ﬁ> cosky. (17.8)

For the band structure ¢; appropriate to the cuprates (specified below (17.1)), numerical
analysis shows that the optimum choice is always A, = —A,. This is the d,2_ > pairing
solution. Qualitatively, we can understand this by noting [463] that the energy in (17.6) is
efficiently minimized if we can choose the gap function Ay = A, cosky + Ay cos ky to be
as large as possible near the region of the Brillouin zone where |ex| is small, i.e. near the
Fermi surface; for the cuprate Fermi surface (see Fig. 18.1), this happens for A, = —A,.
We therefore set Ay = —Ay = A,2_» below, and the value of A,>_ > is determined by
the solution of (17.8).

Now we show that the above d-wave superconductor has quasiparticle excitations which
are Dirac fermions. With the choice Ay = —A,, the energy of the quasiparticles, Ej,
vanishes at the four points (£Q, Q) at which ¢; = 0, shown at the left of Fig. 17.2; these
points are determined by the crossing of the diagonals (where cosk, = cosky) with the
Fermi surface in Fig. 18.1 (where gy = 0). We are especially interested in the low-energy
quasiparticles in the vicinity of these points, and so we perform a gradient expansion of
Hpcs near eilch of them. We label the points él = (0, 0), éz = (-0, 0), Q3 =
(=0, —0), Q4 =(Q, —0) and write

y

Cia = fa@EDT + fou G P 4 oG DT+ fiu e O, (179)

while assuming the fj_4,(F) are slowly varying functions of x. We also introduce the
bispinors

flTT szT
f3 i
Uy = VL own = B (17.10)
fu_}_ fu_}_
—J31 —Jay

and then express Hpcs in terms of W > while performing a spatial gradient expansion.
This yields the following effective action for the fermionic quasiparticles:

.U v
Sy = /dtdzr[\lllT (8, - 17%(8)5 +9,)7° — z\/—%(—@x + By)tx> O

+\1ﬂ(at—z (=8 + 8))T° —i— (3x+ay)r>\p2], (17.11)

NG NG

where the % are 4 x 4 matrices which are block diagonal, the blocks consisting of 2 x 2
Pauli matrices. The velocities vr A are given by the conical structure of Ey near the Q_4:
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we have vp = |Vk5k|k:Qu and vp = |J; A2 2sin(Q)|. In this limit, the energy of

the W fermionic excitations is
Ep = W (ky + ky)?/2 + 0] (ke — k)% /212, (17.12)

(and similarly for W;), which is the spectrum of massless Dirac fermions.

We can now study the influence of short-range interactions between the Dirac fermions,
using arguments similar to those in Section 16.2. The free Dirac theory in (17.11) is invari-
ant under the scaling transformation

X =xet, V=1t W =wet. (17.13)

Let us assume there is a contact four Fermi interaction, u; unlike (16.17), a term without
spatial gradients is now allowed because the multiple indices on the Dirac fermion allow us
to evade the exclusion principle. Simple power-counting shows that dim[«] = —1, and so
the interaction is irrelevant. Using the arguments similar to those around (14.37), we con-
clude therefore that the self-energy of the Dirac fermions scales as InX (k = 0, w) ~ u?w>.
This is a weak perturbation on the bare Green’s function, and so the Dirac quasiparticles
remain well defined.

Interesting departures from the free Dirac fermion behavior appear only upon consid-
ering the vicinity of quantum phase transitions which change the nature of the fermionic
spectrum. We consider two such examples in the remainder of this chapter.

17.2 Time-reversal symmetry breaking
|

We have now shown that the low-energy spectrum of a BCS d-wave superconductor on
a square lattice consists of two massless 4-component Dirac fermions (see (17.11)). We
now consider a quantum phase transition involving the breaking of time-reversal symmetry
within the superconducting state. The superconducting order itself will only be weakly
affected by this transition, and so will be regarded as a spectator to the analysis below: the
main role of the superconductivity is to provide the low-energy Dirac fermions, and they
control the critical fluctuations. This is why similar theories apply to symmetry-breaking
transitions in graphene [217,254].

We consider a simple model of time-reversal symmetry breaking in which the pairing
symmetry of the superconductor changes from d,2_,» to d,>_ 2> & idyy. The choice of the
phase between the two pairing components leads to a breaking of time-reversal symmetry.

The mean-field theory of this transition can be explored entirely within the context of
BCS theory, as we review below. However, fluctuations about the BCS theory are strong,
and lead to nontrivial critical behavior involving both the collective order parameter and
the Bogoliubov fermions: this is probably the earliest known example [527, 528] of the
failure of BCS theory in two (or higher) dimensions in a superconducting ground state.
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We extend H,; in (17.1) so that BCS mean-field theory permits a region with dy super-
conductivity. With a J, second-neighbor interaction, (17.1) is modified to:

Ht,_zakck ckg+J1ZS Sj+7 Y Si-S;. (17.14)

nnn ij

We follow the evolution of the ground state of Ht 7 as a function of J,/J;. It is worth noting
here that the model in (17.14) has been argued [463] to describe the pnictide superconduc-
tors, with g; modified to realize the band structure of these compounds.

The mean-field Hamiltonian is now modified from Eq. (17.4) to

~ B t B PR
Hpcs = ngckacka ZA < Cjs€ /+u I Ji J+i, T) +he.

ZA (m ooy — e ]+VT>+hc (17.15)

where the second summation over v is along the diagonal neighbors x +  and —x + y. We
have now a total of four variational parameters: Ay, Ay, Ayyy, A_y4,. For g as in the
cuprates, the optimum solution has A, = —Ay = A »_ 2 as before, and d, pairing along
the diagonals with Ay, = —A_,;, = A,,: these choices for the spatial structure of
the pairing amplitudes (which determine the Cooper pair wavefunction) are summarized in
Fig 17.1. For the pnictide band structure, the appropriate choices turn out to be Ay = A,
and Ayy, = A_yy,, which realizes a form of extended-s pairing [326,463]. We do not
consider the latter choice here, and focus on the d,>_» and dyy pairing shown in Fig. 17.1.

The values of the pairing amplitudes A,>_ 2> and Ay are to be determined by minimiz-
ing the ground state energy (generalizing (17.6))

2 2 d’k
Epcs = N1lA_p|” + BlAxyl” — 12 [Ex — ], (17.16)
where the quasiparticle dispersion is now (generalizing (17.7))
1/2
Ex = [ef + |18y (cosky — cosky) + 2 A sinkesink, ] . (17.17)
A2 2

Axy -A

— AXy

X2_y2

Values of the pairing amplitudes, —(¢i1 ¢y — ¢y ;4 ) with i the central site, and j one of its eight near neighbors;
for the band structure of the cuprates (Fig. 18.1).
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BCS solution of the phenomenological Hamiltonian FU in (17.14). Shown are the optimum values of the pairing
amplitudes | A,2_ 2| and | Ay | asafunction of /y forty = 1,6, = —0.25, u = —1.25,and J; fixed at

J1 = 0.4.The relative phase of the pairing amplitudes was always found to obey (17.18). The dashed lines denote
locations of phase transitions between dy2_ 2, dya_ 2 + idyy, and dy, superconductors. The pairing amplitudes
vanish linearly at the first transition corresponding to the exponent Bgcs = 1in Eq. (17.21). The Brillouin zone
location of the gapless Dirac points in the d,2_ > superconductor is indicated by filled circles. For the dispersion &
appropriate to the cuprates, the dy, superconductor is fully gapped, and so the second transition is ordinary Ising.

Note that the energy depends upon the relative phase of A >
therefore an observable property of the ground state.

It is a simple matter to numerically carry out minimization of (17.17), and the results for
a typical choice of parameters are shown in Fig. 17.2 as a function J2/J;. One of the two
amplitudes A,>_ 2 or Ay is always nonzero and so the ground state is always supercon-
ducting. The transition from pure d,2_ 2 superconductivity to pure dy, superconductivity
occurs via an intermediate phase in which both order parameters are nonzero. Furthermore,
in this regime, their relative phase is found to be pinned to + /2, i.e.

_y2 and Ay this phase is

arg(Ayy) = arg(Ay2_\2) £ 7/2. (17.18)

The reason for this pinning can be seen intuitively from (17.17): only for these values of
the relative phase does the equation E; = 0 never have a solution. In other words, the
gapless nodal quasiparticles of the d,2_ > superconductor acquire a finite energy gap when
a secondary pairing with relative phase £ /2 develops. With a level repulsion picture,
we can expect that gapping out the low-energy excitations should help lower the energy
of the ground state. The intermediate phase obeying (17.18) is called a d\2_ 2 + idyy
superconductor.

The choice of the sign in (17.18) leads to an overall two-fold degeneracy in the choice of
the wavefunction for the d,>_ 2 +idxy superconductor. This choice is related to the break-
ing of time-reversal symmetry, and implies that the d,>_ 2> + idxy phase is characterized
by the nonzero expectation value of a Z, Ising order parameter; the expectation value of
this order vanishes in the two phases (the d,>_ > and dy, superconductors) on either side
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of the d,>_» + idyy superconductor. As is conventional, we represent the Ising order by a
real scalar field ¢. Fluctuations of ¢ become critical near both of the phase boundaries in
Fig. 17.2. As we explain below, the critical theory of the d,>_,»> to d,2_ 2 + idyy transi-
tion is not the usual ¢* field theory which describes the ordinary Ising transition in three
spacetime dimensions. (For the dispersion &, appropriate to the cuprates, the dy, super-
conductor is fully gapped, and so the d,>_ > + idxy to dxy transition in Fig. 17.2 will be
ordinary Ising.)

Near the phase boundary from d,>_ > to d,>_ > + idyy superconductivity it is clear that
we can identify

¢ =il (17.19)

(in the gauge where Ay is real). We can now expand Epcs in (17.16) for small ¢
(with Ay finite) and find a series with the structure [285,298]

Egcs = Eo+rd> + vl +..., (17.20)

where r, v are coefficients and the ellipses represent regular higher order terms in even
powers of ¢; r can have either sign, whereas v is always positive. Note the nonanalytic
|| term that appears in the BCS theory — this arises from an infrared singularity in
the integral in (17.16) over Ej at the four nodal points of the d,>_ > superconductor,
and is a preliminary indication that the transition differs from that in the ordinary Ising
model, and that the Dirac fermions play a central role. We can optimize ¢ by minimiz-
ing Epcs in (17.20) — this shows that (¢) = 0 for r > 0, and (¢) # 0 for r < 0. So
r ~ (Ja/J1)e — J2/J1 where (J2/J1)c is the first critical value in Fig. 17.2. Near this
critical point, we find

(@) ~ (=P, (17.21)

and the present BCS theory yields the exponent Spcs = 1; this differs from the usual
mean-field exponent By = 1/2, and this is of course due to the nonanalytic |¢|> term in
(17.20).

The form of (17.20) and the unusual S exponent are tell-tale signatures that the time-
reversal symmetry breaking transition is not described by the universality class of the quan-
tum Ising model studied in Parts II and I1I. We need a new field theory, and an associated
RG analysis, and this is described in the following section.

17.3 Field theory and RG analysis

We perform our analysis of the critical point by going back to the basic strategy of
Chapters 3 and 4: identify the complete set of low-energy degrees of freedom, and write
down the most general local action of these degrees of freedom, while being consistent
with all global symmetries. Clearly, the Ising order parameter, ¢, should remain as one
of our degrees of freedom. However, we also have to keep the Dirac fermions alive, even
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though they are not directly related to the order parameter; they are responsible for the
nonanalyticity in (17.20), and so we should not eliminate them from the low-energy theory.

Thus we need a local field theory expressed in terms of both ¢ and W. Clearly, the action
is still allowed to have the terms of the pure Ising model of Part II. So we include the terms
in (2.11) for N = 1, which we write here as

|
Sp = /ddxdr [5 ((aﬂp)2 + (V) + A(0yh)2 + r¢2> + 2”—4¢4}, (17.22)

where for the RG analysis we consider the general case of d spatial dimensions. Note that,
unlike (17.20), we do not have any nonanalytic |¢|> terms in the action: this is because we
have not integrated out the low-energy Dirac fermions, and the terms in (17.22) are viewed
as arising from high-energy fermions away from the nodal points.

For the Dirac fermions, we already have the low-energy excitations described by the
field theory of massless Dirac fermions, Sy in (17.11).

Finally, we need to couple the ¢ and W > excitations. Their coupling is already con-
tained in the last term in (17.15): expressing this in terms of the W > fermions using (17.9)
we obtain

Swp = A / dxdr [¢ (qjl*ry\yl - wgry\pz)], (17.23)

where X is a coupling constant.
Collecting all terms, we obtain the needed field theory for the time-reversal symmetry
breaking transition from a d,>_ > superconductor to a d,2_ 2 + idxy superconductor:

Zgid = /D(ﬁ'D\IJ]'D\IJz exp (—S\p -8y — S\p¢) . (17.24)

It can now be checked that if we were to integrate out the W; » fermions for a spacetime
independent ¢ using the above theory, we would indeed obtain a || term in the effective
potential for ¢.

Note that the field theory defined above has a formal similarity to that proposed for the
spinful Fermi gas near a Feshbach resonance in Section 16.4.1: both theories have bosonic
and fermionic degrees of freedom coupled together in a trilinear term. In the previous case,
the dispersion of the particles was quadratic in momentum, whereas here it is linear.

Let us now analyze Z;;4 using the momentum shell RG described in Chapter 4, and also
used in Section 16.4.1. First, we rescale coordinates as in (4.1), (10.30), and (17.13):

X =xe t v =r1e (17.25)

At the mean-field level, the dynamic exponent z = 1 is appropriate for both the boson and
fermion actions. At higher orders, we choose z to maintain a constant coefficient for the
spatial derivative of the ¢ field; we can therefore choose units to set ¢ = 1 from now on.
The fermionic velocities vr and va flow under RG, as we see below.

The corresponding renormalizations of the fields parallel those in (4.3), (10.30), and
(17.13):

@ = eIy =y N2, (17.26)
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and these are chosen to keep the temporal derivative terms of both the bosons and fermions
invariant. Note that there are separate anomalous dimensions, 1, and 7 ¢, for the bosons
and fermions, and these become nonzero and important once we include loop corrections.

At the level of the mean-field action, let us now examine the flow of the quartic coupling,
u, and the “Yukawa” coupling, 1. Ignoring the anomalous dimensions, which vanish at this
level, and setting z = 1, we have

W =ueB D )= B2 (17.27)

The change in u is as in (4.10). The key observation we can now make is that the coupling
between the fermions and the bosons, A, is relevant for d < 3. Thus we need to control the
expansion in powers of A using the RG, just as we did earlier for the expansion in powers
of u. The relevancy of A also explains why Bpcs was not equal to the mean-field value
above.

To proceed further we need the one-loop RG equations, the analog of those in (4.24).
Note that the scaling dimensions of both u and A become small as d approaches 3: this
implies that we are able to control the RG flow in an expansion in powers of (3 — d), as
was the case for (4.24).

There is one important difference from (4.24) here. We now find that the boson and
fermion self-energies depend upon external momenta and frequencies already at the one-
loop level. Thus we find nonvanishing contributions to the anomalous dimensions 7 ¢ and
np even in our one-loop computation, along with nontrivial flows of the velocities c, vr,
and va. In addition to the boson graphs already considered in Fig. 4.1, we also have to
consider the Feynman graphs in Fig. 17.3. The computation of the Feynman graphs is
straightforward, but lengthy: the details are presented in [528]. The main subtlety arises
from the non-Lorentz invariant structure of the propagators which leads to spacetime inte-
grals which are not rotationally invariant. The rotational averages over spacetime momenta
were performed directly in d = 2, and the radial momentum integrals were then performed
for d close to 4.

An analysis of the RG equations so obtained showed [528] that on the critical sur-
face (r = 0 to leading order), there was only one stable fixed point, and that this fixed
point had relativistic invariance with vp = va = c¢ and z = 1. Thus even if the three

Feynman diagrams which contribute to the one-loop RG, along with those in Fig. 4.1. The dark triangle is the
. vertex, the full line is the ¢ propagator, and the dashed line is the ' propagator.
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velocities are distinct to begin with, they are attracted by renormalization to the same com-
mon value, leading to emergent relativistic invariance at the critical point. The Yukawa
coupling in (17.23) can also be written in a relativistically invariant form, after transform-
ing to a representation using the Dirac gamma matrices, which we are not using here.

Here, we will be satisfied by presenting the form of the RG flow equations assuming
relativistic invariance with vFp = va = ¢ = 1 and z = 1. Then, evaluating the trace over
the Dirac matrices in d — 2, and performing the momentum space integrals close to d = 3,
we obtain the flow equations (which generalize (4.24)):

d 3

4 —eu— ~u*—822u+ 48)»4,

de 2

dh_ €, Ty (17.28)
de 27 277 ‘

where, as in (4.25), € = 3 — d. We have rescaled the coupling constants by u — u/S4 and
12 — A2/S4, where the phase space constant Sy is defined below (4.24). This relativisti-
cally invariant theory has z = 1, and anomalous dimensions given by

my =422, np=2A%/2. (17.29)

We can now solve (17.28), and conclude that phase transition is described by the fixed
point
€ 16¢€

V=2 ur= —; (17.30)
7 21

the values of the anomalous dimensions now follow from using these fixed point values in
(17.29).

The same fixed point can also be accessed in the 1/N expansion [264], where N is the
number of fermion species. It has also been studied in the particle physics literature [410],
where the relativistic theory is known as the Higgs—Yukawa or Gross—Neveu model: a
quantum Monte Carlo simulation of this model also exists [260], and provides probably
the most accurate estimate of the exponents.

This nontrivial fixed point has strong implications for the correlations of the fermionic
excitations of the superconductor. By analogy with the arguments made in Chapter 7 for
the boson field ¢, we conclude that the quantum critical fermion correlation function G| =
(\-I-q\I/Ir ) obeys

W+ vk, T+ vATS

Gk, w) = .
1(k, ) IR + V2K — w?)11DP2

(17.31)

Away from the critical point, in the dxzﬂ,z superconductor with » > 0, (17.31) holds
with ny = 0, and this is the BCS result, with sharp quasiparticle poles in the Green’s
function. At the critical point s = s., (17.31) holds with the fixed point values for the
velocities (which satisfy vp = va = ¢) and with the anomalous dimension 1y # 0,
and the spectral function resembles Fig. 7.2. This is clearly non-BCS behavior, and the
fermionic quasiparticle pole in the spectral function has been replaced by a branch-cut
representing the continuum of critical excitations.
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The corrections to BCS theory extend also to correlations of the Ising order ¢: its expec-
tation value vanishes as (17.21) with the Monte Carlo estimate 8 ~ 0.877 [260]. The
critical point correlators of ¢ have the anomalous dimension n ~ 0.754 [260], which is
clearly different from the very small value of the exponent 7 at the unstable & = 0 fixed
point found in Part II. The value of g is related to n by the usual scaling law 8 = (14+n)v/2,
with v & 1.00 the correlation length exponent (which also differs from the exponent v of
the Ising model of Part II).

17.4 Ising-nematic ordering
- _______________________________________________________________________________|

We now consider an Ising transition associated with “Ising-nematic” ordering in the d-
wave superconductor. This is associated with a spontaneous reduction of the lattice sym-
metry of the Hamiltonian from “square” to “rectangular.” Our study is motivated by experi-
mental observations of such a symmetry breaking in the cuprate superconductors
[23,108,221].

One of the main purposes of this section is to describe briefly a quantum critical point
which is not relativistically invariant. The model in Section 17.2 had an order parameter
which coupled to the Dirac fermions in a manner compatible with relativistic invariance,
but this is not the case with most symmetry breaking possibilities.

The ingredients of Ising-nematic ordering are actually already present in our simple
review of BCS theory in Section 17.1. In (17.4), we introduce two variational pairing
amplitudes A, and A,. Subsequently, we assumed that minimization of the energy led
to a solution with d,>_ > pairing symmetry with Ay = —Ay = A,>_». However, it is
possible that upon including the full details of the microscopic interactions we are led to
a minimum where the optimal solution also has a small amount of s-wave pairing. Then
[Ax| # |Ay|, and we can expect all physical properties to have distinct dependencies
on the x and y coordinates. Thus, one measure of the Ising-nematic order parameter is
|Ax> =14,

The derivation of the field theory for this transition follows closely our presentation in
Section 17.2. We allow for small Ising-nematic ordering by introducing a scalar field ¢ and
writing

Ay = sz_yz + ¢; Ay = —sz_yz + ¢. (17.32)

The evolution of the Dirac fermion spectrum under such a change is indicated in Fig. 17.4.
Note that the gapless Dirac particles survive on both sides of the transition, and behave
like essentially free fermions, as discussed at the end of Section 17.1. However, the gapless
fermions reside at different locations in the Brillouin zone on the two sides of the transition.
As we approach the quantum critical point, there are precursor fluctuations of the motion
of the gapless points, and these lead to interesting effects on the fermionic spectra that we
now briefly discuss.

A description of these fluctuations requires an effective action for ¢ and the Dirac
fermions W ». The result is essentially identical to that in Section 17.2, apart from a change
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Phase diagram of Ising-nematic ordering in a d-wave superconductor as a function of the coupling s in Sy. The filled
circles indicate the location of the gapless fermionic excitations in the Brillouin zone. The two choices for s < s, are
selected by the sign of ().

in the structure of the Yukawa coupling. Thus we obtain a theory Sy 4+ Sy + gq,qg, defined
by (17.11) and (17.22), and where (17.23) is now replaced by

Swp=As / d2rdt [¢ (wjrx\yl + \ygrxwz)] . (17.33)

The seemingly innocuous change between (17.23) and (17.33), however, has strong con-
sequences. This is linked to the fact that EW) cannot be relativistically invariant even after
all velocities are adjusted to equal. A weak-coupling renormalization group analysis in
powers of the coupling A; was performed in (3 —d) dimensions in [527,528], as described
in Section 17.3, and led to flows to strong coupling with no accessible fixed point: thus no
firm conclusions on the nature of the critical theory were drawn.

This problem remained unsolved until the recent works of [228,266]. The main real-
ization was that the critical point should not be described in an expansion in powers of
the fermion—boson coupling A;, and the critical theory should be formulated at fixed Xj.
The approach described below can also be applied to the transition of Section 17.2, but
we chose there to use the simpler perturbative analysis in the coupling A which works
only in that case. Also, the analysis described below parallels that for the Fermi gas near a
Feshbach resonance in Section 16.4.2.

Consider the leading contribution to the self-energy of ¢ from the fermions W: this
is conveniently expressed as a contribution to the Gaussian effective action for ¢ after
integrating out the W:

N [ d* [do
8Sp == | —5 | =Tk, k, w)|?. 17.34
=5 [ 5 [ Soratk oot o (17.34)
Here we have generalized to a model with N spin components (N = 2 is the physical
case). The function I'; is given by one fermion loop Feynman graphs with two insertions
of the external ¢ vertices, as shown in Fig. 17.5. The explicit form of I';(k, w) for the
Ising-nematic case can be written as

ok, ) = A7 (Ma(ke, ky, @) + Mo (ky, ky, @) , (17.35)

with the two terms representing the contributions of the ¥; and W, fermions, respectively.
The one fermion loop diagram yields
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Iy

Feynman graph for the effective action §S. The smooth lines are fermion propagators, while the wavy lines
are ¢ insertions.
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— W Hvpk) (17.36)
16vFva (0? + vpk? +v3k3)1/2

Here, we have omitted a constant which can be absorbed into the value of r in Sy. Now
the key observation is that the momentum and frequency dependence in 6S, implied by
(17.36) is more important in the infrared than that in the bare action in (17.22): the above
result for I'> scales with one power of momentum/frequency, while that in (17.22) has two
powers. Thus, for the critical theory, it seems reasonable simply to drop the spatial and
temporal gradients in (17.22).

Working with the Gaussian action Sy has immediate and important consequences for
the RG analysis. At tree level, the scaling of W remains the same as before, while that for
¢ becomes

¢ = pet?. (17.37)

Comparing with (17.26), we see that we have the anomalous exponent n, = 1 at the outset.
The corresponding rescaling of the fermion—boson coupling now becomes

Ay = e D2, (17.38)

replacing that in (17.27). We now observe that A; does not flow in d = 2. It therefore pays
to work in a theory with a fixed A;. Furthermore, we find u’ = uel=dL: 5o y is irrelevant,
and we can set # = 0 from now on.

It is useful to interpret these ideas in an RG picture. We have decided to drop the bare
gradient terms in Sy because they are not as important as the induced terms. Normally,
such gradient terms are used to set the normalization of the field scale of ¢. Now, we can
use this new-found freedom to set the field scale by choosing A; = 1. In other words, we
use the fermion—boson Yukawa coupling to set the field scale for ¢, and work in a theory
in which this coupling remains fixed at all scales. This will lead to a theory in which the
boson anomalous dimension 1, = 1 at the start of the computation.

As shown in [228], higher order loop corrections can be computed in powers of 1/N.
These lead to further RG flows in the field scales and the coupling constants. Actually, after
setting A; = 1 and u = 0, the only remaining couplings in the theory are the velocities
vr and va. And the only dimensionless coupling characterizing the theory is the velocity
ratio va /vr. The RG equation for this ratio was derived in [228], and showed that the
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flow at long scales was va/vr — 0; the approach to zero was roughly with the inverse
logarithm of the length or time scale. Thus the Ising-nematic critical point is character-
ized by a highly anisotropic velocity ratio, in strong contrast to the relativistic theory of
Section 17.2. One important consequence of this anisotropic critical point was the pres-
ence of “arc-like” spectra for the Dirac fermions, see [266], where other experimental
implications for the cuprate superconductors are also discussed. Associated singularities in
the thermal conductivity have also been computed [158].
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The Fermi liquid is perhaps the most familiar quantum many-body state of solid state
physics; we met it briefly in Section 16.2.2. It is the generic state of fermions at nonzero
density, and is found in all metals. Its basic characteristics can already be understood in
a simple free fermion picture. Noninteracting fermions occupy the lowest energy single-
particle states, consistent with the exclusion principle. This leads to the fundamental con-
cept of the Fermi surface: a surface in momentum space separating the occupied and empty
single fermion states. The lowest energy excitations then consist of quasiparticle excita-
tions which are particle-like outside the Fermi surface, and hole-like inside the Fermi sur-
face. Landau’s Fermi liquid theory is a careful justification for the stability of this simple
picture in the presence of interactions between fermions. Just as we found in Chapters 5
and 7 for the quantum Ising and rotor models, interaction corrections modify the wave-
function of the quasiparticle and so introduce a quasiparticle residue .A; however, they do
not destabilize the integrity of the quasiparticle, as we review in Section 18.1.

The purpose of this chapter is to describe two paradigms of symmetry breaking quantum
transitions in Fermi liquids. In the first class, studied in Section 18.2, the broken symmetry
is related to the point-group symmetry of the crystal, while translational symmetry is pre-
served; consequently, the order parameter resides at zero wavevector. In the second class,
studied in Section 18.3, the order parameter is at a finite wavevector, and so translational
symmetry is also broken. We find that these transitions have distinct effects on the Fermi
surface, and so lead to very different critical theories. We study both critical theories using
a simple example in each class, both motivated by the physics of the cuprate superconduc-
tors. For the first class we consider the case of Ising-nematic ordering, while in the second
class we consider the onset of spin density wave order.

Among our aims is to understand the possible breakdown of Landau’s Fermi liquid the-
ory in Fermi gases. The most prominent example of this breakdown is in spatial dimension
d = 1, where we generically obtain (not necessarily near any quantum phase transitions)
a different quantum state known as the Tomonaga—Luttinger liquid: this is described in
Chapter 20. We meet examples of Fermi liquid breakdown in d > 2 in the present chap-
ter: in the examples considered here, and unlike Chapter 20, the breakdown occurs only at
quantum critical points assciated with symmetry breaking transitions.

A comprehensive theoretical treatment of symmetry breaking transitions in a Fermi lig-
uid was given by Hertz [218], although many important points were anticipated in ear-
lier work [43,347,348,391]. We review this treatment here, adapted to our field-theoretic
approach. A key step in Hertz’s work is to completely integrate out the fermionic exci-
tations near the Fermi surface, resulting in an effective action for the order parameter
characterizing the symmetry breaking alone. Such an approach seems natural from the
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perspective of the classical phase transitions considered in Chapter 3, in which we need
only pay attention to the low-energy fluctuations of the order parameter. However, here
we also have the low-energy quasiparticles near the Fermi surface: they are not associated
directly with the broken symmetry, but their existence is protected by the requirement of
the presence of a Fermi surface. It seems dangerous to integrate them out, and it would be
preferable to make them active participants in the critical theory. This is a subtle question
which we address carefully in the present chapter. The main conclusion is that the Hertz
strategy remains largely correct in d > 3, but that it fails badly in the important case of
d = 2. This conclusion applies to both classes of symmetry breaking transitions in a Fermi
liquid, with order parameters at zero and nonzero momentum.

After a presentation of the critical theories at zero temperature, we also briefly address
the nature of the crossovers at nonzero temperatures. We limit this discussion to the case of
the spin density wave transition using the framework of the Hertz theory in Section 18.3.3.
These crossovers were computed by Millis [336] who pointed out the universal features
and emphasized the basic similarities of the crossovers to those in the dilute Bose gas;
related results, not using the perspective of quantum phase transitions, were also available
in the earlier work of Moriya [204,347-349], Ramakrishnan and Mishra [341,390,391],
and others. Many results for finite-temperature crossovers near a magnetic quantum phase
transition in Fermi liquids were also anticipated by Lonzarich and Taillefer [304, 305].
We have already studied the dilute Bose gas in Section 16.3.2, where we also noticed
the similarity to the quantum Ising/rotor models above their upper-critical dimension as
treated in Section 14.2.2. Here we are able to use the techniques developed in these earlier
sections to arrive rapidly at the needed generalization. The study of the finite-temperature
crossovers is restricted here to those above the Fermi liquid state and in the high-T regime.

18.1 Fermi liquid theory

Let us begin with a review of some basic ideas from the Fermi liquid theory of interacting
fermions in d dimensions. We consider spin-1/2 fermions ¢k, with momentum k and spin
a =1, | and dispersion &i. Thus the noninteracting fermions are described by the action

d
e forf S (o)

As an example, it is useful to keep in mind the dispersion &; appropriate for the cuprate
superconductors, which is shown in Fig. 18.1. The fermion Green’s function under the free
fermion action S, has the simple form

1
Golk, wp) = ———. (18.2)
—lwy, + &k
After analytically continuing to real frequencies, we observe that this Green’s function has
a pole at energy &; with residue 1. Thus there are quasiparticle excitations with residue

A = 1, much like those found in the strong- or weak-coupling expansions of the quantum
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Two views of the Fermi surface of the cuprate superconductors (hole and electron doped). We use the dispersion g
specified below (17.1). The chemical potential is included in the dispersion &, and so the Fermi surface is determined
by ey = 0.The left panel has the momentum k = (0, 0) (the “T" point”) in the center of the square Brillouin zone,
while the right panel has the I" point at the left edge. The momenta with both up and down electron states occupied
are shaded gray.

Ising model in Chapter 5. However, unlike those excitations, these quasiparticles can have
both positive and negative energies, as ¢ can have either sign; the Fermi surface is the
locus of points where g; changes sign. The positive energy quasiparticles are electron-like,
while those with negative energy are hole-like, i.e. they correspond to the absence of an
electron. Note that the existence of negative energy quasiparticles is not an indication of the
instability of the ground state. All true excitation energies are positive: the excitations are
electron-like on one side of the Fermi surface, and hole-like on the other side. It is just con-
venient to combine the electron and hole quasiparticles within a single Green’s function,
by identifying hole-like quasiparticles with negative energy electron-quasiparticles.

We now wish to examine the stability of quasiparticles to interactions between them. In
keeping with the strategy followed in this book, this should be preceded by an effective
action for the low-energy quasiparticles. The latter is usually done by a gradient expan-
sion, leading to an effective field theory. However, here we face a unique difficulty: there
are zero-energy quasiparticles along a d — 1 dimensional Fermi surface identified by g; = 0.
It would therefore seem that we should expand about all points on the Fermi surface. This
is indeed the strategy followed in textbook treatments of Fermi liquid theory: we measure
momenta, k , from the Fermi surface, choose a cutoff so that |k | < A, and then perform
an RG which reduces the value of A [465]. This procedure is illustrated in Fig. 18.2. For-
mally, for each direction 71, we define the position of the Fermi surface by the wavevector
l_c)p(ﬁ), so that 7 = zp(ﬁ) / |l_c)p(ﬁ)|. Then we identify wavevectors near the Fermi surface
by

k = kp(R) + ko A. (18.3)

Now we should expand in small momenta k . For this, we define the infinite set of fields
Yia (k1 ), which are labeled by the spin a and the direction 7, related to the fermions ¢ by

1
cp, = ——Yn,k1), 184
ka \/ﬁ 1,l/na (k1) ( )
where & and k 1 are related by (18.3), and Sr is the area of the Fermi surface. Note that this
parameterization can be considered to be a generalization of (16.28), where we had only
the two fields Wy, Wg, rather than the infinite number of fields labeled by the direction 7.
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X T
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Ty

Ty
Traditional low-energy limit of Fermi liquid theory. The Fermi surface has one-dimensional chiral fermions on every

point, moving along the direction x| . There fermions are present for momenta [k, | < A;i.e.inamomentum shell
of width 2 A around the Fermi surface.

Inserting (18.4) into (18.1), expanding in k , and Fourier transforming to real space x|,
we obtain the low-energy theory

) B d
Srr. = f % / dx1y] (x1) (a - i”“’”ﬁ) VialxL), (18.5)

where the Fermi velocity is the energy gradient on the Fermi surface vp(n) = IVkeq, i -
For each 7, (18.5) describes fermions moving along the single dimension x; with the
Fermi velocity: this is a one-dimensional chiral fermion, which we met in Section 16.2.2,
and will meet again in (20.6); the “chiral” refers to the fact that the fermion only moves in
the positive x| direction, and not the negative x| direction. In other words, the low-energy
theory of the Fermi liquid is an infinite set of one-dimensional chiral fermions, one chiral
fermion for each point on the Fermi surface.

Apart from the free Fermi term in (18.5), Landau’s Fermi liquid theory also allows
for contact interactions between chiral fermions along different directions [465]. These
are labeled by the Landau parameters, and lead only to shifts in the quasiparticle ener-
gies which depend upon the densities of the other quasiparticles. Such shifts are important
when computing the response of the Fermi liquid to external density or spin perturbations.
However, the resulting fixed-point action of Fermi liquid theory does not offer a route
to computing the decay of quasiparticles: the stability of the quasiparticles is implicitly
assumed in the fixed-point theory. Our primary purpose here is to verify the stability of the
quasiparticles, so that we are prepared for the breakdown of Fermi liquid theory at quan-
tum critical points. So we refer the reader to the many textbook treatments of the traditional
formulation of Landau’s Fermi liquid theory, and turn to an alternative analysis below.

A shortcoming of the effective action (18.5) is that it includes only the dispersion of
the fermions transverse to the Fermi surface. Thus, if we discretize the directions 7, and
pick a given point on the Fermi surface, the Fermi surface is effectively flat at that point.
We shortly see that the curvature of the Fermi surface is important in understanding the
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Alternative low-energy formulation of Fermi liquid theory. We focus on an extended patch of the Fermi surface, and
expand in momenta about the point kg on the Fermi surface. This yields a theory of d-dimensional fermions v in
(18.7), with dispersion (18.14). The coordinate y represents the d — 1 dimensions parallel to the Fermi surface.

decay and breakdown of quasiparticles. Thus we have to take the continuum scaling limit
in a manner which keeps the curvature of the Fermi surface fixed, and does not scale it
to zero. For this, as shown in Fig. 18.3, we focus attention on a single arc of the Fermi
surface in the vicinity of any chosen point %O- We show in Section 18.1.1 that the results
are independent of the choice of l_éo on the Fermi surface, but we defer that issue for now.
Then we choose our cutoff A to scale towards the single point kg (the cutoff is defined
more carefully below), rather than scaling to all points on the Fermi surface, as we did
for (18.5).

With /?0 chosen as in Fig. 18.3, let us now define our low-energy theory and scaling limit
[333]. Unlike the one-dimensional chiral fermions which appeared in (18.5), we now use a
d-dimensional fermion ¥, (x, y). Here x is the one-dimensional coordinate orthogonal to
the Fermi surface, and y represents the (d — 1)-dimensional transverse coordinates. After
Fourier transformations, this fermion is related to the underlying fermions cy, simply by

Va(k) = 317 ar (18.6)

In other words, we only shift the origin of momentum space from k=0tk = %O-
Inserting (18.6) in (18.1), and expanding the dispersion in the vicinity of ko (contrast to the
expansion away from all points on the Fermi surface in (18.5)), we obtain the low-energy

theory
a1y (9 . 0 Koo
So= [dr |dx |dy ¥, ;a—zvpa—zvy Ya. (18.7)

We have added a coefficient ¢ to the temporal gradient term for future convenience: we are
interested in { = 1, but see later that in non-Fermi liquid states it is convenient to allow ¢
to renormalize. Note the additional second-order gradients in y which were missing from
(18.5): the coefficient « is proportional to the curvature of the Fermi surface at /20. Also,
as we have already noted, the fermion field in (18.7) is d-dimensional, while that in (18.5)
in one-dimensional. One benefit of (18.7) is now immediately evident: it has zero energy
excitations when
kZ
viky +K7y =0, (18.8)
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and so (18.8) defines the position of the Fermi surface, which is then part of the low-
energy theory including its curvature. Note that (18.7) now includes an extended portion
of the Fermi surface; contrast that with (18.5), where the one-dimensional chiral fermion
theory for each 7 describes only a single point on the Fermi surface.

The gradient terms in (18.7) define a natural momentum space cutoff, and associated
scaling limit. We take such a limit at fixed ¢, vr, and k. Note that momenta in the x
direction scale as the square of the momenta in the y direction, and so we can choose
v%k)zc + sz;* < A*. As we reduce A, we scale towards the single point ko on the Fermi
surface, as we required above.

It is now a simple matter to apply the RG analysis to the fermion theory in (18.7): the
analysis closely parallels that in Section 16.2. At fixed ¢, vr, and «, the action (18.7) is
invariant under the following rescalings of spacetime:

X =xe?, y=yet, =t (18.9)
Note that we have chosen the directions parallel to the Fermi surface as the ones defining
the primary length scale, with dim[y] = —1, and the transverse direction has dim[x] = —2.
The temporal direction rescaling implies that we have the dynamic exponent z = 2 when
measured relative to the y spatial directions. The RG invariance of (18.7) also requires the
field rescaling

Y = yeld T2, (18.10)

We now have the tools needed to determine the role of fermion interactions. The simplest
contact interaction has the form

Si =uo/dt/dx/dd_ly (RS (18.11)
Applying the RG rescalings in (18.10), we find
ufy = uge! "¢, (18.12)

In other words, the interaction between the fermions u is irrelevant in all dimensiond > 1.
This strongly suggests that the Fermi liquid picture of noninteracting fermions is indeed
RG stable.

Let us understand the stability of Fermi liquid theory a bit better by computing correc-
tions to the fermion Green’s function in (18.2) using the methods of Section 7.2.1. Let us
write the interaction corrected Green’s function as

1

Gk o) = e Sk o)

(18.13)
where now
k2
ex = vk, +K?}. (18.14)

To first order in ug, the fermion self-energy is real (for real frequencies), and so only
modifies the quasiparticle dispersion and residue, A, but does not destabilize the existence
of the quasiparticle pole.
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Feynman diagram for the decay of quasiparticles at order ug. The dashed line is the interaction ug, and a, b are spin
labels.

So let us move to second order in ug. First, we use the analog of the RG argument used
around (14.37). We are interested in the imaginary part of the self-energy, and let us assume
for now at small w

ImX(k =0, 0) ~ udw’. (18.15)

Asin (14.37), we determine p by scaling arguments. From (18.13) we know that dim[X] =
z = 2, and so conclude from matching dimensions in (18.15) that p = d. However, there
is a subtlety here: scaling arguments only yield the power laws of singular corrections, and
do not say anything about analytic backgrounds that may be allowed from the structure of
the theory. Here, a term with p = 2 is permitted because Im¥ is an even function of w. So
the proper conclusion is

p = min(d, 2). (18.16)

The above scaling argument is fine as it stands, but cannot substitute for the insight
gained by an explicit computation. The Feynman diagram contributing to the quasiparticle
decay at order u% is indicated in Fig. 18.4. We evaluate it in two stages. First we evaluate
the fermion loop of the fermions with spin label b; this gives us the fermion polarizability

dk [ de,
(g, w,) = o EGO(k‘i‘q,Gn‘i‘wn)GO(kvfn)a (18.17)

which is the analog of the polarizability of the rotor model used extensively in Section 13.2.
This enters the self-energy by

2 diq dwy,
Xk, €n) = uy o | (g, wp)Golk + g, €n + @p), (18.18)

which is the analog here of (13.41).

We first explicitly evaluate I1(g, w,). We are only interested in terms that are singular in
q and wj,, and drop regular contributions from regions of high momentum and frequency.
In this case, it is permissible to reverse the conventional order of integrating over frequency
firstin (18.17), and to first integrate over k. It is a simple matter to perform the integration
over k, in using the method of residues to yield

I(g, w,) = —1 / _dd_lky f dey sgn(e, + wy,) — sgn(e,)
) n) — _ -
2up (2m)d-1 2 (fa)n + ivFqy +i/(q)2)/2-|-i;(¢}y .ky)
| d? 1k, 1

=5 ] : — — (18.19)
F (;“a),,+lqux+l/<qy/2+u<qy-ky)
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We now integrate along the component of I;y parallel to the direction of g, to obtain

Mg = 2 [ 4%
o 2nvrpklgyl J (2m)d—2
_ _ o Ad-2 (18.20)
2mvpK|qy]

Note that in d = 2 the last nonuniversal factor is not present, and the result for IT is
universal with A?~2 = 1. Note also that ¢ has dropped out of the result IT: this is important
in our subsequent treatment of quantum critical points.

Now we insert (18.20) into (18.18). After evaluating the integral over g, we obtain

Sk, @) = g d"—lqy/densgn<en+wn>|en|
o 2mvic ) @my1) 2 N

2 d—1
. u d“7'qy 1
= sgn(a)n)wfl4 02 > d_yl —
mvpk J 2r)4T gyl

2
U

2
VK

A2 42 (18.21)

=1 sgn(a),,)a)g

Again, ¢ has dropped out. This result is in perfect accord with the scaling arguments in
(18.15) and (18.16).

Let us consider the important case d = 2. There is an infrared divergence in the gy inte-
gral in (18.21) at small gy. This is only cut off after we include a self-consistent damping
of the quasiparticle propagators in the Feynman diagram of Fig. 18.4, rather than the bare
propagators we have used above. After including this damping, we expect that (18.15) will
be modified to

ImX (k, w) ~ udw? log ( ) , d=2 (18.22)

uolw|
thus the scaling result is modified by a logarithm in d = 2.

With Im¥ ~ u(%a)z (up to logarithms), we can now easily examine the fate of the quasi-
particles from (18.13). The situation differs somewhat from what we found for the rotor
model in Section 7.2.1. There we found that the quasiparticle pole remained infinitely
sharp for a finite range of momenta, to all orders in the interactions. Here, from (18.13),
we see that the quasiparticle pole is always broadened: the width of the quasiparticle peak
is ~ u%s,% for a quasiparticle with energy @ = &. Thus the quasiparticle width vanishes
as the square of the distance from the Fermi surface. Asymptotically close to the Fermi
surface, the quasiparticle width is much smaller than the quasiparticle energy: this is suffi-
cient to regard the quasiparticle as a sharp excitation, and confirm the validity of Landau’s
Fermi liquid theory.

An important and frequently used diagnostic of the stability of the quasiparticle is the
discontinuity in the fermion momentum distribution function n(k) = (cza Cka)- This can be
computed from the real frequency Green’s function G (k, w) by (here we set ¢ = 1)

0 do
nk) = /_Oo ﬁlmG(k, w). (18.23)
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Assuming a pole in the Green’s function of the form

A

G(k, = 4 ...
(k, ) —w+ e +icw?

: (18.24)

we find a step discontinuity in the momentum distribution function at the Fermi surface
nk) = A0 (—&r) + ..., (18.25)

of strength A.

18.1.1 Independence of choice of E,

Our theory of the Fermi liquid state is now contained in the action So+S) defined by (18.7)
and (18.11). It focused on an arc of the Fermi surface, as shown in Fig. 18.3, and then
expanded in gradients about the point ko on the Fermi surface. To complete our discussion,
we now wish to show that the theory is independent of the choice of 120.

As shown in Fig. 18.5, we could equally well have defined the theory about the point l%
on the Fermi surface. Consistency requires that the fermion Green’s function at the point
P should have the same value whether it is computed using the theory at iéo or at ié;, This
section shows that this is indeed the case.

Note that such a consistency requirement is not present for the representation in terms
of chiral one-dimensional fermions in Fig. 18.2. There, each point in the momentum space
is associated only with a single one-dimensional theory. It is our use of a d-dimensional
theory which induces our redundant description.

Let us choose our momentum space coordinates centered at 120, and let Iz(’) = (kx, ky)
in this coordinate system. Because &, is on the Fermi surfacei, (18.8) is obeyed. Now let
the point P in Fig. 18.5 have coordinates (py, py) relative to ko, and coordinates (p}, p’y)
relative to 126 The latter are obtained from the old coordinates by a shift in origin followed
by a rotation by an angle 6, where tan 6 = kk,/vF; this yields

P = P — ka + (k/vp)ky - (By — Ky),
By = by — ky. (18.26)

The fermion correlator at the point P can be described either in terms of the field theory Sy + S5 at}o, or that at }1.
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where we only keep terms to the needed accuracy of O(x, y?). The equality of the physics
in the two coordinate systems implies that the Green’s function of the theory Sp + S; must
satisfy

G((px, py), 0) = G((pL, Py, w), (18.27)
for any momenta p, p’ related by (18.26) and any k obeying (18.8). A simpler statement
of the constraint follows from the easily verified identity

VFpx + 51]2, =vFph + Ep/z. (18.28)
2 Yy X 2 y

Thus, the Green’s function should not depend separately on the momenta, but on the quasi-
particle energy in (18.14) alone:

G((px, py) w) = G(gp, w). (18.29)

We now prove (18.29) is true. The result relies upon the invariance of Sy + S; on the
following transformation

2
¥ (x,y) = exp <—iU—F <§-§+%x>) Yx, ¥+ 6x), (18.30)
K

where 0 is an arbitrary (d — 1)-dimensional vector; this invariance is easily verified by
direct substitution in (18.7) and (18.11). The change in the arguments of ¥ shows that
this transformation corresponds to a local rotation of the Fermi surface, which effectively
moves the point 120 to a neighboring point. Now taking the Fourier transform of (18.30),
we immediately establish (18.27) and (18.29).

18.2 Ising-nematic ordering
|

Having established the stability of quasiparticles in the Fermi liquid, we turn to the first of
the symmetry breaking transitions of this chapter. We consider one of the simplest order
parameters at zero wavevector: the breaking of lattice rotation symmetry. In two dimen-
sions, a simple choice is the change from “square” to “rectangular” symmetry considered
in Section 17.4 for a d-wave superconductor. In higher dimensions, we consider the same
symmetry breaking in the x-y plane embedded in the higher-dimensional space.

As in Section 17.4, we consider an Ising-nematic transition driven by strong interactions
between the electrons. The symmetry breaking is characterized by the real scalar field ¢,
which is described as before by the action Sy in (17.22), reproduced here for completeness

1
Sp = /ddxdr [5 (00 + 20:0) + 20,0 + r¢?) + 2”—4¢4}. (18.31)

The key difference from Section 17.4 is that the electrons are not in a d-wave supercon-
ducting state, but in a metallic Fermi liquid. Thus, there is a Fermi surface of fermions ¢,
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N Quantum
\ critical /

Phase diagram of Ising-nematic ordering in a metal as a function of the coupling s in Sy and temperature T. The Fermi
surface forr > 0isasin the overdoped region of the cuprates, with the shaded region indicating the occupied hole (or
empty electron) states (compare Fig. 18.1). The choice between the two quadrapolar distortions of the Fermi surface is
determined by the sign of (¢). The line of T > 0 phase transitions at T, is described by Onsager’s solution of the
classical two-dimensional Ising model. We are interested here in the quantum critical point atr = r,, which controls
the quantum-critical region.

described here by S, in (18.1). Finally, we need to couple the Ising order ¢ to the fermions.
This can be deduced by symmetry considerations, as in (17.33). A convenient choice is

dkd4q +
Sep = | dt Wd(k)q)(q)ck_i_q/z,ack_q/g,a. (18.32)

The momentum-dependent form factor, d (k), can be any even parity function which changes
sign under x <> Yy, as is required by the symmetry properties of ¢; a simple choice is
d(k) ~ cosky — cosky. The integral over ¢ is over small momenta, while that over k
extends over the entire Brillouin zone.

The theory for the nematic ordering transition is now described by S¢ + Sy + Sc¢g in
(18.1), (18.31), and (18.32), and forms the basis of the discussion in the remainder of this
chapter. A schematic phase diagram as a function of the coupling s in Sy and temperature
T is shown in Fig. 18.6. Note that there is a line of Ising phase transitions at T = T: this
transition is in the same universality class as the classical two-dimensional Ising model.
However, quantum effects and fermionic excitations are crucial at the 7 = O critical point
at r = r. and its associated quantum critical region.

18.2.1 Hertz theory

As indicated in the introduction, Hertz’s strategy is to integrate out all the fermionic exci-
tations, and derive an effective action for the Ising order parameter ¢. The same strategy
was the starting point of the analysis in Section 17.4.

The integration is easily performed using our Fermi liquid theory results in Section 18.1.
The important term is the fermion loop contribution to the ¢ term in the effective action,
and this is given by the Feynman diagram in Fig. 18.7. We can determine the structure
of the fermion loop integral by taking the continuum limit of fermion theory in a Fermi
surface patch about 1?0 as in (18.7), and then adding up the contributions of all the patches.
For a given patch, the fermion loop contributes d?(ko)I1(g, w), where IT is the fermion
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Fermion loop contribution to the action of the order parameter ¢b. The wavy line is ¢.

polarizability in (18.17). Using the result for IT in (18.20), averaging over different patches
on the Fermi surface, and combining with the terms of the ¢ action in (18.31), we obtain
the Hertz action for the order parameter at the Ising-nematic quantum critical point in d
dimensions:

d%k 1 |l
H @ wE 2[ +vy ] +r} |p(k, wy)|
u d 4
+ d?xdt¢*(x, 7). (18.33)

Compared to (18.31), the crucial new term is the one proportional to y, which represents
the nonlocal consequences of low-energy particle-hole excitations near the Fermi surface;
the value of y is determined from an average of the coefficient in (18.20) over the Fermi
surface. In a system with a spherical Fermi surface, the |k| in the denominator is simply
\/ﬁ , arising from the average of (18.20) over different patches. However, without spherical
symmetry, it is a more complex function which depends upon the details of the Fermi
surface structure. Nevertheless, it retains the property of being an even function of k with
scaling dimension 1, and that is all that we need below.

We are now ready to perform an RG analysis of Sy, just as we did for (17.34) in the
Dirac fermion case. As in Chapter 4, we begin with an analysis of the Gaussian part of S,
which is scale-invariant at » = 0, under the transformations:

X =xet, U =r1e ¥, ¢ = peldtiIU2, (18.34)

with dynamic critical exponent z = 3. This exponent can also be understood from the
characteristic frequency scale @ ~ k> emerging from a comparison of the first two terms
in Sg. With the transformations in (18.34), we see that the quartic coupling has scaling
dimension

dim[u] =4 —d — z. (18.35)

In other words, with z = 3, the Gaussian fixed point is stable for all 4 > 1. All computa-
tions in this chapter have implicitly assumed that d > 1, and the present approach is not
sensible in d = 1 (which is discussed separately in Chapter 20). So the Gaussian theory
appears to describe the quantum critical point for all values of d. This is one of Hertz’s
primary conclusions.

We argue below that the above conclusion is not correct. The Gaussian fixed point does,
in fact, yield a proper description in d = 3. However, in the physically important case of
d = 2, the Hertz approach fails.
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18.2.2 Fate of the fermions

Our analysis of the stability of the Gaussian fixed point of the Hertz theory relied on the
irrelevance of the quartic coupling u between the bosons. However, there are also fermionic
quasiparticle excitations in the underlying theory, and it is important to apply the RG to
these excitations too. In particular, they couple to ¢ via the “Yukawa” coupling of S.¢ in
(18.32), and to establish the stability of the Gaussian fixed point we need to examine the
scaling dimension of d (k) on the Fermi surface.

Answering this question requires a continuum theory for the fermionic sector also, and
its coupling to the bosonic sector. Fortunately, we can now directly use the continuum limit
presented in Section 18.1. We pick a Fermi surface patch centered at the momentum %0,
and describe the low-energy fermionic quasiparticles by Sp in (18.7). Next, we apply the
substitution (18.6) to (18.32), and obtain the Yukawa coupling

Syo :A/dr/dx/dd_1y¢w;1pa, (18.36)

where A = d (ko). Finally, we also need to distinguish the directions parallel and transverse
to the Fermi surface in Sy, and so write its Gaussian part as

d—1
Sne = % / % % / a;c; ["5 +y 'f,':;’l' + r} 6k, 0> (18.37)
We have dropped the k, dependence in (18.18) because it is irrelevant compared to the &
dependence under the rescaling (18.9).
Now our task is to determine the scaling dimension of A under the theory So+Snc+Sy ¢
defined in (18.7), (18.37), and (18.36).
We scale x and y as in (18.9). For the rescaling of time, we clearly need to focus on the
critical excitations of the Ising-nematic order, which have dynamic exponent z = 3. Thus
we choose

X =xe %, y=yet, =t (18.38)

An immediate consequence is that the coefficient ¢ of the temporal derivative term in Sy
in (18.7) is no longer invariant under the RG: it has scaling dimension

dim[¢] = —1, (18.39)

and so scales to zero. Thus this temporal derivative is irrelevant at the Ising-nematic quan-
tum critical point. It is important at this point that our derivation of Sy in (18.33) showed
that all terms had a finite limit as { — 0: in fact, the damping coefficient y was shown to be
independent of ¢ in (18.20). Thus setting { = 0 seems safe now, although this conclusion
has to be re-examined at higher orders.

With these choices for the spacetime rescalings, it is a simple matter to compute the
rescalings of the fields from their respect Gaussian actions:

dim[y] = (d +2)/2, dim[¢] = (d +2)/2. (18.40)
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Finally, we obtain the needed renormalization of the fermion—boson coupling in (18.36)

dim[A] = @ ; 4. (18.41)

So, only for d > 2 is the Gaussian action stable to the presence of the cubic nonlinear-
ity associated with the fermion—boson coupling. This is the primary conclusion of this
subsection.

For d > 2, the above arguments suggest that we can estimate the fate of the fermionic
quasiparticles in a perturbation theory in A. Let us first try to guess the structure of the
answer using scaling arguments similar to those used in (14.37) and (18.15); we expect

ImX ~ A’wP. (18.42)

Matching scaling dimensions with dim[X]=2 (because dim[ky] =dim[k§] =2),
dim[w] = 3 and (18.41), we obtain

=—_. 18.43
P=3 ( )

In d = 3, the integer value of p suggests that there should be additional logarithms,
and we indeed see this in an explicit computation below. Examination of the quasiparticle
spectral weight using (18.13), and as discussed below (18.22) shows that the quasiparti-
cles are only marginally well defined with a width of the same order as the quasiparticle
energy upon approaching the Fermi surface. Such states have been named “marginal Fermi
liquids” [523], but the present argument shows this terminology is a misnomer in the RG
sense: the coupling A is irrelevant and not marginal. The RG argument also has a bonus in
implying that higher orders in A will only produce higher powers of w in the self-energy;
perturbation theory about the Gaussian fixed point directly yields the terms most important
in the infrared already at low order in the expansion.

The situation is very different in d = 2. In this case ImX ~ w /3 and so it is now clear
from (18.22) that the quasiparticle is no longer well defined, and we are dealing with a non-
Fermi liquid. Applying (18.23), we find that the momentum distribution function does not
have a step discontinuity on the Fermi surface; there is a weaker power-law singularity with

2

n(k) ~ sgn(—ex)|ex]'/>. (18.44)

Importantly, the scaling dimension of the boson—fermion coupling A is 0, and so it is not
clear whether perturbation theory in X is reliable. By analogy with the similar situation
in Section 17.4 for Dirac fermions, the implication is that the critical theory should be
formulated at a fixed A, and that the perturbative Hertz approach has broken down. We turn
to a discussion of the needed critical field theory in Section 18.2.3.

However, before we turn to that crucial question, we need to verify the scaling estimate
for the self-energy in (18.42) by an explicit computation. The needed contribution to the
self-energy at order A2 is given by the Feynman diagram in Fig. 18.8, which evaluates to

Sk, wp) =x2/ d’q /dﬂ;Go(k+q,en+wn). (18.45)
Q2m)yd ) 2m 6]§+V|€n|/|6]y|
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ST

Order A2 contribution to the fermion self-energy.

This can be evaluated by the same methods used for (18.18). Integrating over g, we find
the analog of (18.21)

Eww)l_/w”%/ﬁwm@ﬂwm
! Qmy=t ) 21 gy +ylen

sgn (wn)/ o )d = | (%). (18.46)

Evaluation of the gy integral yields a result which agrees with (18.42) and (18.43) ind = 2,
and with the expected logarithmic corrections in d = 3. In the physically important case
of d = 2, the g, integral evaluates to

2

Yk, = ——
(. n mopy 33

sgn(wy)|wn|*3, d =2 (18.47)

in agreement with (18.43).

18.2.3 Non-Fermiliquid criticality ind = 2

Section 18.2.2 established that a perturbative analysis in the fermion—boson coupling A, in
the spirit of the familiar “random-phase-approximation” (RPA) of many body physics, led
to a valid theory of the Ising-nematic quantum critical point in d = 3. However, the RPA-
like Hertz approach broke down in d = 2. Here we provide a field-theoretic description of
the quantum criticality in d = 2, using the approach proposed in [333].

An important feature of the discussion in Section 18.2.2 was that the low-energy fermion
modes at the Fermi surface point 120 coupled most strongly to ¢ fluctuations with momenta
parallel to the Fermi surface. This is clear from the k, dependence of Syg in (18.37).
Physically, this is because a fermion at ko scattered by ¢ by momentum k tangent to the
Fermi surface only changes its energy ~ k2, while in all other directions its energy change
~ k. Consistent with this, if we compute the induced four-point ¢ vertex in the theory Sy +
SHG + Sy¢, we find an enhancement dependent upon the ¢ momenta only if the momenta
are parallel or anti-parallel. This suggests that all couplings between ¢ fluctuations with
noncollinear momenta, such as, e.g., those induced by the u term in (18.33), are formally
irrelevant, just as in the Hertz theory. This asymptotic decoupling indicates that we may
treat noncollinear directions of ¢ in separate critical theories. Thus we end up with an
infinite number of 241 dimensional field theories, labeled by the momentum direction
of ¢.

The reader will recall our discussion of an infinite number of 141 dimensional field
theories of chiral fermions in our discussion of Fermi liquid theory associated with (18.5).
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A ¢ fluctuation at wavevector § couples most efficiently to the fermions 1 near the Fermi surface points j:}().

A crucial difference here is that we have an infinite number of 241 dimensional field
theories: this is needed because, as discussed above, the dominant scattering processes for
the fermions are tangent to the Fermi surface. The present description necessarily induces
a redundant description: however, by a simple generalization of the arguments in Sec-
tion 18.1.1, we see that the redundant description is consistent.

So let us focus on a given direction g of the momentum carried by ¢ and derive the
associated critical theory, as illustrated in Fig. 18.9. Such a ¢ field couples most strongly
to fermions near two points on the Fermi surface: those at ko and at —120. We generalize
(18.6) by introducing two fermionic fields ¥+, by

Via®) =i ia V-a®) =c_j 70 (18.48)

We allow the spin index a to extend over the N values: the physical case is N = 2, but the
large-N expansion provides a useful computational tool.

Now we expand all terms in S¢ + Sy + S¢¢ (defined in (18.1), (18.31), and (18.32))
in spatial and temporal gradients. Using the coordinate system illustrated in Fig. 18.9,
performing appropriate rescaling of coordinates, and dropping terms which can later be
easily shown to be irrelevant, we obtain the 241 dimensional Lagrangian

P s a8 @ Ly a+,a_a2
~ Ve Tl Ty ) Ve TV S T T ) Ve
il T N 2 Nr 2
—i¢ <w+al//+a+w7al//—a)+5(8y¢) +7¢ . (18.49)

Here ¢, A, and r are coupling constants, with r the tuning parameter across the transition;
we will see that all couplings apart from r can be scaled away or set equal to unity.

A first crucial property of £ is that it continues to have fermion Green’s functions with
singularities on the original Fermi surface, as established in Section 18.1.1. This follows
from generalizing the symmetry (18.30) to

d(x,y) = d(x,y +0x), Ys(x,y) — e*f“%)*%x)lps(x, y + 6x), (18.50)

where 0 is now one-dimensional and s = =£. This is an emergent symmetry of £ for
arbitrary shapes of the Fermi surface. An immediate consequence of (18.50) is that (18.29)
is obeyed by both 14, so that all singularities slide without change along the Fermi surface.
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Furthermore, the ¢ Green’s function, D, obeys

(16(q. @) = D(x. 4y, ®) = D(qy, ), (18.51)
indicating that no singular ¢, dependence of ¢ is generated by the theory £. As in Sec-
tion 18.1.1, the symmetries in (18.50) also help establish the consistency of our description

in terms of an infinite number of 241 dimensional field theories.

Scaling theory

We now generalize the scaling analysis of Section 18.2.2 to the continuum field theory L.
Because L is strongly coupled, we have to allow for anomalous dimensions at all stages.
As before we choose

dim[y] = —1, dim[x] = —2. (18.52)

The invariance in (18.29) implies that no anomalous dimension appears in the relative
scaling of x and y. However, we do have to allow for an anomalous dimension in time, and
so keep the rescaling of the temporal coordinate general:

dim[7r] = —z. (18.53)

Note that the dynamic critical exponent z is defined relative to the spatial coordinate y tan-
gent to the Fermi surface (other investigators sometimes define it relative to the coordinate
x normal to the Fermi surface, leading to a difference by a factor of 2). We define the engi-
neering dimensions of the fields so that coefficients of the y derivatives remain constant.
Allowing for anomalous dimensions 74 and 7y from loop effects, we have

dim[¢] = (1 +z+ny)/2, dim[y¥] =1+ z+ny)/2. (18.54)

Using these transformations, we can examine the scaling dimensions of the couplings in £
at tree level

dim[]=2—z—ny, dim[Al=3—z—ny—2ny)/2. (18.55)

We have seen from our low-order loop computations in Sections 18.2.1 and 18.2.2 that
z = 3. Assuming that the anomalous dimensions 74 and ny, are small, we see that the cou-
pling ¢ is strongly irrelevant. Thus we can send { — 0 in all our computations. However,
we do not set ¢ = 0 at the outset, because the temporal derivative term is needed to define
the proper analytic structure of the frequency loop integrals [292].

Also note that these estimates of the scaling dimensions imply dim[A] ~ 0. Thus the
fermion and order parameter fluctuations remain strongly coupled at all scales in d = 2,
as we anticipated in Section 18.2.2. Conversely, we can also say that the requirement of
working in a theory with fixed A implies that z & 3; this circumvents the appeal to loop
computations for taking the { — 0 limit. With a near zero scaling dimension for A, we
cannot expand perturbatively in powers of A. This feature was also found in Section 17.4.

Moving beyond tree-level considerations, we note that another Ward identity obeyed by
the theory £ allows us to fix the scaling dimension of ¢ exactly. This Ward identity is
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linked to the fact that ¢ appears in the Yukawa coupling like the x component of a gauge
field coupled to the fermions [333]. The usual arguments associated with gauge invariance
then imply that dim[¢] = 2 (the same as the scaling dimension of d,), and that we can
work in a theory in which the “gauge coupling” A is set equal to unity at all scales. Note
that with this scaling dimension, we have the exact relation

o =3 2. (18.56)

Note also that (18.54) now implies that dim[A] =7y at tree level, which is the same as
the tree-level transformation of the spatial derivative terms. The latter terms have been set
equal to unity by rescaling the fermion field, and so it is also consistent to set A =1 from
now on.

We reach the remarkable conclusion that at the critical point r = r., £ is independent of
all coupling constants. The only parameter left is N, and we have no choice but to expand
correlators in powers of 1/N. The characterization of the critical behavior only requires
computations of the exponents z and 7y, and associated scaling functions.

We can combine all the above results into scaling forms for the ¢ and W Green’s func-
tions at the quantum critical point at 7 = 0. These are, respectively

_ _ w
D™ (gx. qy. ®) = 4¢3 ' Fp <7) (18.57)
dy
-1 _ 231-ny /2 w
G+ (ar qu C()) (Qx + (/Iy) fG ((qx + q5)2/2>’ (1858)

where Fp and F¢ are nontrivial scaling functions. Note that the second scaling form shows
that the singularity of the fermion Green’s function in momentum space is invariant along
the Fermi surface, and depends only upon the distance from the Fermi surface.

We have come as far as possible by symmetry and scaling analyses alone on L. Further
results require specific computations of loop corrections, and these can only be carried out
within the context of the 1/N expansion. At leading order, the 1/N expansion reproduces
the results in Section 18.2.2. It is important to note that in the notation of the present
section, the results of Section 18.2.2 for D and the fermion self-energy turn out to be
independent of ¢. Although ¢ appears at intermediate stages, it cancels out in the final
result: the reader is urged to verify this crucial feature of the theory. Consequently there
is no problem in taking the { — O limit. Higher order computations are involved, and
raise numerous complicated issues we do not wish to enter into here: we refer the reader
to [292,333]. It was found that z = 3 was preserved up to three loops, but a nonzero value
for ny did appear at three-loop order.

18.3 Spin density wave order
|

We now turn to the second major class of symmetry breaking transitions of Fermi liquids:
those involving an order parameter which is spatially modulated and so breaks translational
symmetry. As a canonical example of such a transition we consider spin density wave
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(SDW) ordering in the Hamiltonian (17.1) describing a single band on the square lattice,
which was motivated by the physics of the cuprate superconductors. However, our methods
and results are easily extended to other types of ordering with spatial modulations.

We have already met the analog of spin density wave ordering in insulating antifer-
romagnets. In that context it was referred to as Néel ordering, and characterized by the
order parameter n of the O(3) quantum rotor model: we discussed this in Section 1.4.3 on
spin—ladder models, and consider the square lattice in more detail in Section 19.3. In the
continuum soft-spin limit, such ordering was described by the three-component real field
¢« whose fluctuations were controlled by the action Sy in (2.11). The field ¢, will remain
the order parameter for SDW ordering in a metal being considered here, and its action Sy
will be an important ingredient in our theory.

Asin Section 18.2, apart from the order parameter, we also have to consider the fermionic
excitations near the Fermi surface, and these are described as before by S, in (18.1).

Finally we need to couple the ¢y, fermions to the SDW order ¢, . The two-sublattice Néel
order on the square lattice carries momentum K= (r, ), and we can consider a general
K which leads to two-sublattice SDW ordering. Other values of K lead to complex order
parameter fields (rather than the real case we considered), but we will not consider this
relatively straightforward generalization. Translational invariance implies that ¢, scatters
the fermions with momentum K , and so the natural generalization of the fermion—boson
coupling in (18.32) is

dy gd
Sep = f dr / %% (DO Chy Ky aCb T €L (18.59)
where ¢ is a small momentum associated with a long-wavelength SDW fluctuation, while
the integral over the momentum k extends over the entire Brillouin zone.

Our complete theory for the SDW transition is S, + Sy + S¢e in (18.1), (2.11), and

(18.59). This forms the basis of the discussion in the remainder of this section.

18.3.1 Mean-field theory

The theory has two phases: the ordinary Fermi liquid with (¢y) = 0 and Fermi surface
as in Fig. 18.1, and the SDW state with (¢,) 7% 0. We describe here the configuration
of the Fermi surface in the SDW state. We replace ¢, by its expectation value (¢y) =
(0, 0, ¢); by rotational symmetry we can take the SDW order in the z direction without
loss of generality. Now S; + Sy is a bilinear in the fermions and can be diagonalized to
yield a fermion band structure. The fermion Hamiltonian takes the form of a 2 x 2 matrix
coupling together cx, and ci4+x . Diagonalizing this matrix leads to the single fermion
energy eigenvalues

) 12
B — £k +28k+K + (<8k +28k+1<> +¢2) ) (18.60)

We now have to occupy the lowest energy bands in this band structure, and deduce the
configuration of the Fermi surface. Such a solution is illustrated in Fig 18.10 for the case
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The transformation of the Fermi surface of cuprates by SDW order [432]. (a) Fermi surface without SDW order, as in
Fig. 18.1. (b) The original Fermi surface along with the Fermi surface shifted by wavevector (7, 7). These intersect at
the hot spots shown by the filled circles. (c) With the onset of a nonzero spin density wave order with (¢,,} # 0, gaps
open at the hot spots leading to electron (thin lines) and hole (thick lines) pockets. (d) With increasing | (¢ )| the
electron pockets shrink to zero for the hole-doped case, leaving only hole pockets. In the electron-doped case, the hole
pockets shrink to zero, leaving only electron pockets (this is not shown). Finally, in the half-filled case, the electron and
hole pockets shrink to zero simultaneously.

of K = (7, ) ordering in cuprate superconductors [432]. A key feature is that the original
“large” Fermi surface splits into “small” electron and hole pockets upon the onset of SDW
order: this is also a generic property of SDW ordering on other lattices.

18.3.2 Continuum theory

We now wish to develop a continuum theory for the quantum critical point for the onset
of SDW order, which is accompanied by a change from a large Fermi surface to small
pockets, as indicated in Fig. 18.10. The general strategy is similar to that in Section 18.2,
although there are key differences which we highlight below.

An important and new concept here is that of a “hot” manifold on the Fermi surface. As
in Section 18.2, we expect the boson—fermion coupling to be most efficient if it scatters
fermions between nearly degenerate low-energy states. Let us pick a point ki on the Fermi
surface, where the fermion has zero energy: this is described by a d-dimensional vector
upon which we impose one constraint to place it on the Fermi surface. Now the ¢, field
will scatter this fermion to the point l_éz = I:l + K. We require that 122 is also on the
Fermi surface, to ensure that the final fermion state has zero energy: this places a second
constraint on 122. The solution of these constraints yields a pair of (d — 2)-dimensional
manifolds specifying the allowed values of l_él and 122: these are the “hot” manifolds. In
d = 2, they become the “hot spots” shown in Fig. 18.10 for the cuprate case.

We take the continuum limit by focusing on one generic point on the hot manifold, say
121. Then its partner, 122 = 121 + K will also be on the hot manifold. We focus on the
patches of the Fermi surface near these points. There are several other pairs of patches
in the Brillouin zone, as is clear from Fig. 18.10: these are described by parallel theories
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which we will not discuss explicitly. Within a given pair of Fermi surface patches, our
results do not depend upon the specific choices of 121,2 on the hot manifold: this is evident
from our continuum theory below, and does not require a proof which is the analog of
Section 18.1.1.

Near 1;1 and 122, we define continuum fields v 2, as in (18.48)

Via®) = ¢ i V2aK) =g (18.61)

We insert this into (18.1) and expand in powers of k. Unlike the situation in Sections 18.1
and 18.2, it turns out here that it is sufficient to keep terms only linear in k, and the analog

of (18.7)is
d gt (¢2 s
Sy = | dr dx| ¥/, {'a—lvl'vx Y1a
¥ J ..
+ ¥, (o i Vi | Y24 |- (18.62)
Here v; = Viekly, is the Fermi velocity at ky, and similarly for ;. We have inserted

factors of ¢ in front of the temporal derivatives by analogy with Section 18.2.2, anticipating
that the temporal derivatives ultimately become irrelevant near the critical point. In the
Y12 formulation, the configurations of the Fermi surfaces and hot manifolds are shown in
Fig. 18.11. The Fermi surface of the yr; fermions is defined by v - k= 0, and the Fermi
surface of the v, fermions is defined by v, - k=0. Finally, the hot manifold is defined by
the k which satisfy both these conditions. We assume here and below that ¥; and v, are not
collinear: the collinear case corresponds to the “nesting” of the Fermi surfaces, and we do
not consider that here.

It is now a simple matter to take the continuum limit of the boson—fermion coupling in
(18.59). Including the important terms in Sy in (2.11), we obtain

= d 1 2 T U 9)\?
Sw—fd X/df[z(vx%) + 20+ 4(%)
+ Aaclh (Vi ¥ + wgat/ub)]. (18.63)

Here we have omitted the temporal gradient term in ¢, because it later turns out to be
irrelevant.

11 occupied

Fermi surfaces of v and 1/, fermions in the plane defined by the Fermi velocities v and v,. The Fermi surfaces are
(d — 1)-dimensional, and are indicated by the full lines. The (d — 2)-dimensional “hot manifold” intersects this
plane at the filled circle at the origin.
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Modification of the Fermi surfaces in Fig. 18.11 by SDW order with (¢, ) % 0. The full lines are the Fermi surfaces,
and the white, light shaded, and dark shaded regions denote momenta where 0, 1, and 2 of the bands in (18.60) are
occupied. The upper and lower lines are boundaries of hole and electron pockets, respectively. There are eight
instances of such Fermi surface configurations in Fig. 18.10¢, centered on the eight hotspots.

The remaining analysis of this section works with the continuum theory of bosons and
fermions defined by Sy + Sy defined in (18.62) and (18.63). Our steps in the following
subsection closely parallel those for the Ising-nematic case in Section 18.2.

We begin by noting the Fermi surface change in the SDW phase of Sy, + Sy 4. Setting
¢o = (0,0, ¢), and diagonalizing the ¥ » spectrum, it is a simple matter to show that the
Fermi surfaces in Fig. 18.11 are modified to those in Fig. 18.12.

18.3.3 Hertz theory

As in Section 18.2.1, the Hertz theory for the SDW order ¢,, is obtained by integrating out
the ¥y » fermions from Sy, + Sy in (18.62) and (18.63).

Again, the most important contribution is the coefficient of the ¢§ term, which is given
by the fermion polarizability in Fig. 18.7. Here the explicit expression for the polarizability
maps from (18.17) to

(g, wp) = Ak /dﬂ ! (18.64)
GE= ] @ ] 2w Cicten +om) o1 - Gt DI—iCen + 52K

We define oblique coordinates p; = v; -k and P2 =1 -k.Itis then clear that the integrand
in (18.64) is independent of the (d — 2) transverse momenta, whose integral yields an
overall factor A?~2 (in d = 2 this factor is precisely 1). Also, by shifting the integral over
k1 we note that the integral is independent of g. So we have

A2 [ dpidprd 1
M) = == [ P . o a86s)
[v1 x v2] 8w [—ig(€n + wpn) + prll—ie, + p2]
Next, we evaluate the frequency integral to obtain
A2 dpidps [sgn(p2) — sgn(p)]
(g, wn) = == 3 .
Z|vr X v 4 —ilwy + p1— P2
Ad—2
_ _ lenATT (18.66)

47|01 x Vo]
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In the last step, we have dropped a frequency-independent, cutoff-dependent constant,
which can be absorbed into a redefinition of r. Note also that the factor of ¢ has cancelled.

Inserting this fermion polarizability in the effective action for ¢,, we obtain the Hertz
action for the SDW transition; here (18.33) is replaced by

d%

1= ] @ny

T wZ% [+ vionl + 7] 1gatk, 00
u 2
+ — | d%dr (¢§(x, r)) . (18.67)

24
The main difference from (18.33) is that the |w,|/|k| has been replaced by a |wy|: this is
a direct consequence of the Fermi surface structure in Fig. 18.11, which leads to a den-
sity of states of particle—hole excitations which are linear in energy, and independent of
momentum.

The subsequent analysis of the above Hertz action proceeds just asin (18.34) and (18.35),
but now with dynamic exponent z = 2. Again, this exponent characterizes the frequency
scale @ ~ k> emerging from a comparison of the first two terms in (18.67). Now we see
that the Gaussian fixed point of (18.67) is stable for d > 2.

Just as in Section 18.2, we see below that the Hertz approach is essentially correct in
d = 3, but that it fails in the physically important case of d = 2, and not just by a marginal
correction. The key to this is an examination of the fermion spectrum and the RG flow of
the fermion-boson coupling, to which we turn in Section 18.3.4.

18.3.4 Fate of the fermions

We proceed just as in Section 18.2.2. With the scaling dimensions of space—time and ¢ as
in (18.34) with z = 2, the action Sy in (18.62) implies the tree-level rescaling

dim[y] = (d +1)/2, dim[¢] = —1. (18.68)

Thus, just as in Sections 18.2.2 and 18.2.3, ¢ is irrelevant, and can eventually be sent to 0.
Finally, evaluating the scaling dimension of the A term in Sy in (18.63), we obtain the
same result as in (18.41), namely

dim[A] = @ ; D (18.69)

The conclusions then are the same as in Section 18.2.2: a perturbative theory in A, in the
Hertz/RPA approach is valid in d = 3, but requires a new formulation in terms of a fixed A
theory ind = 2.
The remaining analysis in this subsection tracks that below (18.41) in Section 18.2.2.
The perturbative estimate for the fermion damping on the hot manifold is given by
(18.42). Using the values here, dim[X] = 1 and dim[w] = 2, we obtain instead of (18.43)
that

d—1
=—. 18.70
D 2 ( )

In d = 3, this has the same value as in (18.43), and so the conclusions are the same.
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In d = 2, we obtain non-Fermi liquid behavior at the hot spots with ImX ~ /w.
We verify this result by explicitly computing the value of the fermion damping from the
graph in Fig. 18.8. At zero momentum for the | fermion we have, instead of (18.45),

d? de 1
2100, w,) = A2 —qd/—” . : 187D
@m)? ) 27 [q* +ylenl J[~i¢(en + on) + 12+ G ]
We first perform the integral over the ¢ direction parallel to vy, while ignoring the sub-
dominant dependence on this momentum in the boson propagator. The dependence on ¢
immediately disappears, and yields in place of (18.46),

A2 441 d
10,0 =i _dql/_w
vl J @)@ ] 27 1P + vl
)\2 dd*l 2
=i sgn(a)n)/ dql i (14 +Z|wn| ' 157
mlv2ly Qm)d- 7]

Again, evaluation of the ¢ integral yields results in agreement with the scaling estimate
(18.70). Specifically, in d = 2, (18.72) evaluates to

)»2
10, @) = i ————sgn(wn)y/Jon], d =2 (18.73)
Ty oV en

as expected from (18.70).

18.3.5 C(ritical theoryind =2

With the conclusion of Section 18.3.4 that the Hertz theory only applies for d = 3, let
us turn to the strong-coupling dynamics in d = 2. Following Section 18.2.3, we need to
understand the renormalization structure of the underlying theory of fermions and bosons,
without an integration of the fermionic modes.

In the present case, the needed critical theory in d = 2 was already formulated in Sec-
tion 18.3.2. It is defined by Sy + Sy in (18.62) and (18.63).

We formulate the RG with the same spacetime rescalings used in Section 18.3.3:

dim[x] = —1, dim[r] = -2. (18.74)

Note that we do not allow an anomalous dimension in the rescaling of r. This does not
mean that we necessarily have dynamic exponent z = 2. We allow the Fermi velocities v
and v, to flow under the RG, and a nontrivial z will arise from the nature of their flow to
large scales. It is convenient to use such a formulation because the scaling of the fermion
spectrum depends sensitively on the direction in momentum space, and the shape of the
Fermi surface also evolves.

We do, however, have to allow for anomalous dimensions in the field rescalings, which
become

dim{¢] = 2+ 1)/2, dim[y] = 3+ 1y)/2. (18.75)

Contributions to these anomalous dimensions do arise from loop fluctuation contributions.
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Next, as in (18.55), we have the tree-level rescalings of the couplings associated with
the fermions:

dim[Z] = —1—ny, dim[A] = —(p4 + 27y)/2. (18.76)

We reach the same conclusions from these results that we did in Section 18.2.3. We can
safely assume that ¢ = 07, and use this value in loop computations. With the absence
of the ¢ term, we can choose the fermion field scale renormalization so that the theory
maintains A = 1. Thus, there is a strong fermion-boson coupling at all scales, and no
independent renormalization group flow for A.

The task before us is now clear, in principle. We have to evaluate higher loop diagrams
and so determine the RG flow of the couplings vy, Uy, r, and u, and the anomalous dimen-
sions 1y and 7y . Note that the boson damping coefficient y in the Hertz action (18.67)
does not appear as an independent coupling. In reality, it is a parameter in the boson spec-
tral function, and its value is pinned to the underlying couplings via (18.66); it is reassuring
that the value in (18.66) has no nonuniversal cutoff dependence in d = 2.

The evaluation of these higher loop diagrams is very involved, and the reader is referred
to [1-3,334] for further details. These papers describe the rather complex structure of the
dynamic response of the fermions and the bosons near the quantum critical point. Here we
focus on just one striking aspect: the shape of the Fermi surface. This is determined by the
flow of the velocities near the critical point. Let us write the velocities as

U1 = (Vx, vy), U2 = (—vy, vy). (18.77)
Then to two-loop order, the RG flow of the velocity ratio is given by

dot_ 12 o

Vy

P AR Iy (XEZ’ (18.78)
in a model with n pairs of hot spots (the Fermi surface in Fig. 18.10 has n = 4). Integrating
(18.78), we observe that o scales logarithmically to zero with momentum scale (this is
similar to the logarithmic flow of the velocity ratio found in Section 17.4 for a transition in
a d-wave superconductor). We can use the distance from the hot spot to set the momentum
scale. The location of the y; Fermi surface is given by 9 k= 0,0r ky = —vyky /vy =
—ky /. Evaluating « at the scale k,, we find the Fermi surfaces of the v 2 at

12
ky = £k, log(1/]ky]). (18.79)
° mn

Such Fermi surfaces are sketched in Fig. 18.13.

18.4 Nonzero temperature crossovers
- |

We limit our discussion of the nonzero temperature crossovers to the Hertz theory for the
spin density wave transition in (18.67).

Here it is useful to note that the only difference between Sy and the dilute Bose gas
model analyzed in Section 16.3 is that Sy contains a |w,| frequency dependence in the
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Modification of the Fermi surfaces in Fig. 18.11 at the SDW quantum critical point. Asin Figs. 18.11and 18.12,
the full lines are the Fermi surfaces, and the white, light shaded, and dark shaded regions denote momenta
where 0, 1,and 2 of the bands in (18.60) are occupied. The equations of the Fermi surfaces are given in (18.79).

A

T ~
~_  NON-FERMI
Laup 7

SPIN DENSITY

WAVE Phd FERMI

s LIQUID o
»

Phase diagram of a Fermi liquid undergoing an instability to a spin density wave state for2 < d < 4. The regimes
A, B, and Cand their crossover boundaries are described in the text. Compare to Fig. 16.4 for the dilute Bose gas.

quadratic term, while the Bose gas had —iw,. Consequently we can map the techniques
and computations of the Bose gas theory to the present situation. The computation of the
T > 0 crossovers is essentially identical to that in Section 16.3.2 and leads to the phase
diagram shown in Fig. 18.14 [336], which is very similar to Fig. 16.4. We integrate out the
w, # 0 modes and obtain an effective action for the static modes, which takes the form
Sg eff in (14.16) and is characterized by the couplings R and U. To leading order in u we
have U = u, while for R we have (analogous to (14.17), (14.18), and (16.62)):

N+2 dk 1 T do 1
R=r+u TZ—+__ - -
6 2m)d . #0y|wn| +k2+r k2 27 yl|w| + k2

(18.80)

The next step is the mathematical one of evaluating the frequency and momentum sums
and integrals in (18.80). The main subtlety, as in (14.31), is that while the result does
depend upon a large momentum cutoff A, the divergent momentum integral can be sepa-
rated out into a 7' -independent term. The remaining momentum integrals are convergent in
the ultraviolet, and we can safely set A — oo in them at the cost of ignoring some unin-
teresting and noncritical dependence on 7. We show a few intermediate steps on how this
separation is performed. The basic idea, as discussed below (11.47), is to subtract from
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each frequency summation the frequency integral of precisely the same quantity. In this
manner we manipulate R into the form

N4+2
R=r+u< i )[R1+R2+R3], (18.81)

with

d%k 1 /dw 1
R [y L e L)
2n)d Viwg| + k2 +r 27 ylw| + k24 r

Wn

R 7 [ 2% I 1
:= Cmy¥d \k2+r k)

A dlk [ dw 1 1
Ry [ LK [de _ . (18.82)
Qm)d ) 2 \ylo| +k2+r  ylo|+k2

It is easy to check that R; and R, are convergent at large momenta and that all of the
cutoff dependence has been isolated in the 7-independent term R3. As discussed below
(14.31), we can remove this cutoff dependence by adding and subtracting r/(y |w| + k2)?
to the integrand in R3. This yields a cutoff dependence term ~ A9~2. Note that this cutoff
dependence is a smooth linear function of » and so does not affect the remaining universal
singular part. After evaluating the terms in (18.82), we can write the final result for R in
the scaling form analogous to (14.32) and (16.64):

2
R=r(l —cund2 + Ly1)d? (NL) L (L> (18.83)
14 6 yT

where the universal scaling function L(y) is given by

1 [ d% k? k% + T+

L(y) = =] God |:1n (E) -y (1 + = y) + P y:|’ (18.84)

where ¥ is the digamma function. We point out the now familiar property of all such

crossover functions: it is analytic at y = r/y T = 0, reflecting the absence of any thermo-

dynamic singularity at r = 0, T > 0 (see Fig. 18.14). From (18.84) it is easily seen that

L(y) is analytic for y > —2; the singularity at y = —2 is of no physical consequence
as it is within the ordered phase.

Knowing the values of R and U, we can work out the predictions for physical observ-

ables. The expression for the order parameter correlations, correct for small u, is (compare
(14.34) and (16.67))

1
(1gatk, @) = i (18.85)
where from (14.19) and (14.5) we have (compare (16.68))
2 N +2\ 2I'((4 —d)/2) d-2)/2
E“=R—-Tu < G a_ 2)(47[)‘1/2R . (18.86)
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As in (16.70) we can compute the free energy density and obtain

TN [ d%k |
F(T,r)= T/W |:Zln(l/|wn| +k>+r)+1n (%)}, (18.87)

where the numerator of the second logarithm is the contribution of the w, = 0 modes,
while the remainder come from the w, # 0 modes. Note that, for T > 0, the expression
(18.87) has no singularity at »r =0. This is as expected from the absence of a thermo-
dynamic singularity in the middle of region C in Fig. 18.14. It is advantageous to subtract
out the free energy of the system at the critical point r = 0, T = 0 from the above (this
was simply O for the dilute Bose gas) and evaluate AF = F(T,r) — F(0, 0); for this we

get
TN & d% 2 [ 4Q Q
Af:_/ Ak __/ B 4
2 (2m)d 7)o (€T —1) kK2 +r
kK2 1In(k%) — (k2 + r) In(k> k24 g2
L (k=) —( r) In( +r)+ln +& e
Ty k2 +r

(18.88)

where we have omitted background terms that are 7 independent and only depend upon
positive integer powers of r. The momentum integral has a remaining cutoff dependence
that cannot be removed and does affect the singular 7 and r dependence. This is a conse-
quence of being above the upper-critical dimension.

We discuss the implications of the above results for the order parameter susceptibility;
thermodynamic properties follow from results such as (18.88) and more explicit results
are available in the literature [236, 432, 558]. In the low-T “Fermi liquid” region A in
Fig. 18.14, defined by T < r/y, the susceptibility is given by (18.85); by evaluating the
large-y limit of (18.84) and inserting into (18.83) and (18.86) we get for the T dependence
of the correlation length
wy (N+2T(4—d)/2)

-2 _ &2 —
(N ="T=0+ G—d)/2 36(4m)d/2

(18.89)

Note the characteristic 7% dependence of a Fermi liquid. Conversely, in the high-7 limit,
T > r/y, we take the y — 0 limit of (18.84) and obtain the leading result

EXT) =7+ (yT)f‘/2M
oy

L(0), (18.90)
where L(0) is a number. In region B of Fig. 18.14, r « yT < (yr/u)*?, the first term
in (18.90) dominates, while in region C, y T > (y Ir|/u)*/?, the second T -dependent term
is larger. So in the high-T region C we have & ~ T3/ which does not agree with the
naive scaling estimate £ ~ T~1/2. As we noted in Sections 14.2.2 and 16.3.2, this violation
appears because of the presence of a dangerously irrelevant coupling u. Note also that if
we insert (18.90) into (18.85), the resulting dynamic response function does not scale as
a function of w/ T, and this is again because the present system is above its upper-critical
dimension.

As noted earlier, the results above are analytic at » = 0 for 7 > 0, and so they apply
also for r < 0. For this case the correlation length diverges at a critical value of r, and this
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determines the position of the phase boundary in Fig. 18.14 at T = T.(r), where to leading
order in u

6 2/d
Y } . (18.91)

(N+2u
Finally, we note the case of d = 2. For the Hertz action (18.67), this case corresponds to
the upper-critical dimension, and can be analyzed like the corresponding situation for the

1
Tc(r)=_|:
14

d = 3 quantum Ising/rotor models in Part III: logarithmic terms arise from the flow of the
coupling u to zero. However, as we noted in Section 18.3.4, the Hertz model breaks down
in d = 2 as a representation of the underlying Fermi surface and its transformation under
spin density wave order. The critical theory of Section 18.3.5 has to be analyzed at T > 0,
a problem which we shall not address here.

18.5 Applications and extensions
I —

Important applications of the spin density wave to Fermi liquid transition appear in stud-
ies of the heavy fermion compounds [25, 93, 94, 336, 514]. A case that has been inten-
sively studied is CeCue—_,Auy [408, 451, 492, 532], and there is also related work on
CeCue—xAg, [220]. The Cambridge group [182,255,300,321] has examined a different
series of Ce compounds (CeNi;Ge;, CePd;Si,, and Celns) and these show similar transi-
tions under pressure, but at stoichiometric compositions at which disorder is quite small;
they have reported the existence of superconductivity near the antiferromagnet/Fermi liq-
uid quantum critical point [321]. A comprehensive study of quantum transitions involving
loss of antiferromagnetic order in metallic and insulating phases of V,0j3 has also been per-
formed [35]. A puzzling feature of present experiments in the Ce compounds and V,03 is
that while thermodynamic and transport properties are in rough agreement with the theory
discussed in this chapter, the dynamic neutron scattering experiments show clear scaling
of the response functions as a function w/T (where w is the measurement frequency).
Such scaling was discussed at length in Part I but is only a property of quantum criti-
cal points below their upper-critical dimension; in contrast, the theories used to explain
thermodynamic measurements are above their upper-critical dimension and do not predict
scaling of response functions as a function of w/T. Resolving this inconsistency is an
important direction for future work. A range of theoretical work on quantum transitions
between spin density waves and Fermi liquids is reported in [258,342,350,375,407]. An
interesting perspective on open questions has been given by Coleman [91], who, following
[441,456,472,476,477], has sketched a scenario for a strong-coupling critical point with
anomalous exponents and w/ T scaling.

We refer the reader to a separate review article [302] for a comprehensive review of the
experimental situation in this vast subject.
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and antiferromagnets

Part II of this book deals with the magnetically ordered and quantum paramagnetic phases
of models of N-component quantum rotors. In Chapter 9 we showed how the N = 2 rotors
could be mapped onto certain boson models in the vicinity of a phase transition between
a Mott insulator and a superfluid. In this chapter we consider models of Heisenberg spins:
these directly represent the spin fluctuations of physical electrons in insulators or other
systems with an energy gap toward charged excitations (e.g. certain quantum Hall states).
We describe the conditions under which certain models of Heisenberg spins reduce to
N = 3 quantum rotor models, thus providing the long-promised physical motivation for
studying the latter models; recall that a preview of this mapping has already appeared in
Section 1.4.3. We also discuss the physical properties of Heisenberg spin models under
conditions in which they do not map onto the rotor models of Part II.
We consider lattice models with the Hamiltonian

HSZ—ZJijSi'Sj_H'ZSi' (19.1)
i,j i

Here the magnetic field H is precisely the same (with no overall scale factor) as that appear-
ing in the rotor Hamiltonian (11.1): H couples to a conserved total spin (or for the rotors
the total angular momentum), which, as we see, commutes with the rest of the Hamil-
tonian. The Si are Heisenberg spin operators whose basic properties were introduced in
Section 1.4.3. They satisfy the commutation relations (1.29) on each site i and act on the
2§ + 1 states (1.30) of the spin § representation on each site. The J;; are a set of transla-
tionally invariant exchange interactions between these sites.

We begin in Section 19.1 by showing how to set up a path integral for systems with
states restricted in the manner (1.30) and (1.31) on each site. Then Section 19.2 consid-
ers the properties of ferromagnets in which all J;; > 0, and the ground state is the fully
polarized state with all spins parallel and the total spin takes its maximum possible value.
The properties of antiferromagnets in which the ground state has negligible total spin are
discussed in Section 19.3 — these are likely to arise when all J;; < 0. Finally, Section 19.4
considers more complex situations with partial uniform polarization of the spins, which is
accompanied by a certain “canted” order in dimensions d > 1.

19.1 Coherent state path integral

We described the coherent state path integral in general in Section 9.2, and then applied it

to bosons in Section 9.2.1. An important feature of the path integral was the “Berry phase”
375
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term b'db/dt in (9.32), which accounted for the kinematics of ordinary bosons and played
an important role in the structure of the Mott insulating phases and the nature of their
transitions to the superfluid. In this section we apply the same method to spin systems via
“spin coherent” states. Many derivations of this path integral exist in the literature, but we
follow here the approach used in [395], which has the advantage of explicitly maintaining
spin rotation invariance. The reader is also referred to a collection of reprints [272] for
further information on coherent states and their relationship to path integrals.

We deal in this section with a single Heisenberg spin and therefore drop the site index.
In the formalism of Section 9.2, § is the vector of spin operators of representation S. We
construct the states |N) explicitly below, where we choose N to be a unit vector with N> =
1. Thus the coherent states are labeled by points on the unit sphere. With this definition,
(9.21) is modified here to

(N|SIN) = SN. (19.2)

The completeness relation (9.19) takes the form

dN >
/E'NMNl =1= Z |S, m)(S, m|, (19.3)
m=—S
where the integral of N is over the unit sphere. The state |N) is almost like a classical
spin of length S pointing in the N direction; indeed, the spin-coherent states are the mini-
mum uncertainty states localized as much in the N direction as the principles of quantum
mechanics will allow, and in the large-S limit, |N) reduces to a classical spin in the N
direction.
Let us now explicitly construct the spin coherent states. For N = (0, 0, 1), the state |N)
is easy to determine; we have

IN=(0,0,1)) =1[S,m = §) = |Vp). (19.4)

We have labeled this particular coherent state as a reference state |Wg) as it is needed
frequently in the following. It should be clear that for other values of N we can obtain |N)
simply by acting on |Wy) by an operator that performs an SU (2) rotation from the direction
(0, 0, 1) to the direction N. In this manner we obtain the following explicit representation
for the coherent state |N):

IN) = exp(z84 — 2*S_)| W), (19.5)

where the complex number z is related to the vector N. This relationship is simplest in
spherical coordinates; if we parameterize N as

N = (sinf cos ¢, sin 0 sin ¢, cos 6), (19.6)
then
0 .
7= —> exp(—i¢). (19.7)

We leave it as an exercise for the reader to verify that (19.5) satisfies (9.18), (9.19),
and (9.20); this verification is aided by the knowledge that the value of the expression
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exp(—ia- $)S exp(ia- S), where a is some vector, is determined solely by the spin com-
mutation relations (1.29) and can therefore be worked out by temporarily assuming that
the S are 1/2 times the Pauli matrices; the result, when expressed in terms of S, is valid for
arbitrary S.

It is useful for our subsequent formulation to rewrite the above results in a somewhat
different manner, making the SU (2) symmetry more manifest. Define the 2 x 2 matrix of

operators S by
. [ 5. S-S
S=(. 7. 7 7). (19.8)
Sy +iS,y -S.

Then (19.4) can be rewritten as

(NI SapIN) = SWap, (19.9)
where the matrix W is
N. N, —IiN
W= ¢ * "} =N.5, (19.10)
Ny +iNy,  —N,

where ¢ are the Pauli matrices. So instead of labeling the coherent states with the unit
vector N, we could equally well use the traceless Hermitean matrix W. Furthermore, there
is a simple relationship between W and the complex number z. In particular, if we use the
spin-1/2 version of the operator in (19.5)

U = exp [(_2* 8)] (19.11)

(U is thus a 2 x 2 matrix), then we find
W =Uo,U". (19.12)

Now let us apply these results to the path integral representation in (9.25) and (9.26).
Clearly, the T dependence of N(t) implies a t-dependent z(t) through (19.7). From (19.5)
we have therefore

d d X o
d—IN(T)> = —exp(z(1), S+ — 2" (1) S)| Vo). (19.13)
T dt

Taking this derivative is, however, not so simple. Note that if an operator O does not
commute with its derivative d O /dt then

d A dO .
—exp(0) # — exp(0). (19.14)
dt dt

The correct form of this result is in fact

4 exp(0) /
— eX —
dt P 0

! . do .
duexp(O (1 = u)—— exp(Ou), (19.15)
T
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where u is just a dummy integration variable. This result can be checked by expanding
both sides in powers of O and verifying that they agree term by term. More constructively,
a “hand-waving” derivation can be given as follows:

de (O) de é/ld

— ex = —ex u

dr P dt P 0
M

— tim 4 > OAu ith Au; = 1/M
_Mgnoodr exp U wi u =1/

i=1

M
~ lim —l_[exp(OAu,-)
=1

M—oo dT ;
M dé M
%Mlgnoozgl_!exp(OAui)EAuj.l_.j[LleXp(OAui). (19.16)
j=li= i=j

Finally, taking the limit M — oo, we obtain the needed result (19.15). Now using (19.13)
and (19.15) we find

T d
Sp = / de (NS IN))
0 T
T 1 A x
=/ dr/ du(N(z, )| <%S+ _ ais_) IN(z, 1)), (19.17)
0 0 ot ot

where N(z, u) is defined by
IN(z, 1)) = exp(u(z(1)81 — 2* (1)) o). (19.18)
From this definition, three important properties of N(z, u) should be apparent:

N(t,u = 1) = N(1),
N(z,u =0)=(0,0,1), and
N(z, u) moves with u along the great circle
between N(t, u = 0) and N(z,u = 1).
We can visualize the dependence on u by imagining a string connecting the physical value
of N(t) = N(zr, u = 1) to the North pole, along which u decreases to 0. Associated with
each N(t, u) we can also define a u-dependent W (z, u) as in (19.10); the analog of (19.19)

is W(rt,u =1) = W(r) and W(r,u = 1) = o,. A simple explicit expression for W (z, u)
is also possible: we simply generalize (19.11) to

0 z\|
U(r,u) =exp |:u (—Z* 0):| (19.19)
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then the relationship (19.12) gives us W(z, u). Now we can use the expression (19.9) to
rewrite (19.17) as

T el ra az*
Sp = S/ dr/ du | —Wy(t,u) — Wi (zr,u) |, (19.20)

0 0 aT aT
As everything is a periodic function of 7, we may freely integrate this expression by parts

and obtain
1T 1
Sp = —s/ dt/ duTr [( 8 Zm) 3 W(, u)], (19.21)
0 0 —z(r) 0

where the trace is over the 2 x 2 matrix indices. The definitions (19.12) and (19.19) can be
used to easily establish the identity

0 z(7) 1 IW (T, u)
=—W(,u)———, 19.22
(—z*(t) 0 ) PR (19.22)
which when inserted into (19.21) yields the expression for Sp in one of its final forms
o ! s oW aw
Sp = / dr/ du | S (Wi, )2V T W IW@ Wy | (19.23)
0 0 2 ou at

An expression for Sp solely in terms of N(z, ) can be obtained by substituting in (19.10);
this yields the final expression for Sg, which when inserted in (9.25) gives us the coherent
state path integral for a spin:

v ! ON ON
Sp = iS/ dr/ du N - (— X —) (19.24)
0 0 ou at

This expression has a simple geometric interpretation. The function N(z, u) is a map
from the rectangle 0 < v < 1/7T,0 < u < 1 to the unit sphere. As N moves from N(7)
to N(r + A7) it drags along the string connecting it to the North pole represented by the u
dependence of N(z, u) (recall (19.19)). It is easy to see that the contribution to Sp of this
evolution is simply i S times the oriented area swept out by the string. The value of this area
clearly depends upon the fact that the # = 0 end of the string was pinned at the North pole.
This was a “gauge” choice, and by choosing the phases of the coherent states differently,
we could have pinned the point # = 0 anywhere on the sphere. However, when we consider
the complete integral over t in (19.24), the boundary condition N(1/7) = N(0) (required
by the trace in (9.22)) shows that N(t) sweeps out a closed loop on the unit sphere. Then
the total T integral in (19.24) is the area contained within this loop and is independent of
the choice of the location of the u = 0 point. Actually this last statement is not completely
correct: the “inside” of a closed loop is not well defined and the location of the u = 0 point
makes the oriented area uncertain modulo 47 (which is the total area of the unit sphere).
Thus the net contribution of ¢°# is uncertain up to a factor of ¢!*"S. For consistency, we
can now demand that this arbitrary factor always equal unity, which, of course, leads to the
familiar requirement that 25 be an integer.
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19.2 Quantized ferromagnets
|

We turn to the lattice model Hg in (19.1) and consider the case of ferromagnetic interac-
tions where all J;; > 0. In this case, the state with all spins parallel I—[i |S, S); is the exact
ground state (see, e.g., [28]; we have assumed that the field H points along the spin quanti-
zation z-axis). The adjective “quantized” in the title refers to the fact that the magnetization
density, My (this is the magnitude of the expectation value of the total spin magnetization
> é,- divided by the system volume), is pinned at a simple value, which can be determined
a priori, and which does not vary as the exchange constants J;; are varied. In Section 19.4,
we meet examples of quantized ferromagnets in which the magnetic moment is quantized,
but not at a fully polarized value. Although fractional quantization is also possible, in every
case twice the average total spin moment per unit cell is an integer. The discussion in this
chapter applies to the low-energy properties of all such quantized ferromagnets, but we
only explicitly refer to the fully polarized case.

Apart from their quantized moment, the characteristic property of quantized ferromag-
nets is that the only low-lying excitation that carries spin is a “spin wave” that arises from a
slow rotation of the orientation of the ordered moment. Many readers may be familiar with
the fact that the wave function of a single spin-wave excitation can also be written down
exactly for a fully polarized, quantized ferromagnet. These well-known results also emerge
below. The purpose of our discussion is twofold: (i) to obtain a continuum field theory
of the low-lying excitations of the quantized ferromagnet, and to understand its behavior
under a scaling transformation, and (if) to use the continuum theory to enumerate system-
atically the parameters required to describe the low-T properties of such ferromagnets.

We begin by constructing the continuum field theory for the low-lying excitations above
the fully polarized ferromagnetic ground state. It is reasonable to expect that these will
consist of fluctuations in which the orientations of the spins vary slowly from site to
site. We start with a functional integral such as (9.25) for the spin orientation N;(t) on
each site i and perform a gradient expansion by introducing the continuum field N(x, 7).
Keeping terms up to second spatial derivatives we obtain for the partition function Z =
Tre~Hs/T [248]:

1/T
Z = /DN(x,r)S(N2 — 1)exp <—/ dr/ddx£p>,
0

1
oN oON
LF =iM0/ duN+ | —x — | —M)N-H+ &(VN)Z, (19.25)
0 du 0t 2
where Mo = S/v is the magnetization density of the ground state, v is the volume per site,
and ps is the spin stiffness. We introduced the analogous stiffness for the rotor model in
Section 11.2.3; here, the gradient expansion upon the partition function of Hg gives us
S2

Ps = = meZ

L (19.26)
2v & m

where the J,, are the set of exchange constants coupling a given site i to the other sites sep-
arated from i by (X1, Xm2, . . ., Xmd); the sum over m includes separate terms for X, and
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—Xm. The continuum theory (19.25) should really be regarded as a convenient schematic
representation of the quantum ferromagnet, and we will often need to go back to the under-
lying lattice model Hy to regulate short-distance singularities.

We consider the behavior of L under a rescaling transformation [399] at T = 0. The
continuum theory is characterized by two dimensionful couplings My and ps, and despite
the nonlinear constraint in (19.25), some special properties of the quantum theory make it
possible to determine their exact renormalization group flow equations (this should be
contrasted with the rotor theory (11.4) where no such exact results were available). First,
we noted at the end of Section 19.1 that the single-spin Berry phase was uncertain up
to an additive constant of 47 S, and this imposed the requirement that S be integer or
half-integer. Precisely the same argument applied to the Berry phase of the continuum
ferromagnet (19.25) in a hypercubic box of volume L¢ implies that 2MyL? must be an
integer (this is just a fancy way of saying that the continuum ferromagnet must model an
integral number of spins). This integer cannot change under any scaling transformation,
and as L transforms as a physical length, the invariance of ML leads to the exact flow
equation

7 dMy. (19.27)
This equation describes the quantization of the average magnetic moment at its fully satu-
rated value.

A closely related scaling equation holds for p;, and this follows from the exactly known
single spin-wave spectrum. To prepare for some future computations, we derive this by
going back to the lattice Hamiltonian, Hg, and then taking the continuum limit of the
resulting response functions. The most convenient formalism for computations is provided
by the Dyson—Maleev transformation [124,318] from the spin operators S; to Bose opera-
tors b;. Explicitly, the mapping is

A

S, = —S+blb. (19.28)

Along with the constraint IAJJIA?, < 28, this defines an exact mapping between the Hilbert
space of the spin S spins (25 + 1 states per spin) and the bosons (25 + 1 possible boson
occupation numbers); in practice, one does not even have to impose the constraint lA)lea, <
28, as all matrix elements out of the physical sector vanish. The reader can verify that
the operators in (19.28) do indeed satisfy the commutation relations (1.29). The rela-
tions (19.28) do not satisfy the hermiticity requirement S +i = (S_»)*, but this can be
repaired by performing a similarity transformation on the space of spin states. (The reader
should consult [17] for more information, as here we mainly use (19.28) as a black-box
tool.) Inserting (19.28) into (19.1), and Fourier transforming to momentum space by defin-
ing @(12) = vy bie ™% (these Bose operators then satisfy the canonical continuum
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commutation relations [13(/2), IA; (/? ) = (271)38‘1 (l_é — % )), the Hamiltonian becomes

dk

= Ezﬁﬂﬂﬂm—J@H+HﬁWE%B

S

+ v/]i[ d’k; Q)89 (k) + ky — k3 — ka)[J (k) — J(k1 — k)]
) i (27_[)(1 1 2 3 4 1 1 4

x b (k)b (k2)b(k3)b(ks), (19.29)
where all momentum integrals are over the first Brillouin zone of the lattice, and

JE =Y dpeiFn, (19.30)

This bosonic form for Hg can be analyzed by the methods developed in Chapter 16 for
(16.1). The ground state is the vacuum, |0), with no b particles (the fully polarized ferro-
magnet), whereas the lowest excitations are single boson states, bt (l?)|0) (“spin waves”),
which are exact eigenstates of Hg with energy e = S(J(0) — J (I;)) + H. We have g; > 0
for all k£, which indicates that the choice of the no boson state as the ground state is a
consistent one. At T = 0, the one-particle propagator is given exactly by the free-particle
propagator, as in (16.51), for there are no other particles present. Taking the small momen-
tum limit of this propagator, and using the correspondence between the continuum fields

bk, on) = (Mo/2) />Ny (=k, ), (19.31)
which follows from our definitions above (N+ = N, =i N, ), we obtain an exact result for
a two-point correlator of (19.25):

2

N_(—k, —w,) N4 (k, - .
Nk =N o)) = =

(19.32)

This represents the propagation of spin waves with the exact dispersion &; = (py/Mo)k* +
H . The consistency of this dispersion with the scaling transformation requires dim[H] = z
(as before in (11.29)) and the exact scaling equation

dps

— = —2)ps. 19.
T (d+z—=2)ps (19.33)

Because the spin wave disperses quadratically with momentum at small %, it is convenient
to choose z = 2 (other choices are also permissible, as physical observables will have
compensating scale dependence arising from that of py).

The exact results (19.27), (19.32), and (19.33) are strongly reminiscent of the behavior
of the Bose gas in Section 16.9. In both cases, the simplicity is due to the fluctuationless
nature of the ground state and the exactly known single-particle excitations. For the case of
the Bose gas we had an additional nonlinearity #, whose renormalization was determined
by examining the two-particle scattering amplitude. In the present situation, the dimen-
sionful parameters p; and My determine both the single-particle dispersion (19.32) and the
strengths of the nonlinear couplings. It might therefore seem that the finite-T properties of
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(19.25) must be given by universal functions of T and the bare couplings p; and My, con-
sistent with the requirements of scaling and engineering dimensional analysis. However,
this is the case only if a short-distance cutoff scale (explicitly present in (19.29) but not
in (19.25)) does not influence the low-energy properties. Such a scale might be required
to cut off large momentum (ultraviolet) divergences of momentum integrals over virtual
excitations. Motivated by the structure of the Bose gas problem in Section 16.3, we look
for ultraviolet divergences in the two spin-wave scattering amplitude at 7 = 0 (we need
not consider 7 > 0 explicitly as the finite-7" corrections all involve Bose functions that
fall off exponentially at large momentum). For the Bose gas problem we found ultraviolet
divergences for d > 2, and this identified d = 2 as the upper-critical dimension below
which the universality of the continuum theory was robust.

We compute the on-shell 7 matrix of two spm waves commg in with momenta kl and
k» and scattering into spin waves with momenta k1 +¢ and ky — G- Conservation of energy
requires

Jky) + J (ko) = J (ki +§) + J (ko — §). (19.34)

To zeroth order in 1/, the Hamiltonian (19.29) gives us the bare 7' -matrix element v[J (I; 1+
q)+ J(ky — q)— J(l_él +q— k) — J(q)]. The first order in 1/S correction to the T matrix
is given by the first diagram in Fig 16.3, and by standard quantum mechanical perturbation
theory [502], it evaluates to (this expression is the analog of (16.45))

d‘q,
S 2m)d

[J(k1+q)+J(k2—q) Jki+§ —ka+q1) — J@G — ql)]
J(ky) + J (k) — J (ki +G1) — J (ko — 1)

To understand the 1mpl1cat10ns of this result for the continuum theory (19.25), we allow
the external momenta k1 s kz G to become small, but for the moment we allow the internal
momentum ¢; to be large. Then there is a term from (19.35) that is quadratic in external
momenta; however, this can be seen to vanish after use of the identity f ddc]le_’ﬁl T = ()
(valid because all the X,, # 0). Clearly the lattice regularization is crucial in obtaining
this result, and it is mainly this step which cannot be deduced from the continuum theory
(19.25). The next term is quartic in external momenta, and it simplifies to

i1 X T - 7 - 2
v o dhq [ Jme T k- Bn) (K2 - )]
S J @n)d >, I (1 — e=idn-im) :

(K1 +G1) + J(ka — §1) — TGy 4+ G1 — k2) — J(@G1)]

(19.35)

(19.36)

We take the small-g; limit of (19.36) and obtain the result for the correction to the two
spin-wave T matrix [280] at low momenta:

- ddql 1
k2)? - 19.37
2) / e (19.37)

this expression involves only couplings present in L in (19.25) and so could also have
been obtained directly from the continuum quantum theory after ignoring ultraviolet diver-
gences in terms lower order in the external momenta. The integral in (19.37) is dominated



384

Heisenberg spins: ferromagnets and antiferromagnets

by the ultraviolet for d >2 and so we have to return to the lattice expression (19.36).
However, it is ultraviolet finite for d < 2, and the continuum theory is insensitive to lattice
perturbations; the infrared divergence will of course be cut off by the external momenta,
which have not been kept in the propagator in the above approximation. Thus, as in the
case of the dilute Bose gas in Section 16.3, we see the emergence of d =2 as a critical
dimension.

It is very useful to interpret (19.37) in renormalization group sense. If we imagine we are
integrating out virtual spin-wave fluctuations between momentum scales A and Ae~¢ (A
is a momentum cutoff), then these become the boundaries of the integration in (19.37), and
the result generates a four-gradient term to L. The generated term cannot be quadratic
in N, as that would modify the exactly known spin-wave dispersion. The simplest terms
that modify only the two spin-wave scattering amplitude are quartic also in N; by noting
the momentum dependence on (19.37), using the low-momentum limit of the energy con-
servation equation (19.34), and imposing the restrictions of rotational invariance, a simple
analysis shows that the generated term is [399]

Lr — Lr + MVaNgVaNgVNgVpNg — 2V4 Ny Vi No VaNg Vi Np), (19.38)

where A is a new coupling constant of the continuum theory. Converting from scattering
amplitudes of b to N quanta using (19.31), (19.38), and (19.37) implies the flow equation

d* d—2)x 19.39
T = ( A+ Vo (19.39)
As with (16.47), this flow equation is believed to be exact. So for d < 2, A is attracted to
a universal critical value, and the parameters p; and M, completely determine the low-
energy physics of the continuum theory (19.25). However, A becomes large at long dis-
tances for d > 2, and its bare value is important for it is responsible for temperature-
dependent corrections to the magnetization computed by Dyson [124].
For d < 2 these considerations imply that we may write down universal scaling forms
for the continuum ferromagnet (19.25). The usual scaling and dimensional considerations
imply for the free energy density [399]

Ps H
F=xTMy®sm (W T) (19.40)
where @ ¢, is a universal function; corresponding results follow for observables that are
derivatives of the free energy. Actually, our arguments for universality have really been
made in an expansion in powers of 1/, and so the result (19.40) only holds as an asymp-
totic expansion in inverse powers of /(M| =2/ dT), and this is represented by the sym-
bol <. Indeed, (19.40) is expected to be true to all orders in ps/(Méd_z)/dT), but this is
not the same thing as being exactly true. Lattice effects become significant when T ~

ps/ M, (d=2)/d , for then the wavelength of the characteristic spin wave is of order M, \/ d
Wthh is of order a lattice spacing; these effects appear as essential singularities and destroy
strict equality for (19.40). Some short-distance regularization at the scale Mé/ s always
required for any consistent theory of quantum ferromagnets [191]. Similar considerations
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apply for expansions in 1/N [27,29,504], and for ferromagnets with more complicated
replica and supersymmetries [184, 185].

Finally, we briefly note that effective classical models for thermal fluctuations in ferro-
magnets can be derived for T < pg/ Méd%)/ d, precisely as was done for the rotor models
in Part I[I. In d = 1 we would get the effective theory (6.45) with § = ps/T [497], while
in d = 2 we would obtain the model (13.8) [277] with a A% that can be computed from
(19.29) by methods parallel to those in Section 13.1.1.

19.3 Antiferromagnets
I —

This section considers models Hg in (19.1) with all J;; < 0. Classically (i.e. in the limit
S — 00), such models minimize their energies by making nearest-neighbor spins acquire
an antiparallel orientation. On bipartite lattices (i.e. lattices that can be split into two equiv-
alent sublattices so that all nearest neighbors of any site on one sublattice belong to the
other sublattice) with nearest-neighbor interactions, the antiparallel constraint is easy to
satisfy: the spins simply point in opposite directions on the two sublattices. Note that any
pair of spins is either parallel or antiparallel, and so such an ordering is collinear. We
begin in Section 19.3.1 by exclusively considering quantum antiferromagnets whose clas-
sical ground state is collinear. Such an ordering is expected to be present at least over
short distances in the quantum case. Noncollinear ordering arises on nonbipartite lattices
or even on bipartite lattices with further neighbor interactions. Such antiferromagnets are
classically frustrated and possess ground states in which the spins are coplanar (as on the
triangular lattice with nearest-neighbor interactions) or, in some rare cases, can even form
structures that are three-dimensional in spin space. We consider the noncollinear cases in
Section 19.3.4.

19.3.1 Collinear antiferromagnetism and the quantum nonlinear sigma model

For definiteness, we begin by considering antiferromagnets on a d-dimensional hypercubic
lattice with only a nearest-neighbor exchange J;; = —J < 0; other collinear antiferromag-
nets can be treated in a similar manner. In the classical limit of large S, as noted above, the
ground state has spins oriented in opposite directions on the two sublattices: this is the so-
called Néel-ordered state. For smaller S this orientation should survive at least over a few
lattice spacings, suggesting that a continuum description of the quantum antiferromagnet
may be possible [6, 7, 192]. We therefore begin by introducing a parameterization of the
unit length spin field N; (t) that captures this local ordering. We write

N; (x, ) = Ain(x;, r))\/l —(a?/8)2L2(x;, T) + (ad/S)L(xl-, 7), (19.41)

where A; equals £1 on the two sublattices and a is the lattice spacing. The fields n(x;)
and L(x;) parameterize the staggered and uniform components of the Heisenberg spins.
The prefactor of a?/S has been associated with L so that the spatial integral of L over
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any region is precisely the total magnetization inside it. Both fields are assumed to be
slowly varying on the scale of a lattice spacing. This is certainly true as S — oo, and it is
hoped that this assumption remains valid down to S = 1/2. Consequently, we treat n(x, 7)
and L(x, t) as continuum quantum fields that can be expanded in spatial gradients over
separations of order a. These continuum fields satisfy the constraints

n’ =1, n-L=0, (19.42)

which combined with (19.41) imply that Ni2 = 1 is obeyed. Further, spins on nearby sites
are expected to be predominantly antiparallel, and so the uniform component L should be
small; more precisely we have

L? « $%a=2, (19.43)

The field n(x, t) clearly plays the role of the order parameter associated with Néel order-
ing. Note that although n varies slowly on the scale of a lattice spacing, values of n on
well-separated points can be considerably different, leaving open the possibility of a quan-
tum paramagnetic phase with no magnetic long-range order. Magnetic Néel order requires
that the time-average orientation of n(x, ) is correlated across the sample. Whether this
happens is determined by the effective action for n fluctuations, which we now derive.

We insert the decomposition (19.41) for N; into Hg(SN; (7)) and expand the result in
gradients, and in powers of L. This yields

JS2 2—d
Hg = /ddx |:+(Vxn)2 +2dJa’L? —H-L

= 1/d‘1x [E(vxn)2 + 82 2H-L] ) (19.44)
2 g N
In the second equation we have introduced the couplings ¢=2+/dJSa and g=
(N/8)2v/da®~". The notation is informative and anticipates our eventual mapping of the
present model to the rotor models in (2.12) and (11.4). In the present case N = 3, but we
introduced a general factor of N for notational consistency with Part II. If we had used
a different form for Hg with modified short-range exchange interactions, the continuum
limit of H would have been the same but with new values of g and c.

To complete the expression for the coherent state path integral of the antiferromagnet in
the continuum limit, we also need the expression for Sp in terms of n, L. We insert (19.41)
into (19.24) and retain terms up to linear order in L. This yields

1/T 1 9 oL
SB=S};+i/ddx/ dr/ duln. (2% 2
0 0 ou ot

oL  0On on 0n
o — x — L-(—x—]|, 19.45
n (8u x 31) + <8u x 31)] ( )

;o d ! on(x;)  on(x;)
SB:zSXi:Ai/O dr/o dun(xi).< o X ) (19.46)

where
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The evaluation of 81/3 in the continuum limit is a rather subtle matter, as the leading A;
in (19.46) shows that it is the sum of terms that oscillate in sign on the two sublattices.
The naive assumption would be that these oscillating terms just cancel out, and therefore
Sp = 0 in the continuum limit. For some purposes this assumption is in fact adequate,
but there are a number of important cases where S} is nonvanishing and is crucial for
a complete understanding of the physics. We postpone a careful evaluation of S}, to the
following subsections where we consider its consequences in d = 1 and d = 2 separately.
Let us first simplify the other terms in (19.45) a little further.

We use the fact that the vectors L, 0n/dt, and dn/du are all perpendicular to n; hence,
they lie in a plane and have a vanishing triple product:

0 d
L. (2,9 2. (19.47)
ou 0t

Using (19.47) in (19.45) we find

1/T 1 ) on
_ </ : d e 2=
SB—SB+l/dx/0 dr/o du[at<n (auXL))
2 (n (L™ (19.48)
du \ ac ) )| '

The total 7 derivative yields O after using the periodicity of the fields in T, while the total
u derivative yields a surface contribution at ¥ = 1. This gives finally

1/T 9
Sp =8y — i/ddx/ drL- (n X 8—“) (19.49)
0 T

Putting together (19.44) and (19.49) in (9.25) we obtain the following path integral for the
partition function of the antiferromagnet:

Z = | DaDLS@m? — 1)8(L-n) exp(—Sy — S)),
1 fur N 9

S = —/ dr/ddx v+ B2 oL (nx 2 _iH)|. 1950
2 0 8 N 0T

The functional integral over L can be carried out explicitly (after imposing the constraint
L.n =0, e.g. by adding a term w(L - n)? to the Hamiltonian and taking the limit w — oo
after carrying out the integral) and we obtain the final result of this section [6,7, 192]:

Z= /DmS(n2 — Dexp(=Sy — Sp),

1/T
S = /dr/ddx [c*(Vem)? + (3:n — iH x n)°]. (19.51)
2cg Jo
Note that S, is identical to the rotor model action studied in (11.4). However, before we can
carry over all the results of Part II here, we have to examine the consequences of S};, and
this is done separately in the following two subsections in dimensions d = 1 and d = 2,
respectively.
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19.3.2 Collinear antiferromagnetismind =1

It is simpler to evaluate S in d =1 by a geometric argument, rather than by working
directly with the formal expression (19.46). We have already argued below (19.24) that the
contribution of each site i in (19.46) equals A; S times the area on the unit sphere contained
inside the close loop defined by the periodic time evolution of n(x;, 7). We define this area
to equal A;. Let us examine the contribution of two neighboring sites, i and i + 1, to Sj.
The weight A; will have opposite signs on these sites, and so the net contribution will be
the difference of the areas. We can further assume that the order parameter field n(x;) only
varies slightly between i and i 4+ 1. Under these conditions, and using the definition of an
area element on the sphere, we have (after defining An(x;) = n(x;+1) — n(x;))

on(x;)
at )

T
Ait1 — A %/ drn(x;) - (An(Xi) X
0

wafdfn(xi). <3‘;S‘_") x 8“8(:")) (19.52)

The summation in (19.46) can be carried out over pairs of sites. All terms are of the same
sign and therefore the summation can be easily converted into an integral. In this manner
we obtain our final result for S}z ind =11[6,7,192]:

6 v 9 3
S =i—/dx/ dmn- (2 ), (19.53)
4 0 dx 0t
where 6 = 27 S.

Some comments and/or cautions about the derivation leading up to (19.53) are in order.
The arbitrary way in which the sites in (19.52) were paired suggests that the answer is
sensitive to the boundary conditions, and depends upon whether there are an even or odd
number of sites in the system. There are indeed interesting boundary effects in the physics
of antiferromagnetic spin chains [13, 14, 188], but we will not discuss them here. The
overall sign of the answer in (19.53) also depends upon the sign of A;, but, as we see
shortly, the physics does not depend upon the sign of 6. Finally, the result (19.53) can also
be derived by analytic computations from (19.46). We can write the oscillating sum as half
the spatial integral of the spatial derivative of the contribution of each site (by the same
arguments leading to (19.52)). Then using the fact that the triple product of an/dx, on/dt,
and on/du must vanish we can obtain (19.53) using manipulations similar to those leading
to (19.49).

In its present form, S} is the so-called topological 6-term, familiar in particle theory
literature. The coefficient of 6 in (19.53) computes a simple topological invariant, which,
for periodic boundary conditions in space, is always an integer. If we consider the field
configuration n(x, 7) as a map from two-dimensional spacetime, with periodic boundary
conditions, to the surface of a unit sphere, then the topological invariant is simply the
number of times spacetime has been wrapped around the sphere. It is useful to visualize
the simplest configuration of n(x, t) corresponding to the topological invariant of unity.
Let the unit sphere be placed on an elastic sheet, representing spacetime. Now fold up the
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sheet to cover the sphere once. The orientation of n at (x, ) is given by the point on the
sphere adjacent to the point (x, ) on the sheet. Such a spacetime configuration represents a
tunneling event: deep in the past, or far in the future, n points to the North pole; however, at
some time, in a certain compact region of space, the n orientation tunnels all the way to the
vicinity of the South pole and back; configurations with larger topological invariants can
be similarly interpreted. The result (19.17) implies that each such tunneling event yields
a factor of ¢! = (—1)5 to the path integral for the partition function. This is the only
consequence of the S term. Of course, the terms in S, give the usual positive weights
(in imaginary time) also present for the rotor model. Note that as 6 is always an integral
multiple of 7, the sign of 6 does not change the value of ¢’?.

We are now able to state our principal conclusions, first reached by Haldane. For integer
S, the phase factor with topologically nontrivial tunneling events is simply unity, and the
theory reduces to the rotor model action S,, which has been studied in some detail in
Chapters 11 and 12. For half-integer S, however, there are clearly substantial differences.
But the present formulation of the theory in (19.51) is not a particularly convenient way
of exploring the physics; it does, however, tell us that the low-energy properties of all the
half-integer cases are the same. We explore the S = 1/2 case in Chapter 20 by alternative
methods.

We anticipate these results by sketching the renormalization group flows for the dimen-
sionless coupling g for the cases & = 0 and & = = in Fig. 19.1. For the case of integer
S, where 8 = 0, the flow just represents (12.8): all values of g flow eventually to strong
coupling, and as we saw in Chapter 12, there is always an energy gap above the ground
state. For the case 8 = m, the perturbative flow at small g is the same as before, as it is
independent of 6. However, more sophisticated considerations [8, 12, 133,554] discussed
in Chapter 20 show that there is a fixed point at g = g., of order unity, that attracts all
couplings with g < g.. We also see that the ground state is then a so-called Tomonaga—
Luttinger liquid and has gapless, linearly dispersing excitations. For g > g, (and 6 = )
the flow is again to strong coupling, and the ground state will be seen to be a “spin-Peierls”
state with an energy gap to all excitations (such a state is described below for d = 2).

We conclude by reviewing more explicitly the implications of the results of Chapters 11
and 12 for antiferromagnetic chains of integer spins. The mapping between correlation

06=0
——» b p D
0 Quantum paramagnet with an energy gap
g9
0=r
o> » @ > > >
0 Tomonaga— o spin-Peierls
Luttinger liquid
g9

Renormalization group flows for the dimensionless coupling g in (19.51) ford = 1 with S given by (19.53). For
6 = 0, the flow is given by (12.8), and there is always an energy gap above the ground state. For @ = s, thereisa
fixed pointg = g, and nearit the flow is dg/d¢ o< (g — g.)>.
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functions of the two theories is provided by (19.41). From this, we see that the correlator
Xu defined in (12.1) also specifies the fluctuations of the magnetization of the spin chain.
At wavevector k this is a correlation function of the ; spins near the wavevector g = k.
Further, the correlations of the order parameter n, given by x in (11.2), at wavevector k
map onto correlations of S; at wavevector q = k+ O, where Q = m/a is the ordering
wavevector of the classical antiferromagnetic chain; all of the results for the rotor correla-
tion functions in Chapter 12 can therefore be applied to integer spin antiferromagnets. We
saw in Chapter 12 thatthe d = 1, N = 3 quantum rotor model always had a gap. The same
is therefore true of integer spin antiferromagnetic chains — this is the so-called Haldane gap
(we see in the following chapter that half-integer spin chains can be gapless). The T = 0
spectrum of the integer spin antiferromagnets is qualitatively the same as that discussed in
the strong coupling expansion in Section 6.1: the lowest excited states are a triplet of § = 1
particles with infinite lifetime; for the spin chain, this particle appears as a pole in the S-S
correlation function, which has its minimum at ¢ = 7 /a. Higher excited states consist of
multiparticle continua of this triplet of particles.

19.3.3 Collinear antiferromagnetism ind = 2

We consider the properties of the theory (19.51) on the d = 2 square lattice.

This requires evaluation of the oscillating sum in Sj; in (19.46). Using techniques very
similar to those used ind = 1, it is not difficult to establish an important result: S, vanishes
for all smooth spacetime configurations of n(x, t). Simply evaluate (19.46) row by row on
the square lattice. The sum on each row is precisely the same as that carried outin d = 1
and equals (19.53) on each row, up to an overall sign. Moreover, because of the structure of
the sublattices, this overall sign oscillates as we move from row to row. Now, note that the
arguments in Section 19.3.2 imply that the contribution of each row is quantized in integer
multiples of 6. If, as we are assuming, n(x, t) is smoothly varying, the contribution of the
rows must also change smoothly as we move from row to row. This is only compatible
with the quantization if each row yields precisely the same integer. Hence their oscillating
sum appearing in S vanishes.

However, this is not the end of the story. There are important singular configurations
of n(x, 7) that do yield a nonvanishing contribution to Sj. We postpone discussion of
the important consequences of these contributions to later in this section. We first ignore
the effects of Sj; and discuss below the implication of the results of Parts II and III for
square lattice antiferromagnets. We see later that most conclusions reached in this manner
are qualitatively correct away from the quantum phase transition, but that neglect of S}, is
justified only for even integer S on the square lattice.

Antiferromagnets without Berry phases

The properties of the N = 3, d = 2 quantum rotor model were first discussed using the
large-N expansion in Chapter 11, and then in some more detail in Chapters 13, 14, and 15.
The most significant feature of these results was the existence of a quantum phase transition
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at a critical value g = g, separating a magnetically ordered ground state from a quantum
paramagnetic ground state.

The magnetically ordered state of the rotor model corresponds to a “Néel” ground state
of the antiferromagnet. This is a state in which the spin-rotation invariance of the Hamil-
tonian (19.1) is broken because of a nonzero, expectation value of the spin operator, which
takes opposite signs on the two sublattices. From (19.41) we see that

(Si) o< 48 (n(x;)) = SNoe., (19.54)

where e; is a unit vector pointing in the e, direction (say) of spin space. Note that there
was no state with such a broken symmetry in d = 1. The missing proportionality con-
stant in (19.54) depends upon microscopic details and is not of any importance. In Part II
we expressed physical properties of the rotor model on the ordered side in terms of Np;
these can be applied unchanged to the antiferromagnet simply by replacing Ny by the
actual expectation value of A; (S ). Asind = 1, correlators of L at wavevector k map
onto correlators of S at qg= k, whereas correlators of n at map onto ¢ = k+ Q with
é = (mw/a, m/a) the ordering wavevector. As was the case for the rotor model, the bro-
ken rotational invariance is restored at any nonzero temperature, and the antiferromagnet
instead acquires an exponentially large correlation length given by (13.10) and (13.20). In
these results, we take for the value of p; the actual T = O spin stiffness of the quantum
antiferromagnet. The nonzero temperature static and dynamic correlations are described
by (13.1), with the function ®_ as described in Chapter 13.

Numerical studies of square lattice antiferromagnets with nearest-neighbor antiferro-
magnets have shown fairly conclusively that the ground state has Néel order for all values
of S including § = 1/2 [230,401]. Thus it appears that all such antiferromagnets map onto
the rotor model with g < g.. For § = 1/2 it has been argued [85, 86] that the value of
g is sufficiently close to g, so that the universal crossover between the low- and high-T
limits of the continuum rotor field theory shown in Fig. 11.2 can be observed with increas-
ing temperature. For larger S, the antiferromagnets appear to go directly from the universal
low-T region on the ordered side of Fig. 11.2 to a nonuniversal lattice high-T region [128].

Clearly, it would also be physically interesting to find collinear antiferromagnets that
map onto rotor models with g > g, and therefore do not have Néel order in their ground
state. A convenient choice, studied extensively in the literature, has been the square lattice
antiferromagnet with first- and second-neighbor antiferromagnetic exchanges, labeled J;
and J,, respectively. The classical limit of this model has collinear Néel order for all J5/Jy,
and so the quantum fluctuations should continue to be described by (19.51). Numerical and
series expansion studies [80,84,101,137,161,162,296,346,383,454,455] for S = 1/2 have
shown that this model loses order (19.54) around J>/J; = J. =~ 0.4. Hence we can identify
the point J>/J; = J. with the quantum critical point g = g, of the rotor model. The
quantum paramagnetic state of the rotor model should therefore yield the characteristics of
the antiferromagnet with J>/J; just above J.: spin rotation invariance is restored, and there
is a gap to all excitations. Nonzero temperature properties are described by (13.3) with A
the actual energy gap of the antiferromagnet.

One important property of the quantum paramagnetic state of the rotor model deserves
special mention, as it has crucial implications for the corresponding antiferromagnet. Recall
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that the excited states of the rotor model were described in terms of an N-fold degenerate
quasiparticle and its multiparticle continua. This leads to the spectrum shown in Fig. 7.1
and discussed in the strong-coupling expansion of Section 6.1. There is an infinitely sharp
delta function in Imy (k, @) at the position of the quasiparticle energy @ = gx. For N = 3,
this is clearly a quasiparticle with total angular momentum S = 1; so the dominant excita-
tion of this phase of quantum antiferromagnet is an S = 1 particle with its energy minimum
atg = é, and this leads to a delta function in the dynamic spin susceptibility at wavevec-
tors near Q Note that this S = 1 particle exists for all values of the spin S of the individual
spins of the underlying antiferromagnet. This gapped S = 1 excitation should also be
contrasted with the spin-wave excitations of the ordered Néel state, which are gapless and
twofold degenerate, and do not carry definite total spin (although they are eigenstates of
total §Z, with eigenvalues 41 for a Néel state polarized in the z direction).

Berry phases and valence bond solid order

‘We now turn to a careful evaluation of S};, and a discussion of its consequences.

We consider the case of the square lattice with nearest-neighbor exchanges and possible
further-neighbor exchanges that do not destroy the collinear, two sublattice ordering of the
classical Néel state. We have already argued above that Sy, vanishes for smooth spacetime
configurations of n(x, t). We should therefore consider singular configurations, and for the
case of a three-component vector order parameter, the only topologically stable possibility
is the so-called hedgehog singularity [193]. This is a singularity occurring at a point in
spacetime and corresponds to a tunneling event in which the Skyrmion number, Y, of a
given time slice of n(x, ) changes. The latter is defined by the spatial integral

1/2 <8n 8n>
Y(r) = — [ d®mn. [ — x — ). (19.55)

4 dx1 R%)

Comparing (19.55) to the topological 6 term in d = 1 of (19.53) we see that the two expres-
sions are identical except that we now have an integral over space only, whereas earlier we
had a spacetime integral. By the same arguments as made below (19.53), Y is an integer
for periodic boundary conditions in space. Let us describe a hedgehog tunneling event in
which Y changes from 1 to 0, in a pictorial language used by Haldane [193]. As below
(19.53), we can represent a configuration with ¥ = 1 as an elastic sheet (now representing
space, rather than spacetime) wrapped on a sphere. In reality, the spins lie on a lattice, and
so the elastic sheet has a fine square mesh on it. Now imagine a tunneling event in which
one square on the mesh expands and allows the sphere to pass through; the resulting con-
figuration will have its Y changed to 0. It remains to evaluate the summation in (19.46)
for the evolution of n(x, t) just described. Actually, we cannot consider hedgehog tunnel-
ing events singly, as then the periodic boundary conditions in 7, required for a meaningful
evaluation of (19.46), will not be satisfied. We therefore consider a sequence of events at
well-separated times, centered at the midpoints of plaquettes labeled a, and involving a
change in Skyrmion number AY, such that ), AY, = 0. These events are to be con-
sidered as saddle points in the evaluation of the coherent state path integral of the lattice
antiferromagnet. The configuration of n(x, ) at the saddle point minimizes the action, and,
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provided the hedgehogs are well separated, it can reasonably be expected to have fourfold
rotational symmetry about the plaquette a around which the tunneling occurs. As at the
beginning of Section 19.3.2, let us write Sy, as

Sp =5 MAi, (19.56)
i

where 4; is the contribution of site i. Now we can evaluate .4; by following the area swept
out on the unit sphere by each site on the elastic sheet during the tunneling event. From this
it is simple to see the following important intermediate result: the lattice configuration of
A; has a vortex of strength 47t AY,, around plaquette a. As the sum in (19.56) cannot change
from smooth changes in the lattice configuration of .4;, we need only take a representative
configuration that has the proper vortex singularities; for instance, we can take

xi1 — Xq1

A =2 AY, arctan (—), (19.57)
l Xa: ¢ xi2 — Xa2

where x;1 2 are the components of the lattice points x;, and X, is the position of the center

of plaquette a. We have to insert (19.57) into (19.56) and evaluate the sum over i. This is a

mathematical step, and the details are given by Haldane [193]. It is not difficult to see that

the result takes the form

Sy = inSZAYa;a. (19.58)

The values of ¢, depend upon the coordinates of plaquette a; a number of choices for
these values are possible, but ¢~SB remains the same provided )", AY, = 0. A particular
choice is ¢, = 0, 1, 2, 3 if the coordinates X, are (even, even), (even, odd), (odd, odd),
(odd, even).

Now to evaluate the partition function, we have to sum over all possible hedgehog
events, while including the phase factors arising from eS
and Sachdev [396,397] showed how such a summation could be carried out systematically
in a certain large-N expansion. Describing this here would take us too far afield, and we
refer the reader to a review article [429] for fairly explicit details. The hedgehog events
are completely suppressed by the action arising from S, for g < g., and therefore they
have no significant consequence for the Néel phase. In contrast, for g > g, these events
proliferate, and it has been shown in the quoted papers how the Berry phases in (19.58)
necessarily lead to a spontaneously broken lattice symmetry unless S is an even integer.
For S an even integer, (19.58) is always an integral multiple of 2mi, and so Sg has no
effect — the properties in this case are therefore the same as the rotor model, and there is no
broken lattice symmetry [13].

Let us now describe the ordering associated with the broken lattice symmetry. The
ordered state was originally referred to as “spin-Peierls,” but it is now universally called a
“valence bond solid” (VBS). Consider the quantity

 with each such event. Read

A

Pj=(Si-S;). (19.59)

Note that P;; is a scalar under spin rotations, and so a nonzero value does not break a spin
rotation symmetry. The Hamiltonian Hg in (19.1) is also invariant under a group of lattice
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or

25(mod 4)=1,3

*—o—o—o

*—o—o—o
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25(mod 4) =2 25(mod 4)=0

Quantum paramagnetic ground states of the square lattice antiferromagnet as a function of 25(mod 4). The values of
P;j on the nearest-neighbor links are schematically indicated by the different kinds of line on the links; those on thick
lines are larger than those on thin lines, and weakest are on the empty links.

symmetries (involving lattice rotation, reflection, and translations), and the values of the
P;; for all pairs sites i, j should, in general, also respect these symmetries. A VBS state
is one in which the values of P;; break a lattice symmetry; this broken symmetry will be
observable experimentally in lattice distortions whose pattern will reflect that in P;;. This
distortion arises from the coupling between the spin exchange energy and phonon displace-
ments, which have not been included in the Hamiltonians we are considering here. For the
case of a square lattice, the simplest possible patterns of VBS order are shown in Fig. 19.2.
For § = 1/2, like values of P;; line up in columns or plaquettes, which clearly break
symmetry of rotation by 90 degrees about each lattice point; the ground state is fourfold
degenerate, and a similar VBS ordering is expected for all half-integral S. If it was possible
to obtain a quantum paramagnet for S = 1 (or other odd integer S) by a continuous transi-
tion from a Néel state, then it is predicted to have a twofold degenerate ground state, with
the P;; on the horizontal bonds differing from those on the vertical bonds (see Fig. 19.2).
Finally, only for even integer S is the paramagnetic state nondegenerate and breaks no
lattice symmetry [13, 14]. Related results exist for quantum paramagnetic states accessed
from other collinear states on the square or other lattices. In all cases there are special val-
ues of § for which the quantum paramagnet is nondegenerate and has no VBS order; these
special values extend to all values of S only for lattices with small symmetry groups.

One concern about the above arguments for the ubiquity of VBS order in collinear
S =1/2 antiferromagnets is that it relies on a semiclassical large-S limit to evaluate the
Berry phase, and this could break down at small S. This issue has been addressed by stud-
ies designed to directly study S =1/2 quantum antiferromagnets either by phenomeno-
logical [271,406] or large-N approaches [395]. Neighboring spins are assumed to form
singlet bonds in pairs, and then the low-lying, spin-singlet excitations arise from reso-
nance between different arrangements of the bonds (the “resonating valence bond” picture
[22,38]). From both approaches, the quantum dimer model [406] appears as an effective
Hamiltonian for the low-energy spin-singlet states. This latter model can be studied quite
reliably by a series of duality transformations [151,397,434,556] and an “instanton” gas
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model emerges that is, quite remarkably, equivalent to the hedgehog gas model obtained
above from a semiclassical perspective. In particular, each instanton has a Berry phase that
is given precisely by (19.58). In this context, the phases in (19.58) are a consequence of the
constraint that each S = 1/2 spin can form a valence bond with exactly one of its neigh-
bors, whereas here we obtained (19.58) from a very different coherent state path integral.
The identity of these two distinct approaches reinforces our confidence in the correctness of
(19.58), and in the presence of VBS order for S = 1/2, which follows quite robustly [397]
from it. The quantum dimer model has also been examined in exact diagonalization stud-
ies, and again the evidence for VBS order is quite convincing [297]. A review of the current
status of VBS ordering in two-dimensional ordering may be found in [430].

With the appearance of VBS order, do our conclusions on the nature of the spin exci-
tation spectrum in the paramagnet without Berry phases discussed earlier still apply? The
answer is yes: the lowest spinful excitation remains an S = 1 quasiparticle which con-
tributes a delta function to the spectral density of the spin correlation. However, higher
energy excitations, and the nature of the approach to the quantum critical point are signif-
icantly affected by the Berry phases. We defer further discussion of these subtle issues to
Section 19.3.5, after we have considered noncollinear antiferromagnets.

19.3.4 Noncollinear antiferromagnetism in d = 2: deconfined spinons and visons

We turn to consideration of quantum antiferromagnets that have more complicated ordered
magnetic states than those described so far. We consider models (19.1) on nonbipartite
lattices or with further-neighbor interactions so that simple collinear states are not likely to
be the ground states. Throughout, we only consider states that do not have a macroscopic
magnetic moment (i.e. the expectation value of ), S in any low-lying state is not of the
order of the number of sites in the system). Such states are expected to be preferred in
models with all J;; < 0. Also, we only consider the case of d = 2 here, as d = 1
antiferromagnets are better treated by the methods of the following chapter.

The simplest, and most thoroughly studied, example of a noncollinear antiferromagnet
is the triangular lattice with a nearest-neighbor antiferromagnetic exchange. In the limit
S — o0, the classical ground state is easy to work out. It is characterized by the expectation
value

(Si) = S(ny cos(Q - %) + nysin(Q - %)), (19.60)

where the ordering wavevector é = (4m/a)(1/3,1/+/3) on a triangular lattice with
(a, 0, 0) one of the vectors connecting nearest-neighbor lattice sites, and nj > are arbitrary
vectors in spin space satisfying

nf=ni=1; n;-n=0. (19.61)

These constraints define two orthogonal unit vectors, and each such pair defines a different
classical ground state. This is a key difference from the collinear states in Section 19.3.3,
where only a single unit vector was sufficient to characterize the ground state, as in (19.54).



396

Heisenberg spins: ferromagnets and antiferromagnets

I N T
§ e el 8

P VO T S W
N

N S Y N

Magnetically ordered ground state on the triangular lattice. The spins have been taken to lie in the plane of the
triangular lattice, but this need not generally be the case.

Alternatively stated, the order parameter characterizing the broken symmetry in the clas-
sical ground state is a pair of orthogonal vectors [120, 196]. One possible ground state is
shown in Fig. 19.3, for the case where nj, ny lie in the plane of the lattice. Other antiferro-
magnets with coplanar ordering in their classical ground states can be treated in an essen-
tially identical manner. Another important example studied in the literature is the square
lattice antiferromagnet with first-, second-, and third-neighbor exchanges (the J1 — J, — J3
model). For a range of parameters this model has an incommensurate spiral ground state.
Such an ordering is described, as in (19.60), but the wavevector Q is no longer pinned at
a precise value and varies continuously as the values of exchange constants are changed.
As we move from site to site in the direction é the spin orientation rotates by some irra-
tional angle in the plane defined by n; and ny. Finally, antiferromagnets in which the spin
arrangement is not even coplanar but is genuinely three-dimensional can be treated using
similar methods, but these will not be considered here.

Instead of working with vectors np, n; that satisfy the constraints (19.61), it is convenient
to introduce an alternative parameterization of the space of ground states. It takes six real
numbers to specify the two vectors nj, n,, and the three constraints (19.61) reduce the
degrees of freedom to three. We can use these three real numbers to introduce two complex
numbers z1, z2 subject to the single constraint

|z11* + |z2)* = 1. (19.62)

We relate these numbers to nj, ny by [26,87]

2
Nog +ing = Z €acZcOap2h, (19.63)

a,b,c=1

where @« = x, y, z, 0% are the Pauli matrices, and &, is the second-rank antisymmetric
tensor €12 = —&21 = 1, €11 = g2 = 0. The reader can check that the parameterization
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(19.63) for n; > automatically satisfies (19.61) provided the single constraint (19.62) holds.
So we have succeeded in reducing the number of constraints from three to one. However,
the mapping from z; 2 to nj 2 is not one-to-one but two-to-one; the twofold redundancy is
apparent from (19.63) as z, and —z, correspond to precisely the same nj , and therefore
the same spin configuration; this redundancy is crucial to our subsequent considerations.
To describe it further, let us decompose z, into its real and imaginary parts

Z1 =mj +imo; 20 = m3 + imy. (19.64)

Then the order parameter becomes a four-component, real vector m, (0 = 1, 2, 3,4) and
(19.62) translates into the constraint that this vector has unit length (of course, there is no
reason the effective action for m, should be invariant under O(4) rotations in this space
since the underlying symmetry is always O(3)). The identity of z, and —z, means that m,,
is a headless vector, much like a nematic liquid crystal, which is described by a headless
three-vector.

We can proceed to examine the quantum fluctuations about the above classical states by
precisely the same strategy as that followed in Section 19.3.3. We allow n; 2, and therefore
Z4, to be slowly varying functions of spacetime. We also introduce a slowly varying uni-
form magnetization field L(x, ¢) such that the spatial integral over L equals precisely the
total magnetization. Then, following (19.41), we parameterize

NG, 7) = (1 (x;, 7) cos(Q + %) + ma(x;, T) sin(Q - %))

x v/ 1 —v2L2(x;, T) + vL(x;, 1), (19.65)

where v is the volume per site. This is to be inserted in the coherent state path integral of Hg
in (19.1) and the result expanded in gradients. Finally, the uniform magnetization variable
L is to be integrated out as below (19.49). The steps are similar to those in Section 19.3.3
and will not be explicitly carried out. Rather, let us try to anticipate the form of the answer
on general symmetry grounds.

We list the constraints that must be obeyed by the final effective action:

(i) We must clearly require invariance under spin rotations. Such rotations are realized
by the global SU (2) transformation

(Zl> U (“) = ( o ﬂ*) <Z1>, (19.66)
22 22 —B* « 2

where « and B are complex numbers satisfying |a|> + |8|> = 1. Applying this trans-
formation to (19.63), we see that it performs the rotation n1 2 — Rqpgni 2 Where

UTo®U = Rypo?. (19.67)

(i) Next, we consider the consequences of lattice translations. Any spatial configuration
of nj 2(x, 7) should have its energy unchanged under translation by a lattice vector
y. By combining (19.63) with (19.65) we see that such a translation is realized by a
simple overall phase change of the z:

20— e 102 (19.68)
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Note that this transformation is not a special case of (19.66), which was restricted to
unitary matrices with unit determinant. For the case of the triangular lattices, (19.68)
requires that the action be invariant under multiplication of z, by the cube roots of
unity. For incommensurate spiral states, by different choices of y we see that (19.68)
requires invariance under multiplication of z, by an arbitrary U(1) phase factor.

(7ii) Time reversal inverts all the spins, and so maps n;» — —nj 2. This is realized by
(19.63) by [228]

Za —> 124. (19.69)

(iv) Finally, let us recall the twofold redundancy in the mapping from z, to the nj » dis-
cussed below (19.63). The change in sign of z, can vary from point to point in space-
time with no consequence for the nj . Therefore, we require invariance under the
discrete Z, gauge transformation

za(x,T) = n(x, 1)z4(x, T), (19.70)

where 7(x, T) = %1 but can otherwise vary arbitrarily. In the naive continuum limit,
the gauge nature of the transformation (19.70) does not impose any additional con-
straints beyond those arising from a constant . However, the theory has to be regular-
ized at short scales, and the Z; gauge symmetry does impose additional constraints on
any effective lattice action. Moreover, the invariance (19.70) will also play a crucial
role in the nature of the possible topological defects.

Let us write down the simplest action consistent with the above constraints in the naive
continuum limit. Up to second order in spatial gradients, there are only two independent
terms: |Vz,|? and |25V zq4 12 (a third possibility, |e,p24 Vzp|?, satisfies a simple linear rela-
tion with these two). Similar considerations apply to the terms with temporal gradients:
here a term with one temporal gradient, z)d;z,, is forbidden by time-reversal invariance.
We are therefore led to the following effective action for the z,, which plays the role of S,
in Section 19.3.3:

S, = /dzxdt Z gi |:|8Mza|2 + )/,L|ZZVZG|2] , (19.71)
" Iz

=X,T

where g, g7, ¥x, and y; are coupling constants. In addition, as in Section 19.3.3, there
could be Berry phases, associated with singular configurations of the z,. These have to be
analyzed on a lattice-by-lattice basis [543].

As in the case of our analysis of the collinear antiferromagnets, let us discuss the physics
implied by the action (19.71), ignoring possible Berry phase effects for now. For small
gu» we clearly have (z,) # 0, and this leads to a coplanar antiferromagnetic order as in
Fig. 19.3. With increasing g,, there is a transition to a paramagnetic phase with (z,) # 0,
and we are interested both in the nature of this phase and of the quantum phase transition.
There are at least two distinct possibilities: one leads to a “Z, spin liquid” phase with
“topological order” and fractionalized excitations, and the other to a phase similar to the
VBS state similar to that discussed in Section 19.3.3. We focus on the first possibility here,
and briefly discuss the second possibility at the end of this section.
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The Z; spin liquid emerged first in a direct large- N study [398,415,435] of the quantum
antiferromagnet (19.1) on frustrated lattices, and related results emerge from studies of the
continuum theory S; in an expansion in the inverse of the number of z, components, or in
an expansion in (d — 1) [31,32,87,89]. The physical properties of both the magnetically
ordered and paramagnetic phases can be rapidly understood by considering the case y, =0
in (19.71), although this special value will not modify the general form of the following
results. For y, =0, we insert (19.64) into (19.71), and see straightforwardly that the action
S is symmetric under O(4) rotations of the m,, becoming precisely equivalent to the
N =4 case of the quantum rotor model S, studied intensively in Parts II and III. Indeed,
at the quantum critical point, it can be shown that the y,, are irrelevant perturbations, and
so the global O(4) symmetry is asymptotically realized in the generic case. The properties
of S, therefore follow directly from the results of Part II. The magnetically ordered phase
has 3 = 4 — 1 linearly dispersing spin-wave excitations, and magnetic order disappears at
any nonzero temperature. The quantum paramagnetic phase has an energy gap, A, and
the excitations are built out of the Fock space of a fourfold degenerate particle.

Despite the mapping above to Part II, a crucial distinction exists in the physical inter-
pretation of the structure of the quantum paramagnet, which is now more properly referred
to as a “spin liquid.” Its particle excitations are the bosonic quanta of the z, field, and
the transformation (19.66) under spin rotations makes it clear that these bosons carry spin
S = 1/2. (This accounts for a twofold degeneracy of the particle states; an additional factor
of two comes from accounting for the particle and antiparticle states.) This should be con-
trasted with the S = 1 particle that was found in the quantum paramagnet with collinear
correlations in Section 19.3.3. These S = 1/2 bosonic particles are labeled “spinons.” We
can view the § = 1 particle as the bound state of two § = 1/2 particles, and therefore
a quantum transition from a quantum paramagnet with collinear correlations to one with
noncollinear correlations can be viewed as one of the deconfinement of spinons; a sim-
ple theory for such a transition has been discussed in [398,415,435]. Here let us discuss
an important physical property of a spin liquid with deconfined spinons: we compute the
dynamic susceptibility at the noncollinear ordering wavevector, defined by

yro . e
X (k, iwy)8ap = % > /0 dt(Sia(it)S(0))e (*HQ-CimXp=ent) — (19.72)
ij

Using (19.63) and (19.65) we see that (ignoring the contribution of L, which will only
renormalize a prefactor that can absorbed into a redefinition of the quasiparticle ampli-
tude A):

2 2
X (ki) = — ;

a

T
/dzx / (za(x,iT)zp(x, 1)z} (0, 0)2}(0, 0)). (19.73)
0
1
So x is given by the propagator of two spinons, rather than the single-particle propagator
that appeared in (11.2). As discussed above, the z quanta of the quantum paramagnet have
a quasiparticle pole at 7 = O as in (10.82) or (11.18); the contribution of this pole leads to
the expression

x(k, ) = A2S*TL(k, wy), (19.74)
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where the two-particle propagator IT was discussed in (13.42). At T = 0, taking the imag-

inary part of (13.46) we obtain

A28 sgn(w)
8¢? Vw? — %k

Imy (k, ) = 0 (|a)| — (K + 4A2+)1/2>, (19.75)
where 6 is the unit step function. Hence there is no pole in x (k, ®) as there was for the case
of a quantum paramagnet with collinear spin correlations; rather there is a branch cut at
frequencies greater than (¢?k> + 4A%_)1/ 2, which corresponds to the threshold for the cre-
ation of a pair of spinons. This branch cut is a characteristic property of the deconfinement
of spinons in a spin liquid.

Note also that the spinon changes sign under the gauge transformation in (19.70): in
other words, the spinon carries an electric Z, gauge charge. In addition to the spinon,
the Z, spin liquid has another gapped particle excitation which carries a “magnetic” Z,
gauge charge, and which is crucial for an understanding of its “topological order” [283,
398,435]. This excitation is a point-like vortex whose stability is ensured by the structure
of the order parameter in the noncollinear antiferromagnet. It is now referred to as a vison
[459]. The vison is best visualized in terms of the headless vector m,, as is illustrated in
Fig. 19.4. As one circles the core of the vison, m , rotates by 180 degrees about a fixed axis
orthogonal to m,. So upon returning to the original point, m, has now turned into —m,,
but this is acceptable as the overall sign of m , is not significant (in mathematical terms, the
order parameter m,, belongs to the space S3/Z>, and the vison is associated with its first
homotopy group Z»).

Note that the vison involves twist in the antiferromagnetic order parameter around it.
Consequently, in the magnetically ordered phase, when the spin stiffness is nonzero, the
energy of two visons grows logarithmically with the separation between them. However,
in the spin liquid, once the stiffness is nonzero, the visons are free to separate, and become
stable, deconfined, point-like excitations which carry Z magnetic flux. Figure 19.4 makes
it clear that a spinon picks a change in sign after circumnavigating a vison (and vice versa):
this labels them as relative semions.

(B)
Ss

Avison. On the left we show a circular path in real space. On the right is the space of magnetically ordered states
represented by the complex spinor (z4, ) up to an overall sign. As we traverse the real-space circle, the path in
order parameter space connects polar opposite points on S3 (A and B), which are physically indistinguishable. A key
point is that this vison excitation can be defined even in a state in which magnetic order is lost: the path on the right
will fluctuate all over the sphere in quantum imaginary time, as will the location of the points A and B, but A and B
remain polar opposites.
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The topological order of the Z, spin liquid becomes clear when we consider the degen-
eracy of the ground state on a torus, in the limit of infinite torus size. We can pierce each
hole of the torus by a vison with negligible energy cost, because the only contour carry-
ing Z, flux must encircle the large hole of the torus. This leads to a fourfold degeneracy,
characteristic of the Z; spin liquid.

Thus a complete description of the Z; spin liquid requires an effective theory of the
dynamics of visons and spinons. Such theories have been considered in the literature [246,
459,543], but will not be described here. They account for the Berry phase terms, and also
lead to theories of transitions to confining phases with VBS order.

We conclude by mentioning the second possibility associated with the “quantum dis-
ordered” phase, after coplanar magnetic order has been lost. In (19.71) we used spinor
variables z, to describe the quantum fluctuations of the local magnetic order. However, we
could equally well have used the two vector variables n; and ny, and developed an effec-
tive action for their quantum fluctuations: the constraints (19.61) can be implemented in
a soft-spin theory by appropriate nonlinearities. Without Berry phases, such models have
been studied extensively [66], and lead to a continuous transition to a paramagnetic phase
in which the n; and ny form a degenerate pair of spin S = 1 gapped quasiparticles. Berry
phases are likely to lead to VBS order in such a confining paramagnetic, but this effect has
not been specifically described.

19.3.5 Deconfined criticality

‘We now return to the collinear antiferromagnets of Section 19.3.1, and address the question
of the phase transitions between the Néel and VBS states. Note that both phases break a
global symmetry of the Hamiltonian (spin rotation and lattice rotations, respectively), and
two symmetries are unrelated to each other. Under such circumstances, the conventional
classical theory of phase transitions implies that such phases must be separated by a first-
order phase transition.

For the present quantum case, the fact that one of the orderings (VBS) was driven by the
Berry phases carried by “hedgehog” defects of the other (Néel) suggested that the situa-
tion might be different and speculations for the existence of a continuous phase transition
were made in early work [86]. A specific theory for a continuous Néel transition has been
presented in [351,458,462], and is outlined below.

An important input into the theory is the fact that density of free hedgehogs vanishes as
the critical point is approached. These hedgehogs are responsible for the VBS ordering in
the paramagnetic phase, but their density is computed to vanish with a power of the inverse
correlation length in [353]. Given the fact that the hedgehogs are ultimately responsible
for the confinement of spinons in the paramagnet, [351,458, 462] argue that the critical
theory should be expressed in terms of the spinon variables. Thus we should map the action
(19.51) expressed in terms of the Néel vector n to one expressed in spinor variables: this
has been done in a lattice model in [434]. Unlike the case of the coplanar antiferromagnet
in Section 19.3.4, we only have a single Néel vector n, and the analog of (19.63) is

0 Wp. (19.76)
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We are now using the symbol w, to represent the spinon, unlike z, as in Section 19.3.4;
these spinon fields are distinct, and in particular, they have distinct transformations under
time-reversal, as we see below.

Given the detailed arguments in [351,458,462], the construction of the Néel-VBS criti-
cal theory becomes simply a matter of writing down the simplest continuum theory for the
w, consistent with symmetries of the underlying Hamiltonian. The phase with (w,) # 0
corresponds to the Néel phase, as in Section 19.3.4. However, unlike Section 19.3.4, the
region with (w,) = 0 is not a spin liquid with deconfined spinons, except at the quantum
critical point. Away from the critical point in the paramagnet, the proliferation of hedge-
hogs confines the w, into the § = 1 quanta of n, and the O(3) sigma model description of
Section 19.3.3.

So it only remains to deduce the continuum theory of the critical spin liquid of the
spinons w,, using considerations of symmetry. Let us list the symmetry operations, which
parallel those considered in Section 19.3.4:

(i) Invariance under spin rotations is just as in (19.66).
(if) Alattice operation which interchanges the two sublattices maps n — —n, and (19.76)
therefore implies

Wy —> EqpW). (19.77)

(7ii) Time reversal also sends n — —n, and so obeys (19.77). Note that (19.77) maps onto
(19.69) if we set

Za = € (wy — ieapw}) /N2, (19.78)

with o arbitrary, which is the connection obtained in specific microscopic models
[228,435].

(iv) Finally, we note that the Z, gauge invariance of (19.70) is now enlarged to a U(1)
gauge invariance. Representation (19.76) is invariant under a gauge transformation by
an arbitrary phase 6

i0(x,7)

we(x,7) > € we(x, 7). (19.79)

Unlike (19.70), this continuous gauge transformation plays a crucial role in the allowed
terms in the continuum theory. In particular, spatial and temporal gradients can only
preserve gauge invariance with the help of a U(1) gauge field, analogous to that famil-
iar from quantum electrodynamics. A microscopic derivation [396,434] shows that a
U(1) gauge field, A, does emerge at low energies as a distinct degree of freedom. So
our continuum theory will involve both w, and A,.

The constraints above lead to the following relativistic theory, known as the CP! model,
for the deconfined critical point:

1
Sia =/d2xdt > — 1@y —iA)wal®. (19.80)
n=x,t Eu

Compared to (19.71), we see the emergence of a U(1) gauge field: the “photons” of this
gauge field are physical, gapless, spinless excitations which can, in principle, be detected



403

19.4 Partial polarization and canted states

o VBS
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0 A o liqui
g

Schematic renormalization group flows for the S = 1/2 square lattice quantum antiferromagnet. Here A4 is a
measure of the density of free hedgehogs (a hedgehog fugacity), g represents the couplings g,, in (19.80). The theory
S;4n (19.80) describes only the line A4 = 0: it is therefore a theory for the transition between the Néel state and a
U(1) spin liquid with a gapless “photon.” However, the lattice antiferromagnet always has a nonzero bare value of
the hedgehog fugacity A.4. The A4 perturbation is irrelevant at the g = g, critical point of Sy4: this critical point
therefore also described the transition in the lattice antiferromagnet. However, the g — oo U(1) spin liquid fixed
point is unstable to A4, and the paramagnet is therefore a gapped VBS state.

in experiments. As a function of increasing g, the theory S;4 exhibits a transition from
the Néel state with (w,) # 0, to a U(1) spin liquid paramagnet with (w,) = 0. The w,
quanta are spin § = 1/2 excitations in this phase which interact via a 2+1 dimensional
electromagnetic force. After including the effects of the “hedgehog” defects (which have
been excluded from (19.80)), away from the critical point this spin liquid is unstable to
confinement of the spinons and the appearance of VBS order, as we have argued above.
This subtle state of affairs is summarized in Fig. 19.5. The photon excitation A, is also
gapped near the VBS fixed point: thus there is an additional spinless gapped excitation in
the VBS fixed point, in addition to the spin § = 1 n quanta discussed in Section 19.3.3.

19.4 Partial polarization and canted states
I —

This section will interpolate between the ferromagnetic states studied in Section 19.2, with
maximum uniform spin polarization in their ground states, and the antiferromagnets of
Section 19.3, which had a thermodynamically negligible spin polarization. One way to do
this would be to examine the ground states of models Hg in (19.1) at H = 0, but with
a set of J;; that can take both signs. Models of this type were examined in [437], and it
was argued that they could be described by a ferromagnetic extension of the rotor models
studied in Part II. The properties of such models are quite intricate, and we refer the reader
to the original paper for further details. Here, we look at a closely related model whose
properties are significantly simpler to delineate. We begin with an antiferromagnet with all
Jij < 0 and attempt to force in a macroscopic moment by placing it in a strong uniform
field H. Thus the uniform magnetization does not arise spontaneously from ferromagnetic
exchange interactions but instead is induced by an external field. This causes important
differences in the nature of certain spin-wave excitations, which are no longer required to
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be gapless due to the explicit breaking of rotational invariance in the Hamiltonian. Nev-
ertheless, numerous other features are very similar to the far more complicated models
considered in [437]. Further, the case of an antiferromagnet in a strong uniform field is of
direct physical importance, having been investigated in several recent experiments, as we
discuss in Section 19.5.

The low-energy properties of an antiferromagnet in a field H are described by the action
S, in (19.51) or (11.4). So far, analyses of these models have been restricted to H = 0, and
to linear response to a weak H. Here, we will look at the full nonlinear response to a strong
H. It should be noted here that, in d = 1, closely related results can also be obtained by the
bosonization technique of Chapter 20 [370], while making no reference to the rotor model,
but we do not follow such an approach here.

We prefer to begin our analysis by placing the continuum model S,, on a lattice at some
short-distance scale and working with the discrete lattice Hamiltonian. This is the inverse
of the mapping carried out in Chapter 11, and we therefore obtain the rotor model Hamil-
tonian Hg in (11.1):

Jg A A o
HR=TZLZ.2—JZni-nJ~—H-ZL,~. (19.81)
i (i) i

The lattice sites in this rotor Hamiltonian are not to be identified with the lattice sites of Hg
in (19.1); rather each rotor is an effective degree of freedom for a cluster of an even number
of spins in the original model. Each such cluster will have a spin-singlet ground state for
H = 0, as does the on-site Hamiltonian for each rotor in (19.81) (see (6.48)). The rotor
also has an infinite tower of states with increasing angular momentum in (6.48); in contrast
a cluster of p Heisenberg spins with spin S can have a maximum total angular momentum
pS. Although this difference has some significant consequences for the topology of the
phase diagram, it leaves many essential features unaltered; we comment on this issue later.

We proceed to understanding the properties of Hg in the remainder of this section. The
analysis is quite similar to that discussed for the boson Hubbard model in Chapter 9, and
the results bear some similarity to those in [256]; indeed, we find that the phase diagram of
Hp, is quite similar to that of Hp in (9.4), and the universality classes of the quantum phase
transitions reduce either to the models studied in Part II, or to those in Chapter 16. This
similarity is not surprising at one level: the model Hpg in the presence of a nonzero H only
has a global U(1) symmetry corresponding to rotations about an axis parallel to the field
(rotations about all other axes are not allowed by the nonzero H), and the model Hp also
has only a U(1) symmetry. (In the models considered in [437], uniform moments appear
spontaneously owing to ferromagnetic exchange in a model with full O(3) symmetry, and
this reasoning does not hold; however, the similarity to Hp persists, with many (but not
all) quantum critical points belonging to the same universality classes as those of Hp.)

Most of the physics of Hg already becomes apparent in a mean-field theory similar
to that in Section 9.1. As in (9.7), we make a mean-field ansatz for Hyr as the sum of
single-site Hamiltonians with initially arbitrary variational parameters:

Jo a
HMF:Z<78LZ.2_H.ZLi—N.ﬁ,»>. (19.82)
i

i
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Canted
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Néel
Quantum
Paramagnet
0 T T
0 0.5 1 1.5 2

Zlg

Mean-field phase diagram of Hg (in (19.81)), the O (3) quantum rotor model in a field H. The notation Q.F. £ refers to
a quantized ferromagnet with (I,) = £. Compare with the phase diagram of the boson Hubbard model in Fig. 9.1. In
the latter case, there is no special meaning to the vertical coordinate = 0, and the vertical axis is unbounded below.
The positions of the phase boundaries follow from (19.84). The multicritical point M is precisely the critical point of the
O(3) quantum rotor model studied in Part II.

Here the N are a set of three variational parameters that represent the effects of the exchange
J with nearest neighbors in mean-field theory; they play a role similar to that of the com-
plex number Wp in Section 9.1. For simplicity we have assumed that the N are site inde-
pendent and are therefore excluding the possibility of states with spatial structure. It is not
difficult to extend our analysis to allow for broken translational symmetries in Hg.

Now the analysis proceeds as in Section 9.1: determine the ground state wavefunction of
Hyr, and optimize the expectation value of Hy in this wavefunction toward variations in
N. This has been done numerically and leads to the phase diagram in Fig. 19.6; we discuss
the properties of each of the phases in turn and then consider the nature of the transitions
between them.

19.4.1 Quantum paramagnet

The optimum value of the variational parameter is N = 0. For this value, HyF is exactly
diagonalizable: the eigenstates are simply the rotor eigenstates |¢, m) of (6.2) and have
eigenvalues Jgf¢(¢ 4+ 1)/2 — Hm. The quantum paramagnet appears when parameters are
such that the minimum energy state has £ = m = 0. This happens for small H/J and
large g. This quantum paramagnet is precisely the corresponding state of the rotor model
studied in Part II. The field H couples only to the total spin, which is identically zero in the
spin-singlet ground state; as a result the wavefunction and all equal-time correlations are
unaffected by a nonzero H. The energy of the spin-triplet particle excitations does change,
as was shown in (6.4), but their wavefunctions also remain unaffected.
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19.4.2 Quantized ferromagnets

These phases also have N = 0, and so the eigenenergies of Hyr are those listed above. The
minimum energy state has m = £, and the different quantized ferromagnets are identified
by the different positive integer values of £ as shown in Fig. 19.6. The analogy between
these phases and the Mott-insulating phases of Section 9.1 should be clear: the boson num-
ber ng corresponds to the integer £. We argued in Section 9.1 that the quantization of ng
was not an artifact of mean-field theory but an exact statement about the full interacting
model. Precisely the same arguments apply here to (I:Z) (we are assuming H is oriented in
the z direction), as the total angular momentum in the z direction commutes with Hg. Such
quantized ferromagnetic phases also appear in the models of [437] where ferromagnetism
was induced by exchange interactions. In this case complete rotational symmetry of the
underlying Hamiltonian implies that there are gapless spin-wave excitations of the type
considered in Section 19.2 with dispersion g; = (ps/Mo)k>. In the present model, H, the
spin-wave modes acquire a gap from the external field, and we have &, = (ps/Mo)k?> + H.
In these respects these quantized ferromagnets are identical to the fully polarized ferro-
magnets of Section 19.2; we simply have to set My equal to the actual quantized value of
the ground state magnetization density.

Let us also note some aspects of the interpretation of these quantized ferromagnet phases
for underlying spin models like Hg. We noted above that each rotor was an effective degree
of freedom for an even number, p, of Heisenberg spins. Such a cluster has maximum spin
pS, and so the quantized ferromagnets with £ > pS clearly cannot exist and are artifacts
of the mapping to the rotor model, which introduced an infinite tower of states on each
site. Also, for some antiferromagnets, making clusters of p spins may involve reducing the
symmetry of the underlying lattice. In this case the quantized ferromagnets with 0 < £ <
pS necessarily involve a spontaneously broken translational symmetry. Each spin has an
average fractional moment of £/p and this can be quantized only if p spins spontaneously
group together and carry a total moment £ together. This spontaneously broken symmetry
affects the critical theory of the transition out of the quantized phase, but we will not
discuss this further here. Finally, the rotor with £ = p is a fully polarized ferromagnet that
can exist without any broken translational symmetry.

It should also be noted that very similar considerations apply for the case of p odd; then
we have to work with rotors that carry half-integral angular momenta [437,467].

19.4.3 (Canted and Néel states

These states both have N # 0 and are thus the analogs of the superfluid state of the boson
model of Section 9.1. The Néel state occurs precisely at H = 0, and the full rotational
invariance of the Hamiltonian then implies that the direction of N is immaterial. The
canted state occurs at nonzero H. If we write H = He,, the numerical optimization of
the mean-field Hamiltonian (19.82) shows that the vector N prefers to lie in the x—y plane;
the direction within the plane is immaterial, reflecting the U(1) symmetry of the problem.
This orientation of the Néel order parameter in a plane perpendicular to an applied uniform
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field is quite generic, and the reasons for it become more evident in Section 19.4.4 below.
We choose Ny # 0 and Ny, = 0. The resulting canted state is characterized by the nonzero
expectation values

(nx) = Ne/(JZ) #0, (L) #0, (19.83)

and all other components of n and L have vanishing expectation values. The first relation in
(19.83) should be compared with (9.9) for its origin is the same. Both nonzero expectation
values in (19.83) vary continuously as a function of J, g, or H, and nothing is pinned at a
quantized value; because there is a nonzero, continuously varying ferromagnetic moment
in the canted phase, this is an example of an unquantized ferromagnet. The results (19.83)
also make the origin of the term “canted” clear (as illustrated within the canted region of
Fig. 19.8). In terms of the underlying Heisenberg spins, a nonzero (n,) implies antifer-
romagnetic ordering within the x direction in spin space, while a nonzero (LZ) implies a
uniform ferromagnetic moment in the z direction.

We show a plot of the H dependence of the 7 = 0 magnetization (iz) in Fig. 19.7.
Note that there are plateaus in the magnetization while the system is in the quantum
paramagnetic or quantized ferromagnetic phases. In between these phases is the canted
phase, or the unquantized ferromagnet, in which the magnetization continuously interpo-
lates between the quantized values.

The excitation structure of the canted phase is easy to work out. We simply follow the
same procedure as that used for the Néel state in Section 6.2. Examining equations of
the motion of small fluctuations about the ordered state one finds a gapless spin-wave
excitation with energy ¢; ~ k corresponding to rotations of the n in the x—y plane. For
the case where the canted state appears in a model with full O(3) symmetry, there is an
additional gapless mode with dispersion &; ~ k2 [437].

The mean-field boundary between the canted/Néel states and the quantized ferromag-
net/quantum paramagnet can be computed analytically, using the same analysis leading up

v

H

The magnetization, (Zz), as a function of the field H for the rotor model (19.81). It is assumed that the value of 7 /g in
Fig. 19.6 is small enough that a vertical line will intersect the Q.F. £ phases for £ < 3. The magnetization is initially
pinned at 0 when the system is in the quantum paramagnet and is subsequently pinned at £ in the Q.F. phases. The
magnetization interpolates between these plateaus in the canted or “unquantized ferromagnetic” phase.
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to (9.14) for the boson model. We expand the ground state energy of the quantized ferro-
magnet/quantum paramagnet in powers of N, and demand that the coefficient of the N f
vanish. This leads to the analog of the condition » = 0 with the expressions (9.15), (9.16);
in the present situation we find the condition

g _ {41 B 0
Z U+ +1-—H/Jg) QE+1D(—-H/Jg)
1
+ QE+1DQRE+3)E+1+H/Jg)

(19.84)

for the instability of the quantized ferromagnet/quantum paramagnet with (iz) = { (the
denominators in (19.84) are always positive over the range of applicability for a given value
of £). Simple application of (19.84) led to Fig. 19.6.

An important feature of the above results deserves special mention. Note that the only
phase with a continually varying uniform magnetic moment (an unquantized ferromagnet)
is the canted phase. This phase has a broken symmetry in the x—y plane and an associated
gapless mode. This result is believed [437] to be a general principle: phases with continu-
ously varying values of a ferromagnetic moment must have gapless spin modes in addition
to the usual ferromagnetic spin waves that are present for the case of a spontaneously gen-
erated moment; moreover, unlike the spin waves, these gapless modes do not acquire a gap
in the presence of a uniform field H. In d > 2, for the rotor models considered here, the
gapless modes are associated with the broken symmetry leading to canted order in such
phases. Ind = 1, the analysis in Chapter 16 shows that the order in the x—y plane becomes
quasi-long range but the gapless mode survives.

(For completeness, we also note here another physical example of an unquantized fer-
romagnet: the Stoner ferromagnet [494] of an interacting Fermi gas, in which there are
two Fermi surfaces, one each for up and down spins, with unequal Fermi wavevectors
krt # kpy. The values of k4 and kp can vary continuously as the interaction strength
is varied (provided they are both nonzero), and so can the mean magnetic moment. Con-
sistent with the general principle above, in addition to the ferromagnetic spin waves, this
system has low-energy spin-flip excitations at finite wavevectors involving particle-hole
pairs near the two Fermi surfaces.)

19.4.4 Zero temperature critical properties

It is clear that the H = 0 transition between the quantum paramagnet and the Néel state is
precisely the same as the N = 3 model intensively studied in Part III; this critical point is
denoted M in Fig. 19.6. We show that the generic H # 0 transition between the quantized
ferromagnet/quantum paramagnet and the canted state is in the universality class of the
dilute Bose gas field theory in (16.1), which was thoroughly studied in Chapter 16. We
will do this by examining the line of second-order transitions coming into the point M; the
remaining portions of the phase boundary can be analyzed in a similar manner. It should
also be noted that there are also special particle—hole symmetric points at the tips of the
lobes surrounding the quantized ferromagnet phases where the z = 1 theory of Part II
applies, just as was the case for the boson Hubbard model in Sections 9.1 and 9.3.
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The promised result is most easily established by using the “soft-spin” theory of the
point M studied in Chapter 14. In the presence of a field H = He, the generalization of
the N = 3 version of (14.2) is

T 1
so=[atx [ ar {§[<a,¢x —iH$ + ey + i H)?
0

2
F(0:h)? + (Vi) + 2] + 4? (¢§) } (19.85)

The uniform magnetic moment density is given by

1 4 oF

L,y = ——, 19.86

5 (L) 3H ( )
where v is the volume per rotor, and F is the free energy density associated with the

action Sy.

Let us first discuss the mean-field properties of Sy, obtained by minimizing the action,
while ignoring all spatial and time dependence of ¢, ; this reproduces the structure in the
vicinity of the point M in Fig. 19.6 obtained earlier using the mean-field Hamiltonian
(19.82). Note that the components ¢y, ¢, have a quadratic term with coefficient r — H 2
while ¢, has the usual coefficient r; so ordering is preferred in the x—y plane, and this
was the reason for the choice in the orientation of the N vector in Section 19.4.3. For
r — H? > 0, the ground state has (¢,) = 0 and is therefore in the quantum paramagnetic
phase. For r — H? < 0, the ground state has (¢,) # 0 and lies in the x—y plane. This is
the C phase and the fields have the expectation values

6t —r\ "’ 1. 6H(H? —r)
bo = (—) 0,0, (L) = —1 "7 (19.87)
uo v

or any rotation of ¢, in the x—y plane. Note that (I:Z) vanishes for H = 0, and therefore
the line » < 0, H = 0 is the Néel state. The resulting mean-field phase diagram is shown
in Fig. 19.8 and is identical to the vicinity of the point M in Fig. 19.6. Let us focus on the
vicinity of the generic transition between the quantum paramagnet and the canted phase:
this corresponds to the regime |r — H?| < |r|. In this region we can neglect ¢, fluctuations
and focus only on the ¢, +i¢, that is undergoing Bose condensation. Further, the second-
order time derivative in Sy can be dropped as the low-energy properties are dominated by
the more relevant first-order time derivative that appears by expanding the first two terms
in Sy. Making these approximations, and defining

$x +idy

Y=

(19.88)

we see that Sy reduces to

1/T ( H2)
Sq;—/dz / dt|: —+—|v w|? +2—|\D|2+24H2|\I/|]

(19.89)
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Mean-field phase diagram of Sy (in (19.85)) at T = 0. The arrows denote the relative orientation of the spins in the
corresponding phases of double layer systems, which map onto the rotor model as discussed in Section 1.4.3; the field
Hiis assumed to point toward the top of the page. The multicritical point M is the N = 3 case of the quantum critical
point studied in Part Il. Note that the vicinity of M is similar to that in Fig. 19.6.

This is precisely the theory (16.1), establishing the claim made at the beginning of this
subsection.

19.5 Applications and extensions
I —

A survey of numerical and experimental studies of two-dimensional quantum antiferro-
magnets may be found in [430].

The analyses of Section 19.4 should make it clear that the dilute Bose gas quantum criti-
cal point of Chapter 16 describes the closing of a spin gap of an antiferromagnet by a strong
external magnetic field [9, 10, 82,438, 452,482, 513]. This critical point has been inten-
sively studied in a spin-ladder organic compound, Cuy(C5H2N»2)2Cly [71-73, 130, 198].
The onset of magnetization plateaus at a finite field (as in Fig. 19.7) is also described by the
same quantum critical point, and such plateaus have been observed recently in experiments
on one-dimensional spin chains [356,471].

A novel realization of the d = 2 continuum quantum ferromagnets of Section 19.2
is provided by magnetization studies of single-layer quantum Hall systems at filling fac-
tor v = 1 [135,261,262,480]. These are electronic systems with a gap toward charged
excitations and a strong ferromagnetic exchange between the electronic spins. As a result,
the low-lying spin excitations are well described by the continuum theory (19.25). The
magnetization of this system for different 7 and H has been measured in NMR [37] and
optical [15,319] experiments, and the results have been interpreted by computations on
(19.25) [27,213,399,504].

Also of interest are studies of double-layer quantum Hall systems, when two single-
layer systems in a ferromagnetic quantum Hall state with a charge gap are brought close
to each other [373,374,380,445]. There is an antiferromagnetic exchange pairing between
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the layers [555], which suggests that we may consider the two layers to be similar to the
two sublattices of an antiferromagnet and that there is an effective rotor model description
of the spin excitations. Indeed, it has been argued [111,112] that the system maps precisely
onto the model studied in Section 19.4. Detailed light scattering studies have mapped out
the phase diagram of the system [374], and the results are consistent with Figs. 19.6 and
19.8. Specific quantitative predictions for quantum critical behavior have been made in
[111,112,324,426,509], and these and dynamical results like those in Section 14.3 could
be tested in future experiments.
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This chapter has two central aims. The first is to describe a particular class of S=1/2
antiferromagnets in d = 1 and to understand their properties in the context of the general
discussion of antiferromagnets in Chapter 19. The second is to introduce the technical
tool of bosonization and to illustrate its utility in the solutions of the models noted. The
powerful bosonization method has been used extensively in recent years to understand a
wide variety of systems in one dimension. We do not attempt to survey this vast literature
here but refer the reader to a number of available reviews; a description of some important
current topics appears in articles by Schulz [453] and Affleck [8]. However, most of the
basic ideas and general principles make an appearance in our treatment here. The author
benefited from unpublished Trieste lecture notes of T. Giamarchi in preparing this chapter.
The antiferromagnetic chain we study [190] has the Hamiltonian

_ AXAX AYAY AZAZ
Hiy = Jy Z (67641 +6] 671y +216767,)
i
AXAX AYyAY oy 4
+ 2 Z (67615, + 6] 6710 +676(,5), (20.1)
;

where the 6% are Pauli matrices representing an S = 1/2 spin at site i, and the subscript
12 on H indicates the presence of first- and second-neighbor interactions. For A = 1 this
reduces to the § = 1/2 Heisenberg Hamiltonian Hg in (19.1), with first (J1 > 0) and
second (J> > 0) neighbor exchange in d = 1, which was studied in the continuum limit of
the coherent state path integral in Chapter 19. We have introduced the anisotropy parameter
A to make contact with the quantum X X chain studied in Sections 16.1 and 16.3.3 by rather
different methods; for A = 0 and J, = 0, (20.1) reduces to the X X Hamiltonian in (16.6).
We use these latter methods here and show how they can be combined with bosonization
to examine the more general model (20.1). Recall that the X X chain had a global U(1)
symmetry and an associated conserved charge Q = (1/2) ); 67. This U(1) symmetry is
also present in Hjp for general A. Only the point A = 1 has the full Heisenberg SU (2)
symmetry.

We begin by re-examining the XX model in Section 20.1, and then we re-obtain the
results of Section 16.3.3 by introducing the bosonization method. The same method will
be used to describe the phases and low-T properties of Hiy in Section 20.2. Finally, in
Section 20.3 we rectify an omission from Part II, examining the N = 2, d = 1 quantum
rotor model and showing how it can be understood by a simple adaptation of the methods
introduced in this chapter.
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20.1 The XX chain revisited: bosonization
1 —

This section examines the model Hip at . = 0 and J, = 0. Then, as noted earlier, Hi»
reduces to the Hamiltonian Hyx in (16.6). For antiferromagnetic exchange, J; > 0, we
obtain Hxy with a coupling w < 0; it is somewhat inconvenient to work with a w < 0,
but we can map to w > 0 by changing the signs of the 6*6* and 676" terms in Hj, by
rotating every second spin by 180 degrees about the z-axis. We have used the Jordan—
Wigner transformation to map Hyy onto a model of free spinless fermions, and with the
staggered rotation, the transformation (10.8, 10.9) becomes

6f=1- 2cjci,

6" = (1) H (1- 26;6‘]‘)6‘,',
j<i

67 = (=1 1_[ (1- ZC;CJ-)C?. (20.2)
j<i

Inserting (20.2) into (20.1) we find

Hip = — Z [2J1 (cfﬂc,- + c;c,ur]) + J])L(Zc;rci — 1)(2c§+1ci+] — 1)
i
+ D2 (2¢f e — 1) (2¢]  yei2 — 1)
— 20 (cf (2¢], civ1 = V)era + ¢ o (26], civ — 1)er)]. (20.3)

So for J, = 0, A = 0 we see that Hj, reduces to the free fermion form (16.7) of Hxx with
w=2Jyand u = 0.

The spin correlations of Hyx were examined in Section 16.3.3, and we were then espe-
cially interested in the quantum phase transition that occurred when the density of fermions
in the ground state went from being pinned at zero to a nonzero value. As discussed in
Section 16.1 and Fig. 16.1, this transition occurred at © = 0. Here we are interested in the
case u = 2w, when the density of fermions is nonzero and large; by Fig. 16.1 the fermion
band is exactly half filled. So we are well away from the quantum critical point of interest
in Chapter 16 and are solely interested in the finite ground state fermion density region.
This places us exclusively within the Tomonaga—Luttinger liquid region of Section 16.3.3.
(This is the region labeled “Fermi liquid” in Fig. 16.2, which applies to general d.) We
gave a complete derivation of the asymptotic form of the T > 0, equal-time correlators of
the Tomonaga—Luttinger liquid region in Section 16.3.3, and we then deduced the ground
state correlators in (16.85, 16.86) by appealing to a mapping based on conformal invari-
ance. The analysis there was specialized to the case u > 0, with || < w, but precisely the
same methods also work for 4 = 2w. Using the same steps as those leading up to (16.86)
(or to (10.95) for the quantum Ising chain), we can obtain the following 7" = 0 correlators
of Hip at A =0, J, = 0[327,420]:

AxAx AV A . 8(G1(0))*
(667} = (67 00) = D" 5 S

Foi, asn — 09, (20.4)
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where the numerical constant G;(0) was defined in (10.51) and its value was quoted above
(10.94). The leading (—1)" prefactor is as expected from the staggered spin correlations in
an antiferromagnet; technically it arises from the staggered rotation of the spins in (20.2).
We can also directly use the first mapping in (20.2) to obtain correlators of 6% quite simply:

2 2cos(nn))

w2n2 72n?

(6767,) =m0+ (1 =540 (— (20.5)

This section obtains the power-law decays in (20.4) and (20.5) by the bosonization
method [308, 309,493, 505]. However, this approach abandons attempts to keep track of
most of the prefactors (only the prefactor of the nonoscillating 1/n? decay of the conserved
z component of the spin in (20.5) is obtained exactly). This “sloppiness” is compensated
by the important advantage that the method applies for nonzero A and J>. Further, the
validity of the conformal mapping between 7 > 0 and T = 0 correlators noted above is
explicitly demonstrated.

We begin by taking the continuum limit of Hj; in (20.3) at J, = A = 0 in precisely the
same manner as discussed in Section 16.2.2 for the Fermi liquid region of Fig. 16.2. With
lattice spacing a, we introduce the continuum Fermi field Wr(x, t) as in (10.23) and then
parameterize it in terms of left (W7 ) and right (W ) moving excitations in the vicinity of the
Fermi points as in (16.28). The fermion band is half filled, and so in this case kr = 7 /a.
The fields Wy, g are described by the simple Hamiltonian

ow oW
Hpp = —ivF/dx (‘I’;a_xR - w{a—;) (20.6)

which corresponds to the Lagrangean Lpy in (16.29); the Fermi velocity is given by
v =4J1a.

We examine L a bit more carefully and show, somewhat surprisingly, that it can also
be interpreted as a theory of free relativistic bosons. The mapping can be rather precisely
demonstrated by placing L on a system of finite length L. We choose to place antiperi-
odic boundary conditions on the Fermi fields, ¥z r(x + L) = —W g(x); this arbitrary
choice will not affect the thermodynamic limit L — oo, which is ultimately all we are
interested in. We can expand Wy g in Fourier modes

R —— .
Wr(x) = 7 Z Wp,e! GnDmx/L (20.7)

n=—0oo

and similarly for Wy. The Fourier components obey canonical Fermi commutation rela-
tions {Wg,, \I',Ten,} = 8y, and are described by the simple Hamiltonian

~ TVF

o0
;
Hp == Z @2n — D)W}, Vg, — Eo, (20.8)

n=—oo

where the tilde in Hgi has been introduced to prevent confusion with the rotor
Hamiltonian (11.1), and Ey is an arbitrary constant setting the zero of energy, which we
adjust to make the ground state energy of Hg exactly equal to 0; very similar manipu-
lations apply to the left-movers Wy . The ground state of Hg has all fermion states with
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n > 0 empty, while those with n < 0 are occupied. We also define the total fermion
number (“‘charge”), Qg, of any state by the expression

OQr=) Wi Wgy. (20.9)

The colons are the so-called normal-ordering symbol — they simply indicate that the oper-
ator enclosed between them should include a c-number subtraction of its expectation value
in the ground state of Hpg, which of course ensures that Qg = 0 in the ground state.
Note that Qg commutes with Hg and so we need only consider states with definite Qg,
which allows us to treat Qg as simply an integer. The partition function, Zg, of Hg ata
temperature 7 is then easily computed to be

o0
Zr =[] +4" N (20.10)
n=1
where
g=e TVF/TL (20.11)

The square in (20.10) arises from the precisely equal contributions from the states with n
and —n + 1 in (20.8) after the ground state energy E( has been subtracted out.

We can provide an entirely different interpretation of the partition function Z. Instead
of thinking in terms of occupation numbers of individual fermion states, let us focus on
particle-hole excitations. We create a particle-hole excitation of “momentum” n > 0 above
any fermion state by taking a fermion in an occupied state n’ and moving it to the unoccu-
pied fermion state n’ + n. Clearly the energy change in such a transformation is 2nwvg /L
and is independent of the value of n’. This independence of n’ is a crucial property and is
largely responsible for the results that follow. It is a consequence of the linear fermion dis-
persion in (16.28), and of being in d = 1. We interpret the creation of such a particle-hole
excitation as being equivalent to the occupation of a state with energy 2nmwvr /L created
by the canonical boson operator b;,n. We can place an arbitrary number of bosons in this
state, and we now show how this is compatible with the multiplicity of the particle-hole
excitations that can be created in the fermionic language.

The key observation is that there is a precise one-to-one mapping between the fermionic
labeling of the states and those specified by the bosons creating particle-hole excitations.
Take any fermion state, |F'), with an arbitrary set of fermion occupation numbers and
charge Qr. We uniquely associate this state with a set of particle-hole excitations above
a particular fermion state we label | Q g); this is the state with the lowest possible energy
in the sector of states with charge Qg, that is, |Qg) has all fermion states with n < Qg
occupied and all others unoccupied. The energy of |QRr) is

10| 2

TUF wvrQp
—_— 2n —1) = ——=. 20.12
T r?_]( n—1) 7 ( )

To obtain the arbitrary fermion state, |F'), with charge Qg, first take the fermion in the
“topmost” occupied state in |Qg), (i.e. the state with n = Q) and move it to the top-
most occupied state in | F) (see Fig. 20.1). Perform the same operation on the fermion in
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@)

AN

|F>0—0—0—9—0—9—0—0—9—0—9—9—0—0—9—0—9—>

Sequence of particle—hole excitations (bosons bg,) by which one can obtain an arbitrary fermion state |F) from the
state |Qg), which is the lowest energy state with charge Q. The filled (open) circles represent occupied (unoccupied)
fermion states with energies that increase in units of 27z v¢ /L to the right. The arrows represent bosonic excitations,
bgn, with the integer representing the value of n. Note that the bosons act in descending order in energy upon the
descending sequence of occupied states in |Qg).

n = Qpr — 1 by moving it to the next lowest occupied state in | F'). Finally, repeat until the
state | F') is obtained. This order of occupying the boson particle-hole excitations ensures
that the b};n act in descending order in n. Such an ordering allows one easily to show that
the mapping is invertible and one-to-one. Given any set of occupied boson states, {n}, and
a charge Qpr, we start with the state | Q) and act on it with the set of Bose operators in
the same descending order; their ordering ensures that it is always possible to create such
particle-hole excitations from the fermionic state, and one is never removing a fermion
from an unoccupied state or adding it to an occupied state. The gist of these simple argu-
ments is that the states of the many-fermion Hamiltonian H g in (20.8) are in one-to-one
correspondence with the many-boson Hamiltonian
2 o
iy = % " Z”L”F S bl bra (20.13)

n=1

where Qg can take an arbitrary integer value. It is straightforward to compute the partition
function of H'y and we find

Zk:[]‘[ (1——1412"):| 3 g% | (20.14)

n=1 Qr=—00

Our pictorial arguments above prove that we must have Zgr = Z,. That this is the case
is an identity from the theory of elliptic functions. (The reader is invited to verify that the
expressions (20.10) and (20.14) generate identical power series expansions in g.)

The above gives an appealing picture of bosonization at the level of states and energy
levels, but we want to extend it to include operators. To this end, we consider the operator
PR (x) representing the normal-ordered fermion density:

T Or 1 i2nmwx/L
x) =V, (x)Vr(x) (= — + — e , 20.15
PROO) = WR(OWR() == ==+ = > Pk (20.15)
n7#0
where the last step is a Fourier expansion of pg(x); the zero wavevector component is
Qr/L, while nonzero wavevector terms have coefficient pgr,. The commutation relations
of the pp, are central to our subsequent considerations and require careful evaluation;
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we have

[oRns PR—1] = Z [\I";enllpRnl—Q—n» q/j-gnzq"an—n’]

niy,nz

T T
= Y (VWi — Vo Viirins)- 016
ny

It may appear that a simple change of variables in the summation over the second term
in (20.16) (np — ny2 + n) shows that it equals the first, and so the combined expression
vanishes. However, this is incorrect because it is dangerous to change variables in expres-
sions that involve the summation over all integer values of n; and are therefore individually
divergent; rather, we should first decide upon a physically motivated large-momentum cut-
off that will make each term finite and then perform the subtraction. We know that the linear
spectrum in (20.8) holds only for a limited range of momenta, and for sufficiently large |n|,
lattice corrections to the dispersion become important. However, in the low-energy limit
of interest here, the high fermionic states at such momenta are rarely, if ever, excited from
their ground state configurations. We can use this fact to our advantage by explicitly sub-
tracting the ground state expectation value (“normal-order”) from every fermionic bilinear
we consider; the fluctuations are then practically zero for the high-energy states in both
the linear spectrum model (20.8) and the actual physical systems, and only the low-energy
states, where (20.8) is actually a good model, matter. After such normal-ordering, the sum-
mation over both terms in (20.15) is well defined and we are free to change the summation
variable. As a result, the normal-ordered terms then do indeed cancel, and the expression
(20.16) reduces to

[orn PR=11 = Suw D (Whs— Y Rmy—n) — (ko W)

ny

= Sun. (20.17)

This key result shows that the only nonzero commutator is between pg, and pg—, and that
it is simply the number n. By a suitable rescaling of the pg, it should be evident that we
can associate them with canonical bosonic creation and annihilation operators. We will not
do this explicitly but simply work directly with the pr, as a set of operators obeying the
defining commutation relation (20.17), without making explicit reference to the fermionic
relation (20.15). We assert that the Hamiltonians H R, H 1/3 are equivalent to

JTva2 2muE >
~ /!
Hp=—"+="=) prnprn (20.18)

n=1

This assertion is simple to prove. First, it is clear from the commutation relations (20.17)
that the eigenvalues and degeneracies of (20.18) are the same as those of (20.13). (The
individual states are however not the same; there is a complicated linear relation between
them, which is not difficult to reconstruct from our definitions of the operators pg;, and
bgry.) Second, the definition (20.18) and the commutation relations (20.17) imply that

_ 2
[ ” ]: O k. (20.19)

Hpg, pr—n 17
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Precisely the same commutation relation follows from the fermionic form (20.8) and the
definition (20.15).

We have completed a significant part of the bosonization program. We have the “bosonic’
Hamiltonian in (20.18) in terms of the operators pg,, which obey (20.17), and we also have
the simple explicit relation (20.15) to the fermionic fields. Before proceeding further, we
introduce some notation that will allow us to recast the results obtained so far in a com-
pact, local, and physically transparent notation. We combine the operators pr, and pr,
(the Fourier components of the left-moving fermions Wy ) into two local fields ¢ (x) and
0 (x), defined by

s

70x i ei2n7rx/L
¢ (x) = —¢o + . 2 T[/)Rn"‘an]a
n#0
TJx i ei2n7rx/L
9()6)2—90-’-7—5 T[PRn—PLn],
n#0

where Q = Qg + Q is the total charge, J = Qr — O, and ¢ and 6 are a pair of angu-
lar variables that are canonically conjugate to J and Q, respectively; that is, the only
nonvanishing commutation relations between the operators on the right-hand sides of
(20.20) and (20.17) are [¢o, J] = i and [0y, Q] = i. Our objective in introducing these is to
produce a number of simple and elegant results. First, using (20.20), and the commutators
just noted, we have

[Vo(x),0(0)] =[VO(x), p(¥)] = ims(x — y). (20.20)

Second, (20.18) can now be written in the compact, local form
27 2% VF L 1 2 2
HI’e + HL’ = —/ dx | =(V¢)"+ K(VO)~ |, (20.21)
27 0 K

where the dimensionless coupling K has been introduced for future convenience; in the
present situation K = 1, but we see later that moving away from Hyy to more general Hy»
leads to other values of K. The expressions (20.21) and (20.20) can be taken as defining
relations, and we could have derived all the properties of the pr., pLn, 60, $o as conse-
quences of the mode expansions (20.20), which follow after imposition of the periodic
boundary conditions

p(x+L)=¢p(x)+70Q, O(x—+L)=0(x)+nlJ. (20.22)

These conditions show that ¢ (x) and 0(x) are to be interpreted as angular variables. Our
final version of the bosonic form of I:IR + I:IL in (20.8) is contained in (20.20), (20.21),
and (20.22), and the two formulations are logically exactly equivalent. The Hilbert space
splits into sectors defined by the integers Q = Qr + Qr, J = Qg — Qr (and so
(—1)2 = (—=1)7), which measure the total charge of the left- and right-moving fermions.
All fluctuations in each sector are defined by the fluctuations of the local angular bosonic
fields ¢ (x) and 6 (x), or equivalently by the fermionic fields W (x) and W (x).

We are going to make extensive use of the fields ¢ (x), 8(x) in the following, and so
their physical interpretation would be useful. First, the field ¢ has nothing to do with the
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O(N) order parameter ¢, used in other chapters of this book. Both notations are standard,
and the context should prevent confusion. The meaning of ¢ follows from the derivative of
(20.20), which with (20.15) gives

Vo (x) =mpx) = m(pr(x) + pL(x)). (20.23)

So the gradient of ¢ measures the total density of particles, and ¢ (x) increases by = each
time x passes through a particle. The expression (20.23) also shows that we can interpret
¢(x) as the displacement of the particle at position x from a reference state in which
the particles are equally spaced as in a crystal; that is, ¢ (x) is something like a phonon
displacement operator whose divergence is equal to the local change in density. Turning to
0(x), one interpretation follows from (20.20), which shows that Iy (x) = —VO(x)/7 is
the canonically conjugate momentum variable to the field ¢ (x). In other words, Hé is the
kinetic energy associated with the “phonon” displacement ¢ (x). Using this interpretation,
we can easily apply the methods of Chapter 3 to obtain the Lagrangean form of (20.21):
1

2r Kvp
where the subscript T L represents Tomonaga—Luttinger. This is just the action of a free,
massless, relativistic scalar field. Conversely, we also have a “dual” formulation of Sty in

which we interpret 6(x) as the fundamental degree of freedom and [Ty = —V¢ /7 as its
canonically conjugate momentum; then we obtain the same action but with K — 1/K

Srr =

/ dxdt[(3:4)* + vE(V$)?], (20.24)

K
Srp = —— / dxdt[(3:0)* + vE(VO)?], (20.25)
2TVE

for Hg + Hy. In this approach a direct physical interpretation of 6(x) is lacking; we see
below that we can interpret it as an angular variable corresponding to the O(2) order-
parameter correlations associated with the antiferromagnet Hyx in (16.6). In particular
we find 61 ~ (6, 4+ i6y) ~ (¢1 + i) ~ (n1 +iny) ~ ¢'? (here we have used the notation
of Part II, where q_5 and n represent an O(2) order parameter). Thus a slowly varying 6
corresponds to ordering in the x—y plane in the original antiferromagnet. Also, if, as in
Section 16.1, we interpret the S = 1/2 antiferromagnet as a hard-core Bose gas, then ¢/? is
the superfluid order parameter. Another important property of 6 is obtained by taking the
gradient of (20.20), and we obtain the analog of (20.23):

VO(x) = m(pr(x) — pL(X)); (20.26)

hence gradients of 6 measure the difference in density of right- and left-moving particles.

Let us also note a representation of the functional integrals in (20.24) and (20.25) which
integrates over both 6 and ¢ in a democratic manner. Such a representation is an integral
over phase space, rather than configuration space, and has the action

\v/ 2
Sr = ;’—F dxdt [( 1?) + K(V0)2:| +in / dxdTVd ¢. (20.27)
T

The final links in the bosonization procedure are expressions for the fermionic fields
Wp (x) in terms of ¢(x) and €(x). The details of such a representation depend upon
microscopic features of the particular model under consideration. These have been worked
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out explicitly for a fermion Hamiltonian known as the Luttinger model [189]; here we are
considering Hy x, and for this more general case we are satisfied by an operator correspon-
dence that gets the correct long-distance behavior but abandons attempts to get prefactors
like those in (20.4) correct (for recent progress in computing prefactors for Hyp at J, =0
see [11,306]). With this limited aim, the basic result can be obtained by some simple gen-
eral arguments. First, note that if we annihilate a particle at the position x, from (20.23)
the value of ¢(y) at all y < x has to be shifted by w. Such a shift is produced by the
exponential of the canonically conjugate momentum operator ITg:

exp (in /x l'[¢(y)dy) =exp(—if(x)). (20.28)

However, it is not sufficient to merely create a particle. We are creating a fermion, and the
fermionic antisymmetry of the wavefunction can be accounted for if we pick up a minus
sign for every particle to the left of x, that is, with a Jordan—Wigner-like factor

X
exp <imn f \IJ;(y)\IJF(y)dy> =exp (imkpx + im¢o(x)), (20.29)
—00

where m is any odd integer, and \IJ;\II F measures the fotal density of fermions (see (10.23)),
including the contributions well away from the Fermi points. In the second expression in
(20.29), the term proportional to kr represents the density in the ground state, while ¢ (x)
is the integral of the density fluctuation above that. Combining the arguments leading to
(20.28) and (20.29) we can assert the basic operator correspondence [213-215]

Wp(x) = Z Ameimkprrimqb(x)fiG(x), (20.30)
m odd
where the A,, are a series of unknown constants, which depend upon microscopic details.
We see shortly that the leading contribution to (20.30) comes from the terms with
m = =1, and the remaining terms are subdominant at long distances. Comparison with
(16.28) shows clearly that we may make the operator identifications for the right- and left-
moving continuum Fermion fields

W ~ ¢ 10F$ W, ~ e i0-i0, (20.31)

The other terms in (20.30) arise when these basic fermionic excitations are combined with
particle-hole excitations at wavevectors that are integer multiples of 2k .

Similar arguments, and the above expressions, can also be applied to spin operators 6%
via the relations (20.2). For 6T the arguments are as above except that the “string” factor
in (20.2) exactly compensates for the change in sign discussed above. We have then

&/Jr — (—1)j Z BmeimkFx,- +imp(x;) 7i9(x,-)’ (20.32)

m even

for some unknown B,,,. The most important term in this expansion is m = 0, so that
5~ (=1e”, (20.33)

establishing our earlier claim of ¢!’ as the order parameter for x—y spin correlations.
Finally, 6% is related to the fermion density, the slowly varying component of which



4an

20.1 The XX chain revisited: bosonization

can be reconstructed from (20.23), while additional contributions come from evaluating
Wl (X)W (x) using (20.30):

~2
L =—ZVpGp+ Y Cuemirrtimet) (20.34)
a T

m #0,even

for some C,,, with a the lattice spacing. Note that the coefficient of the slowly varying term
(which does not oscillate at a multiple of the wavevector kr) is precisely determined; this
is ultimately related to the fact that ) j &j = —2(Q commutes with the Hamiltonian.

We have completed our derivation of the bosonization technology and are ready to apply
it to obtain new results. The basic result is the equivalency of the fermionic Hamilto-
nian (20.8), and its left-moving partner, to the bosonic theory defined by (20.20), (20.21),
and (20.22). Also key are the operator correspondences in (20.23), (20.30), (20.32), and
(20.34).

We turn to the evaluation of the correlators of the spin operators, (20.32) and (20.34),
under the theory (20.21), (20.24), or (20.25). These can be obtained by use of the basic
identity

€Oy = ¢=(0N/2, (20.35)

where O is an arbitrary linear combination of ¢ and 6 fields at different spacetime points;
this identity is a simple consequence of the free-field (Gaussian) nature of (20.21). In par-
ticular, all results can be reconstructed by combining (20.35) with repeated application of
some elementary correlators. The first of these is the two-point correlator of ¢:

1(kx wpT)

dk
aTvrp K
oK T
Wn

1
@, 1) = (0, 0))%)

_ 5 In coshQn Tx/vr) — cosRQrT) ’ (20.36)
4 QrT/vrpA)?
where A is a large-momentum cutoff. Similarly, we have for 6, the correlator
1 (O0x. 7) — 600, 0)) - 1 R coshnTx/vr) —cosnTr) (2037)
(@, T . .
2 4K QrT/vrA)?
To obtain the 6, ¢ correlator we use the relation 1y = —V6 /7 and the equation of motion

illy = 3:¢/(wvpK) that follows from the Hamiltonian (20.21); then by an integration
and differentiation of (20.36) we can obtain

_i tan(wT1)
B, )¢ (0,0)) = 5 arctan[—tanh(n Tx/vp)]’ (20.38)

This expression can also be obtained directly from (20.27).
Applying (20.35) and (20.37) to (20.33) we get

L

. T2 4K
(=17 (6] (084 (0)) ~[ . . ] . (20.39)

sin(wT(t +ix;/vp))sin(@T (Tt —ix;/vF))
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At the value K =1 for Hyy, this agrees precisely with the result claimed earlier in (16.76)
and (16.86). In this previous case we had obtained the T > 0 crossover functions by appeal-
ing to the mapping (10.47) between T = 0 and T > O correlators, which was claimed to be
a consequence of the conformal invariance of the low-energy theory. Here we have shown
that the low-energy theory is given by (20.24) or (20.25) and that its T=0and T > 0O
correlators are indeed related by (10.47). Very similar arguments can also be advanced by
a bosonization analysis of the quantum Ising chain to establish (10.47) for the model of
Chapter 10. At T = 0, (20.39) gives an equal-time correlator that decays as 1/4/x, which
is in agreement with the exact result (20.4). We can also obtain the form of the subleading
terms by considering the correlators of the complete expression (20.32). At 7 = 0 we have
the following structure in the asymptotic expansion of the equal-time correlators:

o 5
) B

Vs TETy — m .

—D/(6765) = R TTR) cos(2mkrx;), (20.40)

m=0

for some unknown coefficients ém. Note, as claimed earlier, the m > 0 terms all decay
faster than the dominant m = 0 term.

Precisely the same methods can be applied to the correlators of 6¢. From (20.34), the
analog of the expansion (20.40) for the T = 0 equal-time correlator is

1 2K & C
AzAZ\ m )
S5 =53 +2 R cos(2mkpx;), (20.41)
m=

for some unknown C,,. Note that the leading, nonoscillating, term agrees precisely with
the first term in (20.5). For the special case of Hxy, we get K =1, and the oscillating
terms in (20.41) are in agreement with that in (20.5) for the special values C 1 =2/ 72 and
C‘,,,>1 = 0. The subleading terms in (20.41) do not appear for this special free fermion
point, but there is no reason for them to vanish in the general case, which is considered in
the following section.

Finally, we can also consider Hy, in (20.3) to be a generic Hamiltonian of interacting
spinless fermions in one dimension. Generally, as discussed in Chapter 18, such interacting
fermion models, in greater than one dimension, are expected to be Fermi liquids, with a
discontinuity in the momentum distribution function, n(k) of the fermions at the Fermi
wavevector; see (18.25). We now have the tools to compute n(k) in one dimension. Using
(20.30), and the results above for the correlation functions under (20.27) we obtain

sin(kr|x|)

; . _sinkplx])
(U (x)Wr(0) x| K+1/K)/2

(20.42)

Taking the Fourier transform of this, we conclude that n(k) does indeed have a singularity
at k = kp, but that this singularity is not generally a step discontinuity:

n(k) ~ —sgn(k — kp)|k — kp| K1/ K/2=1 (20.43)

For K = 1, (20.43) does indeed have a step discontinuity. However, as demonstrated
in Section 20.2, the full theory of interacting fermions in Hjy does have phases which
are adequately described by (20.27) at low energies but with K # 1. We refer to such
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a phase in Section 20.2 as a Tomonaga—Luttinger liquid. Thus, interpreted as a phase of
interacting fermions, a Tomonaga-Luttinger liquid is a non-Fermi liquid: its momentum
distribution function has a singularity at the Fermi surface, but the singularity is not a step
discontinuity, and is instead given by (20.43). Note the similarity of this singularity to the
non-Fermi liquids in two and higher dimensions noted in (18.44).

20.2 Phases of H1

We are ready to address the properties of the Hamiltonian Hy, in (20.1) for the case of
general Ji, Jo, and A [190]. We use exactly the same bosonization procedure developed in
Section 20.2 for Hxx but apply it to the more interacting fermion Hamiltonian in (20.3).
The first step, as in Section 20.1, is to focus on the low-energy degrees of freedom, which
consist of fermionic excitations near the wavevectors +kg. This is facilitated by taking
the continuum limit of (20.3) by inserting the parameterization (10.23) and (16.28). Before
doing this it is important to “normal-order” the terms in (20.3); in other words, we first per-
form a Hartree—Fock factorization to obtain the suitably renormalized one-particle Hamil-
tonian. In this manner we obtain the following continuum limit of Hj;:

Hi» = Hpp + H, + Hp, (20.44)

where Hpj was considered earlier in (20.6), and H, and H}, are the two new terms arising
from nonzero A and J;. The first of these has the form

H, =8(JiA +2J2)a / dx [(pr + pL) (PR + pL)], (20.45)

where pg was defined in (20.15), and similarly for pr; this term involves interactions
in which left- or right-moving fermions scatter off each other while exchanging small
momenta near the respective Fermi points. The second term, Hp, is more subtle. Its appear-
ance relies on the special value of kr = 7 /2a demanded by a half-filled fermion band [190].
For this value of kr, two right-moving fermions at kr have a total momentum 2kr = 7 /a,
which differs from the total momentum of two left-moving fermions (—2kr = — ' /a), by
areciprocal lattice vector, 27t /a. Hence it is possible to have an “umklapp” scattering event
between these, as in

Hy = 4(J1A — 6J3) / dx[ VRV WLV, + U VU wp V], (20.46)

Note that this is the only instance in this chapter where the precise value of kr has been
important — all other expressions apply for general kg and have been written as such.

We proceed to bosonize H, and Hj using the prescriptions of Section 20.1. The case of
H, is straightforward: we use (20.23) to write H, as

_ 8(J1h+20)

— dx(V¢)>. (20.47)

a
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This can be easily absorbed into the bosonized version of Hry, in (20.21) by a redefinition
of vr and K. In this way we have shown that the Hamiltonian Hry + Hj3 is equivalent to
(20.21), but with the parameters

4(iA+20)\ 12
b4

-1/2
K~ [1 W H2R) ZJQ)} “ (20.48)
Jim

The values of the parameters only hold for small A and J>; however, the general result of a
renormalization of vr and K, but with no other change, is expected to hold more generally.
Note that K # 1, but the results in Section 20.1 were quoted for general K and can now
be used.

The consequences of Hj are slightly less trivial. We insert the expansions (20.30) into
Hj, and generate a number of terms; the most important of these arises from simply using
the leading terms in (20.31), which yields

H, = —v f dxcos(dp(x))+---, (20.49)

where v ~ (J1A — 6J>). This is an important interaction modifying the simple Gaussian
action in (20.21). The final bosonized version of Hj; is then given by the action

1
Ssg = / dxdt [2711@,: ((8,(;5)2 + v%(v¢)2) - vcos(4¢)i|. (20.50)

This action represents the so-called sine—Gordon model and its properties are examined in
the following subsection.

For now, let us note the physical implication of the cos(4¢) term and some related issues.
Recall from the commutation relations (20.20) that V¢ is canonically conjugate to the
x—y order represented by the angular variable 6 (see the relation above (20.25) that [Ty =
—V¢ /). Then we can write the cos(4¢) term as

exp (—4ni /X Hg(y)dy) + h.c. (20.51)

In this form it is clear that this operator translates 6 — 6 + 4m for all y < x. But this
is the same as inducing a 4 vortex in the angular order parameter 6. Thus the effect of
the cos(4¢) term is to allow for 47 vortex tunneling events between different winding
number sectors of the angular variable 6 representing spin ordering in the x—y plane. This
interpretation is also consistent with (20.26) and (20.46). In the latter equation we see that
Hj, turns two left-moving particles into two right-moving particles, and so by the former
equation there must be a step of 477 in 6 at the point this happens.

It is interesting that there is no 27 vortex event allowed above in Hi>. We see shortly
that the absence of such single vortices, and the presence only of double vortices, has
some important consequences. The single 27 vortices are certainly permitted on general
topological grounds, but to induce them requires modifying Hj;. One possibility is a stag-
gered exchange interaction
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Hip = Hio+ J3 ) (=1)'6; - 6ipa. (20.52)

1

To obtain the bosonized version of this additional term, examine the structure of &i+6i:-1
under the mapping (20.32); the staggering of the exchange means that we have to pick up
the coefficient of (—1)! = ¢! ZKFYi; thig gives us the term f dx sin(2¢). The same term also
arises from the corresponding mapping using (20.34) of the &iz&iﬂr | term. So we have the

operator correspondence
(—1)6; - 641 ~ sin(2). (20.53)

A second possibility is a staggered field in the z direction; by a very similar argument from
(20.34) we obtain the operator correspondence

(—=1)'6¢ ~ cos(2¢). (20.54)

The arguments in the previous paragraph show that adding either of the sin(2¢) or cos(2¢)
terms to Sg¢ allows 27 vortex tunneling events. It is also interesting to note the fermionic
form of these 27 tunneling events. By reversing the bosonization mapping, it is simple to
see that (20.53) and (20.54) correspond to single-fermion scattering terms that turn left into
right movers and vice versa and change total momentum by 2kr. In contrast, the original
scattering term in (20.46) scattered two particles and changed momentum by 4k .

20.2.1 Sine—Gordon model

We discuss some important properties of the sine—Gordon field theory Ss¢g in (20.50) as a
function of the dimensionless coupling K and the dimensionful parameter v. The velocity
vr simply sets the relative scales of time and space but does not otherwise modify physical
properties.

We have already obtained results for Ssg along the line v =0. The model is a free,
gapless, Gaussian field theory characterized by the following 7 = 0 equal-time correlators

(eipe(x)e_ip/e(o)) ~ (Sp,,//xpz/zK, (eip‘f’(x)e_ip/‘P(O)) ~ SPP//xsz/z; (20.55)

for p = p’ these results follow directly from (20.35)—(20.37), while for p # p’ application
of (20.35) leads to an infrared divergent integral in the exponent, and so the correlator
vanishes. Note that these correlators are both power laws, indicating that the theory is
scale invariant along the line v = 0 (indeed it is conformally invariant). From (20.55) we
see that this is a line of critical points along which the exponents vary continuously as a
function of the dimensionless parameter K. The technology of renormalization group scale
transformations can therefore be applied freely at any point along this line. We can talk of
scaling dimensions of operators, and the results (20.55) show that

P2 . ipp1 _ PZK

1K dim[e'P?] = R (20.56)
Also, the relativistically invariant structure of the derivative terms in Sgg makes it clear
that the dynamic exponent z = 1. Using this, and the scaling dimensions (20.56) for p = 4,

dim[eP?] =



426

Spin chains: bosonization

we immediately obtain the scaling dimension dim[v] = 2 — 4K along the v = 0 line. This
can be written as a renormalization group flow equation under the rescaling A — Ae’:

D _ 2 _4k) (20.57)
—_— = — V. .
de

So the critical fixed line v =0 is stable for K < 1/2. However, this flow equation is not
the complete story, especially when K approaches 1/2. For [K — 1/2] ~ |v| we see that
the term on the right-hand side is not linear in the small parameter v, but quadratic. To be
consistent, then, we also have to consider other terms of order v? that might arise in the
flow equations. As we see below, there is a renormalization of K that appears at this order.

The flow equations at order v are generated using an approach similar to that used
in Section 12.1 for the N > 3 rotor model in d =1. As in (12.5), we decompose the
field ¢ (x, 7) into a background slowly varying component ¢ (x, t) and a rapidly varying
component ¢-. (x, T), which is out to order v

¢(x, 1) = p<(x,7) + b= (x, 7), (20.58)

where ¢ has spatial Fourier components at momenta smaller than Ae~¢, while ¢~ has
components between Aetand A. Inserting (20.58) into (20.50), to linear order in v we
generate the following effective coupling for ¢ :

v f d?X (cos(d¢p-(X) + 49~ (X))o
_ 2 i4¢- (X)
= v/d Xcos(4¢<(X))<e >0

= / 42X cos(4p (X))e 8¢

< dA) )
~uvll— 4KT /d X cos(4¢- (X)), (20.59)

where X = (x, ) is a spacetime coordinate, the subscript O indicates an average with
respect to the free v = 0 Gaussian action of ¢-, and dA = A(1 — e~ *). When com-
bined with a rescaling of coordinates X — Xe ¢ to restore the cutoff to its original value,
it is clear that (20.59) leads to the flow equation (20.57). The same procedure applies to
quadratic order in v. As the algebra is a bit cumbersome, we only schematically indicate
the steps. We generate terms such as

v? f d*Xd*Y cos(4p(X) = 4¢(Y)) exp (F16(p= (X)$= (¥))0)
=2 / d>Xd?Y cos(4p-(X) £ 4¢_(Y))exp (F(X — Y)dA), (20.60)

where f(X — Y) is some regularization-dependent function that decays on spatial scale
~A~!. For this last reason we may expand the other terms in (20.60) in powers of X — Y.
The terms with the + sign then generate a cos(8¢) interaction; we ignore this term as
the analog of the arguments used to obtain (20.57) show that it is strongly irrelevant for
K ~ 1/2. The terms with the — sign generate gradients on ¢~ and therefore lead to a
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-~ v
Ising—Néel

N7
ZN

Renormalization group flow trajectories and phase diagram of the sine—Gordon model Ssg in (20.50), as obtained
from (20.57) and (20.61). The origin is at K = 1/2,v = 0. The attractive fixed linev = 0, K > 1/2 controls the
Tomonaga—Luttinger liquid phase, which is described in Section 20.2.2. The points flowing offtov — —ooarein
the VBS phase described in Section 20.2.3. Finally, the points flowing tov — oo are in an Ising—Néel state discussed
in Section 20.2.4. The separatrices between these regionsare v = (2K — 1)/+/8. Thelinev = (2K — 1)+/8
corresponds to the SU(2) symmetric Hy; with A = 1; different points on this line are accessed by varying J, /1.

SU(2) symmetry

Tomonaga—Luttinger|
/

Tomonaga-— Ising—Néel
Luttinger
liquid

IS

Phase diagram of Hyy, (20.1) deduced from the flows in Fig. 20.2 by [190]. The vertical line & = 1has SU(2)
symmetry and maps onto the line v = (2K — 1) /+/8 inFig. 20.2. The multicritical point where all three phases meet
is the pointv = 0,K = 1/2inFig. 20.2.

renormalization of K. In this manner we obtain the flow equation
aK _ —5v? (20.61)
dt ’ '
where § is a positive, regularization-dependent constant (it also depends upon K, but we
can ignore this by setting K = 1/2 in § at this order).

A nearly complete understanding of the properties of Sgg follows from an analysis
of (20.57) and (20.61). The flow trajectories are shown in Fig. 20.2: they lie along the
hyperbolae 48v> — (2 — 4K)?> = constant. There are three distinct possibilities for the
ultimate long-distance fate of the couplings, leading to three separate phases of Sgg. We
consider each of these phases in the following subsections, followed by a discussion of the
critical lines and points between them. We also show the implications of the properties of
Ssg for a phase diagram of Hy, in Fig. 20.3, with some needed justification to follow in
the subsections below.
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20.2.2 Tomonaga-Luttinger liquid

For K >1/2 and |v| < 2K — 1)/\/5, the flow is into the fixed line v=0, K > 1/2. This
line is described by the free Gaussian theory in (20.21) or (20.24) or (20.25). The ground
state is a spin singlet (total S, =0) and there are gapless excitations with a linear dis-
persion that lead to the 7 =0 power-law decay of correlators in (20.40) and (20.41). The
dynamic finite-T properties follow from correlators such as (20.39), whose properties were
discussed in some detail in Section 10.4.3, where we considered the critical point of the
quantum Ising chain. The only change is that we now have a general exponent K (com-
pare (20.39) with (10.95)), but this does not make a qualitative change to the physical
discussion; only some quantitative factors change, and these can be easily computed for
arbitrary K.

20.2.3 Valence bond solid order

In this case the flow is toward v = —oo. This happens for all K < 1/2 and v < 0, and for
K>1/2,v<(-— ZK)/\/S (see Fig. 20.2).

The flow of |v| to large values indicates that the cos(4¢) term in Ssg, (20.50) dominates
the long-distance properties. A good first step is to assume that this is the dominant term,
which then indicates that the values of ¢ will be pinned predominantly at the minima of
the cos(4¢) potential. For v < 0 these are at

¢ =¢n=(2n+ Dn/4, (20.62)

where 7 is an arbitrary integer. In principle, each value of n labels a different ground state
of Ssg. However, ¢ is an angular variable, and physical observables depend only upon
gradients or trigonometric functions of ¢; one observable that can distinguish between the
different ¢,, is the staggered bond exchange energy in (20.53):

(=1)6; - 6i41) ~ singy) = (—1)". (20.63)

Thus there are only two distinct ground states, corresponding to even or odd values of n.
There is a spontaneously broken translational symmetry in both of these states owing to the
appearance of a staggering in the bond exchange energy. This is known as valence bond
solid (VBS) ordering, as discussed for the d = 2 case in Section 19.3.3; the VBS is also
referred to as a “spin-Peierls” state. A schematic of these VBS states is shown in Fig. 20.4.
We emphasize that this ordering appears spontaneously in Hj> and is not induced by a
staggering of the exchange constants as in (20.52); the latter requires an explicit sin(2¢)
term in the action, which we have not included.

- P Py P Py P Py

The two VBS ground states of Hy,. The thick lines represent larger values of (G; - ;1), while the unmarked
near-neighbor pairs have smaller values.
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We consider the excitations above either of the ground states. From the framework of the
sine—Gordon theory it appears natural to parameterize ¢ (X) = ¢, + ¢(X) and to expand
the action in powers of ¢. At quadratic order the curvature at the minimum of the cos(4¢)
potential gives rise to a ¢ mass term, and so we can expect that there is a gap and the
lowest-lying excitation is a massive ¢ particle. This expectation turns out to be incorrect,
and there is an alternative massive excitation with a lower energy. For reasons we shall not
fully discuss here, the most important excitation turns out to be a “soliton” (the reader can
consult the book by Rajaraman [389] for further details). This is a topological excitation
consisting of a localized lump at which ¢ interpolates between the two ground states. Thus,
for example, we have ¢ (x — 00) = ¢, and ¢ (x — —00) = ¢,—1, and ¢ (x) moves between
the two limits in the immediate vicinity of some point x = x¢. The disturbance around xg
can move, and this constitutes a quantum particle of mass A/ v%. This solitonic particle has
a lower energy than the ¢ particle for K > 1/8, and so, in keeping with the general notation
in this book, we have used the symbol A for the energy gap of the VBS state (the action
Ss is relativistically invariant and so the energy—momentum dispersion of the solitonic
particle is gy = (AT + v%kz)l/ 2). The q§ particle can be considered as a soliton/antisoliton
bound state, and it is found to be stable toward decay into a pair of widely separated soliton
and antisoliton particles only for K < 1/4. In any case, the low-temperature properties are
dominated by those of a dilute gas of solitons and antisolitons for all K > 1/8.

It is also useful to have an interpretation of the soliton in terms of the underlying spin
Hamiltonian Hp, [468]. Note that each soliton involves a change A¢ = +m/2. By the
relation (20.23) between gradients of ¢ and the charge density, we see that each soliton
carries a charge Q = =£1/2. This is to be contrasted with the charge Q = =1 carried
by the underlying Jordan—Wigner fermion Wr. Of course this charge is also equal to the
total spin S%, and so the soliton is an S; = *1/2 particle — a spinon, in the terminology
of Section 19.3.4. This suggests the simple pictorial representation shown in Fig. 20.5: the
domain between the two VBS states requires a shift in the singlet bonds by one site, leading
to a free S; = 1/2 spin at the boundary.

Note that the cos(4¢) in the action, representing tunneling only by £4m vortices, was
crucial for the existence of free spinons. If we had an explicit staggering of the exchange
constants, as in (20.52), the resulting action would allow £2m vortices with a correspond-
ing cos(2¢) term in the action, and a solitonic analysis similar to the one above would
show that excitations were particles with integer spin. This confinement of spinons is also
easy to understand from the pictorial representation in Fig. 20.5, as the explicit staggering
would lead to an energy cost proportional to the length of the “wrong” domain between
two spinons.

We turn to the low-temperature static and dynamic properties of this VBS phase. As
already noted, these are dominated by a dilute gas of S; = £1/2 particles. The latter sys-
tem can be analyzed using a method essentially identical to that employed in Section 12.2

A Q = 1/2 spinon excitation interpolating between the two VBS ground states of Fig. 20.4.



430

Spin chains: bosonization

for the low-temperature properties of the d = 1, O(3) quantum rotor model. In the latter
case, we had particles with S, = 1, 0, —1; this is one of the main substantive differences,
and the presence here of particles with S; = 1/2, —1/2 only leads to simple changes in
various numerical prefactors, for the physical properties of the transport of magnetization
density are identical to those discussed in Section 12.2. In particular, the spinon collisions
are described by the low-momentum § matrix in (12.13), with the my, ma, m}, m}, now
taking the values +1/2. (The arguments for this key property are the same as those pre-
sented below (12.13).) A second important difference is that the spin structure factor is not
given by a single-particle propagator as in (12.28)—(12.30); instead we have to consider a
convolution of two single-particle propagators, as in (19.72)—(19.75).

An explicit demonstration of the existence of the S; = £ 1/2 spinons in this phase can
be given at the special value K = 1/4. This relies on a commonly used trick of “refermion-
ization” of sine—Gordon-like field theories in d = 1, and this appears to be a convenient
occasion to introduce it. Consider the fermionic fields

wR ~ e—i9/2+i2¢’ 1/fL ~ e—i9/2—i2¢. (2064)

Note that 6/2 and 2¢ obey the same commutation relations as those in (20.20), and so by
working backwards through the arguments leading to (20.31), we see that Y g ; are indeed
fermionic operators annihilating particles with a linear dispersion. By the same arguments
as those leading to (20.21) we may conclude that

, $OYR YL VF / AL

— d —_— = = dx [4(V - (Vo) |. 20.65

va/x(wRa i) = 28 [ax [4ve7 + yve) (20.65)
However, this is precisely the Hamiltonian corresponding to the gradient terms in Sgg at
K = 1/4. Furthermore, it is easy to see from (20.64) that the cosine term in Ssg can be

obtained by bilinear combinations of the {1 r. So we have the remarkable result that, at
K = 1/4, Ss¢ is equivalent to the free fermion Hamiltonian

/ (—zva;lx +i 1/,T wL (waL + WLWR)) (20.66)

where A ~ v multiplies a term arising from cos(4¢) in Sgg. However, (20.66) describes a
free massive Dirac particle in d = 1. Also note that an identity analogous to (20.23) is

1
(waR +iyiyr) = —V¢; (20.67)

the leading 1/2 shows that the Dirac particle/antiparticles carry charges +1/2 and identifies
them as the spinons.

An important caution about the discussion above at K = 1/4 is in order. While the free
Dirac particle mapping gives an appropriate picture of the elementary excitations above the
ground state, its naive extension to 7 > 0 properties is quite misleading. In particular, if
the spinons were really free, their two-particle S matrix for the collision in Fig. 12.2 would
take the form

S"I2 = (= 1)8mym,y S w3 (20.68)

mlm
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here we have included the (—1) arising from the exchange of two fermions explicitly in the
S matrix. Comparing this with (12.13), we see a crucial difference in the structure of the
spin indices: the spins are now “passing through” the collision, rather than “bouncing off.”
In fact (20.68) is never the appropriate result for any realistic condensed-matter system,
and (12.13) always applies at low momenta. The important point is that it is not possible
to ignore additional “irrelevant” terms not explicitly included in Ssg. When these terms
are carried through the refermionization above, they invariably lead to some four-fermion
scattering terms; such terms are always important in the scattering of massive particles in
d = 1, as discussed below (12.13), and lead to the “super-universal” S matrix in (12.13).

20.2.4 Néel order

Now the flow is toward v = +o0. This happens for all K < 1/2 and v > 0, and for
K >1/2,v> (2K — 1)/+/5 (see Fig. 20.2).

The reasoning then closely parallels that in Section 20.2.3 for v — —o0. The important
minima of the cos(4¢) potential are at

¢ = n =nm/2. (20.69)
The physical properties of these minima are distinguished by the expectation value
((—l)ic}f) ~ cos(2¢n) = (—1)". (20.70)

Thus there is a spontaneously broken symmetry characterized by a staggered expectation
value in the z component of the spins. This is a Néel state with an Ising symmetry; it is to
be contrasted with the Néel state in Section 19.3.3 in which the staggered moment could
point in any direction in spin space. Here the anisotropy in the Hamiltonian picks out the
z direction as a preferred one, and there is only a twofold degeneracy in the resulting
Ising/Néel ground state. (Note that a fully isotropic Néel state is not possible in d =1, as
was indicated in Section 19.3.2, and discussed further below in Section 20.2.5.)

Apart from the shift in the minima of the cosine potential from (20.62) to (20.69) (and
the resulting difference in the physical interpretation of the broken symmetry of the ground
state), there is essentially no difference in the analysis of the fluctuations here from that in
Section 20.2.3; indeed, we can map v— — v in Sgg by the shift ¢ — ¢ + 7 /4. For
K > 1/8 the lowest lying excitations are massive S, = =£1/2 spinons, which interpolate
between the two Ising/Néel ground states. Their collisions are described at low momenta
by (12.13), and the low-T properties are as in Section 12.2 with the modifications noted
above in Section 20.2.3.

20.2.5 Models with SU(2) (Heisenberg) symmetry

Here we focus on the special point A =1 in Hjp, where the Hamiltonian has full SU(2)
symmetry. We have argued in Sections 19.3.1 and 19.3.2 that this model should also be
described by the d = 1, O(3) nonlinear sigma model (19.51) with an additional topological
term (19.53) at & = 7 (this 0 represents the coefficient of the topological term and should
not be confused with the angular bosonization field 6 used elsewhere in this chapter).



432

Spin chains: bosonization

The latter model is characterized by a single dimensionless coupling g (apart from the
momentum cutoff A), and we can answer the following important question: what trajectory
in the v—K phase diagram of Sg¢ in Fig. 20.2 does the d = 1, O(3) nonlinear sigma model
at 6 = 7 map onto as a function of g?

A first guess would be to simply set A =1 in the values of the couplings in (20.48)
and in the value of v below (20.49). However, these results hold for small A and J, and
are not acceptable for A = 1. A strategy that works is the following: let us focus on the
Tomonaga-Luttinger phase of Section 20.2.2 and ask if there is any trajectory within it
which corresponds to A = 1. If there was such a trajectory, then SU (2) symmetry demands
that the 6267 and 676~ correlators should decay with the same exponent. We compare
the expansions in (20.40) and (20.41) and notice that their leading terms coincide only at
K = 1/2 (the first subleading term also coincides at this value of K). So one point with
SU(2) symmetry in Fig. 20.2 is the very symmetrical point in the center v =0, K = 1/2.
Now if the renormalization group respects the underlying symmetry of the Hamiltonian,
points flowing into and away from v = 0 and K = 1/2 could also be SU (2) symmetric.
By examining the trends in (20.48), and in the value of v below (20.49), we are then led to
assert the following important result:

the line v = (2K — 1)/\/3 has SU (2) symmetry, (20.71)

and therefore it corresponds to A =1 in Hjp; we access different points on this line by
varying J»/Ji, and increasing J»>/J; corresponds to decreasing v and K. This line also
maps onto the O(3) nonlinear sigma model at & = m, and increasing g also corresponds to
decreasing v and K. The renormalization group flow along this line is easily deduced from
either (20.57) or (20.61), and we have

dv

= —2/8v2. (20.72)

This flow has a fixed point at v = 0, which corresponds to some critical value of J>/J; =
Joc or g = g, as in Fig. 19.1. The O(3) nonlinear sigma model also has an additional
unstable fixed point at g = 0, but that is inaccessible in the present sine—-Gordon theory.
This fixed point corresponds to the classical limit S — oo (as g ~ 1/5) and so it is not
surprising that it does not appear in an analysis set up explicitly for S = 1/2. Presumably,
the g = 0 fixed point is present somewhere in the large K, v region of Fig. 20.2.

All points with v > 0 (J2/J; < Joc or g < g¢) flow into v = 0 (Figs. 19.1 and 20.2).
For these values the ground state is a Tomonaga—Luttinger liquid with correlations given
by (20.40) and (20.41) at K = 1/2. The flow into the fixed point is logarithmically slow
(v(€) ~ 1/¢ for large £), and this leads to logarithmic corrections to the correlators in a
manner rather similar to the d = 3 quantum rotor model examined in Chapter 14. This
critical state at v = 0, K = 1/2 is the closest a spin model in d = 1 can get to achieving
long-range Néel order — the equal-time order parameter correlations decay as 1/x. With-
out the topological term in the nonlinear sigma model, the correlations decay even faster
(exponentially) as discussed in Chapters 11 and 12.

Points with v < 0 (Jo/J1 > Joc or g > g.) flow away to large negative values of
v. This puts us in the gapped VBS phase already discussed in Section 20.2.3. Additional
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support for this identification comes from an interesting exact result of Majumdar and
Ghosh [315,468]. They noted that at the special SU (2) symmetric point, A = 1, Jo = J1/2,
it is possible to write down the exact wavefunction of the ground state of Hj,. It can be
checked that the following simple ansatz consisting of a product of pairs of singlet bonds
is an exact eigenstate of Hjs:

. 812834856878 e, (20.73)

where B;; = (| 1)l 4)j — 1 1)l ¢>i)/¢§; this state is degenerate with its symmetry-
related partner

... B23BysBeg7Bso . . . (20.74)

Arguments proving that these are also the ground states are given by Majumdar and Ghosh.
It should be clear that these are precisely the VBS states sketched in Fig. 20.4. (We also
note that there are some interesting generalizations of the Majumdar—Ghosh construction
of exact ground states to antiferromagnets on the square lattice [52,469] (one of which
has found a recent experimental realization [257, 343]), but these are for cases where the
Hamiltonian does not have the full square lattice symmetry.)

We can also use the flow equation (20.72) to deduce how the energy gap vanishes, or
the VBS order disappears, as v 7 0 (or g N\ g or Jo/J1 \{ J2¢). The runaway flow for
v < 0 from the v = 0 fixed point in (20.72) has precisely the same structure as the flow in
(12.8) for the d = 1, O(3) rotor model. Using precisely the same arguments as those pre-
sented in Section 12.1 we may conclude here that the energy gap A ~ exp(—1/(2+/8|v]))
for small |v|. Also, from (20.56), the VBS order parameter in (20.63) has scaling dimen-
sion dim[sin(2¢)] = 2°K /2 = 1; so its expectation value vanishes as (sin(2¢)) ~ A ~

exp(—1/2/5[v])).

20.2.6 (Critical properties near phase boundaries

There are three phase boundaries in Fig. 20.3 and we consider properties in their vicinity
in turn. The multicritical point where all three phases meet will not be considered since
this point lies on the SU (2) symmetric line A = 1 and has therefore already been described
in Section 20.2.5.

We first consider the transition from the Tomonaga—Luttinger liquid to the Néel phase.
We cross the phase boundary by moving the initial values of v and K in Fig. 20.2 across
the separatrix v = (2K — 1)/+/5. Note that the last point within the Tomonaga—Luttinger
liquid is on the separatrix, which was asserted earlier to have A = 1 and SU (2) symmetric
correlations. To understand the growth of the Néel order parameter, we have to examine
the flows from an initial point just across the separatrix, that is, from the point v = (2K —
1 + €)/+/8 for small €. To facilitate integration of the flow equations (20.57) and (20.61)
we change variables to

yi2=+8vF Q2K — 1). (20.75)
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Then (20.57) and (20.61) become

dy

a0 y1(n + y2),
dy>

i —y2(31 + y2).

It is clear from these equations that one integral is simply y;y» = C, where C is a constant
determined by the initial conditions; the first equation is then easily integrated to give

an! 29 _on 1 2O _ 5 (20.76)
Ve JC
By the usual scaling argument, the characteristic energy gap, A, in the Néel phase is of
order e‘e*, where £* is the value of £ over which y; grows from an initial value of order
€ < 1 to a value of order unity. From the initial conditions, we expect the constant C to
be of order € also, and so let us choose C = ¢; then a straightforward analysis of (20.76)
gives us

A ~ exp (—2”7) (20.77)

This singularity, and the flow analysis above, are characteristic of a “Kosterlitz—Thouless”
transition, which occurs in a variety of physical situations in both classical and quantum
systems (the reader may find more details in the book by Itzykson and Drouffe [244]).
Also note the difference between this singularity and that found for the SU(2) case in
Section 20.2.5 — there was no square root within the exponential in the latter case. By
arguments similar to those presented in Section 20.2.5, we may also conclude here that the
order parameter grows as ~A.

The transition between the Tomonaga—Luttinger liquid and the VBS phase is essentially
identical to the above case, and little needs to be said. The energy gap in the VBS phase
obeys (20.77) near the phase boundary, and the VBS order parameter vanishes as ~ A.
We note that the terminus of the Tomonaga—Luttinger liquid again has K = 1/2, SU(2)
symmetric exponents because the flow is again into the v = 0, K = 1/2 point; this happens
even though the underlying model has A < 1 (see Figs. 20.2 and 20.3).

Finally, let us consider the phase boundary between the VBS and Néel phases. This
coincides with the line K < 1/2, v = 0 in Fig. 20.2. Along this line correlations of both
order parameters decay with a power law determined by their common scaling dimension
(from (20.53), (20.54), and (20.56)) dim[sin(2¢)] = dim[cos(2¢)] = K, that is, equal-
time correlators decay as x>, For nonzero v an energy gap appears, and its magnitude
is determined by the relevant flow away from the v = 0 line in (20.57). This flow equation
tells us that 1/v = dim[v] = (2 — 4K), and as z = 1, the energy gap A behaves as

A ~ |p|/CG4K) (20.78)

The scaling dimensions of the order parameters above show that they vanish as AX on
either side of the phase boundary.

One interesting feature of this last phase boundary deserves further comment. Note that
we have distinct broken symmetries on either side of the transition, characterized by very
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different order parameters, VBS and Néel. If we had attempted to construct a generic
Landau-like mean-field theory for such distinct order parameters, we would have con-
cluded that the two phases would not be separated by a second-order transition: a first-order
line or coexistence between the two phases is generic. Nevertheless, we have found here a
second-order transition across a line with continuously varying exponents. This is clearly
a consequence of the strong quantum fluctuations in a low-dimensional system, and mean-
field theory is not a suitable guide for the expected behavior. Recall also that a generic
second-order phase boundary between Néel and VBS phases has also been proposed in
certain collinear antiferromagnets in d = 2, as discussed in Section 19.3.5.

20.3 0(2) rotormodelind =1

In Part IT we examined the quantum/Ising rotor models in all spatial dimensions d and for
all values of the number of rotor components, N. Only one case was omitted, as noted in
Chapter 12: d = 1 and N = 2. For completeness, we discuss this case here, as only a
simple extension of the methods already introduced is necessary.

We consider a chain of O(2) quantum rotors (defined in Section 6.3 and (6.35)) with the
Hamiltonian

J A A
Hyg = 75’ ZL? —J Zn,- R, (20.79)
1 1

where n; are two-component unit vectors, there is only a single generator of O(2) rotations
L; on each site, and these operators obey the on-site commutation relations (6.34).
Let us parameterize

n; = (cos6;, sinb;), (20.80)

and take the naive continuum limit of (20.79). This can be done using the methods dis-
cussed in Chapter 3; we obtain a continuum d =1 quantum field theory for 6 that has
precisely the same action as St in (20.25) but with the couplings

b4
N —, v~ \/gJa. (20.81)
NG v

Under this action, equal-time correlators, from (20.55), decay as

1

(ni -nj) ~ —|xl- —xj|1/(2K).

(20.82)

However, this is clearly not the complete story. This naive continuum limit has explicitly
prevented the introduction of vortices in the angular 6 field. These are tunneling events in
which the spatial winding number

1
— / dxVo (20.83)
2
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changes between integer values. Such vortices can be conveniently introduced in the dual
¢ field formulation, as discussed below (20.51). In the present situation elementary 2w
vortices are certainly allowed by the lattice Hamiltonian (20.79), and so by the arguments
just before and after (20.51) we obtain the dual action

. 1 N
SsG = / dxdt [anvF ((a,¢)2 + v%(v¢)2> - vcos(2¢)i|. (20.84)

The most important difference from Ssg in (20.50) is that we have a cos(2¢) rather than
a cos(4¢) term. Much of the analysis of Sgg in Section 20.2.1 can now be applied. The
renormalization group equations (20.57) and (20.61) are modified to

dv

- Q-K)P
T ( ),
dK _ 502

de '

This leads to a renormalization group flow diagram as in Fig. 20.2, but in the vicinity of
the point K = 2, v = 0 (instead of K = 1/2, v = 0). The model Hp therefore has a
Kosterlitz—Thouless transition from a gapless phase with correlations decaying as (20.82)
to a gapped phase (the gap increases as in (20.77)), and equal-time correlations decay
exponentially as in (1.26). The exponent K takes the value K =2 at this critical point.
This is the most important difference from the corresponding transition in Hi, where we
had K =1/2. As a result, the critical order parameter correlators decay as 1 /xl/ 4. Also,
the excitations in the gapped phase carry charges O = =1. This is a consequence of the
transition being driven by single 27 vortices.

20.4 Applications and extensions
I —

There is a great deal of experimental and theoretical work on S =1/2 spin chains, and a
complete survey will not be attempted here. For a discussion mainly of neutron scattering
experiments see the review articles by Cowley [95] and Broholm [63]. Nuclear magnetic
resonance experiments have also been important in measuring thermodynamic and low-
frequency spin relaxation properties; a discussion of these may be found in [126,416,452,
486,487,499]. The VBS phase of Section 20.2.3 has an experimental realization in the
intensively studied compound CuGeQO3, although the coupling between the spins and the
phonon excitations [97] almost certainly has to be considered for a complete understanding
of the experiments; a neutron scattering analysis may be found in [16], and a discussion of
some theoretical issues in [30, 181].
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This chapter has been co-authored with T. Senthil, and adapted from the Ph.D. thesis of
T. Senthil, submitted to Yale University (1997, unpublished).

The last two chapters of this book move beyond the study of regular Hamiltonians that
have the full translational symmetry of an underlying crystalline lattice and consider the
physically important case of disordered systems described by Hamiltonians with couplings
that vary from point to point in space. By the standards of the regular systems we have
already discussed, the quantum phase transitions of disordered systems are very poorly
understood, and only a few well-established results are available. A large amount of theo-
retical effort has been expended toward unraveling the complicated phenomena that occur,
and they remain active topics of current research. The aims of our discussion here are
therefore rather limited: we highlight some important features that are qualitatively differ-
ent from those of nondisordered systems, make general remarks about insights that can be
drawn from our understanding of the finite-7" crossovers in Part II, and discuss the proper-
ties of some simple solvable models.

In keeping with the general strategy of this book, we introduce some basic concepts by
studying the effects of disorder on the magnetic ordering transitions of quantum Ising/rotor
models studied in Part II; we also make some remarks in Section 21.4 on the effects of
disorder on the ordering transitions of Fermi liquids considered in Chapter 18. Models
with much stronger disorder and frustrating interactions that have new phases not found in
ordered systems are considered in Chapter 22.

Almost all of this chapter considers the following disordered Hamiltonians: for the case
N =1, we generalize (10.1) to

Hig=-Y g6 =Y Jij6167%, 1.1)
i (ij)
while for N > 2, we have the disordered version of (11.1):

Hgq = %Zgi i - > Jijhi -, (21.2)
i (ij)
where (i j) represents the sum over nearest neighbors on the sites, i, of a regular lattice, and
the couplings g; > 0, J;; > 0 are random functions of position (note that g; has the dimen-
sions of energy, unlike the dimensionless g in (10.1) and (11.1), and the nondisordered case
obtains with g; = gJ and J;; = J). The restriction that the couplings all be nonnegative
has an important simplifying consequence: there is no frustration in the exchange terms in
(21.1) and (21.2), and so for small enough g;, there is a magnetically ordered ground state,
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characterized by the same order parameter used for the nonrandom case. In the present
case we define

No = (6}), T =0, (21.3)

where the overbar denotes an average over different disorder configurations, and the gen-
eralization to N > 2 is obvious. For a specific realization of the disorder, the value of
(67°) in the magnetically ordered ground state varies from point to point due to the micro-
scopic disorder, but there is an average uniform component, which is measured by Ng. This
average can be computed by summing (6,°) over all sites i for a specific realization of the
disorder, or by performing the disorder average as in (21.3) —the result is expected to be the
same. Now, as we raise the value of all the g; (say, by increasing their mean, while keeping
their variance fixed), we expect a phase transition at a critical value of g = (g;) to a quan-
tum paramagnet with No = O; for sufficiently large g;, the strong-coupling methods of
Sections 5.2 and 6.1 apply and show that the ground state must be a quantum paramagnet.
It is this transition from a magnetically ordered state to a quantum paramagnet that forms
the basis of most of our discussion of quantum phase transitions in disordered systems in
this chapter.

We begin in Section 21.1 by discussing a general stability criterion that must be satisfied
by a quantum critical point in any disordered system. This leads to the requirement that the
correlation length exponent v satisfy v > 2/d. Further general considerations appear in
Section 21.2 where we discuss the low-energy spectrum of the phases away from the criti-
cal point. The presence of disorder introduces the so-called Griffiths—McCoy singularities.
A first analysis of the models H;4 and Hg, appears in Section 21.3 using the field-theoretic
methods of Chapter 14. Two solvable cases of Hj; are considered next: models near the
percolation transition in Section 21.5 and models in d = 1 in Section 21.6. Some conclud-
ing remarks then appear in Section 21.7.

21.1 Stability of quantum critical points in disordered systems
-__________________________________________________________________________________|

Because a random system is intrinsically inhomogeneous, it is not a priori clear that it
can display a sharp second-order phase transition at a specific average coupling g = g,
(say) at which the response functions become singular. After all, the couplings vary from
point to point, and there will always be localized regions that are well away from the
critical point, even though the average coupling is critical; consistency requires that such
localized regions do not occur often enough. The restrictions this places on the classical
critical point were first considered by Harris [200], who actually looked at the simpler
question of whether the classical critical point of the nonrandom system was stable toward
the introduction of a small amount of disorder. However, the restrictions that emerge apply
also to quantum critical points of random systems, as was discussed by Chayes et al. [81]
who also presented a rigorous argument.
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We will be satisfied here presenting a simple heuristic argument, along the lines of
Harris [200]. Let us tune the transition by varying the value of g. Focus now on any region
of size L; we can define a local critical point g., at which this region will cross over
from a magnetically ordered to a quantum paramagnetic state. The value of g. , will not
necessarily equal the global value g.. We can expect that local random fluctuations will
cause a deviation of order L~9/2; this follows from the central limit theorem-like argu-
ment that the variance of order A" = L¢ independent random numbers (the local values of
ge) is of order /. Such a deviation is significant if it starts becoming of order |g — g.|-
This will happen at length scales shorter than L = L, ~ |g — g.|7*/%. Now if L, is
shorter than the correlation length £, then by the time we renormalize out to the scale
& ~ |g — g|™", the system has unambiguously decided what its critical point is, and local
random fluctuations have been smoothed out. So we now have our stability requirement
L <K&, or

18— 8™ <1z~ &l ™" (214)

Consistency of (21.4) leads to the main result of this section:

=

, (21.5)

Ul

an inequality that must be satisfied by all quantum critical points of disordered systems.

In our discussion above we considered the consequences of fluctuations in the local posi-
tion of the critical point. In a field-theoretic language, we can induce such a fluctuation by
perturbing the action with a random coupling multiplying the operator that tunes the sys-
tem across the transition. More generally, consider the case where the randomness couples
to some local operator O (x, ), which has a scaling dimension dim[O] = . This means
that the effective action for the system will have an additional term

/ddx/drr(x)O(x,r), (21.6)

where r(x) is a fixed random function of space only. We assume that the spatial correla-
tions in r(x) are short-ranged (i.e. 7(x) and r(x’) are considered as independent random
variables for moderate values of |x —x’|). In contrast, note that as r (x) is time independent,
there is an infinite correlation “length” along the imaginary time direction. It is this long-
range correlation which makes the effects of randomness particularly severe in quantum
systems. Now consider averaging over the disorder using replicas (this method is discussed
briefly in Section 21.3). This generates a term 82 fddxdndrz Zab Oq(x, 11)Op(x, T2),
where 87 is the variance of r, and a, b are replica indices. The scaling of 82 is given by
power counting to be dim[8'?] = d + 2z — 2¢o. This type of randomness is therefore
relevant if d 4+ 2z — 2¢p > 0. For the case of the energy density, the scaling dimension
of the associated coupling constant is 1/v, and so the dimension of the energy operator is
o = d + z — 1/v; the criterion for its relevance then becomes v < 2/d, as expected.
Conversely, such random fluctuations are perturbatively irrelevant if v > 2/d.



440

Magnetic ordering transitions of disordered systems

21.2 Griffiths—McCoy singularities

In addition to the singularities in the spectrum at the quantum critical point, all disordered
systems have additional “Griffiths—McCoy” (GM) singularities [180,328,329] that affect
the phases on either side of the critical point (related singularities are also present in the
statics and dynamics of classical spin systems [116, 117,393]). The physics behind their
appearance is quite different from those of the critical singularities, and the complicated
interplay of these two distinct phenomena is at the heart of the difficulty of analyzing
quantum phase transitions in disordered systems. One possibility is that GM singularities
of the phases are quite weak and are simply idle spectators that are decoupled from the
critical singularities — they are then not part of the universal scaling functions describing
the crossover between the phases. At the other end of the possibilities, the GM and critical
singularities could be tightly coupled, with no sharp distinction between the two — the
GM singularities then become the critical singularities as one approaches the critical point.
In any case, theoretical analyses cannot deal with one without considering the other, and
unraveling the two is often quite difficult.

The central idea becomes clear by considering a specific case: the N = 1 model H; 4 (see
(21.1)). We are interested in the nature of the low-energy spectrum (w — 0) in the quantum
paramagnetic phase (g > g.) not too far from the critical point; this is controlled by the
GM singularities. (Notice the order of limits (w — 0 followed by g — g.) characterizing
these singularities; the opposite order of limits (g — g first and then w — 0) lead to the
critical singularities.) In the nondisordered case there was an energy gap Ay ~ (g — g¢)*”
and so all spectral densities vanished for @ < A,. We now argue, following [140, 142,
187, 400, 404, 503, 552] that there is no such gap for the disordered system, and there
is always a nonzero spectral density at arbitrarily low energies. Due to the randomness,
there would, in general, be a nonzero probability that any given bond is stronger than the
critical bond strength at which the system orders as a whole. This would happen in an
entire, compact region of linear size L with probability P(L) ~ exp(—cL?), where ¢ is a
constant determined by the microscopic couplings, width of the random distribution, etc.
Such regions constitute clusters of spins that are coupled strongly enough that if they were
infinite in size, they would order.

Consider any such cluster of size L. For large L, all the spins in the cluster behave
coherently in space, and it is legitimate to treat the cluster as a single giant spin in the
presence of some effective transverse field gz . Thus the cluster has two low-lying energy
levels with an energy difference 2g;, well-separated from other higher energy levels. This
effective field, and hence the splitting between the two levels, goes to zero as L — oo,
thus giving rise to broken symmetry and “long-range” order within the cluster. For finite
L, g1 can be estimated in perturbation theory as the ratio of the transverse field to the
bond strength. To zeroth order of perturbation theory, there is no transverse field, and the
cluster has two degenerate ground states (all spins up or down) and other excited states
separated by a large energy (of order the bond strength). A nonzero transverse field breaks
this ground state degeneracy, and there remains instead a doublet with a nonzero but small
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splitting. It is clear that this effect will appear only in a large order of the perturbation theory
(= number of spins in the cluster) ~L¢. Thus the splitting and hence g; are exponentially
small in L?: g; ~ gexp(—cLY).

Now, we assume that different clusters in the system may be treated independently of
one another. Consider the density of low-energy excitations as measured by the disorder
average of the imaginary part of the local dynamic susceptibility, Imy; (w) = f dk/
(2n)dlmx (k, w), with x defined in (7.7):

Imyz (@) = Z |(a|&f|o)|25(w — (Eq — Ep)), (21.7)

where |«) refer to eigenstates of the system with energy E,, and |0) is the ground state.
For low w in the paramagnetic phase, the only contribution will be from the rare clusters
discussed above. Thus

Imyy (@) ~ /dL P(L)8(w — 2g1), (21.8)
~ /dL e 8 (w — he 1E), 21.9)
wid/i1

~ W’ (21.10)
where z = c1d/c. Therefore we have the striking result that the paramagnetic phase is
gapless with a singular power-law (up to logarithmic corrections) density of states at low
energies. The power depends upon the nonuniversal exponent z and could in principle
even lead to a divergent density of states at zero energy. This power-law singularity leads
to singularities in the thermodynamic properties of the system at low temperature. We
have chosen the informative notation z for the exponent, as it plays the role of the dynamic
exponent for the GM singularities. The spectral density has units of density per unit energy,
or (length) ¢ /frequency, or the “scaling” dimension d — 7 (the quotes emphasize that it is
really not appropriate to think of the GM singularities as reflecting some underlying scale
invariance).

The value of the exponent z varies continuously with g, and its limiting value as g \( g
is of some interest. However, it is important not to confuse this limiting value with the true
critical exponent z of the critical singularities at g = g.. For this we have, by (11.41),

Imyy () ~ o @240/2, (21.11)

The values of limg\ . Z and z are obtained from x; (w) by different orders of limits and
could, in principle, be distinct. There is numerical evidence in some simulations [403] that
these two quantities coincide for H;,4, but there is no clear physical understanding why this
should be so.

We emphasize that the GM singularities arise due to the presence of statistically rare
clusters that are anomalously strongly coupled, and hence they are unique features of the
disordered system. The effect becomes weaker with increasing dimension, ultimately van-
ishing in the limit of infinite dimension. Increasing the range of the interactions also weak-
ens the effect — for infinite range interactions, there are no singularities. Finally, the effect
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is strongest for the N = 1 model with discrete symmetry. We turn below to the N > 2
cases and find much weaker singularities.

The analysis of the N > 2 case also focuses on the contribution of rare regions of size L
that are almost ordered. We found above that such regions had a gap of order exp(—cy L%)
for N = 1, and we now need the corresponding result for N > 2. For this, we first offer
an alternative interpretation of the magnitude of the gap for N = 1: we can model the time
evolution of the correlated region of size L as a one-dimensional classical Ising chain,
as is clear from the arguments in Section 5.5; this chain has an “exchange” of order L,
and then the results (5.37) and (5.49) lead to the correct exponentially small gap. The same
interpretation also works for N > 2; we again have an “exchange” of order L4, but now, by
(6.23) and (6.32), the gap is inversely proportional to the exchange (i.e. it now takes a much
larger value of order L~¢). This larger gap indicates that the correlated region changes its
orientation far more frequently and is less important for the low-energy physics. Inserting
this gap into the analog of (21.10), we get

X} () ~/dL L5 — c1 /LY, (21.12)

~ exp(—ccy/w), (21.13)

which is only a very weak essential singularity. It appears unlikely that such a weak GM
effect will play an important role in the fluctuations at the quantum critical point.

It should be mentioned here that the above analysis of models with a continuous O(NV)
symmetry is special to the rotor models and does not apply to random versions of the
Heisenberg spin systems of Chapter 19. The GM of singularities of the latter are quite
strong and have been considered in [46, 142].

21.3 Perturbative field-theoretic analysis
- |

In this section, we attempt to analyze Hj; and Hp, for the case of weak disorder, by
extending the nondisordered system field-theoretic analysis of Chapter 14. For N = 1, the
very strong GM singularities, and the dominance of rare regions suggests that the field-
theoretic approach below is unlikely to be valid near the critical point. For N > 2, the
weak GM singularities indicate that the field-theoretic approach is plausible.

A first question to ask is whether the nondisordered (or “pure”) fixed point is sta-
ble against disorder. The arguments of Section 21.1 show that this will be the case if
Vpure > 2/d. For N = 1 we know that vpye = 1/2 for d > 3, and vpye ~ .632 for
d = 2 and vpye = 1 for d = 1; thus weak randomness is relevant for all dimensions
d < 4. A similar result holds for higher N. So for d > 4, sufficiently weak disorder should
not change the critical properties from those of the pure system. For d < 4, we might
hope that a renormalization group analysis would allow us to access a stable fixed point,
at least for small 4 — d. Such an analysis requires a disordered version of the pure sys-
tem field theory Sy in (14.2). This is clearly realized by simply allowing all the coupling
constants to become random functions of the spatial coordinate x. However, as could be
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expected from the arguments above, the most important spatial dependence is that of the
parameter r, which controls the position of the critical point; we therefore consider the
disordered action

1 2
Spa = [ s [ar {3 [0 + A2 + w0t rengieo] + 5 (d0) )
(21.14)

with r(x) a random function of position with probability distribution P[r(x)]~
exp(— [ d9xr?(x)/(28%)).

While it is possible to work directly with Syq, the subsequent analysis is made simpler by
making an explicit average over disorder using the replica method. We do not discuss this
method in any detail here but refer the reader to introductory discussions in the literature
(e.g. the book by Fischer and Hertz [138]).

We are interested here in average correlators of the random system defined by

/Dd)e‘SMO/Zd, (21.15)

where O is any observable, and note that the average over disorder must include the
disorder-dependent partition function, Z; = [ Depe~S¢d in the denominator. To over-
come this technical difficulty, we introduce n replicas of the field, ¢oy (@ = 1,...,nis
the replica index). Then if the operator O involves only the field with n = 1, the integral
over the remaining replicas gives a contribution ZZ_I in the functional integral over Spq.
Now note that in the limit n — O, this yields precisely the factor Z;l appearing in (21.15).
So the prescription of the replica method is to compute correlators with n arbitrary, and
then we take the peculiar step of analytically continuing to a system with n = 0 field com-
ponents. The advantage is that this allows us to average over the disorder in e~Sed at an
early stage.

Introducing n replicas of (21.14) and then averaging over r(x), we obtain the following

translationally invariant action of the field ¢py (¢ = 1,..., N,a=1,...,n):
1 u 2
d
Sea= [ a'x [ d’;{z [ctua)? + (Ve + rods | + 57 (#2a) }
2 f dx / drdt’ Y ¢h,(x, 1), (x, T) (21.16)
2 - aa ) ﬁb ) )
a,

where all summations over replica indices are explicitly noted. The renormalization group
analysis of this action can be carried out by standard methods — we simply treat n as an
arbitrary integer, and only take the n — 0 limit after the scaling equations are obtained. We
perturb the theory in powers of the nonlinearities « and 8. First, simple power counting at
zeroth order gives us the flow equations:

drg

=2
dl ro,
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du

= 3 —d)u,
ds?
- = (4 —d)s>. (21.17)

Thus 82 becomes relevant below four dimensions, as expected from the arguments at the
beginning of this section. Note that the interaction strength u, however, remains irrelevant
down to d = 3. At next order, these flow equations get modified to

d

_drlo = 20 + c1u — 282, (21.18)
du 2 5

= (B —d)u — c3u” + caud”, (21.19)
d32 2 4 2

= (4 — d)8* + c58* — cousd?, (21.20)

where the ¢; are all positive constants. These equations do not allow for a fixed point for
small 4 — d; instead 82 has runaway flows, suggesting a fundamental instability in the per-
turbation theory. This is a disappointing result, and we are unable to obtain any reliable
information about the quantum critical point by this approach. Analysis of this problem by
the large- N expansion [268] also fails, again because of runaway flows for the strength of
the randomness. Thus the fixed-point theory presumably has a strong amount of random-
ness. At the level of the noninteracting theory, one expects that the lowest energy modes
will be strongly localized. Physically, it is clear then that we cannot ignore the effects of
interactions: condensation into a localized state leads to enhancement in interaction effects.
It is necessary to include both disorder and interactions in a fundamental way.

An alternative approach was taken by Dorogovstev [122] and Boyanovsky and
Cardy [54]. They extended (21.16) to a quantum field theory in d space and €; time
dimensions; formally this amounts to replacing [ dt by [d* t and using the standard
field-theoretic methods of dimensional continuation. The quantum critical point of course
corresponds to €; = 1, but these authors suggested making an expansion in small ;. The
validity of such a procedure is not a priori clear because (21.16) represents the quantum
mechanics of a Hamiltonian system only for €; = 1, and it is also clear that a small €,
suppresses the GM singularities. Simple power counting shows that the equations for rg
and § in (21.17) remain unchanged, while that for u gets modified to

Z—Z =@ —e€ —du. (21.21)

Now note that for small €;, both u and § become relevant about the u = § = 0 fixed point

near d = 4. This allows interactions to control the instabilities due to disorder, and it raises

the possibility that a stable fixed point may be found. This was indeed shown to be the case

in [54], where it was found that a fixed point with nonzero disorder and interactions in a

double expansion in €; and (4 —d) exhibited conventional dynamic scaling with exponents
4—-N)@4—d)+ 2N +4)e,

=1 ,
=1t 16(N — 1)
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1 13N +20)(4 — d) + 4(6N + 11)e,
Lo L, (BN 42004 = d) +4(6N + 1Der 0122)
2 32(N —1)

at lowest order for N > 1. It would be useful to examine the GM singularities of the para-
magnetic phase in this approach and to compute the value of z. This intriguing possibility
for future work could lead to further insight into the validity of the ¢, expansion.

21.4 Metallic systems
|

We now turn to the random case of the transitions of metallic systems considered in
Chapter 18. We focus our attention here on the random version of the spin density wave
transition in Section 18.3. It is assumed here that disorder does not remove the paramag-
netic metallic phase itself, as may happen due to localization in low d (though, even for
this case, there can still be a magnetic phase transition). Also, we ignore the complexities
associated with the validity of the Hertz action which were investigated in Section 18.3.5.

We reverse the order of our discussion of the insulating quantum Ising/rotor models, and
first consider the analog of the field-theoretic analysis of Section 21.3. Then, the central
difference from the Ising/rotor models, as in the pure case, is that the frequency-dependent
o term in the propagator for the order parameter gets replaced by a || term as in (18.67).
In this manner, the replicated field theory (21.16) generalizes to

d‘k 11, 2
S”“/WT;E[" Flonl 4] ua k. o)

n

+ % dxdt (¢>§u(x,z))2

2
— %/ddx/drdr/zb:qbia(x,r)¢>§b(x,r’). (21.23)

This theory has been analyzed in a double expansion in (4 — d) and €; in [270].

Let us now turn to a discussion of the rare region arguments of Section 21.2, and con-
sider Griffiths—McCoy effects in random metallic systems. As was pointed out in important
recent work by T. Vojta and collaborators [225,226,529], the GM effects are actually much
stronger for metallic systems than they are for insulators.

For the case of the insulating Ising/rotor models, Section 21.2 focused attention on rare
nearly ordered regions of size L, and computed the quantum dynamics of this single region
on its own. By considering the quantum tunneling between the degenerate ordered states, it
was found that the order parameter correlations decayed exponentially in a time T given by

d _
T~ {exp(clL ) N=1 insulators. (21.24)
LY, N=>2

Let us now consider the quantum dynamics of a similar ordered region in a metallic

system. Then we can represent it by a path integral over the order parameter ¢, (7) using



446

Magnetic ordering transitions of disordered systems

an action obtained by localizing (21.23) to a single site, and Fourier transforming the |w|
to imaginary time dependence ~ 1/72; this yields

!/
i—Z =" / de f df’—¢°(‘£r1¢j,()§) +u / dr (¢ (1) —m*)?; (21.25)
here m is the mean order parameter in the cluster. Thus the quantum tunneling of a single
cluster maps onto the one-dimensional classical statistical mechanical model defined by
(21.25): this is a classical N component spin system with inverse square ferromagnetic
interactions. Such spin systems have been thoroughly studied, and they have the following
correlation “times” at large, but finite L:

00, N=1
T~ metals. (21.26)
{exp(chd), N>2

For N = 1, the infinite correlation time for N = 1 in (21.26) implies the presence of
long-range order. In the quantum context, this means that a cluster of large, but finite, size
L has its quantum tunneling suppressed by the dissipation from the low-energy metallic
excitations. Thus at T = 0, even a rare cluster can acquire an ordered moment on its
own. Vojta [529] examined the implication of this result for the thermodynamic system,
using probabilistic arguments similar to those in Section 21.2. He concluded that such
effects led to a smeared transition. Thus in the presence of metallic dissipation, there is no
quantum phase transition as a function of the couplings, and there are always rare regions
that contribute a nonzero ordered moment.

For N > 2, the key observation is that the correlation time in metals in (21.26) has a
similar functional form to that for insulators at N = 1 in (21.24). We can immediately
conclude that the GM singularities in the N > 2 metallic systems are the same as those for
the insulating random quantum Ising model, which were computed in Section 21.2. Hoyos
et al. [226] argued that this correspondence extended also to the quantum critical point:
the N > 2 metallic systems do have a sharp quantum phase transition, and its universality
class is the same as that of the insulating random quantum Ising model. Detailed numerical
studies [113,114] in the large- N limit have provided strong numerical evidence in support
of this rather surprising conclusion.

The above conclusions reinforce the importance of the studies of the random quantum
Ising model. So far, we have studied their GM singularities in Section 21.2, and examined
a field-theoretic approach to their quantum critical point in Section 21.3. As we indicated
earlier, the very strong GM singularities, and the dominance of rare regions suggests that
the field-theoretic approach is unlikely to be valid near the critical point. The studies in the
following two sections present evidence that this is indeed the case.

We focus on two simpler insulating models, which are amenable to an essentially exact
analysis. Both models are restricted to the Ising case N = 1 and have very strong GM sin-
gularities. We are able to explicitly follow their evolution upon the approach to the critical
point: we find that in these cases the GM singularities in fact become the critical singular-
ities, and the resulting dynamic scaling is quite different from the one suggested above in
(21.22) by the small €, expansion above. Interpretations and attempts at a synthesis follow
in the final section.
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21.5 Quantum Ising models near the percolation transition
|

We consider here a special limiting case of the quantum Ising model Hy, in (21.1). Con-
sider the following probability distribution of the exchange interactions:

Jy = 0 w?th probale?ty P, (21.27)

J  with probability 1 — p,

and let us choose, for simplicity, all the transverse fields g; = g site independent (the
results discussed below can be shown to hold also for a random distribution of g;). Hence
two neighboring sites either interact with an exchange J (such sites are “connected”) or
they have no direct coupling. Sets of mutually connected sites form clusters, and much is
known about the geometry of such clusters in d spatial dimensions. (This is the geomet-
rical “percolation” problem, and we quickly review some needed results for percolation
theory in Section 21.5.1.) This sharp separation of sites into sets of disconnected clusters
is an important simplifying feature and allows us to obtain a number of exact proper-
ties of the quantum critical point for general d. This simplification clearly relies upon the
fact that J;; becomes precisely zero with probability p. After our review of percolation
in Section 21.5.1, we consider the classical Ising model (with g = 0) at nonzero 7 in
Section 21.5.2 and finally consider the nonzero g case in Section 21.5.3.

21.5.1 Percolation theory

Removing bonds on a lattice with probability p (see (21.27)) yields the statistical problem
of the geometry of connected clusters on the diluted lattice. This has been reviewed in the
book by Stauffer and Aharony [488], and we will quote some needed results. There is a
critical p., such that for p > p. there are (in the thermodynamic limit) only connected
clusters of a finite size, while for p < p. there is a thermodynamically large connected
cluster. Right at p = p,, there are a large number of clusters with a broad distribution of
sizes. These clusters are known to have a fractal structure. Though no cluster is thermo-
dynamically large (i.e. the ratio of the number of sites in any cluster to the total number of
sites in the system tends to zero in the thermodynamic limit), there is an infinite connected
cluster with a fractal dimension dy < d. An important fact about the critical percolating
cluster is that it consists of arbitrarily long one-dimensional segments, which are crucial
for its connectedness. Breaking these segments splits the cluster into two disjoint units.

For p > p. there is a finite probability that any given site belongs to the infinite cluster;
this probability vanishes as p N\, p. with the power law ~ (p.— p)?». We can also consider
the probability P(N, p) that any site belongs to a finite, large cluster of N sites; for p close
to p. this satisfies the scaling form

P(N, p) ~ N "G(N/gr), (21.28)

where & ~ |p — p.|~"? is a characteristic finite cluster size, which diverges at p = p;
7, dy, and v, are universal critical exponents; and G is a universal scaling function.
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The exponents and scaling functions have been computed either exactly or numerically
in d = 2 and 3, and we simply treat them here as known quantities. For some of our later
results, we also need the limiting form of the function G (y); it approaches 1 for y <« 1,
while for y > 1,

G(y,p>pe)~y e e+,

Gy, p < po) ~y ey (21.29)
where 0 and 6’ are additional known exponents.

Finally, we also need information on the correlation between pairs of sites. For
p = pc the probability that two sites belong to the same cluster decays for large x as
~ x‘d+2_’71’F(x/§), where 1, is another exponent (28, = (d — 2 + np)vp) and F a
scaling function.

21.5.2 (lassical dilute Ising models

We warm up with a discussion of the properties of the classical Ising model, where g = 0
and T is nonzero; its phase diagram is shown in Fig. 21.1. At p = 0, as T is increased,
there is a phase transition from an ordered state to a disordered one (see Fig. 21.1). On
the other axis, when T = 0 there is a percolation transition at p = p; this transition
coincides with loss of magnetic long-range order, as there is no infinite cluster and hence no
spontaneous magnetization for p > p.. The boundary of critical temperatures T = T,(p)
approaches zero at p = p. as T, ~ In(1/(p. — p)). These results can be understood
in the following way. As we mentioned earlier, the critical percolating cluster consists of
a number of arbitrarily large one-dimensional segments. These segments are the weakest
links in the cluster; correlations in the cluster will be destroyed if they are destroyed along
the segments. From the low-temperature behavior of the classical Ising chain in Section 5.5,
we know that any finite 7 will destroy correlations in a large segment over a length scale
&r that is exponentially large in 1/7. Now consider the infinite cluster at p < p.. This
resembles the critical clusters at scales <« &, where £ ~ (p. — p)~ "7 is the percolation
correlation length. At larger scales, there is a crossover to the geometry of a d-dimensional

Thermal
Paramagnet

Magnetic
order

Pc P
Phase diagram of the classical dilute Ising model at finite temperature. The dilution probability is p. The phase

boundary goestozeroasp — pcasT, ~ 1/In(1/(p. — p)).
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lattice. Thus thermal effects will destroy correlations in this cluster when &7 ~ &, which
leads to T, ~ In(1/(p. — p)).

21.5.3 Quantum dilute Ising models

We are ready to consider the 7 = 0 properties of the quantum Ising model for g #
0. Its phase diagram as a function of g and p is shown in Fig. 21.2. At p = 0, as g
is increased, there is a T = 0 transition from a magnetically ordered ground state to a
quantum paramagnetic state, which is in the universality class of the models of Part II. On
the other axis, when g = 0, so that the system is classical, there is a percolation transition
at p = p.. For p < p, for small enough g, the system retains long-range order. This
is ultimately destroyed for some g > g.(p), with g.(p) expected to be a monotonically
decreasing function of p. In contrast, if p > p., there is no long-range order for any g.
We now argue, as first noted by Harris [124, 201, 491], that the phase boundary of
Fig. 21.2 remains vertical at p = p, for a finite range of g < gps; we then show that
a number of properties of the quantum phase transition across this vertical phase boundary
can be computed exactly, as shown in [461]. The system in fact remains critical along the
line p = p¢, § < gu; to see this, note that, although there is no thermodynamically large
connected cluster at p., there remains an infinite connected cluster with a fractal dimension
smaller than d. The spins on this cluster align together at g = 0. A small but nonzero g is
not sufficient to destroy this order on the critical cluster. That this is true can be seen by the
following argument: the critical cluster is definitely more strongly connected than a one-
dimensional chain of Ising spins. Even in d = 1 where fluctuation effects are strongest, a
small g preserves long-range order in the Ising spins, as we know from Chapter 10. Thus a
small g will certainly preserve the order in the critical cluster. Note that the effects of quan-
tum fluctuations are thus quite different from the effects of thermal fluctuations discussed
in the previous section. The root of this difference lies in the observation that whereas any

Quantum
Paramagnet
Magnetic
order
Pc !
p

Phase diagram of the dilute Ising model in a transverse field (g) at 7 = 0. The dilution probability is p. The
multicritical point Misatp = p, g = gu. The quantum transition along the vertical phase boundary (g < gu,

p = p¢)is controlled by the classical percolation fixed pointatp = p., g = 0; quantum effects (due to a nonzero g)
are dangerously irrelevant and lead to activated dynamic scaling near the g < gy, p = p line.
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amount of thermal fluctuations destroys the order in the d = 1 Ising chain, it takes a finite
strength of quantum fluctuations to do so. In fact, two spins on any sufficiently large finite
cluster remain strongly correlated with each other in space for small g. (Of course, for a
finite cluster there will be no long-range correlation in time.) The critical cluster eventually
loses order when g reaches gyy.

Let us consider the equal-time two-point spin correlation function C(x, 0) (see (10.2)).
Spins at points 0 and x are correlated only if they belong to the same cluster; however, as
argued above for g < gy, once two spins are on the same cluster, they have an essentially
perfect correlation (normalized to unity) even if they are very far apart. So the disorder-
averaged C(x, 0) will be simply proportional to the probability that the two spins are on
the same cluster; by the results of Section 21.5.1 we can then conclude at p = p. and for
h < hy, C(x,0) ~ x~%+27"»_ Therefore this line is critical with exponents given by that
of ordinary percolation.

We can also compute a variety of static, dynamic, and thermodynamic properties across
the p = p., g < gum critical line.

First, we describe some static properties. By precisely the same arguments as those
above for p = p,, we can conclude that for p > p., C(x,0) ~ x~4+t27r F(x /&); so the
off-critical exponents and crossover functions are also those of percolation. For p < p,,
the spontaneous magnetization, Ny, is simply proportional to the probability that a given
site lies on the infinite cluster, and so Ng ~ (p. — p)Pr.

Now consider dynamic correlations. We compute the low-energy part of the contribution
to x/ (w) by a cluster of N sites. The mean x; can then be computed by an average over
P(N, p). The energy levels of a cluster of N sites can be described for g < J as follows:
the two lowest levels correspond to the states of a single effective Ising spin with magnetic
moment ~N in an effective transverse field gefr y. For large N, gefr, y can be estimated
in Nth-order perturbation theory to be gexp(—cN), as discussed in Section 21.2. The
quantities g and c¢ are of order & and In(J/g), respectively, but their precise values depend
on the particular cluster being considered. As the distributions of g and ¢ are not expected
to become very broad near the transition, we replace them by their typical values go and cy,
respectively. Apart from these two lowest levels, there are other levels separated from these
by energies ~J. These can be ignored for the low-energy physics, and for small w < g,
we only need to consider large clusters. Averaging over all sites using P(N, p) as written
in (21.28), we obtain

@ ~ [ 30256 (v )3 (o= )

~ L G(ln(g(’/w)). (21.30)
w(In(go/w))*~! co€?f

This scaling form describing the dynamical properties across the vertical transition line in
Fig. 21.2 is one of the central results of this section, and the reader should pause to consider
its implications. Its most striking feature is that the characteristic length & scales as a power
of the logarithm of the frequency w; this is known as activated dynamic scaling and should
be contrasted with the conventional behavior (considered in Section 21.3) where w ~ & 2.
The exponent z is effectively infinite if the dynamic scaling is activated. In the present
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case, the critical point p = p. contains clusters of all sizes, and as we have already seen,
the characteristic excitation energy of a cluster of size L scales as exp(—cL?), which
indicates the origin of the activated scaling.

The explicit results for the function G in (21.29) allow us to study the low-energy spec-
trum across the transition. For p > p. we get

wd/i-1
(In(go/w))?~1"

which, apart from logarithms, is of the form (21.10) discussed earlier as a consequence of
GM singularities. The dynamic “exponent” Z can be explicitly computed, and we find

xi (@) ~ (21.31)

z~gdr, (21.32)

that is, 7 diverges as we approach the quantum critical point. So the value of lim\ p, Z
coincides with the activated dynamic scaling value of z = oo. Precisely at p = p., the
conventional dynamic scaling result (21.11) is replaced here by

xj (@) ~ (21.33)

w(In(go/@))* 1
Finally, on the ordered side with p < p., the presence of the infinite cluster (and the
associated long-range order) gives rise to a delta function at w = 0; for » # 0, x/(®) is
still determined by contributions from the finite clusters, and we find

1/ (@ # 0) ~ (1/@)(In(go/@)' = exp (—r(In(go /) =), (21.34)

with & ~ £=4r(1=1/4) " Again the system is gapless, reflecting the GM singularities of the
ordered phase.

Now we turn to the thermodynamic properties. The magnetization in response to a uni-
form external applied magnetic field / coupling to ¢ can be calculated similarly by an
average over the response of clusters of size N. For small & <« g, only large clusters con-
tribute, and the magnetization per site is that of an Ising spin of magnetic moment N in a
transverse field gefr, v; it is therefore given by

Nh
(Nh)? + g2 W)'/?

My(h) = (21.35)

Thus the total magnetization per site (after subtracting the regular contribution of the infi-
nite cluster for p < p.) is

! G (N/gdf) My (h). (21.36)

M(h) — M(h = 0) ~ de =

The singular part therefore has the scaling form

N 1 In(go/h)
Miing (1) mwmw*m«cﬁf)’ G137
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A Paramagnet
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order |
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P
Finite-temperature phase diagram for g < gy. The dashed lines (T ~ 1/ 1In(1/|p — pc|)) represent crossovers
from the high-T regime, characterized by spin fluctuations on the critical infinite cluster, to the low-T regimes. The
solid line forp < p is the phase transition (T = T, ~ 1/1In(1/(p. — p)) where long-range order is destroyed.

with ¢ a nonuniversal constant and @, (y) a universal function, which is related to G (y) by
Dy(y) = f loo w!'~TdwG (wy). Thus the consequence of activated scaling is that a power
of the logarithm of the field scales as the correlation length. Using our earlier results for
G, we can conclude that for p > p., Mging(h) rises as a power of &, with a continuously
varying exponent that approaches 0 as p N\ p., and so the linear susceptibility diverges
over a whole region. At p = p, the magnetization is a power of In(1/ /). On the ordered
side, p < p.,dM /dh ~ 1/h with weak corrections; thus the linear susceptibility diverges
in the ordered side as well.

What about the finite-7 properties of this quantum Ising model? For the classical dilute
Ising model at p = p,, the correlation length at finite 7' behaves as exp(constant/ 7). This
is essentially due to the presence of one-dimensional segments in the critical percolating
clusters. For the quantum problem for g < gy, these one-dimensional segments would
give rise to a thermal correlation length (§7) with a similar exponential dependence on
1/T and a prefactor that is a power law in T'; this is the behavior in the “high-7" region
of Fig. 21.3. Away from the critical point, the crossovers are as shown in Fig. 21.3. The
low-T behavior appears when & ~ &r,or T ~ ln_l(l /(P — pcl). On the paramagnetic
side, the low-T system is described well as a collection of rigid Ising clusters with effec-
tive transverse fields and a size distribution as before; this leads, for instance, to a linear
susceptibility y7 ~ T~ (up to log corrections) with k ~ &~¢7. On the ordered side,
there is a finite-temperature phase transition; as in the classical case, as p /' p,, the transi-
tion temperature falls to zero as T, ~ In~t(1 /(pc — p)). Finally, it would be interesting to
understand the real-time dynamics at nonzero T, along the lines of our analysis in Part II.
This remains an open problem of considerable experimental interest.

In summary, we have presented a simple example of a random quantum transition in
dimensions d > 1 that exhibits activated dynamics scaling with In(1/energy scale) ~ £47.
There were Griffiths—McCoy regions on either side of the transition, with a singular density
of states and a diverging susceptibility. Theoretically, an important feature of this transition
is that it was controlled by a classical, static, percolation fixed point at g = 0, p = p,, with
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dynamic, quantum fluctuations being “dangerously irrelevant.” To see this, consider again
the calculation of the field-dependent magnetization at the critical point. At the fixed point
with g = 0, all the spins in the system align for any strength of the external field and the
magnetization per spin would be 1 for any (positive) value of the field. This is, however, not
correct. Quantum fluctuations prevent spins belonging to small clusters from contributing
anything to the magnetization. Spins belonging to large clusters, however, contribute an
amount of order 1. The crossover occurs for a cluster size N, ~ In(1/h). The leading
scaling result is obtained by aligning all clusters with size bigger than Nj,. Similarly, for
the dynamics, the spin autocorrelation function is clearly just 1 at all times at the fixed
point as it is classical. (Hence, we may describe such fluctuationless fixed points as static.)
Again this is not correct, and we need to include the irrelevant quantum fluctuations to get
the results we presented earlier.

21.6 The disordered quantum Ising chain
|

This section examines Hj;z in (21.1) in dimension d = 1. In this case, as was shown
by Fisher [140, 142], we find that for a general distribution of the couplings g;, Ji i+1
the quantum phase transition exhibits activated dynamic scaling very similar to that intro-
duced in Section 21.5 for models on percolating clusters. This result is established using a
renormalization group analysis of the entire probability distributions of the g; and J; ; 41,
and it relies on the fact that these probability distributions become extremely broad at
low-energy scales. So if we focus on the response at a given energy scale, w, all cou-
plings of nearby sites are either much smaller or much larger than w: this suggests that
we can set all the small couplings to zero and tightly couple the spins into clusters with
the large couplings. This clustering now appears quite similar to the percolation model
of Section 21.5 and explains the appearance of activated dynamic scaling in the present
situation.

We begin by setting up the renormalization group analysis that will establish the above
claims. We assume that the distribution of couplings is broad to begin with. Subsequent
analysis shows this assumption to be self-consistent, and the resulting renormalized dis-
tributions have a large basin of attraction. The basic idea behind the procedure, first used
by Dasgupta, Ma, and Hu [110,313] in their study of the random antiferromagnetic spin
chain, is to successively decimate the strongest coupling

Q = max{g;, Jiit1}, (21.38)

in the chain and get an effective Hamiltonian for the low-energy degrees of freedom. Con-
sider the case when the maximum coupling is a field, say g;. We first solve for the part
of the Hamiltonian involving g;: the ground state is the symmetric combination |+); =
(| Mi + | 1)i)/+/2, while the excited state |—); = (| 1); — | )i)/~/2 is an energy 2g;
higher (see Section 5.2). As g; is the largest energy around, it is legitimate to project the
remaining Hamiltonian into the space with the state at i constrained to be |+);, thereby
eliminating the site i. This can be done in a simple perturbation theory in 1/g;, and to
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lowest nontrivial order the result is a new effective bond between the sitesi — 1 and i + 1
of strength

Jicridiin
8i

J = (21.39)
We now have a new random quantum Ising chain with one fewer sites and one fewer bonds.

Howeyver, if the maximum coupling is a bond, say J; ;+1, we first solve for the part of
the Hamiltonian involving J; ;1. This is just the exchange interaction between the spins at
sites i and i + 1: its ground state is doubly degenerate, | 1);| 1)i+1 or | |)i| {)i+1, and the
two excited states with the spins oriented in opposite directions are energy 2J; ;41 higher
(see Section 5.3). Clearly, we may think of the two degenerate ground states as correspond-
ing to the two states of a single effective Ising degree of freedom with a magnetic moment
equal to the sum of the moments of the individual spins. For large J; ; 1, it is legitimate to
project the remaining Hamiltonian into the space with the spins at i and i 4+ 1 constrained
to be in the same state. Again, we do this in second-order perturbation theory. The result is
that the two sites i and i 4+ 1 are replaced by a single Ising spin with an effective transverse
field of strength

_ 8i8i+1

. (21.40)
Jiit1

To this order of perturbation theory, the interaction of this effective site with the neighbor-
ing spins remains unmodified. We now again have a random quantum Ising chain with one
fewer sites and one fewer bonds.

This decimation procedure is the basic renormalization group transformation. The strat-
egy is to iterate this transformation till the maximum remaining coupling is of the order
the energy at which we wish to probe the system. Note that no correlations are introduced
between any of the couplings by this procedure. Thus the different bonds and fields con-
tinue to be independent random variables, though with probability distributions that are
renormalized.

It is convenient to convert these recursion relations into flow equations for the distribu-
tions. From the form of the recursion relations, it is clear that it is natural to work in terms
of the logarithmic variables. We therefore define

I' =1n(Q;/Q),
¢ =In(2/J) >0,
B=1In(R2/g) =0, (21.41)

where 2 is the maximum coupling in the initial distributions, and €2 is the maximum
at any given stage of the renormalization group. We denote the normalized probability
distribution for the exchange constants by P(¢; I') (satisfying fooo d¢P(¢; ') = 1), and
similarly the probability distributions for the transverse field by R(8; I'). As we reduce the
high-energy cutoff €2, notice that I' becomes larger. The ultimate low energy is therefore
controlled by the limit ' — o0, and we are interested in the forms of the distributions P
and R in this limit.
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This paragraph contains a few intermediate steps showing how to transcribe the trans-
formations (21.39) and (21.40) into partial differential equations for P(¢; I') and P(B; I');
readers not interested in the details can move on to the next paragraph. Let A/(I") be the
total number of clusters at scale I', Ng(¢, I') be the total number of bonds of strength ¢
at this scale, and Ns(B8, I') be the total number of sites with transverse field of strength 8.
Then, by definition

N, T) Ns(B,T)

P(CQF)=W, R('B;F)ZW.

(21.42)
Now perform the basic renormalization group transformation by increasing I' by an
infinitesimal amount dI". This involves eliminating bonds with ¢ & 0 and sites with § =~ 0.
In terms of 27 instead of 2 we have { = In(2;/J) — I', and so when I is changed, ¢
changes by d¢ = —dI', and similarly for 8. Therefore all bonds and sites with 0 < ¢,
B < dT are eliminated, which implies

N +dl) =NT) —dT [Np(0,T) + Ns(0,)]. (21.43)

Now consider the changes in Nz (¢, T'). The transformation (21.39) will remove two bonds
and add a new one. This leads to

Ng(&. T +dT) = Np(¢ —d¢,T) +dr/d;1d§2/vs<o, M)P(1: T)P(&: T)
X I8 — &1 — 2) — 8(0 — 11) — 8(¢ — L)1 (21.44)

the first term within the square brackets represents the new bond that has been created and
thus increases the probability (the delta function multiplying it is the logarithmic version
of (21.39)), while the next two terms represent the two eliminated bonds. A very similar
result holds for Ng from the transformation (21.40).

By combining (21.42)—(21.44) we obtain the required differential equations for the prob-
ability distributions:

AP(;T) 0P T)
ar a¢

+ R(0; F)/dad;zP(:l; D)P(&2; 1)8(E — &1 — &),

IR(B;T)  OR(B;T)
ar 9B

+ P(0; F)/dﬁldﬁzR(,Bl§ DYR(B2; T)S(B — B1 — B2)- (21.45)

+ P& D)(P0; ') — R(0; T))

+ R(B; I)(RO; ") — P(0; "))

We are now faced with the following applied mathematics problem: given two initial arbi-
trary distributions P(¢; ') and R(B; '), evolve them with increasing I'" under (21.45);
is it possible to make any general statements about possible universal forms of these
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distributions in the limit ' — oc0? This problem was solved by Fisher [142] through
some rather intricate, but in principle straightforward, mathematical analysis. We are not
interested in the details of this analysis here but simply assert the main results, which are
then not difficult to verify a posteriori.

It was found that, for almost all initial conditions, the ultimate flow is toward one of
two classes of probability distributions. In the first, most exchange constants are larger
than all of the transverse fields, and this clearly represents a system that will then acquire
magnetic long-range order in its ground state, as in Section 5.3. Conversely, in the second,
most transverse fields are larger than all of the exchange constants, and this corresponds
to a system with a quantum paramagnetic ground state, as in Section 5.2. It is of interest
to first examine the critical point between these two classes of solution, in which case the
two distributions P and R turn out to have precisely the same form (this a reflection of
the “self-duality” of the quantum Ising chain [142]). Indeed, by setting P = R, it can be
shown that in the limit ' — oo essentially all solutions of (21.45) are attracted to a unique
fixed-point distribution; this distribution takes the scaling form

P(i;TN) = : P £
“D=5"\r)
1 o(B
RB;I)==R|=), 21.46
B:1) = <F> ( )
and the scaling functions take the simple explicit form

Py)=R(y) =e". (21.47)

The reader is invited to verify that (21.46) and (21.47) constitute exact solutions of (21.45).
Thus, even in terms of the logarithmic variables ¢ and 8, the distributions become extremely
broad at low energies (the width of the distribution is ~I", which rises indefinitely as
we go to lower energies). This broad distribution justifies a posteriori the second-order
perturbation theory used to obtain (21.39) and (21.40). If we choose the biggest trans-
verse field g; (say), it is overwhelmingly likely that the exchange couplings J;_1,; and
Ji.i+1 to the neighboring sites will be much smaller. This also suggests that the results
obtained by the flow equations (21.45) are asymptotically exact. In terms of the original
physical couplings J and g, the fixed-point results (21.46) and (21.47) correspond to the
distribution

1

P(J)NW,

(21.48)
and similarly for g. Note that the power in the denominator approaches 1 as I" approaches
oo. Thus the distribution is highly singular at the origin — in fact for large enough T, the
expectation value of 1/J will be divergent. It is this extreme broadness of the distribution
that enables us to obtain physical properties of the system with the critical distribution
through simple calculations, as we see shortly.

Let us consider perturbations of this critical solution. Linearizing the flow equations in
the vicinity of the fixed point yields, as expected, a single relevant perturbation whose
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strength we parameterize by the coupling r; thus, as in Chapter 14, r represents the devi-
ation from the critical point, with r > 0 putting the system in the quantum paramagnet.
Fisher [140, 142] was also able to find a complete solution of (21.45) valid in the limit
I' — oo, |r| — 0, but with I'|r| arbitrary. These solutions are expressed in scaling forms
that generalize (21.47):

1 ¢
R(B;T) = %R (?,}T), (21.49)

and the explicit solutions for the scaling functions are

P 2y’ 2yy’
N = _
(y7 y ) - ezy/ _ 1 exp < ezy/ _ 1 ’

R(y.y) =Py, —y). (21.50)

Again, the reader can verify that (21.49) and (21.50) constitute exact solutions of (21.45).
So we have available a family of probability distributions, parameterized by the single tun-
ing parameter r, and there is a quantum critical point at r = 0 separating the magnetically
ordered phase (r < 0) from the quantum paramagnetic phase (r > 0).

Let us look at the explicit predictions of the above results for the low-energy properties
of the quantum paramagnet. For this we place ourselves in the paramagnet by fixing r > 0
and then access low energies by sending I' — oo (recall that this was the order of limits
discussed in Section 21.2). Then we find the probability distribution of transverse fields to
be given by

P(g) ~g '3, (21.51)

while all exchange constants are essentially at zero energy with P(J) = §(J). The spins
are therefore effectively decoupled; each site can be independently diagonalized and has
two energy levels separated by 2g. From this we can determine the leading low-energy
behavior of the average local spectral density x; (w). A naive calculation, using the form
(7.6), suggests that

X} (@) ~ o~ TZ (21.52)

where we have used the notation suggested by (21.10), and the value of the exponent Z is
given by

s ] (21.53)

= —. .

2r

However, this result is not entirely correct. We also need to know the probability that any
given original spin 6° will be active in the set of effective spins upon which transverse
fields given by (21.51) act (i.e. we must ensure that this spin has not been decimated in
the renormalization group transformation). We do not have the information yet to compute
this precisely (although it can be reconstructed from [142]), but it becomes clear from the
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analysis below that the only consequence of rectifying this omission is to change (21.52) by
powers of logarithms, as in (21.10). So our result for x () is consistent with the general
arguments of the GM singularities. Further, we have found that the “dynamic exponent” Z
diverges as we approach the critical point with » — 0. This is also precisely the behavior
found in (21.32) for the dilute quantum Ising models in d > 1 in Section 21.5. By analogy,
we may then expect that the present model also exhibits activated dynamic scaling with the
critical dynamic exponent z = oo; further, at the critical point r = 0, we may expect from
(21.52) that x/ (w) ~ 1/w times powers of In(1/w), as in (21.33).

To truly establish the existence of activated dynamic scaling, we need information about

length scales. In particular, we need to know the average spacing between the spins when
we have renormalized down to a characteristic energy scale @ ~ Qre~". We can obtain
this information by simply keeping track of the total number of spins, N (I"), that have not
been decimated at a scale I". From (21.43) and (21.42) we know that this quantity satisfies
the differential equation

d/:ifIEF) = —(P(0,T) + R0, )N (). (21.54)

Using the result (21.47) we can now conclude that at the critical point r = 0

NT) ~ =. (21.55)

Thus the average spacing between the spins increases as I'>; we may identify this as the
characteristic length scale, £, and we have

¢ ~T?~ [In(1/w)]*. (21.56)

This is precisely the behavior characteristic of activated dynamic scaling, as exhibited in
the scaling form (21.30). We can now also obtain the correlation length, &, as the sys-
tem moves away from criticality. From the scaling (21.49), we know that I' ~ 1/r, and
therefore from (21.56) we have

E~T2~ . (21.57)
r

This gives us an exponent v = 2, which saturates the bound (21.5) in d = 1. The length &
actually sets the scale for the decay of the disorder-averaged correlation functions; typical
spin correlations (i.e. the most probable), however, decay at a different length scale that
diverges with exponent 1 [466]. For the dilute Ising model of Section 21.5, the typical spin
correlations were simply zero, as two spins chosen at random typically belong to different
clusters.

Fisher [142] has obtained far more precise information on the nature of the spatial cor-
relations. We will not discuss the details of this here, but review the general strategy and
indicate some further results. So far we have only kept track of the probability distributions
of the coupling constants, but it is also possible to include additional information about the
nature of the renormalized spins as the decimation proceeds. In particular, we can associate
with each spin a magnetic moment m; . Initially, all spins have m; = 1. However, when we
decimate a large J; ; 41, the two spins at i and i 4+ 1 combine to form a single effective spin
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with moment m = 2. So, in general, parallel with the recursion relation (21.40) for each
bond decimation, we have the recursion relation for the magnetic moments

m=m; +mjqi. (21.58)

In addition, we can also associate a length £p with each bond and a length £5 with each
spin. We begin with a spin chain with unit lattice spacing. Let us associate a length of 1/2
with each spin and with each bond. Then, when we decimate the bond J; ;41 we get a
new spin of length 3/2. In general, the recursion relation corresponding to the decimation
(21.40) is

s =4Lsi+Lsit1 +LBiit1 (21.59)

Similarly, along with the decimation of the spin with transverse field g; in (21.39) we have
the length recursion

L =4pi—1;+LBiiv1+Lsi. (21.60)

We can transcribe (21.58)—(21.60) into renormalization group flow equations, just as we
mapped (21.39) and (21.40) into (21.45). For this, we generalize the earlier distributions
for the couplings P (¢; ') and R(B; I') into joint probability distributions P (¢, £p; I') and
R(B, s, m; I'). The joint distributions account for the fact that the length or moment of
any given spin is certainly correlated with the size of the transverse field acting on it —
a spin with a very weak transverse field must have been obtained after substantial deci-
mation and is thus more likely to be longer and have a larger moment; similarly for the
bonds. However, the couplings, lengths, and bonds of neighboring spins remain uncorre-
lated, as they have been obtained by independent decimation steps. The transformations
(21.39), (21.40), (21.58), (21.59), and (21.60) imply flow equations for P(¢, £p; ") and
R(B, £s, m; I') that are very similar to (21.45); we will not write them out explicitly but
note that the first two terms on the right-hand sides have essentially the same form (the
distributions only have additional obvious arguments), while the last term has additional
integrals over £ and/or m along with delta functions imposing (21.58)—(21.60).

A thorough analysis of these new flow equations has been carried out by Fisher [142].
Here we simply note that in the limit I' — oo the distribution functions satisfy scaling
forms that generalize (21.49):

1 V4
P (5 T) = o3P (%F—‘;rr>

R(B. ts.m;T) = F;WR(? %%rr) (21.61)
The prefactor of the power of I' can be deduced simply from the requirement that P and
R are normalized probability distributions. The scaling £ ~ I'> was already obtained in
(21.56), but it also follows from an analysis of the present flow equations. Finally, there is
a nontrivial exponent p, which controls the scaling of m; it differs from that of ¢ because
of the difference in the structure of (21.58) from that of (21.59) and (21.60); it was shown
by Fisher that . = (+/5 + 1)/2, the golden mean.
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We can use these results to analyze the response to a uniform field 4 coupling to 67,
as was also done for the dilute Ising model in d > 1 below (21.35). Consider (at T = 0)
the magnetization M (h, r) of the system as a function of external applied field 4. In the
presence of a magnetic field £, the energy levels of an otherwise-free cluster of magnetic
moment m split into two with an energy splitting E;, = 2mh. We stop the renormaliza-
tion when the maximum coupling Q2 ~ Ej. The extreme broadness of the distribution
implies that almost all the clusters that have already been eliminated have transverse fields
considerably bigger than Ej; while almost all that are yet to be eliminated have trans-
verse fields considerably smaller than Ej. Therefore, an asymptotically exact expression
for M (h, r) is obtained by aligning all the remaining clusters at Q2 = Ej, in the direction
of the magnetic field. Thus

M ((h,r) = m x (total number of active spins at scale [, = In(Dp/h) + - -+,
(21.62)

where m and D, are nonuniversal constants. This total number is easily reconstructed from
the probability distributions, and we therefore have the scaling form

_ m . £ m
M(l’l,}"):mN(Fh)/dé' d@dmm'R <F,E,F—M,rl—‘>

= T2 &y (rTy)

m In(Dy,/ h)
= Dy /iy M (W) - (21.63)

We see that this scaling form is identical in structure to (21.37) of the d > 1 dilute Ising
model. This is clearly another consequence of activated dynamic scaling. Using standard
scaling arguments, we can obtain the following results from (21.63): as we approach the
transition from the ordered side, the spontaneous magnetization vanishes as Ny ~ |r|f
with 8 = 2 — p; right at the critical point, M., (h) ~ (ln(Dh/h))“_z. Both forms are
identical to those in Section 21.5.3.

Similar arguments can be made to obtain the exact scaling forms for the 7" dependence
of the linear susceptibility x,. At the critical point, x,(T) ~ 1/T(In(1/ T))2_2“ while
it has power-law T dependence in the ordered and disordered phases, reflecting the GM
singularities.

21.7 Discussion
|

We have met two rather distinct scenarios for quantum critical points in random Ising/rotor
models in this chapter. Let us review their main properties in turn.

The first was discussed in Section 21.3. For the most part, the scaling structure of
the quantum critical point was similar to those discussed in Part II for clean systems.
Dynamic scaling was conventional, with characteristic length (¢) and frequency (w) scales
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at the critical point obeying w ~ 7%, with z the usual dynamic critical exponent. The
phases flanking the critical point exhibited Griffiths—McCoy singularities in their low-
energy behavior. For N > 2 these were only very weak essential singularities. However,
they were stronger for N = 1 and led to a power-law divergence in the low-energy density
of states, which we characterized by the exponent z. The value of z varied continuously in
the phases, and it remains an open question whether it approaches z as we move toward the
critical point. Note that there is no obvious mathematical inconsistency with the two values
remaining different, as they characterize regions of the spectrum reached by distinct orders
of limits.

The second scenario of activated dynamic scaling was realized in two solvable models
in Sections 21.6. This is a special property of the N = 1 case and has been argued to occur
for the generic N = 1 quantum transition in d = 1 (Section 21.6); it was also found for a
rather special dilute Ising model in all d > 1 in Section 21.5 but is only expected to occur
for the generic transition for low values of d, possibly d = 2. The characteristic property
of activated dynamic scaling is that the diverging scales £ and 1/w of the critical point are
related by In(1/w) ~ €%, where z, is now the universal dynamic exponent. There were
very strong power-law GM singularities on either side of the transition, and the exponent
z diverged as 7 ~ &% upon the approach to the critical point.

It is interesting that both solvable models belonged to the second class showing acti-
vated behavior. We believe that this is not an accident, and the activated scaling is a
simplifying physical property that leads to the solvability. In particular, there is a clear
separation of scales at which the predominant effects of quantum and disorder-induced
fluctuations appear. At any given energy scale, the underlying quantum mechanics mainly
serves to separate the system into mutually decoupled clusters of “active” spins. The sub-
sequent physical properties are then determined by the random geometry and statistics of
these active clusters. The spins in each cluster are tightly coupled and each contributes a
term of order unity to the magnetization. As we approach the critical point, the contribu-
tion of the active spins to the magnetization does not go to zero (as it would if quantum
mechanics were playing a more central role); rather the vanishing of the magnetization
at the critical point is due to the vanishing of the number of active spins at the lower
energy scales.

Further progress in this field would be greatly aided by solvable models with disorder
and interactions that exhibit conventional dynamic scaling.

21.8 Applications and extensions
|

The exact results for the random quantum Ising chain in Section 21.6 have been very suc-
cessfully compared with numerical computations [143,550,552]. Closely related methods
have also been applied to other one-dimensional random spin models, including S = 1/2
Heisenberg and XY spin chains [141,212,222], Potts and clock models [460], S = 1 anti-
ferromagnetic spin chains [231,232], and the experimentally realizable case of chains with
mixed ferromagnetic and antiferromagnetic exchange [157,159,540].
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Turning to higher dimensions, the quantum transition in the random Ising model in
d = 2 has been studied in sophisticated Monte Carlo simulations [233, 379], and there
are indications that the activated dynamic scaling behavior is generic. As we noted earlier,
the large-N limit of the random quantum rotor model was studied in [268] by a renormal-
ization group analysis, but no stable fixed point was found; the quantum phase transition of
this model has been studied numerically [199] and by an alternative renormalization group
defined directly on the saddle-point equations [208].

Useful reviews of theoretical and experimental studies of random metallic systems near
magnetic ordering transitions can be found in the work of Vojta [517,530,531].

In three dimensions, random Heisenberg antiferromagnets have been studied by the
renormalization group of Section 21.6 and applied to properties of doped semiconduc-
tors [46].

Random versions of the boson models of Chapters 9 and 16 have also been studied [ 148,
167,317,484,535] and are of considerable experimental importance.
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In this chapter, we want to move beyond the simplest disordered models considered in
Chapter 21 and consider systems that have magnetically ordered states rather more compli-
cated than those in which the average moments are in a regular arrangement, as in (21.3). In
the context of the Ising/rotor models, such states can be obtained by relaxing the constraint
Jij > 0 and allowing the J;; to fluctuate randomly over both negative and positive values
(we can always choose the g; to be positive by a local redefinition of the spin orientations,
and we assume this is the case below). In particular, we are interested here in the mag-
netically ordered “spin-glass” state in which orientation of the spontaneous moment varies
randomly from site to site, with a vanishing average over sites, @ = 0 (or m = 0);
such states are clearly special to disordered systems. For classical spin systems, that is
models (21.1) and (21.2) at g; = 0, such ordered states have been reviewed at length else-
where [48, 138,551]. The structure of the ordered spin-glass phases of quantum models is
very similar, and so this is not the focus of our interest here. Rather, we are interested in the
quantum phase transition from the spin glass to a quantum paramagnet, and in the nature
of the finite-temperature crossovers in its vicinity, where quantum mechanics plays a more
fundamental role.

The quantum Ising/rotor models of Part II also form the basis of much of our discussion
of quantum spin glasses. However, in parallel, we also consider the appearance of spin-
glass order in the metallic systems of Chapter 18. One of our interests is the transition
from a paramagnetic Fermi liquid to a spin density glass state. Such a state is characterized
by the analog of the order parameter defined in Section 18.3 for the ordinary spin density
wave state, but now the orientation and magnitude of ¢, vary randomly in space and there
are random phase offsets in the cosine.

We begin by introducing the order parameter that characterizes a spin-glass phase [48,
138] using, for now, the familiar terrain of the quantum Ising/rotor models. While a spin
glass has no magnetic moment when averaged over all sites, its characteristic property is
that each spin has a definite orientation whose memory it retains for all time. We can use
this long-time memory to introduce the Edwards—Anderson order parameter, gga, defined,
for N = 1, by

gea = lim (57 (1)57(0)), (22.1)

and similarly using rotor variables for N > 1. For each site i the long-time limit gives the
square of the local static moment; this is nonnegative, and so gga has a nonzero average in
the spin-glass phase.

One of the primary objectives of the theory of quantum spin glasses is to understand the
nature of dynamics of spin fluctuations in the vicinity of the quantum critical point where
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gEeA vanishes. As in Chapter 21, we expect Griffiths—McCoy singularities to appear in both
the spin-glass and quantum paramagnetic phases. Reliable information on these and the
critical singularities for low-dimensional systems with short-range interactions is so far
only available through numerical simulations. A great deal of work has also been done
on simplified models with infinite-range interactions that display spin-glass phases [51,
74,173,276,335,361,519, 548], and the solution of classical infinite-range models was
an important step in the development of spin-glass theory [48, 138]. Here, we restrict our
attention to the development of a mean-field theory of the quantum critical point (and its
vicinity) between a spin glass and a paramagnet in the systems noted earlier. The physical
properties of the mean-field theory are closely related to those of the models with infinite-
range interactions, but the former also offers a formalism for understanding fluctuations in
systems with shorter-range interactions; initial attempts at understanding such fluctuations
have been made [400,436], but these are not discussed here.

We present a derivation [400, 548] of the effective action controlling quantum fluctu-
ations of the spin-glass order parameter in Section 22.1. The mean-field solution of this
effective action and its physical properties then follow in Section 22.2.

22.1 The effective action
|

We begin by considering, for definiteness, the appearance of spin-glass order in the quan-
tum rotor Hamiltonian Hgy in (21.2); the results also apply to the Ising case simply by
restricting the O(N) vector indices «, § . .. to just one value. The extension to the metallic
systems of Chapter 18 follows in Section 22.1.1.
We set all the g; = g and take the J;; to be distributed independently according to the
Gaussian probability
2
ij
P(Jij) ~ exp (—7> (22.2)
We average over this distribution using the replica method, which was introduced briefly in

Section 21.3 (see [138] for a more complete treatment). The averaged, replicated partition
function becomes

- 1 Miga \°
2
Fn _ /Dnmaa (nm — 1) exp _5/(11 Eia: <8_:)

J2?
-5 f d1idty ) Niaa(T)N jaa(TRigp () jpa(T2) | (22.3)
{ij)

ab

where 7, j are site indices, «, § are O(N) vector indices, and a, b are replica indices; we
employ the usual summation convention over repeated O(N) vector indices, but all other
summations are explicitly noted. We now want to manipulate this into a form in which the
on-site spin correlations responsible for the spin-glass order in (22.1) are somehow related
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to a primary “order parameter” field; to this end we use the Hubbard—Stratanovich transfor-
mation, which we first met in Section 9.3, to decouple the quartic term in (22.3). Among the
several possible transformations, we choose to decouple the four spin-operators by picking
out the one which emphasizes the correlations appearing in (22.1); this gives us

_ d‘[ldl’z _
7" = / DOfgexp | — f Y0, K Q4 (r, ) | [ [ Zit i,
i

2
2J ijab
(22.4)

where K is the connectivity matrix of the lattice (its matrix elements are unity for sites 7,
that were coupled by a random exchange, and zero otherwise), and the subsidiary partition
function Z; is a functional of the values of the field Q%’ﬁ(tl, 72) only on the site i. It is
obtained after a functional integral only over the site i quantum field 7;q,:

2
2101 = [ Drs (2, 1) [0 5 ()

—/dfldfz Z Q?fﬁ(ﬁ, T2)”aa(fl)”ﬁb(f2):|~ (22.5)
ab

We have dropped the dummy site index on n as this field is integrated over. Note that
the functional integral in Z;[Q;] is closely related to those considered in Chapter 3 in
our study of classical d = 1 spin chains. The latter models are exactly soluble, and their
known correlators can be used to construct an expansion for Z;[ Q;] in powers of Q; for an
arbitrary time-dependent Q;. It should be kept in mind that there are n decoupled copies
of the classical chain here, and this does lead to an interesting and important structure
in the resulting action. After evaluating Z;[Q;] in this manner, we take the spatial con-
tinuum limit and obtain our spin-glass partition function, which we write schematically
in the form

Zuy = [ DO x. 11, exp(-S, 10D (22.6)

Now the focus of our attention is the field Qgg (x, 71, 72), which plays the role of an
order parameter for the quantum spin glass. Before turning our attention to the structure of
the action S,[Q], we discuss the physical interpretation of Q. From the structure of the
Hubbard—Stratanovich transformation it is clear that we have the correspondence

Q4% (xi, 1, T2) ~ Niaa(T)Migp(T2), (22.7)

where the symbol ~ indicates that correlators of Q are closely related to the corresponding
correlators of the right-hand side; for simplicity we assume the proportionality constant
is unity and replace (22.7) by an equality. From (22.7) we see that the replica diagonal
components have the mean value

n—>0n

1 e
lim = > (0% (x;. 11, 12))) = (nia (t1)1ip (12))

= dapxL(T1 — T2), (22.8)
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where the double angular brackets represent averages taken with the translationally invari-
ant replica action S, in (22.6) (recall that single angular brackets represent thermal/
quantum averages for a fixed realization of randomness, and overlines represent averages
over disorder). So the mean value of Q contains information on the entire time (or fre-
quency) dependence of the average dynamic local susceptibility, which we also considered
earlier in (21.7); in a sense, it is the time-dependent y; which is the “order parameter
functional” for the quantum spin glass. From (22.1) and (22.8), we see that the Edwards—
Anderson order parameter, gga, can be extracted for the replica diagonal components of
Q by taking the long-time limit of (22.8) for real times ¢. Precisely at T = 0, this long-
time limit can also be taken along the imaginary time axis (for 7 > 0, xr(t) is a peri-
odic function with period 1/7, and so the long-time limit is only defined for real times),
and we have

gea = lim lim 1 (0 (x, 11 =0, 12 = 1)), T =0. (22.9)
a

T—>00on—0n

Turning to the replica off-diagonal components, we see by a standard application of
replica technology [48, 138] that

. 1 “
lim -5 ;((Qafé (xi, 71, ) = (nia (7)) (i (72))

= gEA. (22.10)

The thermal average in the second step leads to time-independent values, and so the expec-
tation value of the off-diagonal components is independent of both 71 and ;. In the last
step, we have assumed that the thermal ensemble has the “clustering” property, which
demands that the long-time limit of the correlator in (22.1) is simply the square of the
static magnetic moment on the site, as discussed in Section 1.4: although it is certainly
possible to construct states that do not obey clustering, imposing a suitable infinitesimal
external field on each site will select the ensemble that does obey (22.10). In (22.10) we
have also ignored subtleties that may arise as a consequence of the intricate phenomenon
known as “replica symmetry breaking.” In the simple mean-field theory we consider below,
replica symmetry breaking does not occur; however, it does appear when additional higher
order couplings are included [400], but fortunately the structure and analysis of replica
symmetry breaking in the spin-glass phase turn out to be essentially identical to those dis-
cussed elsewhere in the classical case [48, 138]. For these reasons, and also because our
interest is primarily in the spin fluctuations in the paramagnetic phase, we do not consider
this phenomenon here further.

Returning to our determination of the form of S,[Q], recall that we noted that the only
realistic option was an expansion in powers of Q. It is worthwhile to ponder a bit on the
validity of such an expansion. In the vicinity of the quantum critical point, we expect gga
to become small; in the spirit of Landau theory, it would then certainly be appropriate
to expand in powers of gga. However, for the quantum transition we need the full time-
dependent Q, and not just its long-time limit. For very short |71 — 72|, the local on-site spin
correlations will certainly be of order unity, and so Q will not be small for these times.
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What we need to do is to “subtract out” the uninteresting short-time part of Q and focus
on only its long-time part for which a Landau-like expansion could possibly be valid. To
do this we consider the following transformation:

QU (x, 71, 12) = Q4f(x, 71, T2) — C8"8(11 — T2), (22.11)

where C is a constant, and the delta function §(t; — 1) is a schematic for a function that
decays rapidly to zero on a short microscopic time. The value of C should be adjusted so
that the resulting Q contains only the interesting long-time physics. (At this point, it is
not clear how this can be done, but we see shortly that a simple constraint on the effective
action allows us to do this quite easily.)

Let us consider the expansion of Z;[Q;] in (22.5) in powers of Q: we discuss the nature
of the low-order terms explicitly, and from these the principles that restrict the structure of
the general term emerge.

The first term is one linear in Q. It is multiplied by a two-point correlator of n, which is
nonzero only if both replica indices are the same. Further, the subsequent replica-diagonal
average correlates the two time arguments in @, and we get an expression such as

f dxdTide 0% (x, 71, )X (71 — ), (22.12)

where the superscript 0 on the local susceptibility reminds us that this is a bare suscepti-
bility, evaluated without accounting for intersite correlations. Now an important property
of XE (7) (and all other multipoint correlations of n) is that it decays rapidly to zero over a
time 7 of order 1/g. In frequency space, we have in the low-frequency limit

-1 — _
X2 (wn) ~ (@02 + AT ~ AT — 2N+ (22.13)

where Ay ~ g is the gap of the classical chain model Z;[Q = 0] studied in Chapter 3. If we
just take the leading frequency-independent term in (22.13), we have effectively replaced
XE by a constant and set t; = 7,. This is an important principle, which applies also to
higher order terms: an even number of replica indices can take the same value, but then
the associated time “indices” must also be set equal, as they can be correlated by quantum
fluctuations of the underlying rotors. Subleading corrections involve derivatives of the dif-
ference in times, and it turns out to be necessary to retain the additional w2 dependence in
(22.13) only for the linear term in (22.12).

Moving on to higher order terms, we see that the number of allowed terms prolifer-
ates very rapidly. In particular, at nth order there are terms that can have between 1 and n
independent replica indices summed over; associated with each independent replica index
is a time “index,” which is integrated over in the action. Thus the terms have a variable
number of time integrations, and it turns out that most important are those with a maxi-
mum number of independent time (and replica) indices. This is not difficult to see from a
renormalization group perspective, because each additional time integration increases the
scaling dimension of the associated coupling constant.
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Proceeding in this manner, we can assert the following results for Sy, for the quantum
Ising/rotor spin glass; we have used the benefit of hindsight and retained only the terms
necessary to obtain the leading critical singularities within mean-field theory:

Ssg = — / { / Z [81 81’2 ] a6 71, 2)
N E/dfldzzz[VQg’;(x,n,rz)]z

= 5 [ andndn Y 0o n w0 . ) Q5 v 7 )

abc

TI=T)=T

1
+ E/dtz [u Qop(x, T, 1) Qgp(x, T, T)
a
v Q% (x. T, D) QY (x. r)]}
ddx/drldrzzggg(x,n,n)le;(x,rz,rz). (22.14)
ab

There are seven terms in the action, but only five coupling constants: w, r, «, u, and v.
Rescaling of space and time coordinates has allowed us to absorb the other two. The first
two terms are linear in Q and are clearly a transcription of the two terms retained explicitly
in (22.13). As the notation suggests, the coupling r turns out to be the relevant tuning
parameter that moves the system between its two phases, and we are interested in the
phase diagram in the 77T plane. The spatial gradient term arises from the K ~! coupling in
(22.4), which couples different sites. This last coupling, and also the expansion of Z;[Q],
also allow the simple quadratic term

2
/ddxdrldtg Y [ng;(x, 1, 1:2)] , (22.15)
ab

which we have not included in Sq,; instead we have chosen the freedom allowed by the
transformation (22.11) to demand that the coefficient of this term be exactly zero. At
the moment, this appears just as a convenient choice, but it is seen later to be exactly
the criterion required to focus on only the interesting low-frequency behavior of Q. The
quadratic terms proportional to «# and v have only a single replica index and account for the
nonlinear, quantum mechanical interactions of the quantum rotors. We have retained only
a single cubic term, proportional to «/w, the one with the maximum possible three time
integrations; other allowed cubic terms are not as important.

Finally, the last term, proportional to 1/w?, actually does not appear in the expansion for
Ssq as we have chosen to explicitly generate it. To obtain it, we have to allow for on-site
disorder in the value of g; as can be schematically seen in a “soft-spin” approach where
randomness in g corresponds to a random mass multiplying ¢> ~ Q%“; averaging over the
random mass then leads to the last term in (22.14). However, even in the present model
with g fixed, the 1/w? term is generated upon any renormalization with the remaining
couplings in Syg. In any case, this 1/ w? term plays no role in the mean-field theory to
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follow, and so we will not discuss it further. It is, however, important to retain it in any
analysis of fluctuations.

22.1.1 Metallic systems

Let us consider extension of the analysis of phase transition of Fermi liquids in Chapter 18
to the case of a “spin density glass” [368,369,409,436,457]. For this we generalize to a
model with a random exchange interaction

dk A A
Hyyg = / W(gk - “)Cg,ﬁ?u - Z JijSi - Sj, (22.16)
(i)
where
A1 >
Si =3 > el buvcin (22.17)
3y

are the electron spin operators on site i. As was the case for the Ising/rotor models above,
we take the J;; to be independent Gaussian random variables. We refer the reader to a
review by the author [423] for the arguments motivating (22.16) as an appropriate low-
energy model for a large class of disordered metallic systems; a discussion of the strong
Griffiths—McCoy singularities in such models [45,338] may also be found there.

Our analysis of Hggg follows closely the steps presented above for the Ising/rotor models.
The field S replaces n and so now we have

Q4 (Xi, T1. T2) ~ Siaa(T1) Sipp (12). (22.18)

replacing (22.7). Also, the on-site action (dn/ 97)? /(2g) is replaced by the first kinetic
energy term in (22.16). All other steps are the same, and we obtain an expression iden-
tical to (22.4), with the modifications just noted in the definition of Z;[Q;]. The steps in
the derivation of Sy, are also the same, except the functional integral over the metallic
electrons leads to differences in the time dependence of the terms. In particular, from the
arguments just above (18.33) we see that the expression (22.13) for the local susceptibility
is replaced by

xL(wp) ~ Al — Aglwn| + -+, (22.19)
for some constants A; and Aj. This turns out to be the only significant change in Sy,.

Hence the final result takes exactly the form (22.14) except that the single time-derivative
term (with coefficient 1/(w«k)) is replaced by (after a Fourier transform of (22.19))

1 aa , ,
- f dxdvidn, Y Qoo 71, 1) (22.20)
a

TWK (11 — )2

This change in the time-derivative term is completely analogous to the change between
(14.2) and (18.33) for the case of regular magnetic order.



470

Quantum spin glasses

22.2 Mean-field theory

We now analyze the action S in (22.14), and its metallic extension modification (22.20),
in a simple mean-field theory. An analysis of the rather complex structure of fluctuations
about this mean field has been attempted [400, 436], but we do not discuss it here as the
results are quite inconclusive. The mean-field theory is useful in that it gives a simple
picture of the quantum critical point and the finite-temperature crossovers in its vicinity,
which should serve as a starting point for more sophisticated analyses.

Our strategy is to obtain saddle points of S, over variations in a mean-field value of
the field Q(x, 11, 12). We expect the saddle point to be invariant under translation in space
and time, which implies that Q is independent of x and a function only of 71 — 2. Fourier
transforming to Matsubara frequencies by

1T 1T '
Q4% (x, wn1, 0n2) =/ dTl/ ATy Q4 (x, 71, Tp)eHom Tt enT) (22.21)
0 0

motivates the following saddle-point ansatz:

Zg (x, wp1, Wp2) = qLZASwnl,Oswng,Oaalg + %ﬂonl)(sah(swnl_}wnzyo(saﬂ. (22.22)
The first term is independent of the replica indices, and it therefore has been parameter-
ized in terms of the Edwards—Anderson order parameter by (22.10). The second replica
diagonal term is related to the local susceptibility by (22.8) (we have dropped the over-
line representing the disorder average because it is always implied in the present context).
Quite independent of these physical interpretations it is clear that (22.22) is the most gen-
eral replica-symmetric ansatz for Q in terms of the parameters gga and xr (w,). We insert
(22.21) and (22.22) into (22.14) and (22.20) and obtain for the mean-field free energy
density per replica, F/n:

F T M(w,
== [(%) xe(@n) — %xi(wn)]

Wn
2
u+ Nv EA (T
+ [qEA +TY mwn)} + ZEA (— — [xL(O)]Z), (22.23)
2w - w \k
where
w?  for the Ising/rotor models,
M(w,) = . (22.24)
|w, | for the metallic system.

There should also be an additional term in (22.23) coming from the last term in (22.14), but
it is proportional to n and therefore does not contribute in the replica limit » — 0. Under
these circumstances, the coupling 1/t appears only as a prefactor in front of the total free
energy, and so the value of w therefore plays no role in the mean-field theory. The replica
limit n — O has also been taken to simplify terms arising from the cubic coupling in Sy,.
Also, because we are considering a metallic system with Heisenberg symmetry, we should
set N = 3.
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We now determine the saddle point of (22.23) with respect to variations in gga and
xL(wy,) for every wy; the resulting expressions can be written in the form

1
xL(wy) = _;V M(w,) + 7,

geav'Y =0, (22.25)

where T is an intermediate parameter satisfying the equation

T=r+ @+ Nv) (KCIEA—TZ\/M(G)n)-I—T). (22.26)

Wnp

Equations (22.25) and (22.26) clearly have two distinct types of solution. The first corre-
sponds to the paramagnetic phase in which the spin-glass order parameter vanishes, and so

gea =0, (22.27)
xL(wy) = —%\/M(wn) +7, (22.28)
T :r—(u—i—Nv)TZ\/M(wn)—FT; (22.29)

Wn

the parameter Y > O is then determined from the solution of the nonlinear equation
(22.29). The second solution is that of the spin-glass phase in which Y = 0, and so

1
XL(@n) = ==y M(wn),

dEA =

+ = Z VM(wp). (22.30)

K(u +Nv)

It is clear that for sufficiently large » > 0 the paramagnetic solution is the only physically
sensible one, and it has a large T > 0. As we decrease r at fixed T, the value of T
decreases, and we have phase transition into the spin-glass phase where Y first vanishes;
this happens at r = r.(T), which is determined by setting T = 0 in (22.29):

re(T) =+ No)T Y /M(w,). (22.31)

The spin-glass phase therefore exists for r < r.(T). It should be clear from this discussion
that r plays the role of the relevant tuning parameter for the quantum transition, and this
notation is consistent with that of Chapter 14. As in that chapter, it is convenient to shift
variables by defining

s =r —r:(0), (22.32)

so that the quantum critical point is precisely at s = 0, T = 0; at T = 0 the system is
paramagnetic for s > 0 and a spin glass for s < 0. For T > 0 we have a phase boundary at
s = 5¢(T) < 0 whose precise shape will be determined shortly below. These considerations
lead to the phase diagram shown in Fig. 22.1.
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Mean-field phase diagram of a metallic spin glass as a function of the ground state tuning parameter s and
temperature 7. The T = 0 state is a metallic spin glass for s < 0and a disordered, paramagnetic Fermi liquid for

s > 0.The solid line is the only thermodynamic phase transition and is ats = s¢(T) or T = T.(s) givenin (22.44).
The quantum critical pointisats = 0, T = 0. The dashed lines denote crossovers between different finite-T regions
of the quantum field theory (22.14): the low-T regions are A, B (on the paramagnetic side) and D (on the ordered side),
while the high-T region (C) displays “non-Fermi liquid” behavior. The crossovers on either side of C, and the spin-glass
phase boundary T,(s), all scale as T ~ |s|%/3; the boundary between A and B obeys T ~ s. The shaded region has
classical critical fluctuations described by theories of the type discussed by [48] and [138].

Let us briefly discuss the physical properties of the phases found here in mean-field
theory. In the paramagnetic phase, the local spectral density of the Ising/rotor models (with
M(wy) = a),%) is given by

2

1 w
xp(w) = Sgn(w)T

0(lw| — VY); (22.33)

hence there is an energy gap, and spectral density increases with a square-root threshold
above this gap. Clearly, we can expect that this gap will be filled in at T = 0 by Griffiths—
McCoy singularities once fluctuation effects are included; for 7 > 0 ordinary thermal
fluctuations are adequate to destroy the gap. The mean-field spectrum becomes gapless
precisely at the critical point where Y = 0 and the spectral density vanishes linearly with
frequency. The spectral density of the paramagnetic phase of the metallic systems is quite
different; now we have M (w,) = |wy|, and this leads to

@

1
"
xp(@) = ;
V2 + Vo2 ¥ 12

now there is no gap, but the spectral density is linear, ~w, for frequencies smaller than
Y, and a square root, ~./w, for larger frequencies. We make some further remarks on the
physical interpretation of this spectral density below.

Turning to the spin-glass phase, it is clear from (22.31) and (22.32) that the Edwards—
Anderson order parameter is given by

(22.34)

qEA [s¢(T) — s]. (22.35)

- k(u + Nv)
The spectral density remains pinned at the T = 0 case of (22.33) and (22.34) in the entire
spin-glass phase in the present mean-field theory.
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An interesting property of the above solutions is that the low-frequency limit of the
function xr (w,) becomes small as one approaches the phase boundary (for real w both the
real and imaginary parts of x; become small), which indicates that expanding in powers
of Q was appropriate. This smallness is actually a consequence of the shift (22.11) used
to eliminate the term (22.15) from the action. If we had instead included (22.15) in the
present mean-field analysis, we would have found a very similar solution, but the resulting
xz would have an additional frequency-independent contribution to its real part, which
remained of order unity at the phase boundary. Such a regular frequency-independent
term does not modify the interesting long-time correlations or the low-frequency spec-
tral weight, which actually remain as we have found them here. This is then the promised
a-posteriori justification for the expansion employed in obtaining Sq.

Let us discuss the nature of the finite-temperature crossovers within the paramagnetic
phase of the metallic system, as shown in Fig. 22.1; the behavior of the Ising/rotor system
is closely related and details may be found elsewhere [400]. The spectral density is given
everywhere by (22.34), which depends solely on the energy scale Y, to be determined
by the solution of (22.29). We present a complete derivation of the universal 7 and s
dependence of Y in the vicinity of the quantum critical point 7 = 0, s = 0; despite
the seemingly simple equation (22.29) to be solved, a great deal of structure emerges,
including some nontrivial crossover functions. We begin by combining (22.29), (22.31),
and (22.32) into

T+@+N)TVT=s—@+Nv) [T > Viwa+ T - f 20 Sl |, 2236

wp #0

For convenience, we have chosen to move the w, = 0 term in the frequency summation
from the right-hand to the left-hand side. To leading order in u + Nv, this equation has the
simple solution Y = s. To improve this result it is adequate to simply set T = s on the
right-hand side of (22.36) since the minimum value of @, in the summation is 27z T and this
always turns out to be much larger than Y in the interesting universal region, as becomes
clear from the analysis below. This strategy of separating the v, = 0 and w, # 0 terms,
and of treating the w, = 0 term with more care, is reminiscent of the approach applied
in Chapter 14 for finite-T crossovers; we see below that the resulting crossovers are very
similar to those found in Section 14.2.2 for the case when the clean Ising/rotor model was
above its upper-critical dimension. After making the noted approximation, we can further
manipulate (22.36) into

YT+ u+NOTVY =5+ (u+ Nv)T/s

— (u+ Nv) (T E \/|wn|+s—/g—:,/|w|+s)
dw s
—(u+N — | Vol +5 — -
. v)/ ( it =viel 2~/W)

— (u+ Nv) f 53 \/IU (22.37)
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The manipulations above are similar to those discussed below (11.47) and used extensively
in Chapter 14: we always subtract from the summation over Matsubara frequencies of any
function, the integration of precisely the same function; the difference is then convergent
in the ultraviolet, and such a procedure leads naturally to the universal crossover func-
tions [422]. We now manipulate (22.37) into a form where it is evident that T is analytic
as a function of s at s = 0 for 7 > 0. This analyticity is of course closely related to that
discussed in Sections 14.2.1 and 14.2.2 and is due to the absence of any thermodynamic
singularity for T > 0, s = 0 (see Fig. 22.1). We use the identity

/ fda( ! >=n(¢3—¢5) (22.38)

+a a+b

to rewrite (22.37) as

1/2
T N T = (1 SR g R

dw 1
da|T _ | ——
/\/_a( Za+|wn|+s /2na+|w|+s>

(”+Nv)/fda/ (a+|(1,)|+s

1 n r
a+o  (a+|w)?

), (22.39)

where A, is an upper cutoff for the frequency. We evaluate the frequency summation by
expressing it in terms of the digamma function i, and we perform all frequency integrals
exactly. After some elementary manipulations (including use of the identity ¥ (s + 1) =
¥ (s) + 1/s), we obtain our final result for Y, in the form of a solvable quadratic equation

for \/T:

12
Y+ u+ NO)TVT =5 ( M) T+ NOT gy ().
4 T
(22.40)

where the universal crossover function of the spin-density glass ®ggg(y) is given by

1 o0
Byge(y) = ?/0 Jada |:log (5)-v <1 + %) + 1 ;r y}. (22.41)

Notice the similarity in the structure of the above results to that of (14.32) and (18.83): in
all cases we have universal crossover functions for the characteristic energy scale in the
vicinity of a quantum critical point; indeed, for accidental reasons the universal function
®yge(y) is proportional to the universal function L in (18.84) in d = 3. Also note that
the crossovers in (22.40) depend upon the magnitude of the microscopic couplings # and
v, which represent the quantum mechanical interactions between the rotors or Ising spins.
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This is also a feature of (14.32) and (18.83), and by analogy we may conclude that the
couplings u and v are formally irrelevant at the quantum critical point but are nevertheless
crucial in constructing the crossovers at nonzero temperatures (i.e. they are dangerously
irrelevant). This expectation is verified by an explicit renormalization group analysis of
Sqg [436] ,which we shall not discuss here.

The above expression for ®qe(y) is clearly analytic for all y > 0, including y = 0,
as we hoped to achieve. As was the case for (14.32) and (14.33), we can use the above
result for y < O until we hit the first singularity at y = —2m, which is associated with
singularity of the digamma function v (s) at s = 0. However, this singularity is of no
physical consequence, as it occurs within the spin-glass phase (Fig. 22.1), where the above
solution is not valid; as shown below, the transition to the spin-glass phase occurs for
y ~ —(u + Nv)T'/2, which is well above —27. For our subsequent analysis, it is useful
to have the following limiting results, which follow from (22.41):

V1/278(3/2) + O(y), y—0,
chdg()’) = 32 12 ~1p ey (22.42)
(2/3m)y>'= + y /2 + (7 /6)y +0@G™), y— oo

The expression (22.34), combined with the results (22.40) and (22.41), completely spec-
ifies the s and T dependence of the dynamic susceptibility in the paramagnetic phase and
allow us to obtain the phase diagram shown in Fig. 22.1, whose details we now discuss.
There is a quantum critical point at s = 0, T = 0, and the characteristic energy scale T
vanishes linearly upon approach to this point at 7 = 0:

T ~s, fors > 0,7 =0. (22.43)

There is a line of finite-temperature phase transitions, denoted by the full line in Fig. 22.1,
which separates the spin-glass and paramagnetic phases; this line is determined by the
condition Y = O andis atr = s.(T)(or T = T.(s)), with

s¢(T) = —(u + Nv)®O)TY? or T.(s) = [—s/(u+ Nv)®(0)]*3. (22.44)

The crossovers within the paramagnetic phase are similar to those found in Sections 14.2.2
and 18.4, and we discuss below the characteristics of the different limiting regimes.

(A, B) Low-T Paramagnetic Fermi Liquid, T < [s/(u + N v)]?3
This is the “Fermi liquid” region, where the leading contribution to the characteristic
energy scale Y is its T =0 value Y(T) ~ YT (0) =s. The leading temperature-dependent
correction to Y is, however, different in two subregions. In the lowest T region A, T < s,
we have a Fermi liquid-like 72 power law

(u + Nv)nT?
6/s

At higher temperatures, in region B, s < T < [s/(u + N v)]*3, we have an anomalous
temperature dependence

Y(T)— ") = (region Ia). (22.45)

Y(T) = Y(0) = (u+ Nv)®O)T>?>  (region Ib and II). (22.46)
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Crossovers as a function of frequency, w, in the regions of Fig. 22.1 of the metallic spin glass. The low-T Fermi liquid
region is on the paramagnetic side (s > 0).

It is also interesting to consider the properties of regions A and B as a function of observa-
tion frequency, w, as sketched in Fig. 22.2. At large frequencies, w > s, the local dynamic
susceptibility behaves like x; ~ sgn(w) /|w], which is the spectrum of critical fluctuations;
atthe T =0, s =0 critical point, this spectrum is present at all frequencies. At low frequen-
cies, w K s, there is a crossover (Fig. 22.2) to the characteristic Fermi liquid spectrum of
local spin fluctuations x; ~ o/ /5. Upon consideration of fluctuations beyond mean field,
one finds the appearance of Griffiths—McCoy singularities in this region, as discussed in
related contexts in Chapter 21; these are quite important for experimental comparisons at
low temperatures and are further discussed in [24,45,69,118,119,282,284,338-340,423].

(C) High-T Region, T > [|s|/(u + Nv)]*/3
Here temperature-dependent contributions to Y dominate over those due to the deviation
of the coupling d from its critical point, d = 0. Therefore thermal effects are dominant,
and the system behaves as if its microscopic couplings are at those of the critical ground
state. The T dependence in (22.46) continues to hold, as we have already noted, with the
leading contribution being

Y =~ (u+ Nv)®0)T3/2, (22.47)

Note that the characteristic energy scale now does not scale simply as ~7, as it did for the
high-T region of the models in Part II with d < 3. Instead, all T-dependent corrections
arise from the irrelevant coupling u, which leads to the anomalous power law in (22.47).
As in the low-T paramagnetic region, it is useful to consider properties of this region as
a function of w (Fig. 22.2). For large w (w > (u + N v)T3/%) we again have the critical
behavior x; ~ sgn(w)+/]wl[; this critical behavior is present at large enough w in all the
regions of the phase diagram. At small w (0 < (u+Nv)T>/?), thermal fluctuations quench
the critical fluctuations, and we have relaxational behavior with x ’L’ ~w/(u+N n)1/273/4,

(D) Low-T Region above Spin Glass, T < [—s/(u + Nv)J*3,s <0
Effects due to the formation of a static moment are now paramount. As one approaches
the spin-glass boundary (22.44) from above, the system enters a region of purely classical
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thermal fluctuations, |7 —7T,(s)| < (u+Nv)?/3 TC4/3 (s) (shown shaded in Fig 22.1), where

2
r_ (M) , (22.48)
T(u+ Nv)

Notice that Y depends on the square of the distance from the finite-T classical phase
transition line, in contrast to its linear dependence at T = 0 in (22.43). It turns out that
(22.48), when inserted into the static correlation functions, reproduces precisely the critical
singularities of the theory of classical spin glasses [400]. Indeed, the reader is invited to
show by the methods of Part II that the fluctuations in the shaded region of Fig. 22.1 are
described by precisely the classical critical theories of [48] and [138].

The above results for the local dynamic susceptibility can be extended to a number
of other experimentally important observables: as the basic methods are similar to those
already developed here, we refer the interested reader to the literature [436,457].

22.3 Applications and extensions
I —

Much of the theoretical interest in quantum spin glasses has been driven by experiments
performed by the group led by Rosenbaum and Aeppli [541,542] on the insulating, dipo-
lar Ising spin glass LiHo,Y;_.F4 in a transverse field. These clearly show a crossover
between thermal and quantum fluctuation dominated regimes, but the nature of the quan-
tum critical point remains unclear. The vicinity of the spin-glass phase is dominated by
real-time glassy dynamics, which drives the system out of equilibrium. On the theoretical
side, we have already noted the work on the quantum Ising spin glass in infinite-range mod-
els. Models with finite-range interactions have been studied in imaginary-time computer
simulations [186,403], which yield information on thermodynamic properties and critical
exponents. However, it is clear that an understanding of the experiments requires a theory
of the real-time dynamics of quantum spin glasses. We discussed the real-time, nonzero
temperature, physics near nonrandom quantum critical points in Part II, but there are no
corresponding results for the random case. Recent steps toward understanding the real-time
dynamics include the droplet model picture of Thill and Huse [503] and the infinite-range
model studies of Rozenberg and Grempel [412].

The experiments also display ferromagnetic phases; these appear in models with a
nonzero mean J;; and have been studied [103] in the mean-field framework discussed
here.

A significant application of the concepts discussed here on metallic spin glasses has
been in the “heavy fermion” series of compounds. The Griffiths—McCoy singularities of the
Fermi liquid phase have been the subject of much attention; discussions along with com-
parisons with experiments may be found in [24,69,118,119,339,340,423]. The anomalous
power laws at high T in the vicinity of the quantum critical point [436,457] have also been
examined in experimental studies [489].
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We have not commented in this chapter on insulating quantum spin glasses of Heisen-
berg spins: such models would generalize those of Chapter 19 to the case of random
exchange interactions. These turn out to be considerably more complicated; some work
on infinite-range models may be found in [57,177,275,441,456].

As we noted earlier, fluctuation corrections to the mean-field theory presented in this
chapter have been considered in the literature [400, 436, 456, 457]. The first two works
[400,436] focused on spatial fluctuations in the spin-glass order parameter, although the
last two [456,457] considered the quantum fluctuations in the on-site “quantum impurity”
model. These latter works argued that although the mean-field theory of this chapter is an
adequate starting point for metallic electronic systems with Ising symmetry, those with full
Heisenberg symmetry appear to be controlled by the critical quantum paramagnetic state
found in [44 1] in the study of insulating Heisenberg spin models. The critical state of [441]
also appears in a most interesting analysis by Parcollet and Georges [371] of a doped Mott
insulator with random exchange interactions. The temperature and frequency crossovers
found in this insulator are closely related to those observed in the high-temperature super-
conductors. Recent numerical work [178] on infinite range models of metallic spin glasses
with Ising symmetry has obtained results in good agreement with the analytical predictions
discussed here.
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analytic continuation, 24
angular fluctuations, 210, 225, 256
angular momentum current, 262, 270
angular momentum density, 261
anomalous dimension, 325, 341
antiferromagnet

canted, 406

collinear, 385

double layer, 14

Heisenberg, 385

noncollinear, 395
asymptotic expansion, 384
asymptotic freedom, 26
average over initial conditions, 155, 208, 252

background field method, 192

bare coupling, 202

BCS theory, 333

Berry phase, 26, 117, 125, 293, 375, 381,
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Bethe ansatz, 205, 218

black hole, 285

Bloch precession, 172, 262

Bogoliubov transformation, 139, 333

Boltzmann’s constant, 12

branch cut, 164, 400

canted order, see antiferromagnet, canted
chemical potential, 118
classical critical dynamics, 162, 170, 252
classical rotors, 207
clustering, 466
coherent state, 123, 124, 293
canonical bosons, 125, 293
path integral, 123, 124, 375
collinear order, see antiferromagnet, collinear
colored particles, 196
conductance fluctuations, 283
conductivity, 262
configuration space, 206
conformal mapping, 146, 163, 304, 317, 422

continuity equation, 262
continuum Fermi field, 141
coplanar order, 396
correlation length, 4
couplings
dangerously irrelevant, 250, 290, 314, 373, 475
decimate, 453
irrelevant, 145
relevant, 143
critical continuum, 164, 231
critical exponent, 4
B, 56, 151,179
continuously varying, 425
correlation length, 4, 20, 143, 242, 458
dynamic, 4, 21, 136, 142, 177,299, 425, 444
effective classical, 155
n, 54, 183, 228
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magnetization, 151, 179
nonuniversal, 441
v, 4,20, 55, 143, 242, 444, 458
percolation, 447
z,4,21, 136, 142, 177, 299, 425, 444
zv, 4, 177

dangerously irrelevant couplings, see couplings,
dangerously irrelevant

dangerously irrelevant quantum fluctuations, 453

de Broglie wavelength, 152, 159, 194, 304, 313

deterministic classical dynamics, 155, 208, 252

diamagnetic term, 266

diffusivity, 191, 198, 211, 262

dimension

engineering, see engineering dimension
scaling, see scaling dimension

dimensional regularization, 202, 240

dipolar interactions, 8, 258

Dirac fermions, 334

dissipative continuum, 104

dissipative quantum mechanics, 257
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double time path integral, 153, 159, 195
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d-wave pairing, 334
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effective Hamiltonian, 58
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Einstein relation, 263, 284

energy gap, 3

engineering dimension, 144

€ expansion, 51

failure at low frequencies, 247
€7 time dimensions, 444
extended-s pairing, 336

Fermi liquid, 346, 347, 475
Fermi surface, 348, 351
Fermi velocity, 349
Fermi’s Golden Rule, 103, 274
Fermi—Bose model, 323
fermion determinant, 327
fermion pockets, 365
ferromagnet
quantized, 380, 406
Stoner, 408
unquantized, 407
gapless mode, 408
Feshbach resonance, 320, 322
field theory
Bose-Fermi, 323
collinear antiferromagnet, 387
dilute Bose gas, 293
dilute Fermi gas, 294
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disordered soft spin, 443
Fermi liquid, 302
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quantum nonlinear sigma model, 23, 173, 387
quantum spin glass, 468
renormalization group, 201, 240
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sine—~Gordon model, 424
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soft spin, 22, 237, 261
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spinful Fermi gas, 295
Ssg, 424
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Tomonaga—Luttinger liquid, 419

fixed point coupling, 241

flow equation, 193, 241, 381, 426, 427
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for probability distribution, 455

fluctuation—dissipation theorem, 99
classical limit, 156, 206
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Gaussian fixed point, 47

Gaussian integral, 36

Ginzburg parameter, 253

glassy dynamics, 477

graphene, 335

Grassman path integral, 294

gravity, 285

Griffiths—McCoy singularities, 440, 461, 472, 477

Hamilton—Jacobi equation, 207, 252
Hamiltonian
boson Hubbard, 118
classical wave, 207, 251
disordered quantum Ising, 437
disordered quantum rotor, 437
Fermi liquid, 414
bosonic form, 417
H, 261
Hyp, 412
bosonic form, 423
Hp, 118
He, 207,251
Heisenberg spin, 375
Hp, 141
Hpp,414
Hp, 10, 135, 139
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Hpg, 13, 171, 404, 435
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O(2) quantum rotor chain, 435
quantum Ising, 10
quantum Ising chain, 135, 139
quantum rotor, 13, 171, 404
single O(2) quantum rotor, 85, 86
single O(3) quantum rotor, 89
single quantum Ising spin, 73
soft spin, 261
spin chain, 412
Tomonaga—Luttinger liquid, 418
XX model, 296
Harris criterion, 438
Hawking temperature, 285
headless vector, 397
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Heisenberg spin, 14
helicity modulus, 110
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Hohenberg—Mermin—Wagner theorem, 82
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Hubbard-Stratanovich transformation, 127, 240,
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hydrodynamics, 6
hyperscaling, 26

in processes, 274
incompressibility, 122
instanton gas, 394
inversion identity, 87
irrelevant coupling, 48
Ising spin, &, 10
Ising-nematic, 342, 355

Jordan—Wigner transformation, 296, 137
Josephson length, 180

Kosterlitz—Thouless transition, 434
Kubo formula, 99, 265, 283

ladder diagrams, 306
Lagrange multiplier, 173
Landau theory, 33
Landauer transport, 283
level crossing, 3
Lie algebra, 262
structure constants, 262
linear response, 99
linked cluster theorem, 38
London equation, 112
London penetration depth, 114
Lorentzian, 167
squared, 167
low T
magnetically ordered, 151, 187, 215
quantum paramagnet, 157, 186, 193,
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magnetization density, 380
magnetization plateau, 407
Majorana fermions, 142
Matsubara frequency, 97
maximally incoherent, 25

mean field theory, 30

Meissner effect, 114
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momentum density, 270
momentum shell, 48, 339
Mott insulator, 122
multicritical point, 322, 323

Néel order, 385, 391, 431
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N — oo theory, 173
failure of 1/N expansion at low frequencies, 234
magnetically ordered, 179
1/N corrections, 226
non-Abelian gauge transformation, 265
noncollinear order, see antiferromagnet, noncollinear
non-Fermi liquid, 359, 360, 369
nonlinear sigma model, see field theory, quantum
nonlinear sigma model
normal order, 415

out processes, 274

pair creation, 275
paramagnetic term, 266
particle physics, 26
particle-hole excitations, 415
particle-hole symmetry, 119
particle—vortex duality, 287
Pauli matrices, 10
percolation theory, 447
perfect fluids, 288
phase coherence time, xiii, 25, 151, 154, 161, 168,
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318-320
phase fluctuations, 256
phase space, 206
phase transition
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quantum, 3, 7
failure of Landau theory in low dimensions, 435
second order, 3
Planck’s constant, 12
pnictide superconductors, 336
Poisson brackets, 207, 251
pre-existing carriers, 282

QC mapping, 24
quantized density, 126, 293
quantum critical region, 6, 150, 250
quantum dimer model, 394
quantum disordered, 25, 151, 157
quantum inverse scattering, 319
quantum paramagnet, 8, 25, 59, 175
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quasiparticle, 347
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quasiparticle pole, 176, 180
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radio frequency, 282
relevant perturbation, see couplings, relevant
renormalization group invariant, 204, 220
renormalization group transformation,

see scaling transformation
renormalization scale u, 202, 240
renormalized classical, 151
renormalized coupling, 202
replica method, 443
rotating reference frame, 172

S matrix, 62, 194
superuniversal, 62, 194
scaling dimension
anomalous, 143, 144, 178
chemical potential, 299
conductivity, 264
diffusivity, 264
dilute bosons, 305
field, 143
field coupling to conserved charge, 178
free energy, 56, 143
free fermions, 299
Luttinger liquid, 428
magnetic field, 178
Néel order, 434
order parameter, 143
quasiparticle residue, 178
spin—Peierls order, 389, 428
temperature, 143
uniform susceptibility, 178
scaling function
activated dynamic, 450
analyticity for T > 0, 147, 183, 244,312, 372, 475
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conductivity, 264
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diffusivity, 192
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dilute Fermi gas, 300
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Fp, 147
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free energy, 72, 84
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G, 244, 447
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Gy, 147
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incoherent transport, 275

Ising chain equal-time, 147

Ising chain, high 7', 165

Ising chain, quantum critical, 165

Ising chain, quasi-classical particle,
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L,372
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magnetization, 451

percolation, 447
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soft spin, x (k), 243
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X X chain equal-time, 315
scaling limit, 21, 70
scaling theory, 73
scaling transformation, 45, 140, 142,
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tagged particle autocorrelation,
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decimation, 453 Tan’s constant, 328
exact, 307 thermal equilibration time, 6
scattering length, 310, 321 thermal paramagnet, 8
self-duality, 287 0 term, 388 .
sine—Gordon model, 424 three-particle continuum, 103,
y 164, 228

flow equation, 426, 427
refermionization, 430
soliton, 429
spinon, 429
single particle states, 60, 92
Skyrmion number, 392
slab geometry, 26
soft spin, see field theory, soft spin
spectral density, 97
spectral representation, 97

threshold, 63, 103
time-reversal symmetry, 335
Toeplitz determinant, 149
Tomonaga-Luttinger liquid, 317,
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boundary conditions, 418
commutation relations, 418
Fermi operator, 420
Hamiltonian, 418
mode expansion, 418

spectrum .
pgapless 3. 12.80. 281 topological term, 388
gapped’ %’ 12’ ’ trajectories, 196

transfer matrix, 68, 73
transport
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collision dominated, 273,

spin density glass, 463
spin density wave, 363
spin glass, 476

spin stiffness, 111, 380
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Spiil Wave, - collisionless, 269, 283
classical, 200, 215, 251
current, 262

spin—Peierls order, 389, 428 . 73
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spintu £a8, 2 high T, 268, 275
spinons, 399

incoherent, 282
deconfined, 399

universal, 282

spontaneous magnetization, 11, 151, large-N expansion, 279
’ s
183,230 . low-T quantum paramagnet,
spontaneous symmetry breaking, 11 269. 277
Stoner ferromagnet, see ferromagnet, Stoner quantu’m Boltzmann equation, 274
string, 378 transverse field, 8, 10

string theory, 283

structure factor, 98
dynamic, 136, 172
equal-time, 136
sum rule, 136

superfluid density, 111, 120

supergravity, 285

tricritical crossover, 239, 311
tunneling event, 389
two-particle continuum, 63
two-particle states, 61
two-level system, 257

supersolid, 123 ultracold atoms, 8

supersymmetry, 285 umklapp, 423

surface tension, 108 uncertainty principle, 7

susceptibility universal scaling function, see scaling function,

x(k), 137 universal
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