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Preface

Quantum mechanics pervades many branches of science, from physics, material sci-
ence, informatics, to chemistry and molecular biology. Many products of everyday
life derive from discoveries based on quantum physics, like silicon chips, magnetic
storage devices, lasers, medical imaging devices, as well as chemicals and biochem-
icals. Therefore, scientists and engineers in many fields need a good understanding
of quantum theory, but often they are overwhelmed by the sheer volume of most
standard textbooks on quantum physics.

Our approach is to first limit discussion to the smallest systems in nature that
still display the basic features of quantum theory. Hence this tutorial at first deals
with systems in which only two quantum states are involved, subject to external
perturbations. Such effective spin one-half systems are a valuable training ground
to elucidate the subtleties of quantum theory and, indeed, the essence of quantum
mechanics lies in the two-level system. We present basic quantum calculations step
by step in a simple notation and in sufficient detail because the practitioner usually
has no time to lose when proceeding from one equation to the next.

As a starting point we assume the reader to have taken introductory courses in
quantum mechanics and linear algebra, and to be familiar with the Schrédinger
equation and the essentials of angular momentum, which we recapitulate in Part I of
the book. Part II covers essential topics of quantum physics based on the two-state
approach, including subjects of high contemporary interest as quantum entangle-
ment, quantum chaos, or geometric phases. In Part III, the results then are applied to
various topics from atomic, condensed matter, and nuclear physics, and from quan-
tum informatics.

We then proceed to the more general concepts of quantum theory. To this end,
Part IV of this treatise restarts from first principles to develop the theory of angular
momentum, spherical tensors, and irreducible representations. We derive a general-
ized spin precession equation that covers the higher multipole interactions, and ap-
ply the results to various topics in atomic and condensed matter physics. Chapters on
multiple quantum transitions, dressed atom effects, spin relaxation and decoherence
conclude the tutorial.



vi Preface

The text is based on various lectures given by the authors on the two-state system,
irreducible tensors, and quantum chaos, and is complemented with an illustrative set
of basic experiments, many of them done in the authors’ respective laboratories. In
short, the aim of this tutorial is to provide the bachelor student as well as the practi-
tioner with a compact text that lets them understand a wealth of quantum physics.

Heidelberg, Germany Dirk Dubbers
Marburg, Germany Hans-Jiirgen Stéckmann



“Diirer meets Einstein, travelling.” Installation by Sabrina Hohmann, for an interpre-
tation see http://www.physi.uni-heidelberg.de/KunstamBau.pdf. With friendly per-
mission of the artist. Foto: Wolf-Dieter Gericke
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Chapter 1
Recollections from Elementary Quantum
Physics

Abstract We recall the prerequisites that we assume the reader to be familiar with,
namely the Schrodinger equation in its time dependent and time independent form,
the uncertainty relations, and the basic properties of angular momentum.

Introductory courses on quantum physics discuss the one-dimensional Schrodinger
equation for the wave function W (x, t) of a particle of mass M moving in a poten-
tial V

L' m? 32w

h—=—-——

at 2M 0x2

Therein A = h /27 is the reduced Planck constant. The function ¥ is understood as a

probability amplitude whose absolute square |¥ (x, t) 12 =w*(x, )P (x, 1) gives the

probability density for finding the particle at time 7 at position x. This probability
density is insensitive to a phase factor €'?. With the Hamilton operator

+ V. (1.1)

n 9?
H:—ﬁﬁ-kv, (1.2)
the Schrodinger equation reads
U= _in. (1.3)
h

The dot denotes the time derivative.

In this text, we print operators and matrices in nonitalic type, like H, p, or o, just
to remind the reader that a simple letter may represent a mathematical object more
complicated than a number or a function. Ordinary vectors in three-dimensional
space are written in bold italic type, like x or B.

The time dependent Schrodinger equation reminds us of the law of energy con-
servation E = p%/2M + V if we associate the operator i%9/d¢ with energy E and
the operator (h/i)d/0x with momentum p. Take as an example the plane wave
W (x, 1) = Wel®* = of a photon propagating in the x-direction. The energy opera-
tion ihdW/dt = hwW then relates energy to frequency, E = hw, and the momentum
operation (h/1)0¥/dx = hkY¥ relates momentum to wave number, p = hk.

D. Dubbers, H.-J. Stockmann, Quantum Physics: The Bottom-Up Approach, 3
Graduate Texts in Physics,
DOI 10.1007/978-3-642-31060-7_1, © Springer-Verlag Berlin Heidelberg 2013



4 1 Recollections from Elementary Quantum Physics

The probability amplitude ¥ (x, ¢) for finding the particle at time ¢ at position x
and the amplitude @ (p, E) for finding it with energy £ and momentum p turn out
to be Fourier transforms of each other. Pairs of Fourier transforms have widths that
are reciprocal to each other. If the width Ax in position is large, the width Ap in
momentum is small, and vice versa, and the same for the widths At and AE. The
conjugate observables p and x or E and ¢t obey the uncertainty relations

1 1
ApAx > Eh’ AEAt > Eh' (1.4)

The exact meaning of Ax, etc. will be defined in Sect. 3.4.

For stationary, that is, time independent potentials V (x), the Hamilton operator
(1.2) acts only on the position variable x. The solution of the Schrédinger equation
then is separable in x and ¢,

W(x,1) =y (x)e E/P (1.5)

The probability density (in units of m~") for finding a particle at position x then is
independent of time |¥ (x, 1)|> = | (x)|%. The amplitude v (x) is a solution of the
time independent Schrodinger equation

R 924y (x)
2M  9x2

+VX)Y(x) =Ey(x). (1.6)

In operator notation, this reads
Hy = Ev. (L.7)

For particles trapped in a potential well V (x), the requirement that total proba-
bility is normalizable to

+o00 2
/ [y ()] dx =1 (1.8)

leads to the quantization of energy E such that only a discrete set of values E,,, with
the corresponding wave functions v, (x), n =1, 2,3, ..., is allowed. n is called the
main quantum number.

The mean value derived from repeated measurements of a physical quantity or
observable A is given by its expectation value

+00
(A®) =f W*(x, ) AW (x, 1) dx. (1.9)

—00

For a stationary state Eq. (1.5), the expectation value (A) does not depend on time
and is insensitive to any phase factor e'¥. For example, the mean position (x) of a
matter wave is given by the weighted average

+00

(x) =/ x|y o) dx. (1.10)

—0o0



1 Recollections from Elementary Quantum Physics 5

Sometimes the Hamiltonian H can be divided into two parts H = H; (x) +H>(y),
one depending on one set of (not necessarily spatial) variables x, the other on a
disjoint set of variables y. Then, as shown in standard textbooks, the solution of
the Schrodinger equation is separable in x and y as ¥ (x, y) = ¥ (x)y2(y). As in
Eq. (1.5), we must attach a phase factor to obtain the time dependent solution

W(x,y,1) =91 (x)Pa(y)e ER, (1.11)

The probability densities for the joint occurrence of variable x and variable y then
multiply to

v, y.0) = v v (1.12)

This is consistent with classical probability theory, where probabilities multiply for
independent events. The probability that two dice both show 5 is % X % = 31—6.

If, on the other hand, the quantum system can evolve along two mutually exclu-
sive paths 1| or v, as is the case in the famous double-slit experiments, then the

two probability amplitudes add coherently, and the total probability is

W% = Y1 + Yol = (Y117 + [Y2l* + 21912 sin, (1.13)

with phase angle §. Only if phase coherence between the partial waves 1 and
is lost, does the total probability equal the classical result

W12 = [y 1? + Y2l (1.14)

with probabilities adding for mutually exclusive events. The probability that a die
shows either 5 or 3 is % + % = %

Figure 1.1 shows the setup and result of a double-slit experiment with a beam of
slow neutrons. What we see is the self-interference of the probability amplitudes 1|
and Y, of single neutrons. The conditions for the appearance of quantum interfer-
ence will be discussed in Sect. 6.6.

For most students the Schrodinger equation is no more difficult than the many
other differential equations encountered in mechanics, electrodynamics, or trans-
port theory. Therefore, students usually have fewer problems with the ordinary
Schrodinger equation than with a presentation of quantum mechanics in the form
of matrix mechanics. In everyday scientific life, however, spectroscopic problems
that require matrix diagonalization are more frequent than problems like particle
waves encountering step potentials and other scattering problems. Furthermore, as
we shall see in Sect. 19.1.2, the Schrodinger equation can always equally well be ex-
pressed as a matrix equation. Therefore, matrix mechanics is the main topic of the
present tutorial. Instead of starting with the Schrédinger equation, we could have
started with the Heisenberg equation of motion (discovered a few weeks before the
Schrodinger equation) because both are equivalent. We postpone the introduction
of Heisenberg’s equation to Chap. 10 because students are less familiar with this
approach.



6 1 Recollections from Elementary Quantum Physics

= 5000
Neutrons g
! § 4000+ {\
9 2 3000+ | \ }
g A [ A
25 ]
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Fig. 1.1 (a) Double-slit experiment with neutrons: The monochromatic beam (along the arrow),
of de Broglie wave length A =2 nm, AL/A =8 %, meets two slits, formed by a beryllium wire
(shaded circle) and two neutron absorbing glass edges (vertical hatching), installed on an optical
bench of 10 m length with 20 um wide entrance and exit slits. (b) The measured neutron self-in-
terference pattern follows theoretical expectation. From Zeilinger et al. (1988)

To begin we further assume acquaintance with some basic statements of quantum
physics that are both revolutionary and demanding, and our hope is that the reader
of this text will learn how to live and work with them. The first statement is: To any
physical observable A corresponds an operator A. The measurement of the observ-
able A leaves the system under study in one of the eigenstates or eigenfunctions ¥,
of this operator such that

Ay, = any. (1.15)

The possible outcomes of the measurement are limited to the eigenvalues a,. Which
of these eigenfunctions and eigenvalues is singled out by the measurement is uncer-
tain until the measurement is actually done.

If we regard the ordered list v, as elements of a vector space, called the Hilbert
space, the operation A just stretches an eigenvector v, of this space by a factor a,,.
The best-known example of an eigenvalue equation of this type is the time indepen-
dent Schrodinger equation

Hy, = E ¥, (1.16)

H is the operator for the observable energy E, ¥, are the eigenfunctions of energy,
and E, are the corresponding eigenvalues. In this text, we shall only treat the sim-
plest case where the spectrum of the E, is discrete and enumerable, as are atomic
energy spectra, and in most cases limit the number of energy levels to two.
Another basic statement is derived in Sect. 3.4: Two physical quantities, de-
scribed by operators A and B, can assume well defined values @, and b,,, simultane-
ously measurable with arbitrarily high precision and unhampered by any uncertainty
relation, if and only if they share a common set of eigenfunctions ,,, with

Ay = ap ¥y, By, = bpy. (1.17)
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An important operator is that of the angular momentum J, which we shall de-
rive from first principles in Chap. 16. Let us beforehand recapitulate the following
properties of J, as known from introductory quantum physics. The components J,,
Jy, and J; of the angular momentum operator J cannot be measured simultaneously
to arbitrary precision. Only the square magnitude J? of the angular momentum and
its component J; along an arbitrary axis z are well defined and can be measured
simultaneously without uncertainty. This means that the phase of J about this axis
z remains uncertain. The operators of the two observables J% and J, then must have
simultaneous eigenfunctions that we call v ,,, which obey

PYim =G+ DBV, (1.18a)
L jm =mh i, (1.18b)

with eigenvalues j(j 4 1)A? and mh, respectively.
Angular momentum is quantized, with possible angular momentum quantum

numbers j =0, % 1, %, .... For a given value of j, the magnetic quantum number
m can take on only the 2 + 1 different valuesm = —j, —j +1,..., j.

For j = —21 we have m = :I:—é and
JY1 1= —hzl/u 1 (1.19a)
21 4 7%’ '

1
le/f%’i%=ﬂ:§ﬁl//%’i%. (1.19b)

If we arrange the 2j + 1 eigenfunctions of the angular momentum v, into one
column
Vi
V-1
vi=1 . | (1.20)
V-
we shall print this column vector \; in nonitalic type, as we did for the operators.
* *
AR L
signifies the conjugate transpose ' = {*T of a complex vector (or matrix).
The components J, and J, of the angular momentum operator J do not have

simultaneous eigenfunctions with J% and J.. If we form the linear combinations

The corresponding row vector is \]fj. = , w}k!_ j), where the dagger

Ty =1 +ily,  J_=J,—il,, (1.21)

these operators are found to act on the angular momentum state ¥, as

Vi¥im=0/j(G+ D) —mm+ Dy ms, (1.22a)
T Yjm=h/jG+ 1) —mm — Dy mer, (1.22b)
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with Jy v +; =0and J_+; _; =0. The J; and J_ are the raising and lowering
operators, respectively. For j = % we have J+1//%’_% = hw%ﬁ% and J_w%ﬂ% =
Mgy 1.

20 2

Angular momentum may be composed of the orbital angular momentum L and
of spin angular momentum S, which can be added to the rofal angular momentum
J =L+ 8. The orbital angular momentum quantum number / can only have integer
values, spin quantum number s can have either integer or half-integer values. The
triangle rule of vector addition tells us that the (integer or half-integer) angular
momentum quantum number j has the allowed range

I —s|<j=<Il+s. (1.23)
The total angular momentum quantum number is
m=mj + mg, (1.24)

going in unit steps from m = — j to m = j. For example, two angular momenta with
I=1ands = % can be added to j = % or j = %.Forl:O,j:s we have m = my,
and for s =0, j = we have m = m;. For the sake of simplicity, in these two special
cases we shall always write m for the respective magnetic quantum numbers m
or mj.
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Chapter 2
A Most Simple Two-Level System

Abstract A first example of a two-state quantum system is an ensemble of inde-
pendent spin-% particles, electrons, for instance, interacting with an external mag-
netic field via their magnetic dipole moment. We discuss the potential energy of
the magnetic dipole interaction and recall the basic experiments that discovered the
quantization of energy and angular momentum.

2.1 Magnetic Moment and Spin

The spin and the magnetic moment of the electron and their quantization are natural
consequences of the relativistic Dirac equation. This equation is beyond the scope
of this text, but in the nonrelativistic limit, the magnetic dipole interaction enters the
Schrodinger equation via the classical magnetic potential

VM=—-n-B, 2.1

or Vm(0) = —uB cos6.

In classical physics, the angle 6 between the magnetic moment g and the mag-
netic field B can assume any value 0 <6 <, see Fig. 2.1. The magnetic moment
of a current / that forms a loop of area @ is u = Ia. The magnetic moment u of a
classical (spinless) electron, orbiting a nucleus with velocity v at relative position r,
is related to its orbital angular momentum L = m,.r X v as

=—— 1L, 22
" m, (2.2)

with the positive elementary charge e, and the mass m, of the electron.
The classical magnetic force F = —V V) acting on p is

F=V(u-B), (2.3)
and the torque T on p is
T—pxB, 2.4)

with T = uBsin6 = dVy;/06. Torque T disappears at the positions of stable and
unstable equilibrium 6§ =0 and 6 = £7.

D. Dubbers, H.-J. Stockmann, Quantum Physics: The Bottom-Up Approach, 11
Graduate Texts in Physics,
DOI 10.1007/978-3-642-31060-7_2, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 2.1 Magnetic potential Vy(6) seen by the magnetic moment of a compass in a magnetic
field. Classical magnetic energy can take on any value between —u B and +u B, with stable and
unstable equilibrium positions at = 0 and 6 = £, while for a quantum spin—% system only two

discrete energy values are allowed

In quantum physics, in analogy to (2.2), we write the magnetic moment operator
of an electron with angular momentum J =L + S as @ = g(e/2m,)J, or

_ 8M4B

= TJ- (2.5)

The magnetic moment is given in units of the Bohr magneton

eh
UB = (2.6)

" 2m,

of magnitude g =5.79 x 107> eV/T.

As angular momenta are quantized, so are, via (2.5), magnetic moments. The
g-factor may be looked upon as a “fudge factor” which takes care of possible devi-
ations from this crude model. Indeed, the Dirac equation predicts g; = —1 for the
orbital angular momentum L of an electron, but gy = —2 for its spin angular mo-
mentum S. For total angular momentum J = L 4 S the g-factor, called the Landé
factor gj, is found to take on values between —1 and —2. We follow the official
CODATA sign convention for the g-factor (Mohr et al. 2008).

The tabulated values of magnetic moments with angular momentum quantum
number j give the quantities

M =gUBJ, (2.7)

which is the eigenvalue of the operator w, = guplJ;/h for the maximum magnetic
quantum number m = j. Equation (2.5) then reads

J
= Mh—j- (2.8)
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The magnetic energy operator Hy is obtained from the classical magnetic po-
tential Vs = —p - B by replacing the magnetic moment g with the magnetic
moment operator pu:

n

Hu=-p-B=——J-B. (2.9)
hj

For the free electron with s = %, the g-factor is g & —2 within one percent (the
tiny deviation from g = —2 will be discussed in Sect. 4.1). Its magnetic moment
then is

1
M= EgMB ~ —up (free electron). (2.10)

Another frequently used quantity is the gyromagnetic ratio

_8HB
-

@2.11)

The gyromagnetic ratio y = —gu/h links, via (2.8), the magnetic moment of a
gyrating particle, endowed with some internal charge distribution, to its angular
momentum, as p = —yJ. For the free electron, y /27 = 28.0 GHz/T > 0. With
three quantities g, i, and y at hand, notation is somewhat redundant. (CODATA
define all y = |g|up/h as positive, which, however, complicates established NMR
notation.)

For daily work, a physicist should know by heart a set of natural constants. The following
six constants, precise to about 1 percent or better, are easy to memorize and sufficient for
essentially all calculations in microscopic physics:

(i) Velocity of light ¢ =3 x 108 m/s; (ii) Electron mass m, = 0.511 MeV/c?; (iii) Nucleon
mass my = 1836m,; (iv) Fine structure constant o = 62/(47T6‘0ﬁc‘) = 1/137; (v) Boltz-
mann’s constant kg = 26 meV/300 K; (vi) hc =200 eV nm (= 200 MeV fm for nuclear
physicists).

The eV is officially accepted for use with the SI system. As an example, we calculate the
Bohr magneton, (2.6), to ug = c(fic/2mqc?)e ~ 5.9 x 107> eV/T, where we used 1 T =
1 Vs/m? and absorbed e in the eV.

Notice that in small print we bring, for the interested reader, information that can be skipped
without loosing the main line of argumentation.

The results of this section were mainly established by two historic experi-
ments. The Zeeman effect showed quantization of magnetic energy, while the Stern—
Gerlach effect proved the directional quantization of angular momentum.

2.2 Zeeman Effect

The magnetic-field induced splitting of atomic spectral lines was first observed by
Zeeman towards the end of the nineteenth century, when atomic structure was still
unknown. In classical electrodynamics, for a charge that oscillates in the presence
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Fig. 2.2 Zeeman effect of 0.15
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of a magnetic field, one expects a three-fold splitting of the frequency of the emitted
dipole radiation, called the normal Zeeman effect. In most experiments, however,
atoms show an anomalous Zeeman effect, which was explained only years later after
electron spin had been discovered and its role in spin-orbit coupling was understood.

Quantum mechanically, with J and p quantized, the magnetic energy Hy =
—i - B from (2.9) is also quantized, which leads to a splitting of atomic energy
levels when the atoms are exposed to a field B, and with it to a splitting of the
spectrum of the emitted photons, see also Fig. 4.2. If we choose the z-axis to lie
along the magnetic field of amplitude B = B, the magnetic energy operator is
Hm = —(gup/h)J; B;. With the eigenvalues mh of J, from (1.18b), the 2j + 1
energy eigenvalues of the atom become

E,=Ey—mgugB, m=—j,...,]j. (2.12)

Ey is the energy of the unperturbed level. For zero external field, the atoms have no
preferred axis, surrounding space is rotationally symmetric, and the 2 j + 1 magnetic
substates of the unperturbed atoms, despite their different spatial orientations, all
have the same energy E(. One says that the energy levels are degenerate. With the
magnetic field turned on, the (2 + 1)-fold energy splitting is linear in B, Fig. 2.2,
and is equidistant, i.e., the separation of neighboring energy levels is independent
of m,

AE=F, —E,_1=—gusB. (2.13)
One shortly writes
AE = hoy, (2.14)
with the Larmor angular frequency wy , written vectorially as

w. =yB. 2.15)

The magnetic Hamiltonian then becomes Hy = J - wr.. For the electron, wp, > 0,
and in a magnetic field energy levels are split in two as

1
EL=Ey+t Ehu)L. (2.16)
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Fig. 2.3 In the Stern—Gerlach apparatus, silver atoms from a heated piece of silver in a steel
box evaporate through a small hole into a vacuum tube, where 1/20 mm wide orifices shape a
very narrow beam. The beam passes a magnet of 3 cm length, here shown in cross-section. The
magnetic field gradient of 2 mT/cm pulls the spin up and spin down atoms into opposite directions.
The two partial beams formed in this way then are condensed onto a small glass plate

Zeeman observed the magnetic-field induced splitting of the prominent yellow Dy, D, dou-
blet in the spectrum of Na. The origin of this doublet will be discussed in Sect. 18.3, see
also Fig. 18.1. The optical transmission spectrum of a sodium vapor in an optical cell was
analyzed in an optical grating of high resolution. In a field of magnitude B =2 T (the
saturation field of the magnet’s iron core), the Zeeman splitting of the Na ground state is
Fwp, ~ 2up B = 2.4 x 10~* eV, much less than the energy of 2.1 eV of the optical transition.

2.3 Stern—Gerlach Effect

A quarter century after Zeeman’s discovery, though still before the advent of a ver-
itable quantum theory, Stern and Gerlach observed what is called the directional
or space quantization of angular momentum. In a Stern—Gerlach apparatus, a beam
of atoms is exposed to a transverse magnetic field with a strong gradient across
the beam axis. While the atoms fly through the magnetic field region, classically
a constant transverse magnetic force F = V(u - B), (2.3), acts on their magnetic
moment. Hence, instead of flying on straight lines, the atoms follow parabolic tra-
jectories within the magnetic field region.

If the field B is locally approximated by a radial field, confined to the y—z plane
as shown in Fig. 2.3, and if the atomic beam is limited to the field region where
B = B,, then the classical magnetic dipole force reduces to

0B,
F, =pu—=cos0. 2.17)
0z

The atoms in the beam are not noticeably magnetized because their thermal energy
is much higher than their magnetic energy. Therefore, the classical expectation is
that their magnetic moments point into all directions, their orientation is isotropic.
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The forces on the atoms, (2.17), then are isotropic as well, which should lead to a
smooth distribution of deflection angles 6. Hence the beam profile should simply be
broadened when the field is turned on.

Instead, rather unexpected at the time, Stern and Gerlach observed that the atomic
beam leaving the field region is split into two well-defined partial beams, schemati-
cally shown in Fig. 2.3. Evidently, instead of having the directions of the magnetic
moment equally distributed over all angles, the quantity u, = pcosé in (2.17) can
assume only two quantized values. Today we know that with the magnetic moment
1 also the force F on the atoms in the beam is quantized. The silver atoms used have
quantum numbers / =0 and j = s = 1/2, and have the g-factor g = g; & —2 of the
free electron, hence w, = gupJ;/h from (2.5) has the two quantized eigenvalues
mgup ~ FuB, and

0B,
For X Fup—. (2.18)
9z
This leads to the observed splitting into two partial beams. One partial beam is po-
larized spin up, the other spin down. That this two-fold splitting is due to an intrinsic
spin of the electron was realized only several years after Stern and Gerlach’s discov-
ery.

The Stern—Gerlach effect can be seen with neutral atoms or with thermal neu-

trons, but not with free electrons, because the Lorentz force

F=qvxB (2.19)

on a particle of charge ¢ at thermal velocity v is much stronger than the force (2.18)
due to the magnetic dipole interaction.
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Chapter 3
Quantum Theory in a Nutshell

Abstract In principle, the two-state quantum system can be discussed in an ele-
gant and short manner by employing various subtle operator techniques. We do not
follow this route. Instead, we go one by one through all essential steps. We first es-
tablish the spin matrices for spin one half. It turns out that the most general 2 x 2
Hamiltonian matrix can be expressed in terms of the Pauli spin matrices. Therefore,
every two-state quantum system, whatever the underlying interaction, can be treated
asans = % effective-spin system. We derive the expectation values of energy- and
spin-operators and their uncertainties, and we solve the two-state Schrodinger equa-
tion for two simple cases.

3.1 Spin Matrices

As the first example, we take the valence electron of a neutral alkaline atom in its
ground state. Let Hy be the (unknown) Hamiltonian operator of the free atom in zero
magnetic field. When the magnetic field is turned on, then H = Hy + Hy, with the
magnetic operator Hyy = —(u/hj)J - B = yJ - B from (2.9), and the Schrodinger
equation (1.3) becomes

¢=—%(H0+HM)\II. G.1)
If Hyp is not affected by the magnetic field (we neglect the small diamagnetism of the
atom), then Hog and Hyr are independent of each other, and separation of variables
is possible, as pointed out in Chap. 1. Hp then only contributes an overall phase
factor exp(—iEot/h) with ground state energy Ep. We here limit discussion to the
case L =0, that is, J = S, with angular momentum quantum numbers j = s and
m = my. The spin dependent part of the Schrodinger equation d;s = —(@/h)HmV;
then reads

=1l
s =39-S Bl (3:2)

Our task is to find the properties of the mathematical object S - B.

D. Dubbers, H.-J. Stockmann, Quantum Physics: The Bottom-Up Approach, 17
Graduate Texts in Physics,
DOI 10.1007/978-3-642-31060-7_3, © Springer-Verlag Berlin Heidelberg 2013
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We know from (1.20) that the solutions s of (3.2) are (25 + 1)-tuples that are
eigenfunctions of S? and S,. For s = % we therefore choose the two-valued states

_ 1 _ 0 33
() =)

as eigenvectors of Hy for the magnetic quantum numbers m = +% and m = —%.
These states form an orthonormal basis with

o> =afa=(1 0)((1)) =1, (3.42)

a'p=@1 0) (‘1)) =0, (3.4b)

and equally |B|> = 1 and o = 0. In later chapters, we shall revert to the widespread
notation |+%) and |— %) for the column vectors o and f, and (+%| and (—%| for their

conjugate transpose, the row vectors of and BT.

For s = % we next establish the matrices for the spin operator S in (3.2). With

respect to the basis states a and B, (1.19b) reads S,a = %hoc and S, = —%hB, hence
S; is represented by the diagonal 2 x 2 matrix

1 (1 0
Szzih(o _1>. (3.5)

To find the other components S, and S, of S, we use the spin raising and lowering
operators S+ = S, £iS,, from (1.22a), (1.22b) with S4B = ha, S_a = 7P, Sya =0,
and S_B = 0. This means that the corresponding matrices S; and S_ each have
only one off-diagonal nonzero matrix element,

0 1 0 0
S+=h<0 0), S_=h<1 0), (3.6)

hence
1 I._/0 1
Sy =§(S++S,): 571(1 O)’ (3.7a)
I, I_/0 —i
Sy=—§1(S+—S_)_ 571(1 0). (3.7b)
Shortening out the common factor %h in these equations, we arrive at

1
S= Eho, (3.8a)

with the three Pauli matrices

oy = ((1) (1)) oy = (? Bl> . o= <(1) _01>. (3.8b)
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For spin s = % it is customary to express the spin operator S in terms of the
dimensionless Pauli spin operator ¢ = (0, 0y, 0;).

When we apply the elements of the Pauli operator to o and g, we find

oxa=p, oxp=aqa, (3.9a)
oya =ip, oyp = —ia, (3.9p)
0,00 =0, op=-P. (3.9¢)

The square of each Pauli matrix is the 2 x 2 unit matrix I; therefore,

o> =0} + 0} +0;=3L (3.10)

For later use, we list the products of Pauli spin matrices
0x0y =10y, 0y0; =10y, 0,0y =10y, (3.11D

with 0,0, = —0y0y, etc. In terms of the Pauli spin operator, the magnetic moment
operator of a spin-% particle reads, from (2.5) and (2.7),

L= uo. 3.12)
For the free electron, u &~ —up. The Schrodinger equation (3.2) then becomes

s = %uo-Bws. (3.13)

3.2 Energy Matrices

With respect to the basis states o and 8, any two-state operator A can be expressed
in terms of its matrix elements

Ay =afAa, A =o' AB, A =BT Aa, An=BTAB, (3.14)

which then are arranged in form of a 2 x 2 matrix. Let the general spin-% Hamilto-
nian be represented by the matrix

Hyy Hp
H= . 3.15
(HZI sz) (3.15)

This Hamiltonian is hermitian, which means that it equals its conjugate transpose
matrix, H' = H. Its diagonal elements Hy; and H»; therefore are real, and its off-
diagonal elements H| = H{, are the complex conjugates of each other. Hermiticity
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of quantum operators assures that their eigenvalues, which are the possible outcomes
of measurements, are real numbers.

With the spin matrices at hand, it is straightforward to derive the matrix elements
of H=Hy + Hy used in (3.1). With spin independent Hy = Egl, and with the mag-
netic dipole interaction from (2.9) and (3.12)

Hym = —upo - B, (3.16a)
Hm = —u(ox By +0yBy +0;B;), (3.16b)

L B,  B.—iBy\__ (B, B_
Hy = “(Bx+iBy —B, >_ “(B+ _p,) G169

with the complex field components B+ = B, 4 iBy. Here and in the following,
whenever suitable, we give the operator equation and the corresponding matrix
equation one on top of the other. The reader then can easily see what is going on.

An arbitrary Hamiltonian H, (3.15), like any hermitian 2 x 2 matrix, can be ex-
panded in terms of the Pauli matrices and the unit matrix I as

H=Eil+«a-o, (3.17a)

10 0 1 0 —i 10
H:EO(O 1>+ax(1 O)+ay<i 0‘)+az<o _1), (3.17b)

with coefficients

1
EOZE(H11+H22)s ay =Re Hyo,
{ (3.18)
ay =—ImHjy, OCZIE(HII_HB)-

For a magnetic dipole interaction, (3.16a), the vector of coefficients is &« = —uB.
The magnetic dipole Hamiltonian Hyj therefore represents the most general two-
state problem of quantum mechanics (Feynman et al. 1957).

Any quantum system consisting of two distinct states can be regarded as an
s = % effective-spin system acted upon by an effective magnetic field.

The eigenvalues of a quadratic matrix are derived from the zeros of the charac-
teristic polynomial, given by the secular equation

det(H — ET) =0, (3.19a)

Hy —E Hip

_ N _ _ 2
Wy Hp e p| = (i~ E)XH2 = B) = |Hl

= E? — (Hy1 + H»)E + Hi1 Hy — |Hp2)* =0, (3.19b)
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whose solutions are the two eigenenergies

1 1
E:I:ZE(HM'FHZZ)ZEE\/(H]I — Hx»)? +4|Hpp|%. (3:20)

In terms of the matrix elements of (3.16¢), with Hj; — Hy» = —2uB. and |H12|* =
1By B_ = ju* (B} + B}), this becomes

E+=EoF ju,/ B2+ B2+ B2 = EoF uB. (3.21)

In the following, without loss of generality, we shall set Eg = 0, and H = Hy. We
recall that for s = % the following expressions are in use:

1 1 1
Ei::F,uB::FEg/LBB::I:EHJ/BzztEth. (3.22)

These measurable eigenvalues E1 are independent of the choice of the basis
states of the matrix H, that is, of the choice of representation of H. In the energy
representation, the Hamiltonian matrix is diagonal

E, 0 1
Hp = ( 0+ E) = B0 = ShoLo, (3.23)

which is the case when the quantization axis is chosen along z, and our task will
be to transform the matrix in (3.16¢) into diagonal form. We use the subscript D to
signal the diagonal representation of matrices and their eigenvectors.

3.3 Expectation Values

Before we solve the Schrodinger equation (3.13) for spin s = %, let us stop for a
moment and ask what to do with the solution {r(#) once we have found it (from now
on, we drop the subscript s on ). Any solution of the Schrédinger equation is a
linear superposition of basis states o and p

v =ata+v0p = (). (3.24)

with appropriate, in general complex coefficients a(f) and b(r). Every such state
vector { is normalized to

WP =vT=laf + b =1. (3.25)

The only meaningful quantities in quantum physics are the results of measure-

ments done on a system with a given apparatus. In a spin measurement, a spin-%

particle will always be found in one of its two basis states o or B. The occurrence
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of such an outcome or “event” is defined only in a probabilistic way: The wave
function {, and with it a and b, are interpreted as probability amplitudes, with the
probabilities

pwp=lal®>,  Pdown = b? (3.26)

for finding the system after measurement either in state o (spin up) or state p (spin
down), and similarly for more than two states. Equation (3.25) says that these prob-
abilities add up to a total probability

Pup + Pdown = 1. (3.27)

We want to know the solution s of the Schrédinger equation in order to know these
probabilities and their dependence on time and other parameters.

Assume that an observable A is measured repeatedly under identical conditions,
or measured simultaneously for many independent identical systems or ensembles
of particles. The mean result of measurements is the expectation value

Ay =yTAY, with Ty =1. (3.28)
The only quantities relevant in quantum physics are expectation values.

If A is a scalar operator like the Hamiltonian H, then (A) is a simple number, if A is
a vector operator like the spin operator S in Hilbert space, then (A) is a conventional
vector in ordinary space, etc. An example of an expectation value was given in (1.10)
for the case of a space-dependent wave function ¥ (x, ¢).

3.3.1 Expectation Value of Energy

Let the observable in (3.28) be energy. If the Hamiltonian operator is given in the
energy representation with diagonal matrix Hp from (3.23), then the expectation
value of energy is

(H) =y, Hpp. (3.29)
* * E O
(H) = (@* b") ( o E) (Z) =lal’E; +[bPE_.  (3.29b)

Indeed, this is the weighted average of energy. For H given in a different represen-
tation, with a different choice of basis states, one finds the same expectation value,
as will be checked at the end of Sect. 5.1.

The only energy measurement that we have met so far is that of the Zeeman ef-
fect; therefore, let us find the expectation value of energy for this case. With the
B-field turned off, it is (H) = Ey, but unfortunately it is also (H) = Eg with the
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B-field turned on because the Zeeman splitting leaves the mean energy of the m-
states unaffected. Does this mean that the different energies measured in the Zeeman
effect are not expectation values? If we want to stick to our postulate that all mea-
surement results in quantum physics are expectation values of the corresponding
operators, we must generalize the meaning of (3.28). Indeed, the result (3.29a) is
that of a bolometric, i.e., total-energy measurement. In atomic physics, bolometers
are out of use since the early days of optical spectroscopy.

In Zeeman’s experiment, a photon emitted from one of the excited atomic m-
substates is registered only if it passes a high-resolution optical spectrometer. This
energy selection by the apparatus can be described by a projection operator P that
filters out the state on which the spectrometer is tuned. Discussion of projection op-
erators is postponed to Sect. 6.3, here we just want to point out that the definition
of an expectation value " A in (3.28) requires some generalization when spectro-
scopic measurements intervene:

For a spectroscopically resolved measurement, the expectation value /" Ay’
must be taken with appropriately projected quantum states |y’ = P.

If energy eigenvalues E or E_ are selected by the spectrometer, the projection
operators transform {rp into

e (-0 o
0 0\ //a 0
ean= (9 9)(4)=(2) .

In this spectroscopically fully resolved 2 x 2 case, the expectation values of H
in (3.29b) project out the eigenvalues E- as |a|*E. or as |b|?E_.

3.3.2 Expectation Value of Spin

Next we calculate the expectation value of the Pauli spin operator (o) = y o).
In (3.17a), we saw that any two-dimensional hermitian operator can be expressed in
terms of the Pauli matrices. Therefore, for any two-state quantum system, the only
thing we need to know are the expectation values of the Pauli matrices. We find
from (3.9a)—(3.9¢)

(ox) =Vloxl = (a* b*) <2) =a*b+b*a =2Re(a*b), (3.31a)

—ib
ia

(0y) = oy = (a* b%) ( ) — i(a*h— b*a) = 2Im(a’b). (331b)
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(o) =0y = (a* b*) ( “b> = aa* — bb* = |a* — |b[*. (3.31¢)
Note that the expectation value (o) is an ordinary vector with real numbers
(ox), (0y), {07) as elements, in contrast to the vector ¢ with three Pauli matrices
as components.

The state vector {» = aa + bP used in (3.31a)—(3.31c), normalized to |11f|2 =
la|? 4 |b|*> = 1, has, up to an unobservable arbitrary overall phase factor, the most
general form

U =ae ¥ cosy + el siny, (3.32a)

a e cos Yy
= = . , 3.32b
v=()=(oan) 0
where angle y should not be confused with the gyromagnetic ratio. With la|*> =
cos? Y, |b|2 = sin® y, and a*b = 218 siny cos y inserted into (3.31a)-(3.31c), we

have
(0x) =2Re(a*b) = cos 23 sin2y, (3.33a)
(oy) = ZIm(a*b) =sin2§sin2y, (3.33b)
(0;) = la|® = |b]* = cos2y. (3.33¢)

In this text, we repeatedly use the trigonometric double-angle formulas, as well as Euler’s
formulas, which we list for the convenience of the reader:

cos2y =cos’y —sin’y, sin2y =2siny cosy, (3.34a)
2 1 2 1
cos“y = 5(1 +cos2y), sin“y = 5(1 —cos2y), (3.34b)
1, _ 1.,
cosp = 5(6 %4 e“p), sing = El(e v —e'?), (3.34c)
e = cos¢ +ising. (3.34d)

As can be checked by direct computation, (6) = ({ox), (o)), (o)) is a unit vector

(0)% = (0x)* + (0y)* + (02) = 1. (3.35)

The expectation value of the Pauli operator, the spin polarization vector
P = (o), is a unit vector of magnitude | P| = |(o)| = 1.

Being a unit vector, P can be written in polar coordinates as

(oy) cos ¢ sin 6
P =(o)=(oy) | = singsind |, (3.36)
(o7) cos6

with polar and azimuthal angles 6 and ¢, see Fig. 5.1(a).
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Comparison of this with (3.33a)—(3.33c) gives

1 1
5= —g, =-0. 3.37
¥ v=3 (3.37)

Equations (3.37) show a remarkable result:

For spin s = % the phases angles y and 6 of the wave function {r in Hilbert
space change at “half speed” when we change the polar and azimuthal angles
¢ and O of the polarization vector P = (o) in ordinary three-dimensional
space.

Equation (3.32b) for the most general two-state vector then turns into

a e /2 cos %6 338
¢_<b>_<eiw/2sm%9 ) (3:39)
Again, if a spin measurement intervenes that filters out a certain substate of angular
momentum, then (¢) = "oy’ must be taken, with { = P\ being some projection
onto a certain spin axis in Hilbert space (Sect. 6.3).
What about other observables? All spin—% operators, represented by hermitian
2 x 2 matrices, are expandable in Pauli spin matrices, such as A = « - ¢, with some
coefficient vector a as in (3.17b), and with expectation value (A) = a - (o). For
instance, an electric dipole moment (d,) of a neutron, if it exists, must be propor-
tional to (o), just like the magnetic dipole moment (p,,). In Chap. 17 and following
on irreducible tensors, we shall generalize this to angular momenta j > % and to
interactions beyond the dipolar interaction.

3.4 Uncertainties

The variance of a random variable X is defined as the mean square deviation from
its mean value (X), namely,

(AX)? =((X — (x))?). (3.39)

Multiplied out, this is (AX )2 = (X2 —2X(X) + (X)?). For uncorrelated events, the
average of a sum is the sum of the averages, with the well known result

(AX)? =(X?) - (X)% (3.40)
Applied to the expectation value (A) of a quantum operator A, (3.28), this gives

(AA)? = (A%) — (A2 = T A%y — (WTAY)”. (3.41)
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If the quantum system is in the nth eigenstate of A with eigenvalue a,, then
YIAZy = a,%xlﬂxp = a,zl, and the same result for (Y7AY)? = a,%, and the variance
disappears, (AA)? = (A2) — (A2 =0:

If a quantum system is in an eigenstate of an operator A, then the variance
of A disappears, and the corresponding eigenvalue of A can, in principle, be
measured with arbitrary precision.

This implies:

If two or more observables and their operators have the same set of eigen-
states, then they can be measured simultaneously with arbitrary precision.

Examples are the observables J* and J. of angular momentum which can be both
measured precisely because they have the eigenstates s j,; in common. The indi-
vidual components J,, J,, and J;, on the other hand, do not have a common set of
eigenstates and cannot simultaneously precisely be measured. The vector operator
J therefore has a finite variance that we want to calculate for the spin-% case.

3.4.1 Uncertainty of Spin

We know from (3.35) that (6)2 = (0,)% + (cy>2 + (Gy)2 = 1. We further know
from (3.10) that 62 = 31, hence

(62) = (cr)zc) + (0)%) + (0)%) =3. (3.42)
As a consequence, the variance of ¢ is
(Ao =(0?) — (0)? =3 - 1=2. (3.43)

The operators o, and 62 have a and p as common eigenfunctions, with eigenval-
ues 1 and 3 from (3.9¢) and (3.10). o, and o2 hence can be measured simultane-
ously with no uncertainty. Therefore, all uncertainty of the spin operator o, (3.43),
must reside in its transverse component ¢ |, with Ao | = Ao = /2. If we assume
rotational symmetry about the quantization axis z, then the expectation value of its

. 1
transverse component must vanish, (o) = (:i:(o)zc + c%) 2) =0, hence:

For a single-particle, the transverse component of its spin operator has the
expectation value (¢ ) + Ao = 0= /2, which signals complete uncertainty
for the azimuthal spin phase ¢.
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Fig. 3.1 The root mean ZA
square expectation values of NG
the Pauli spin operator and its
1

components are (02) 1 =4/3,

1 1
(62)2 =1, and (63 )2 = V2. 1
In a semiclassical picture, \B
these three quantities can be IZ]
interpreted as the components
of a spin vector

Semiclassically, one can define the magnitude of the spin vector ¢ and of its lon-

. . . 1
gitudinal component o, as the root mean square expectation values (62)2 = +/3, and

2

: )% = 1, respectively. In the same way, one can define (oi)% = ((G)ZC) + (03))% =

(o
V/2 as the transverse component o | of the spin vector, which gives the semiclassical

spin vector picture of Fig. 3.1.

3.4.2 Uncertainty of Energy

In the Zeeman effect, energy is measured in a spectroscopically resolved way which
projects out the eigenstate £ or E_ with zero uncertainty, as in (3.30a), (3.30b).
The same in principle is true for atomic energy levels with eigenvalues E,,. Still, the
energies of excited atomic states are not perfectly sharp.

Let us take an atomic optical transition between an excited state E» and the stable
ground state E| with E; — E| = hif2. Let the energy be measured by using the wave
train of light that is emitted during the excited state’s lifetime t, which typically
is of the order of nanoseconds for the main allowed transitions between low-lying
atomic states. Semiclassically, the frequency spectrum of the emitted light is the
Fourier transform of the excited state’s exponentially damped oscillation, which is
the Lorentzian of full natural line width A2 =1/,

1
144122 — 20)%

g(f2) x (3.44)

With photon energy Epp = hs2, this line width AS2 translates into an energy
uncertainty AEpy = hA§2 = h/t of the emitted photons. In quantum mechanics,
physical quantities are defined solely by measurement. Since the energy of the ex-
cited atomic state is measured via the photon energy, the photon’s energy uncertainty
translates into an energy uncertainty A E of the excited atomic state, while the stable
ground state has no natural width.

With AE = hAS2, the time—energy uncertainty is

AE -t >h, (3.45)
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Fig. 3.2 The bandwidth

AS2 =1/t of aradiative Excited I
transition from a short-lived state E, .
excited atomic state of /BE=h

lifetime 7 to the stable
ground state translates into an
energy uncertainty AE = h/t
of the excited state

E,- E,=hQ

Ground
state E,

or AE >7x10"7 eV for t = 1 ns, see Fig. 3.2. For most experiments, semiclassical
theory works surprisingly well.

3.5 Spin Precession

We next derive the time dependent response of our spin-% system to a magnetic
field and see how polarization P (¢) = (o) (¢) evolves from an initial P (0) = (o) (0)
for two simple field configurations. We write the time dependence (#) outside of
(o) because the operator ¢ is time independent. The general solution of the 2 x 2
problem will be postponed to Chap. 5, after we have studied a number of simple
spin rotation experiments in Chap. 4.

3.5.1 Longitudinal Field

We first solve the Schrédinger equation for quantization axis z along the magnetic
field B = (0,0, B;), which we call the longitudinal field configuration, with the
diagonal Hamiltonian

H=—uo;B,, (3.46a)

(B, 0
H_—,u<0 —Bz)' (3.46b)

This means that for B along z, the energy eigenfunctions simultaneously are spin
eigenfunctions. The Schrodinger equation (3.13) is

|
V= uo B, (3.47a)

a . i B, 0 a
b) = h,u ( 0 _Bz> (b) (3.47b)
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The equations are decoupled, @ = —%iwLa and b = %iwLb, with %th = —uB,
from (2.15) with (2.11) and (2.7). If initially the system is in a state {(0) = a(0)o +
b(0)B, after time ¢ it is in the state (¢) = a(t)a + b(¢)P, with

a(t) = a(0)e L/2, b(t) = b(0)elL/2. (3.48)

The probability of being spin up or spin down does not change in the process,

P =la@® =[a@],  piown® =) =|bO)[*. (3.49)

The particle’s wave function {r, (3.24) and (3.48), merely acquires an additional
dynamical phase 5+ (t) = :F%a)Lt, or, for a time dependent field B,(¢),

1 t
6i(t)=:':§,/o wL(t)dr’. (3.50)

We insert the solutions a(t), b(¢) into (3.31a)—(3.31¢) and obtain, for real a(0)
and b(0), that is, for an initial (o) (0) = 2a(0)b(0) and (o) =0,

(02) (1) = 2Re(a*b) = 2a(0)b(0) Re(e M) = (0,) (0) coswrr,  (3.51a)
(0,)(1) = 2Im(a*b) = 2a(0)b(0) Im(e!*) = (0,) (0) sinwr.t,  (3.51b)
(02 (1) = |a®)|” = [p) " = [a @) = [pO)]* = (6:)0).  (351¢)
While the longitudinal polarization P, = (c.)(0) = |a(0)|* — |b(0)|? is time in-

dependent, the transverse polarization of constant amplitude (o )(0) rotates in the
x—y plane about the field B. Setting Pyg = Py(0) and P,o = P;(0):

The polarization vector precesses about B = (0, 0, B;) as

P(t) = (0)(t) = (PyocoswLt, Pyosinwrt, P;p). (3.52)

3.5.2 Transverse Field

For further practice, we next choose a transverse field configuration, with the mag-
netic field B = (By, 0, 0) directed along x. The Schrodinger equation then reads

J= %,uchx\]f, (3.53a)

a i 0 By\/[a
(0 e
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. 1. . 1,
a= —Ela)Lb, b= —Ela)La, (3.53¢)

with %th = —uB,. Following the usual procedure for the classical coupled pen-
dulum, we decouple the equations by forming the symmetric and antisymmetric
combinations of a and b,

1 1
c=\/;(a+b), dz\/;(a—b). (3.54)

This reduces the problem to the previous diagonal case, with

1 |
¢= —Eich, d= Eide. (3.55)

We solve this for the case that initially all spins are up, a(0) = 1 and 5(0) =0,
that is, ¢(0) = d(0) = \@ . With ¢(t) = \/ge—%iw, dt) = @e%w from (3.48),

and with
1 1
az\/;(c—i—d), bz\/;(c—d), (3.56)

we find the solutions

1 1
a(t) = cos(Eth), b(t)=—i sin(EwLZ) (3.57)
The probability of being spin up or spin down then oscillates as
2 2 1 1
pup = |a(®)|” = cos sout | =51 +cosor), (3.58a)
2 ) 1 1
Paown = [b®[" =sin*( Jert ) = 2 (1 = coswrn). (3.58b)

Again, we study the polarization vector P = (¢) = {' oy and find

(0x)(t) =2Re(a*b) =0, (3.59a)
(0y)(1) =2Im(a*b) = —sinw t, (3.59b)
(o)1) = |a(®)|* = [b@)|* = cos w1, (3.59¢)
or
P(t) = P,(0, —sinwrt, cos wL1). (3.60)

Starting with P = P,(0) = P,g, the polarization precesses in the z—y plane about
the field By . This is what we expect from rotational symmetry because the present
configuration differs from the previous configuration merely by a rotation of the
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Fig. 3.3 The spin
polarization P (t) = (S)/hs
precesses about a magnetic
field B with Larmor
frequency vector w;, =y B

coordinate axes. For the electron with wp, > 0, both (3.60) and (3.52) describe a
counterclockwise spin rotation.

Can we observe the rotating polarization P(¢) from (3.52) or (3.60) experi-
mentally? From Sect. 3.4.1 we know that after one spin measurement on a single
(N = 1) particle, the phase ¢; of the angular momentum vector is completely un-
certain, with uncertainty Ag; = £m. Let us do a measurement on an ensemble of
N > 1 independent particles. According to the rules of error propagation, the mea-
surement with N equal particles diminishes the error by a factor of 1/+/N, and the
phase uncertainty diminishes to Apy = Ag;/~/N = £m/+/N.

The uncertainty relation between particle number and phase is

Ag+/N ~ 1. (3.61)

Therefore, in a sample with a large number N of magnetic particles, a transverse
polarization (o ) can have a very well defined phase.

Let us draw some conclusions. When an external magnetic field is applied to
a magnetic spin—% system, its polarization performs Larmor precession about this
field, as shown in Fig. 3.3. We shall later find that this result holds for the dipole in-
teraction of any angular momentum s > % In the literature, a quantum result is often
said to be “explained first in a hand-waving manner via Larmor precession”, to con-
tinue: “now let us prove the same result quantum mechanically”. The second step
is unnecessary because, as we stressed before, only expectation values of observ-
ables have relevance in quantum physics. The only significant vector in a two-state
system is the vector operator o, and its expectation value is the spin polarization
P = (o), which precesses as given by (3.52). Certainly, other mathematical objects
of quantum physics like {r or o are not described by Larmor precession, but these
quantities are not measurable expectation values.

Larmor precession is a genuine quantum result.

Larmor precession is semiclassical only in the sense that one does not quantize
the external field B, whose state is not significantly changed by the observation of
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the spin system, but in this respect also the Schrédinger equation (3.2) is semiclas-
sical. In Part IV of this treatise, we shall see that the Larmor precession picture
is the irreducible representation of the problem, where irreducible designates the
physically most adequate and pictorial description of a given problem.
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Chapter 4
Experiments on Spin Precession

Abstract This chapter presents several basic experiments on the precession of
spins. While the results derived in the preceding chapters are valid for any quan-
tum mechanical two-state system, whatever the origin of the matrix elements of the
2 x 2 Hamiltonian, we limit this first discussion to the precession of true angular
momenta. We treat spin precession of muons, atoms, and neutrons. The Hanle ef-
fect is derived as a spin rotation effect detected via light scattering, and analogies
with Thomson scattering are shown. We present experimental proof for the quantum
prediction that a spin-% wave function needs two full rotations in Hilbert space to
come back to its original state.

4.1 Muon Spin Precession

To observe spin rotation, we must go through three steps:

Step 1: Prepare an ensemble of polarized particles;
Step 2: Apply a transverse field to disturb this ensemble;
Step 3: Detect the response of the polarized ensemble.

The three steps of preparation, evolution, and analysis of a system are typical
for a large class of problems in physics and other fields.

These steps can be realized in many different ways, as we shall see in the ex-
amples that follow. We start with an experiment on the spin rotation of polarized
muons. Muons 4~ and their antiparticles ;T are members of the second of the
three known families of particles, and differ from electrons e~ and their antipar-
ticles, the positrons e™, of the first family only by their mass m, = 106 MeV/c?,
which is 207 times the electron mass. From (2.6), the magnetic moment of the muon
then is 207 times smaller than that of the electron.

Step 1, muon polarization: Muons from pion decay are almost fully polarized,
the spins of the ™ pointing opposite to their direction of flight, and in the direction
of flight for the ™.

D. Dubbers, H.-J. Stockmann, Quantum Physics: The Bottom-Up Approach, 33
Graduate Texts in Physics,
DOI 10.1007/978-3-642-31060-7_4, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 4.1 Muon spin precession in-flight in the transverse magnetic field of 1.4 T of a storage ring
of 14 m diameter. Shown are four positions of the muon on its first passage. (a) If the g-factor
of the muon were exactly g = —2, then muon spin (block arrow) would always point along the
muon line of flight. (b) Due to effects from quantum electrodynamics, g does not exactly equal
—2. Therefore, the muons show a slow spin precession away from their momentary direction of
flight

Muons are produced by bombarding a metal target with a multi-GeV proton beam, thus
producing a large flux of spinless pions (mass 140 GeV/c?), which for kinematic reasons
fly all into near forward direction. Each pion in turn almost immediately decays in-flight into
a muon plus the corresponding muon-(anti)neutrino, both also into forward beam direction.
Pion decay is due to the weak interaction, one of the four known interactions in nature.
Muon polarization from 7 -decay into direction z is P, = —vj/c, with muon velocity vy,
i.e., muons are left-handed. This helicity of decay muons is due to the maximal violation of
parity in weak interactions, which essentially means that the right-handed mirror image of
a left-handed weak-interaction process does not exist in nature.

Step 2, muon spin precession: The polarized muons are guided into the transverse
magnetic field of a storage ring, as shown in Fig. 4.1(a). Due to the Lorentz force,
(2.19), the charged muons follow the ring’s circular track, rotating at the cyclotron
angular frequency

we = B. (4.1)
Mu
At the same time, the muon spins precess in-flight with Larmor angular frequency,
see (2.15) with (2.11) and (2.6),

1 e
oL, =—-¢g—B. (4.2)
2%my
Hence if the muon’s spin g-factor was exactly g = g, = —2, as predicted by Dirac

theory, the Larmor precession frequency wr, of the muon would equal its cyclotron
frequency wc. In this case, the spin of the muon on its circular path in the storage
ring would always point along the muon’s momentary direction of flight.

In reality, the g-factor of the muon is not exactly —2. The theory of quantum
electrodynamics predicts that the g-factor is, to first order, |g| &~ 2 + /7, with
the fine-structure constant o ~ 1/137. Therefore, muon spins rotate relative to their
circular line of flight at angular frequency

1
Aw:wL—wC=§(|g| —Z)wc, 4.3)
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and their frequency of rotation is proportional to this small deviation of |g| from 2.
Therefore, for each turn of the muon on its circular trajectory, its spin direction
changes by another incremental angle, see Fig. 4.1(b).

In a vacuum, the muon not only sees the magnetic field B of the storage ring, but also vac-
uum fluctuations, the same that lead to the Lamb shift in the energy levels of the hydrogen
atom. Virtual particle—antiparticle excitations lead to a (charge-)polarization of the vacuum
near the muon. A precise measurement of the muon’s g-factor enables us to check whether
there are particles contributing to these fluctuations that have not been discovered yet in
high-energy experiments. The muon is more sensitive to such heavy exotic particles than
the electron by a factor of (m,, /m )% =4 x 10*. Therefore, the electron’s |g| — 2 is used to
measure the precise value of «, while the muon’s |g| — 2 is used to search for new physics.

Step 3, polarization analysis: Muons, like the pions, are unstable under the weak
interaction. They transform via beta decay into an electron and two neutrinos of
different kinds, u~ — e~ + v, 4 v, with a lifetime 7, = 2.2 ps. The precession of
muon polarization in the storage ring can be monitored via the asymmetric electron
emission pattern, which rotates synchronously with muon polarization at angular
frequency Aw.

Let the muons enter the storage ring at time ¢ = 0. At the time # of muon decay, the precess-
ing muon polarization points into a direction given by the phase angle ¢ = Awt. In the same
way as the muons emitted in pion decay, the electrons emitted in muon decay carry their
spin preferably against their direction of emission. Conservation of angular momentum then
requires that the electrons, which carry away part of muon polarization, be preferentially
emitted against the momentary direction of muon spin (more on this in Sect. 20.5.1). When
the polarization of the muons rotates at angular frequency Aw, so does this parity-violating
B-decay asymmetry. Electron detectors installed near the muon beam then see the electron
counting rate modulated at the angular frequency Aw of the precessing muons, in the same
way as a bystander on a sidewalk sees the rotating flash-light of a passing ambulance car.

The result of this so-called g — 2 experiment (Bennett et al. 2006) was
ap® = 1.16592080(63) x 1072, (4.4)

with a;, = %(| gl — 2). The theoretical prediction (Jegerlehner and Nyffeler 2009),
based on the present standard model of particle physics, is

a'f*" = 1.16591790(65) x 10> (4.5)

The numbers in parentheses are the standard error in the last two digits. The differ-
ence between both numbers, with the errors added in quadrature,

Aay = a;,® — af™" = (290 +£90) x 107", (4.6)

deviates from zero by more than three standard deviations. This is either due to
unrecognized errors in aZXp or a®°r_or is a hint to new physics beyond the standard

"
model.

4.2 Light Scattering

Our second example is from atomic physics. We study the resonant scattering of
light on atoms, without and with an externally applied magnetic field.
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Fig. 4.2 Optical transitions m
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Light scattering by atoms can be studied without sophisticated equipment. One places a
piece of alkali metal into a glass bulb and, if necessary after moderate heating, irradiates the
evaporated atoms with a beam of light, see Fig. 4.4(a). The resonantly scattered photons are
registered in a photodiode or in a photomultiplier tube outside the cell. Modern experiments
work with one or few atoms caught in an optical trap exposed to a laser beam.

Step 1, atomic polarization: Atoms can be polarized by the absorption of light.
We choose the simplest case of an atom with a j = 0 ground state and a j = 1
excited state. A beam of light, incident along x and linearly polarized along the
quantization axis z, will excite only the j = 1, m = 0 substate. Unpolarized light
is a statistical mixture of o+ and o~ photons, and absorption of unpolarized light
incident along z excites only the m = %1 substates, for details see Chap. 12. We
first assume that the atoms are in zero magnetic field, and we go directly to Step 3.

Step 3, polarization analysis: Light from unpolarized atoms is emitted isotropi-
cally, due to rotational symmetry, while light from polarized atoms usually has an
anisotropic angular distribution. In our example of a j; =1 to j; = 0 decay shown
in Fig. 4.2, the reemitted 7 light in a m; = 0 to m y = 0 transition has the angular
distribution of a classical dipole antenna

1
10) =31 sin®6, 7 light. 4.7)

This distribution is rotationally symmetric about the axis z of polarization of the
incoming light, as shown in Fig. 4.3(a). 0 is the angle of emission of the outgoing
light with respect to the direction z of linear polarization of the incoming light.

If only the m = %1 substates are excited, the angular distribution of the reemitted
o light is that of a classical ring antenna

1
1(6)= 110(1 +cos?6), ot oro light, (4.8)

rotationally symmetric about z, with the angle 6 between in and outgoing light, see
Fig. 4.3(b), and Sect. 20.5.2 for a derivation of these angular distributions.

Step 2, atomic spin rotation: After excitation of the j = 1, m = O substate,
we apply a magnetic field B # 0 along the direction x of the incoming light, see
Fig. 4.4(a). The polarization of the excited atoms will, during the lifetime of the
excited state, precess about B with angular frequency wp, = y B. Like in the muon
case discussed above, the light emission pattern precesses synchronously with the
atom’s polarization. In the case of & light emission, at a time ¢ after the excitation of
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1="1y

Fig. 4.3 Angular distribution of light scattered from atoms. (a) 7 light: If atoms are excited by a
beam of linearly polarized light, the reemitted light has the angular distribution (4.7). (b) o light: If
the atoms are excited by a beam of unpolarized light or of circularly polarized light, the reemitted
o plus o~ light has the angular distribution (4.8)

Fig. 4.4 Hanle effect. (a) Spin precession: In a strong magnetic field along the axis of the incom-
ing light, the long-time average of the rotating 7 light distribution of Fig. 4.3(a) approaches a o
distribution, Fig. 4.3(b), with respect to the axis x of the incident beam of light. (b) Hanle signal
as seen in the detector along axis z: For a zero magnetic field, the detector sees zero intensity, as
in Fig. 4.3(a). In a strong magnetic field, the detector sees a mean intensity I = %IO. The full mag-
netic-field dependence of the time average light intensity follows (4.10). The width of the Hanle
signal gives the lifetime t of the excited state

the atom, the photon intensity in the detector under & = 0 will have increased from
zero to Iy sin® w.t, from (4.7). At the same time, the intensity of the emitted light
will have dropped by another factor of e /%, with atomic lifetime 7.

For large field values B, Fig. 4.4(a) shows the long-time averaged distribution of
the scattered light, which is calculated from (4.7) to

1(0') = %10(1 +cos?6’), fordy?B*r? > 1. 4.9)

It has the same shape as (4.8), but with respect to axis x.

To show this, we regard the 7 light intensity 7(0) = %Io sin? 6, rotationally symmet-
ric about z, with polar angle 6 towards z, emitted in direction of the unit vector n =
(cosgsinf, singsinf, cosf). We need to express this intensity in terms of two new an-
gles, the angle 0’ of n towards the precession axis x, and the precession angle ¢’ = wy t
of n in the y—z plane. When we rotate coordinate axes from z to x, we find the relation
cosf = cos¢’sin@’ for the z-component of n. Inserting this into (4.7) gives 1(0',t) =
%10(1 — cos? wp tsin®6’). Averaging over time gives 1(8') = LIy(1 — %sin2 #’), which
equals (4.9).
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We now turn to arbitrary values of B. As the sample is continuously irradiated
with photons, and as the detector continuously counts the reemitted photons, we
have to integrate over all prior times up to the present # = 0 to obtain the Hanle
signal as a function of the magnetic field

i =t [0 e pya= LT 4.10
()—50;/;003 sin”(y l‘)f—mo- (4.10)
Intensity / vanishes for zero magnetic field. For large external fields, / rises to %Io.
The Hanle signal, shown in Fig. 4.4(b) as I(B)/Iy vs. y BT, reaches half maximum
at field values By, = +1/(2y t). With gyromagnetic ratios y known from the Zee-
man signal, atomic lifetimes 7 can be derived from the Hanle effect. Our derivation
of the Hanle signal is quantum mechanically correct, in the spirit of our remarks at
the end of Chap. 3.

An angular distribution identical to that of (4.8) is found in Thomson scattering of
unpolarized photons on electrons, which is Compton scattering in the elastic limit.
Unpolarized light being a statistical mixture of 6+ and o~ photons, it is of no
surprise that the differential Thomson scattering cross-section has the same angular
distribution as o= light, see (4.8),

do _1 (1+cos?6) 4.11)
10 = 3% cos“0), .

with a prefactor og = (oziic/mecz)2 =7.9 fm2.

4.3 Spinor Rotation Through 720°

In a spin rotation experiment, the polarization vector P (¢) as a function of ¢ = e ¢
comes back to its original value, P(27) = P (0) upon a full turn through wp t =27,
as it should be. However, if we look at the time dependence of the spin-% wave func-
tion Y (g) in (3.57), we find something strange. Due to the factor % in its argument,
the wave function changes sign upon a full rotation {(360°) = —{(0°),

_f cos(0) \ (1 _f cosm \ [(-—1Y
V(O = (—isin(O)) = <0> V= (—isinn) = ( 0 ) =—V¥(0).
(4.12)

Only after two full rotations through 720° does the system come back to its original
value, {r(47) = {(0). The name spinor is reserved to wave functions with this prop-
erty. In the early days of quantum physics, people reassured themselves that in the
experimentally accessible probabilities [{s|> = (s the phase factor e*¢ cancels,
hence there seemed to be no reason to worry about this strange property of spinors.

This changed when neutron interference experiments for the first time measured
the sign change of {r (Rauch et al. 1975; Werner et al. 1975).

Neutrons for scientific use are produced either in a research reactor, where each nuclear
fission event leads to the emission of two or three fast neutrons, or in a nuclear spallation
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Fig. 4.5 Spinor spin rotation: (a) A neutron interferometer consists of three parallel plane slabs of
single crystals of silicon. On each slab, the Bragg-reflected and the unreflected beams (horizontal
lines) both have the same amplitude {2 = ;. In the third crystal, the amplitudes add coherently
and interfere constructively or destructively, depending on the phase difference between the two
neutron-optical paths. (b) If a magnetic field is switched on along one of the two paths, then the
interference signal changes sign after one full rotation of the neutron spin in the field, and is back
to the original intensity only after two full rotations, as shown on the right of the figure. Adapted
from Rauch et al. (1975)

source, where high-energy protons are smashed onto heavy nuclei and produce about 30
neutrons per nuclear spallation event. The neutrons then are slowed down in a thermal or
cold moderator, and leave the moderator through beam holes in the biological shield.

In a neutron interferometer, the two possible paths of the neutron can be spatially separated
from each other by up to 10 cm. For stability the three crystal slabs are cut from one large
single crystal of silicon. Thermal-neutron de Broglie wavelengths are A ~ 0.2 nm, and the
apparatus must be stable at this level while the neutron travels at rather low speed over
macroscopic distances through the interferometer. Like in an optical interferometer, one
can vary the relative phase § of the two partial neutron beams by inserting a piece of matter
into one neutron path, with a neutron-optical index of refraction n with [n — 1| ~ 1073,

In neutron interferometry, Fig. 4.5, it is uncertain which path a neutron takes
and therefore, as will be discussed in Sect. 6.6, the observed intensity is |11;|2 =

[W1 + 2%, or
W1 = [ 1% + [W2l® + 2001 | [ sins. (4.13)

Here § is the phase difference of the two partial de Broglie waves {/; and {». The
neutron intensity I o |{|> measured in the detector shown in Fig. 4.5(a) then is
I =11 + I +2(I1 )"/?sin$, which for I} = I, = 1 Iy becomes

I = Iy(1 +siné). 4.14)

To measure the sign change of a spinor upon rotation through 27, a transverse
magnetic field of strength B is applied over a certain length of path 2 within the
interferometer. The sign of the wave function {r», as measured relative to the unper-
turbed {r, should change when w1, T = 2 for a neutron time-of-flight 7 through
the field region. The measurements were done with a monochromatic beam of un-
polarized neutrons, with results as shown in Fig 4.4(b). For each full rotation of
neutron spin about B, the interference signal shows a change of sign, as predicted
for a spinor wave function.
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Chapter 5
General Solution for the Two-Level System

Abstract The essential steps of a quantum calculation are: the establishment of the
matrix elements of the Hamiltonian, the derivation of its eigenvalues and eigenvec-
tors, and of the time evolution of the observables. We slowly go through every step
to arrive at the general response of the two-state quantum system to stationary fields.

In Sect. 3.5, we solved the Schrodinger equation for the simple case of a magnetic
field B along z, with H o ;. If B points towards an arbitrary direction, we must
diagonalize the Hamiltonian to find the time dependent solution of the Schrodinger
equation. The reader might wonder why we do not always choose the z-axis along
B in order to avoid this complication. The answer is that, in general, the diagonal
and the off-diagonal elements of the Hamiltonian need not belong to the same type
of interaction, and we want to be able to vary them independently. We give some
examples to be met in later chapters:

e The diagonal elements of the Hamiltonian have a static but externally variable
field B;, while the off-diagonal elements are due to a fixed crystal-magnetic
field B, .

e A constant field B, acts again on the diagonal, but the off-diagonal elements are
due to a radiofrequency field B, () that induces resonance transitions.

e A constant externally variable electric field E, that acts on a polar molecule enters
the diagonal, while the off-diagonal element is a transition amplitude between two
configurations of the molecule.

e Two energies E| and E> of an atom’s electronic level scheme are on the diago-
nal, while the electric-field component E (¢) of a light field that drives a laser-
induced transition enters off the diagonal.

e For spin s > %, there may be both a magnetic dipole and an electric quadrupole
interaction contributing to the off-diagonal components.

Hence there is ample reason to extend our study to non-diagonal Hamiltonians.
Furthermore, our general treatment of the 2 x 2 case can serve as a model for the
treatment of higher-dimensional Hamiltonians.
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42 5 General Solution for the Two-Level System
5.1 Matrix Diagonalization
As before, without loss of generality, we use magnetic field components as ma-

trix elements. In the angular momentum basis, the most general 2 x 2 Schrodinger
equation with H from (3.16¢) and B+ = B, £iBy is

= —ith;, (5.1a)
a i (B, B_ a
(8)=n i Ze) (3
a= %(Bza—i—B,b), (5.1¢)
p=n
= E(B+a — B.b). (5.1d)

To decouple the two equations, we must convert H into a diagonal matrix Hp,
with eigenvalues E1 = :I:%ha)L from (3.22). The subsequent treatment holds for
Hamiltonians of any dimension. We first must find the energy eigenfunction {p in
terms of a given spin eigenfunction V. Both s and {rp are complex and normalized
to one, therefore they are connected by a unitary transformation T

¥ =Typ. (5.2)

Unitarity requires that the inverse of the matrix T equals its conjugate transpose,
T ! = T‘L, or

TT =1, with |det(T)| = L. (5.3)

Operation T induces a complex rotation of the state {p in Hilbert space. Multipli-
cation of (5.2) from the left by T~! =T" gives

Up =T (5.4)

Multiplication of the Schrodinger equation (1.3) by TT from the left, T =
—(i/B)TTHY, and squeezing in TTT = 1 on the right-hand side gives

T = —(i/h) (TTHT) T . (5.5)
We use the energy eigenfunction {rp = T and the diagonalized energy matrix
Hp = T'HT, (5.6)

and obtain, once we know the transformation T, a decoupled set of differential equa-
tions for the energy eigenstate \p,

ip = —%Hwn. 5.7)
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We are now in a position to verify our earlier statement that expectation values
(i.e., measurement results) do not depend on representation. This is an immediate
consequence of the definition of expectation values, (3.28), together with the above
transformation laws, namely, yp = TT, its conjugate transpose llI]T) =T, the
diagonal energy matrix Hp = TTHT, and unitarity TT" = 1, which together give

(Hp) = WL HpUp = Y T(TTHT) T'w = ¢ Hy = (H). (5.8)

5.2 Construction of the Eigenvectors

Our task then is to find the unitary matrix T that diagonalizes the Hamiltonian H.
Equation (5.6) can be written as HT = THp, which, for the nth column t,, of T
reads Ht, = E,t,. Hence t, is the nth eigenstate (i.e., eigenvector) of H, with eigen-
value E,;:

The columns of the matrix T that diagonalizes the Hamiltonian H are the
energy eigenstates of H.

Thus we need to find the eigenvectors of H that build the transformation matrix T.
We do this for the case s = % The most general 2 x 2 unitary matrix is, up to an
arbitrary phase factor in front of each column,

e Mcosy —e siny
T= o : , 5.9
( e'sin x e'cos x (59

with phase angles x and 7, and we readily check that TT" =1 and detT =1 as
required for our unitary T. The columns of T are normalized wave functions of
type (3.32b). With the abbreviation ¢ = e cos x and s = e " sin x, we calculate
the elements of T by writing (5.6) with H from (3.16c¢) as

H=THpT", (5.10a)
(B B-\_ (" —s\(B O c s
# By —-B/ ) Hlse ¢ 0 —B)\—-s* c*
_ lc]? — |s|? 2c*s
— _uB ( rest s el (5.10b)
B, B_\ _ cos2y e HMsin2y
® <BJr —BZ> =—ubB <e2i’7 sin2y  —cos2y )’ (5.10¢)

where we used (3.34a). The upper left entry in the matrix equation (5.10c) gives
B;/B = cos2y. The real and imaginary parts of the upper right entries give By/B =
cos2nsin2y and By /B = sin2nsin2y, and their ratio is By /B, = tan2n.
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In polar coordinates we have, on the other hand,
B;/B =cos6, By /B, =tang; (5.11)

see also Fig. 5.1(a) in the next section. Therefore, as in (3.37), we again arrive at
2x =0,2n = ¢. This result is comforting but not really surprising as we had already

stated that, for s = %, arotation in Hilbert space proceeds at half speed, as compared

to a rotation in ordinary vector space.
Hence the transformation matrix T that diagonalizes the Hamiltonian H reads

. 1 . 1
e 19/2 cos 59 —e19/2gip 59
T= ) | , (5.12)
el%/2 sin =9 el?/2 cos ~0
2 2
and the abbreviations used in (5.10b) become

. 1 . 1
c=¢e%?cos 59, s =e ¥/ 2gin 59. (5.13)

In terms of the field components, we have, using (5.11) and (3.34b),

cos%@:,/%(l+Bz/B), (5.14a)
i 19— 1(1 B./B) 5.14b)
smE _,15 — B;/B). .

In an energy eigenstate, the probabilities of being spin up or spin down are
1

1
50=5(1+B:/B). (5.15a)

Pup = cos”

L,
Pdown = Sin’ 50 =50 =B/B). (5.15b)

From cos¢ = By/B., sing = By/B, with B| = (B)% + B/%)l/2 follows from
(3.34d) and (5.14a), (5.14b)

ei“’/zz\/%(1+BX/B¢)+i\/%(1—BX/BL). (5.16)
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5.3 The Time Dependent Solution

5.3.1 Evolution of an Energy Eigenstate

With the transformation matrix T at hand, we can write down the general time de-
pendent solution. With diagonal N-dimensional Hamiltonian Hp, the Schrédinger
equation consists of N decoupled equations {ip, = —(i/k) E, \pp, with solutions
Ypp(t) = Up,(0)exp(—iEyt/h), n =1,..., N, formally written in column vector
notation as

Up () = e 0!/ Py (0), (5.17)

where the exponential expression is shorthand for a diagonal matrix with ele-
ments e 1Ent/P,

We begin with an s = % system, which initially is in a pure energy eigenstate
Yp(0), for instance, in the upper energy level Yp(0) = a, a case frequently met in
experimental physics, see the ammonia maser, Sect. 12.4.2. With (5.2), (5.17), and
with T from (5.12), the spin state {r evolves as

W(1) = Tp (1) = Te M0/ My 0), (5.18a)

()= 2 L)) (e om
a(t) =e 92 cos %Qe*i“’”/z, (5.18¢)

b(r) =e'/?sin %ee—iwﬂ/z, (5.18d)

where we used E4 = :l:%ha)L from (2.16), and ¢ and s from (5.13).
We are not that interested in \s(¢) but rather in the expectation values of the Pauli
matrices (o) from (3.31a)—(3.31c), which become

(0x) =2Re(a*b) = cospsinf = B/B, (5.19a)
(oy) =21m(a*b) =singsint = By /B, (5.19b)
(02) = lal® — |b|* = cos6 = B. /B, (5.19)

P = (c)=B/B. (5.20)

The polarization vector P of an energy eigenstate is simply oriented along the
field B, and no spin precession takes place.

This agrees with what we knew before because (3.52) gave the result P,(¢) =
P,(0) for B = B,, which should hold for any choice of the z-axis.
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5.3.2 Evolution of an Angular-Momentum Eigenstate

Next we look at a system initially in a state {(0) = a(0)a + b(0)p. The time de-
pendence of the spin amplitude then is {(¢) = Typ(¢), with T from (5.12), Up(¢)
from (5.17), and ¥p(0) from (5.4).

U(t) = Te Hot/ATHy0), (5.21a)

a@®)\ _(c* —s e iE+t/h 0 c s a(0)
<b([)) - (S* c ) < 0 e—iEt/h) (_S* C*) <b(0)> ) (521b)
a(t) =Up1(0)a0) + Ui (1)b(0), (5.21¢)
b(t) = Uz (t)a(0) + Uz ()b(0). (5.21d)

The time evolution coefficients therein are
1 . At
Ui1(t) = cos Ewl‘t —icosfsin Eth , (5.22a)
g .o 1
Ui2(t) = —ie ¥ sin 0 sin Eth , (5.22b)

and U (t) = U (), U2 (t) = —U;,(t). The Ujy are the elements of the time evo-
lution operator U (t) that will be discussed in Sect. 6.1. With these elements, the
general evolution of the polarization vector P (¢) = (o)(¢) can be derived, as we did
for special cases in (3.52) and (3.60).

We here limit discussion to the general evolution of the longitudinal polarization
component P,(¢). If, for example, the atom starts in a state spin up, with the initial
condition a(0) = 1, b(0) = 0, the amplitude that the atom will be in the state spin
down after a time 7 is

b(t) = —Usi (t)a(0) = —ie ¥ sin@ sin<%a)Lt). (5.23)

The probability that the atom is flipped into its spin down state then oscillates as

1
Paown(1) = [b(0)[* = 2 sin (1 — cosarr), (5.24)

where we used (3.34b). The probability of being in the spin up state is pyp () =
1 — pdown (). From this follows for P; = pyp — pdown = 1 — 2pdown:

The general time evolution of the longitudinal polarization is

P (1) = cos> 6 + sin® 6 cos w 1. (5.25)
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ZA

Fig. 5.1 (a) Components of the magnetic field vector, and its polar and azimuthal angles 6 and ¢.
(b) Spin rotation of atomic polarization P(t) about B: For a spherical triangle, a corner angle
§ is related to the angles «, B, ¥ at the origin of the unit sphere by the spherical law of cosines
cosa = cos Bsiny + sin Bsiny cosé. In our case, with angle « between P and z, and with equal
angles B =y =0 between B and z and between B and P, and with phase angle § = wLt, (5.25)
is obtained

We immediately find the same result in the spin precession picture. We set P, (t) =
P,gcosa, with P,o = 1, and with the momentary angle « between P(¢) and the z-
axis, Indeed, the spherical law of cosines states that the three angles «, 6, and wrt
are related just as given by (5.25), see Fig. 5.1(b).

Instead of writing the equations above in terms of 6, ¢, w1, we can as well write them in

terms of field amplitudes By, By, B;, B, or in terms of the general matrix elements Hiy.
The relations between these quantities are listed for the convenience of the reader:

hoL = —2uB = —[(Hiy — Hn)? + 4/ Hio])?, (5.26a)
cos = B./B = (Hi1 — Hx)/[(Hi1 — H»)? +41H12 ], (5.26b)
sing = (B + B2)'%/B =2/ ol /[(H1) — H)? +41HP] %, (5.260)
e = (B +iBy)/(B2 + B)'/* = H} /| Hya). (5.26d)

Expressed in terms of magnetic field components, P, (¢) from (5.25) reads

B> Bi+B;
P.(t) = 52 + T cos(2uBt/h). (5.27)

Figure 5.2 shows P, (z) for By =0 and various values of B;/By. For B, =0 we
have the full spin precession signal. If B, is much larger than B,, then only small
but fast spin nutations are visible, whose amplitudes decrease quadratically with B,
while the oscillation frequency increases linearly with B.

For time intervals At so short that the interaction is blurred by time—energy un-
certainty, all solutions of the Schrodinger equation start out quadratically in time,
which is known to be true even for exponential decay of a quantum state. This
general law here is obeyed by the cosine in (5.27), for short times ¢ such that
2|u|Bt/h < 1, see the dashed curve in the figure.
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Polarization P,

"0 05 1 15 2 25 3
Time t/ty

Fig. 5.2 Sensitivity of a spin rotation signal about a transverse field to “unwanted” longitudinal
field components: Let the full signal be given by P;(¢), with spin rotation about B,. Additional
field components along B, diminish the signal, as shown for B, =0, B, = By, B; = 2B,, and
B, = 4B,. Time is given in units of the precession period fo = 1/|y Bx| about B,. The dashed
curve shows the universal quantum short-time behavior P, o ¢

To summarize, any quantum calculation with time independent interactions pro-
ceeds in the same way. After selection of a Hamiltonian operator H (“building a
model”), one writes down its matrix elements in an adequate representation. Diago-
nalization of the Hamiltonian matrix then gives the matrix T of energy eigenvectors
and the diagonal matrix Hp of energy eigenvalues. The initial condition {r(0) in
the diagonal representation is {p(0) = TW;(O). The time dependent solution in the
diagonal representation {rp(t) = exp(—iHp?/h)Yp(0) then is transformed back to
the chosen representation to give (5.21a), which describes the diagonalization pro-
cedure for general N x N Hamiltonians.



Chapter 6
Other Tools and Concepts

Abstract Quantum theory abounds with matrices of different kinds, and often it is
not easy to keep track of all this. In this chapter, we introduce some further operators
and their matrices, namely the time evolution, rotation, and projection operators. Af-
ter a digression on pure and mixed quantum states, the density matrix is introduced
in an elementary manner and used to derive again some previous results. It is fol-
lowed by a section on coherences in quantum physics, and a discussion on Dirac’s
bra-ket notation.

6.1 Time Evolution Operator

Often the general time evolution of a state vector \ is simply written as

() =U@)V(0). (6.1)

For spin s = % we know the time evolution operator U(¢) from (5.22a), (5.22b)
in terms of the angular variables 6, ¢, wr. Using (5.26b)—(5.26d), we write U(¢) in
terms of the B-field components in the Hamiltonian as

v cos(3wit) —i(B./B)sin(3wLt) —i(B_/B)sin(iwLt)
1) = .
i(B./B)sin(Jwt) cos(§wLt) +i(B./B)sin(3wLt)
(6.2)
In (5.17), with diagonal Hp, we wrote the energy eigenstate as yp(t) =
exp(—iHp?/h)Vp(0). The same expression holds for any time independent Hamil-
tonian H, independent of a representation.

The time evolution operator is

U(p) = e Hi/R 6.3)

In other words, when going from (5.17) to (6.1), the unitary transformation of {r
can be directly applied to the Hamiltonian in the exponent, as will be shown in the
following for s = %
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To prove this statement for the two-dimensional H = —uo - B, we write H2 =
(/,LB)2I, using c% = oi = cf =1 and 0,0y + oy0x =0, etc. (with null matrix 0).

This allows us to expand U(¢) as

MBI = [1— (uBt/I)?/2+ (Bt /W) /41— - ]1
—i[(uBt/m)/1! = (uBt/h)*/3!+---]o - B/B
= Icos(uBt/h) —i(c - B)/Bsin(uBt /), (6.4)
or
e M/ —Tcos(Et/h) — i(H/E) sin(Et /1), (6.5)

with matrices H and 1. This is nothing but Euler’s formula e* = cosx + isinx,
with x replaced by the operator —iHr /k. Therefore, a transformation TToT of the
matrix o on the right of (6.4) directly transforms o in the exponent on the left. This
proves (6.3) for s = % This also proves the unitarity of the evolution operator U(z),
as we know that for any hermitian operator A (here A = —H¢ /A with hermitian H),
the exponential operator U = e is unitary.

6.2 Rotation Matrices

In classical physics, a rotation of the coordinate system in a three-dimensional space
changes a classical vector v to v" = Rv with a 3 x 3 rotation matrix R. For instance,
a rotation about the x-axis by an angle 6 produces the new vector

Uy 1 0 0 Uy
v'=|v, |=|0 cosf sind vy | =R, (O)v. (6.6)
v 0 —sinf cos6 v;

2

An example is the polarization vector P = (o) of (3.36), which transforms under
rotation like any other classical vector. Successive rotations are known to depend on
the order of their execution, that is, rotation operations in general do not commute.
You can check this by rotating the book you hold in your hands successively about
two different axes, and the outcome will be different if you change the sequence of
operations.

What happens if, instead of rotating in ordinary space, we rotate the coordinates
of Hilbert space in which the quantum operators and states vectors are defined? In
the general case, this is a tricky question that will be addressed in Sect. 16.5. For
our simple spin-% case, however, we know already how a 2 x 2 rotation matrix in
Hilbert space must look like. The reason is that, in the two-dimensional case (and
only there), any unitary operator describes alrotation in Hilbert space and as such is

a rotation operator. Hence for effective s = 5, any interaction, and in particular any

magnetic dipole interaction, leads to a rotation of the system and to nothing else.
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For example, let us perform a rotation of a spin-% state through an angle ¢ about
the z-axis. From the time evolution operator (6.2), setting By = B_ =0, B = B,

wLt = ¢, and using Euler’s formula, we find the rotated state |/’ = dgl/ z)llf, with the
rotation matrix

e /20
dg%@:<o ewg. (6.7)

For a rotation through an angle 6 about the y-axis, we set in (6.2) By = B, =0 and
obtain the rotation matrix

1 1

cos 50 —sin56

o= 1 ) (68)
sin 29 coS §0

Rotations of a state vector \r in Hilbert space are achieved by rotation matri-
ces, as given in Appendix A.5.

The general 2 x 2 unitary transformation matrix T from (5.12) is

T©, p) = d"? (—)d|"? 0). (6.9)

6.3 Projection Operators

In Sect. 3.3, we pointed out that the concept of expectation values must be comple-
mented by adequate projection operations in order to include all types of spectro-
scopic or polarization measurements. Equations (3.30a), (3.30b) gave an example
of a projection operation acting on an energy eigenstate, and we want to expand on
this.

Let a beam of atoms, flying along +y in an angular momentum state { = aa +
bp, enter a Stern—Gerlach magnet oriented along quantization axis z. The apparatus
splits the incoming beam into two partial beams {,; = aa and {,— = bp. These
states are obtained by projection operations

Yoy =P = ((1) 8) (Z) - (8) (6.10a)
0 0 a 0
R I R —

as given in (3.30a), (3.30b), because in this simple case, energy and angular momen-
tum eigenstates coincide. Their complex conjugates are 11;2 L= VP, = (a* 0)
and . =y'P,_ =0 »).
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The probabilities of finding an atom in one or the other partial beam of the Stern—
Gerlach device then are the usual

Pp=Ul U =lal’,  paown =Vl _V._ =1|b. (6.11)

The projection operators P, 4 are written in terms of the Pauli matrix o, as

1 1
Pz+=§(1+cz), P =2{—0). (6.12)
If, in the course of a measurement, \s is projected onto an axis in Hilbert space, this
process is called the collapse of the wave function. For a chosen quantization axis z,
only collapse onto +z or —z is possible, hence from (6.12) we have the closure
relation

P..+P._=L1 (6.13)

Projection operators are idempotent, P> = P, because a projection is made only once,
a second projection being the identity operation I.

Next we look at a Stern—Gerlach magnet oriented along x, while keeping the
quantization axis along z. The x- and the z-axes are equivalent, therefore we can
substitute x for z in (6.12), and obtain for the projections of { onto the x-axis the
operators

rs = %(I o0, (6.142)

1L/1 %1\ /(a 1 atbh
‘l’xi_§<il 1)<b>_§<ia+b>' (6.14b)
Let the incoming beam be fully polarized “spin up”, { = a, thatis,a =1, b =0,
with respect to the quantization axis z. After passage of the Stern—Gerlach device

oriented along x, the outgoing partial beams have spin up or spin down probabilities,
with respect to x, given by the scalar product

1 1/1 1
W] = 5(1 :’:1)5 <:i:1> =5 (6.152)
1
Pup = Pdown = 5 (6.15b)

A measurement on a 100 % pure spin up state with a Stern—Gerlach magnet,
oriented at a right angle to the polarization of the incoming beam, results in
a state that is 50 % spin up and 50 % spin down, with respect to the Stern—
Gerlach axis.
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In ordinary space, the projection of the polarization vector P = (o) along z onto
a unit vector n along 7', with angle 6 between both vectors, is

Py =P -n=P,cosf. (6.16)

A Stern—Gerlach filter performs exactly this projection. In Sect. 5.2, we had investi-
gated the case of a spin polarization P along the z-axis, exposed to a magnetic field
B along axis 7z’ under angle 6, and found the probabilities (5.15a), (5.15b) to be spin
up or spin down with respect to the z’ axis Pup = cos? %9, Pdown = sin? %9. With no
surprise we find that P,y = pup — pdown via (3.34a) coincides with (6.16).

In the general case, the projection of a wavefunction {r onto an axis defined by a
unit vector n is accomplished by the projection operator

P,,:%(I—i—(rn). (6.17)

What is the practical use of projection operators? In modern high-resolution spec-
troscopy, observables A usually are not measured as the average (A) = " A over
all possible eigenstates of A. Instead,

If a spectrometer filters out a subset of states, then a projection of {s onto this
subset of states |’ = P is required to find the projected expectation values

I!I/TAIII/

) "=Pq. 6.18
R U =Py (6.18)

(A)=

For a sufficiently high resolution, expectation values are reduced to eigenvalues and
projection operations are not needed.

6.4 Pure States and Mixed States

We noticed in Sect. 3.3.2 that the length of a polarization vector P = (o) is always
unity, | P| = 1. This is surprising, as most ensembles of particles in nature are unpo-
larized, and if they are polarized, their degree of polarization seldom reaches 100 %.
Hence something important is missing in our treatment. In fact, our description of
a quantum state \ is grossly incomplete because we must carefully distinguish be-
tween what is called a pure state and a mixed state.

If ¢ is a basis state like o, or a linear superposition state like \y = aa + bp, then
\r is called a pure state and polarization is unity. Examples of pure states are (mostly
taken from Part III of this text):

e The pure spin state wl 1 of neutrinos (when assumed massless) with respect to
their line of flight z w1th hehclty P, =—1.
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e Linear superpositions of spin states, for instance, linearly polarized photons,
when regarded as a coherent superposition of “spin up” and “spin down” pho-
tons, or qubits in quantum computing.

e A pure energy state \/p, for instance, polar molecules in the upper energy state in

a molecular beam that feeds a maser.

The pure pseudospin state of two-level atoms all in their low-energy state.

The pure isospin state of an ensemble of protons.

The pure momentum state of particles in a monoenergetic unidirectional beam.

The pure macroscopic quantum state of a Bose—Einstein condensate, or of a su-

perconducting Josephson junction.

In most cases, a pure state is an idealization because the polarization of particles
never reaches the full 100 %, as every experimentalist knows. In real life, an en-
semble of particles is at best a statistical mixture of such pure states, called a mixed
state.

Let some fraction p; of spin-% particles be in the spin up state, and the remaining
fraction pp = 1 — pj in the spin down state, with both fractions completely indepen-
dent of each other. In a beam of slow neutrons, at the time when one neutron passes
a Stern—Gerlach magnet, the next neutron often is not even born yet; therefore, the
polarization state of the first neutron cannot depend on the state of the second. Ex-
amples of mixed states are:

e Unpolarized particles, nuclei, or atoms in our surroundings.

e Molecules Ny and O3 in the ambient air that populate low-lying rotational and
vibrational molecular levels.

e Photons from an imperfect optical polarizer.

e Particles in a beam of finite divergence.

We regard two cases of mixed states. In the first case, the statistical mixture is
made up of a fraction p; in the pure spin up state o, and a fraction p; in the pure
spin down state B. These two independent fractions have (o;) = (0;1) + (0,2) =
p1(afo.a) + pr(BTo.B). With (3.9¢) and (3.4a), this gives the longitudinal polariza-
tion (o) = p1 — p2. With (3.92) and (3.4b), we see that the transverse polarization
vanishes, (0y) = p1 (afoeq) + pz(B?O'XB) =0 and (o) = 0. The ensemble average
of the polarization P pixed then is along z and has amplitude

Phixed = p1 — p2. (6.19)

In the second case, the statistical mixture is made up of two orthogonal pure
superposition states. Let a fraction p; be in state | = e %/2(acos %9 — Bsin %9),
and a fraction p» in the orthogonal state {, = el¢/2 (asin %9 + B cos %9), cf. (5.12).
The fraction p; has polarization (o1) = \H(ﬂlf}, and the fraction p, has opposite
polarization (o7) = \lf;(ﬂliz = —(01), as can be verified by direct calculation. Hence
P mixed = p1(01) + p2(02), or:
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The polarization in the general mixed case is

Pixed = (p1 — p2) P = Priixed P. (6.20)

Pure states have polarization P = (o) of magnitude |P| = 1. Mixed states have
polarization of magnitude Ppixed = |p1 — p2| < 1. Talking about a degree of polar-
ization always means Ppixed.

More generally, for a two-dimensional operator A with eigenstates ¥ and {5,
the ensemble average is

(A) = pi(A1) + p2{A2) = p1 (W AU1) + p2 (WS AY), (6.21)

suitably projected as in (6.18) if necessary.
To summarize, we have two extreme cases of expectation values of an operator A,
with eigenvalues A and Aj:

1. For a pure ensemble, the expectation value (A) = {" A\ derives from the
quantum probability amplitudes .

2. For a mixed ensemble, the expectation value (A) = p1A| + p2A, derives
from the classical occupation probabilities p;.

Let us have a closer look at the second case of a mixed ensemble of spin up
a and spin down f states, with no transverse polarization. If one counts a number
Ny = p1N of particles with spin up, and a number N| = p, N with spin down, then
the longitudinal spin polarization is (omitting the subscript “mixed”, and writing
with p1 for p; and p_1 for py)

P = (o) = N _ 6.22
Z_(GZ>_NT+NL_p% p_1s (6.22)
and P, = Py =0. For s > %, this expression is replaced by a weighted sum over

magnetic quantum numbers m with weights p,,, in which case P, = (S;)/hs be-
comes

p= L n P 623)
S D Pm
with summation index m running from —s to +s. The same formula is used to
calculate the average grading (m) of a class of students of number ), py,.
So far, the results hold for any kind of two-level system with effective spin S,
whatever the interaction under study. For the special case of a sample of n para-
magnetic atoms per volume element, the macroscopic magnetization is, with (2.5),
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M =n{n) =nu(S)/hs or, using P = (S)/hs,
M=nuP. (6.24)

A sizable brute force magnetization can be achieved by exposing a paramagnet
at low temperature 7 to a strong magnetic field B. Then, in thermal equilibrium, the
(unnormalized) Boltzmann population

pm = e En/keT _ gmgupB/kpT (6.25)

with E,, taken from (2.12), must be inserted into (6.23), with magnetic quantum
number m and the appropriate g-factor. For s = % (6.22) then gives what usually is
called a magnetization curve, namely the polarization
e —e X
P, = ——— —=tanhux, =uB/kgT, 6.26
T S pex x, x=uB/ks ( )
which saturates at £1 for high fields with |x| > 1. For low field and/or high tem-
perature, with |x| < 1 and tanh x = x, we recover Curie’s law

P.~uB/kgT and |M,|~nu’B/kpT. (6.27)

For paramagnetic atoms of spin quantum number s in a probe of condensed matter, Curie’s
law gives the atomic spin polarization,

Patom ~ 0.67gs B(T)/T(K), for | Paom| < 1. (6.28)

One needs temperatures of liquid helium (i.e., 7 < 4.2 K) to achieve a sizeable polariza-
tion even in the strong field of a superconducting magnet. Free electrons have gs ~ —2 x
I=-1

Nuclei with spin quantum number / inside diamagnetic atoms are polarized to

Pauet ~0.36 x 1074g; 1 B(T)/T(K), for | Pauel] < 1. (6.29)

One needs millikelvin temperatures to polarize nuclei in a strong magnetic field. Protons
have spin I = % and g;1 =2.8.

6.5 The Density Matrix

Quantum mechanics makes predictions exclusively on observable quantities, given
by their expectation values (6.21). Wave functions s are not observables, and the
concept of density matrices is introduced to eliminate these nonobservables from
the basic equations. The density matrix formalism displays its full power mainly
beyond the two-state systems, as will be seen in Chap. 19 and later. For a two-state
system, the use of the density matrix is somewhat redundant, as we can only derive
again our earlier results on spin precession. However, this new derivation will show
in a transparent way how the density matrix p is used in general.

We start with a general N-state system. Let us take a mixed ensemble of in-
dependent atoms or molecules, distributed over quantized energy levels E,, n =
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1,2,3,..., N with population numbers p, normalized to Zn pn = 1. We begin our
discussion in the energy representation, with diagonal energy matrix Hp, which is
without loss of generality when we look at quantities that are independent of repre-
sentation. If we can choose any representation, we choose the one that is easiest to
handle.

The average energy of this mixed ensemble is (H) =), p, E,. We introduce
the density matrix pp as the diagonal matrix that has the occupation numbers p,
arranged along its diagonal, hence

pl O El O
m=10 p» ...|: Hpb=|0 E, ...|.
(6.30)
piEr 0
ppHp = 0 p2E>

From these diagonal matrices we can derive the following properties of the density
matrix, all independent of representation, and therefore valid for general density
operators p and general hermitian operators like H.

The trace of an operator Tr(p) = ), p, is the sum of its diagonal elements.
Normalization ), p, = 1 implies:

The density operator has trace one, Tr(p) = 1.

The trace of the square of the density operator generally is smaller that unity,
Tr(p?) = > p% < 1, because for p, >0 we have (3_, pn)? > >on p,zz, thus 1 =
[Tr(p)]? > Tr(p?). The equal sign holds for a pure state with one of the occupation
numbers equaling one, and with all other occupation numbers vanishing:

For a pure state Tr(p2) = 1. For a mixed state Tr(p?) < 1.

The elements of the diagonal density matrix pp are real, therefore p is hermitian,
with eigenvalues pj,.

A very important property of the density operator p is that the mean energy (H)
is the trace of the product matrix ppHp in (6.30), (Hp) = Tr(ppHp) = Zn pnEn,
which holds regardless of representation:

The expectation value of the Hamiltonian is

(H) = Tr(pH). 6.31)
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Equation (6.31) replaces our earlier definition (3.28) of an expectation value. Later
on, we shall generalize this result to the expectation value of arbitrary hermitian
operators, see Sect. 19.1, which implies that knowledge of the density operator p is
sufficient to predict the outcome of any experiment.

So far we have studied the properties of the density operator that are independent
of representation and dimension, and used for this the diagonal representation. We
now specialize to the spin-% case, and apply a unitary transformation T, (5.12), to
the density operator p, while keeping the field vector B along z. The rotated density
matrix is

p=TppT", (6.32a)
_(c* =s\(p1 O c s
(D D D e
cc*pr+ss*py sc*(pr— p2)
= ) 32
( s*c(p1—p2) ss*pi+cctp (6.32¢)

In the special case of a pure state, say, p; = 1, this reduces to
cc*  sc*
p= <S*C SS*) . (6.33)

We insert ¢ = el?/2 cos %9 and s = e %/2sin %9 from (5.13) into (6.32¢) and arrive
at

_ L (14 (pi = pa)cost (pi — pr)e ¢ sin0 (6.34)
2\ (p1—p2)e¥sing  1—(p1—pa)cosd)’ ’

Next we are going to prove the following statement:

The 2 x 2 density matrix p and the polarization P = (o) are related as

1
p= §(I+ (0) - 0), (6.352)
1/ 1+P, P —iPy>

=3 (Px +iP, 1-P, (E=50)

which also holds for the mixed case. In the pure case, the density operator
(6.35a) coincides with the projection operator (6.17).

Recall that (o) in (6.35a) is an ordinary vector with real coefficients Py, Py, and
P, while I and o operate in Hilbert space. When we compare (6.35b) with (6.34),
with P = (o) from (3.36), we are back to Pmnixed = (p1 — p2) P, (6.20), with
|Pmixed| < 1, and |P|=1.
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To prove (6.35a), we use the following properties of the Pauli matrices o4, & = x, Y, 2:
Tr(oy) =0, Tr(ci) =2, Tr(oqop) = 0 for a # B, from (3.8b) and (3.11). Since p is her-
mitian, it can be expanded in terms of the Pauli matrices as p = ci1 + cy0x +¢y0y + c;04,
as was done for H in (3.17b). Multiplying this with o, and taking the trace Tr(poy), we
find that (o,) = Tr(poy) = 2cx, or ¢x = %(0y), and similarly ¢, = $(oy), c: = 1(o2).
Hence p = %(I + (ox)ox + (oy)0y + (0;)0;), with p = %I for an unpolarized system, which
is (6.35a).

With the help of the density matrix, we are able to derive again our earlier spin
precession results from P(t) = (o)(t) = Tr[p(¢)o]. Knowing the elements of the
density operator, we can study its time evolution p(t) = U)p(0)UT(¢), with time
evolution operator U(r) = e H/" As an example, we take an initial transverse
polarization Py (0) and insert the angles 0 = %n and ¢ = 0 into (6.34) to obtain the
initial density matrix

1 1 P1— D2
0=5(, L, "T7): (6.36)

With B = B, the evolution operator U(z) from (6.2) is diagonal with elements
exp(q:%ith). With this the density matrix evolves as

1 1 _ —iwLt
p()) = UpOU (1) = 5 (m — py)elent (pr=pe ) . (63

The time evolution of the x-component of polarization then is
P(t) = (0x)(t) = Tr[p(t)ox | = (p1 — p2) cos o t, (6.38)

and similarly Py(t) = (p1 — p2)sinwrt. Altogether the Larmor precession in the
x—y plane becomes P, (t) = (p; — p2)(coswrt, sinwrt, 0), in agreement with the
earlier spin rotation result (3.52). For general values of the angles 6 and ¢ that
rotate P away from B, we can in a similar way recover the formula (5.25) for the
longitudinal polarization P, (t) = cos? 6 + sin” 6 cos wy ¢.

For the two-state system, the density matrix approach is not simpler than direct
calculation either from the Schrodinger equation or from the spin precession picture
that both lead us to P, (¢). Still, the 2 x 2 density matrix is helpful to get an insight
into the general procedure. For pure states, the hermitian N x N density matrix
with Tr(p) = 1 has N? — 1 real parameters, while the normalized wave function
of the Schrodinger equation has 2N — 1 real parameters, unless these numbers are
reduced by symmetries. Therefore, the density matrix approach generally requires
more numerical effort, but has considerable advantages in quantum statistics, as will
become evident in Chap. 19 and later.

6.6 Coherence and Interference

In classical optics, light waves are called coherent if they can give rise to interference
signals. To be able to interfere, partial wave amplitudes must have stable phase
relations with each other.
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The components of the density matrix are called coherent if they can give rise
to spin rotation signals. According to (3.31a)—(3.31c), with B along z, the phase
¢ = wt that leads to spin rotation enters (oy) and (o) via terms a*b and b*a.
The component (c,) = |a|> — |b|? is not phase sensitive and does not contribute
to the spin rotation signal. Therefore, in (6.32c), only the off-diagonal elements
constitute the coherent part of the density matrix p and contribute to the signal via
the transverse polarization terms (o, )oy and (oy)oy. The diagonal elements of p
depend on (0;)0, and constitute the incoherent part of p. The decay of coherence
with time will be discussed in Chap. 22 on relaxation and decoherence.

This separation of p into coherent and incoherent parts is independent of a rep-
resentation. In our derivation, the field B stayed along the quantization axis z when
p and with it the polarization P were rotated away from z via (6.32a). If the z-axis
is changed, the results obtained stay the same because the angles 6 and ¢ between
B and P remain the same.

Let us return to the discussion of coherence and interference in wave optics that
we had started in Chap. 1, see Fig. 1.1. First, we note that, although the name coher-
ent is applied to both interference and spin rotation signals, there is a notable differ-
ence: interference signals, for instance, in the double slit experiments, are generated
by partial waves of equal frequency, while spin rotation signals are beat signals from
the superposition of waves of different frequencies.

An important result of quantum statistics links self-interference of a matter wave
to uncertainty, via its properties in phase space, which is the six-dimensional space
made up of the particle’s position x and momentum p coordinates.

Self-interference signals are visible only if the matter waves of the particles
are confined within the same phase space cell of volume

Ap-Ax <h’. (6.39)

Therein, A4 is Planck’s constant, Ap = Ap,Ap, Ap; is the cell volume in momen-
tum space, and Ax = AxAyAz is called the coherence volume. Equation (6.39)
states that interference is possible only if position and momentum of the particles
are blurred by the uncertainty relation. Uncertainty therefore goes hand in hand with
the ability to interfere, with the two limiting cases:

1. If, due to uncertainty, we cannot know which path a particle takes, then
interference signals become visible, which means that we must first add
partial amplitudes and then take the absolute square,

|W|2=‘Zw,~

2
(6.40)
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Fig. 6.1 Optical paths in a
two-slit experiment. The L
distance between the slits is i
Ax, and the width of the e Ax
interference pattern on the
screen is a. The light is ?/2 | Apx z
emitted under small angles Y2 AXx P —————
prall=Apy/p <1

+%2a
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On the other hand,

2. If we can know which path a particle takes, then no interference is visible,
which means that we must add the probabilities for the different possible
paths of the particles

wPE=>" Iyl (6.41)

In this way, the uncertainty principle prevents that anyone can uncover the secrets
of particle—wave duality. Equations (6.40) and (6.41) are generalizations of (1.13)
and (1.14), holding for the two-slit experiment. We want to show the validity of the
interference condition (6.39) for the special case of an optical two-slit experiment.
A beam of light can give rise to interference under the following conditions:

1. Temporal or longitudinal coherence: This assures that the two partial waves pass-
ing the slits arrive at approximately the same time at a point within the screen
(Fig. 6.1).

2. Spatial or transverse coherence: This assures that the path difference from the
two slits to the point on the screen is of the order of the wavelength A or smaller.

1. Longitudinal coherence: From Fourier’s theorem, the duration of a wave train of spectral
width Aw is At = 1/Aw, and its longitudinal coherence length is Az = cAt = ¢/Aw,
where At is shorter than or equal to the lifetime 7 of the light-emitting atomic state.
A lifetime T = 1 ns implies Az < 0.3 m. The momentum of the photons in the narrow
beamis p = h/A = hw/c = p., and the uncertainty in longitudinal momentum is Ap, ~
Ap = hAw/c. Hence Ap, Az ~ h, in agreement with the uncertainty relation, but here
deduced from the requirement of interference.

2. Transverse coherence: Let the two slits be arranged in two dimensions, x and z, as shown
in Fig. 6.1. The distances L and L’ of the two slits to the point on the screen are given by
L>=P+Ya+a0)?and L? =P+ La—Ax)? thus L2 —L? = (L+L')(L - L") =
aAx. For [ > Ax and [ >> a (far field) we have L + L’ ~ 2[, and the path difference
is L — L’ ~ aAx/2l. For lateral coherence, this path difference must be of the order
of the wavelength, L — L’ ~ A, or Ax ~ (2I/a)A. This means that the width a of the
interference pattern is large for a small slit width Ax and small for a large slit width.
To derive the uncertainty Ap, in lateral momentum we note that the small angle of
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light emission at the slits is ¢ & a/l &~ Ap, /p. Hence the uncertainty in lateral momen-
tum is Apy ~ (a/l)p = (a/l)(h/1), and the appearance of interference signals requires
Apx Ax = 2h.

In our crude two-dimensional model, interference is possible when the waves are
inside a phase space volume V = ApAx ~ h?/7. The model can be extended to
three dimensions with the result (6.39).

For the visibility of spin rotation signals, important is not the momentum-space
uncertainty limit, but the energy-time uncertainty limit, as will be seen in the dis-
cussion of atomic quantum beats in Sect. 12.3.

6.7 Dirac’s Bra-Ket Notation

For the study of more complicated quantum systems, the Dirac bra-ket notation is
very useful. A classical two-dimensional unit vector n in real space under angle ¢
to the x-axis is written in terms of its orthonormal basis vectors ey and ey, the unit
vectors in x and y directions, as

_(ny\ _[cose) .
n= <ny) = <singo) =e,CosQ + ey, sing, (6.42a)
n=e;(e;-n)+ey(ey-n). (6.42b)

The expansion coefficients ny, ny are the scalar products ey - n and ey - n, i.e., the
projections of n onto e, and ey, and are normalized to n% + ni =1.

In quantum mechanics, we can do the same for the state vector 1. Instead of
¥ =ao + bP, we write, in analogy to (6.42b), in Dirac notation

[W) = lo) (alb) + [B)(BI). (6.43)

The expansion coefficients are the scalar products (a|V) = a and B|y) = b
of (3.24), which are the projections of {r onto o and 8, normalized to |a 242 =1.
Equation (6.43) can be interpreted as the multiplication of |{r) from the left,
[) = I|¥), with the unit operator

I'= fo) (al + IB)(BI. (6.44)

To prove this statement we recall the definition of the direct product of two vec-

tors
a ac ad
<b) (c d)= (bc bd) , (6.45)

the two terms in (6.44) are written as

|a><oc|:<(1)><1 0>=<(1) 8) |B><BI=<(1)>(O 1>=<8 ?) (6.46)
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We see that the individual terms in (6.44) are the projection operators from (6.12),
P.+ =|a)(a| and P, = |B)(B], whose sum is the unit operator I. Equation (6.44)
is the closure relation met before in (6.13), which expresses the fact that the basis
states |a) and |B) span the entire Hilbert space.

The direct product should not to be confused with the scalar product

(c d) (Z) —ac+ bd. (6.47)

Notice that, due to the trace property Tr(AB) = Tr(BA), it does not make a differ-
ence if one takes the trace of a scalar or of a direct product. Therefore, the scalar
product (6.47) equals the trace of the direct product, (6.45).

The Dirac notation is useful whenever the state |1) is characterized by a larger set
of quantum numbers. Instead of decorating v with many subscripts, like V,/m;sm,
for the hydrogen atom, one drops the letter ¢ and writes instead the ket |n [ m; s my).

The matrix elements H,,,, of the Hamiltonian then are written as (m|H|m'), and
its diagonalization T"HT = Hp as

> {En|m) (m[Hlm')(m' | Eyr) = EySu. (6.48)

mm’

The expansion coefficients (E,|m) in this equation are the elements of the uni-
tary transformation matrix T, i.e., the coefficients (E;,|m) are the components of
the eigenvector \r, to the eigenvalue E,. We return to the diagonal representation
Hp with matrix elements (E,|Hp|E,/) = E,;d,,, simply by cutting out the terms
Y o lm)(m| =Tand )  |m')(m'| =1 from (6.48), where 8, is the Kronecker
symbol.

Any operator A of an observable can be expressed in terms of its eigenvalues aj,
and eigenstates |n) as

A=Y "apln)(nl. (6.49)

In particular, the density operator with the population numbers p,, as eigenvalues
becomes p =", pn|n)(n|. In the representation diagonal with respect to the eigen-
states of A, the elements of matrix Ap are (n|Ap|n’) = a,3,,,. With respect to any
other basis, A must be transformed accordingly.

For extended calculations, the Dirac notation is highly recommended, and we
shall make use of it in later chapters. However, for the less experienced readers,
compact equations like T"HT = Hp are easier to grasp than their equivalent (6.48)
in Dirac’s notation.



Chapter 7
Diabolic Points, Geometric Phases, and
Quantum Chaos

Abstract Quantum systems have a number of peculiar features that can all be traced
back to one common origin, namely the universal “diabolic” shapes of energy sur-
faces in the vicinity of a degeneracy. The first such feature is the avoided-crossing
effect, when energy levels do not cross but seem to repel each other when plotted
in dependence of an external parameter. The next feature is the occurrence of ge-
ometric phases, also known as Berry phases, which accumulate during excursions
in parameter space. We discuss experimental examples of such phases, both in the
space of magnetic fields and in what we call the space of shapes. The Aharonov—
Bohm phase is closely related to such geometric phases. Finally, in a short section
we show that the hallmarks of quantum chaos can be understood in terms of locally
defined 2 x 2 matrices and their avoided level crossings.

7.1 Level Crossings and Level Repulsions

In quantum physics, energy level diagrams E, (B), when plotted as a function of
some external parameter B, often show a peculiar behavior. If in such a plot two
neighboring energy levels approach each other with different slopes, then one ex-
pects them to cross at some parameter value. Instead, often the levels seem to repel
each other near the expected crossing point. This so-called anticrossing or avoided-
crossing effect is understood best when we first look at a two-level spin-% system.
This will be followed by an example of a three-level spin-1 system.

7.1.1 The Field Dependence of Energy and of Polarization

In a 2 x 2 Hamiltonian, diagonal and off-diagonal elements can often be varied in-
dependently, some examples were given at the start of Chap. 5. In the case of a
magnetic interaction, we can, for instance, keep the off-diagonal transverse compo-
nent fixed at By = By, By =0, and vary the external field component B; on the
diagonal. The energy eigenvalues

Ey(B;) = Fi/ By + B? (7.1)
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Fig. 7.1 (a) An avoided level crossing appears if, for instance, the field component B, = By is

kept constant, and the energy eigenvalues E+ are plotted as a function of B;. The gap at B, =0
then has the size 2By of twice the off-diagonal matrix element. For B,y =0, E4 and E_ do
cross, and we have the usual Zeeman splitting E4+ = Fu B, of Fig. 2.2, as indicated by the dashed
line. (b) Due to state mixing near an avoided crossing, the polarization P, is also field dependent.
It turns out to be the derivative d E_ /9 B, of the upper curve in (a)

from (3.21) then depend hyperbolically on B, as shown in Fig. 7.1(a), with an
avoided crossing near B, = 0.

The probabilities pup, down = %[1 + B,/ (B)%0 + Bzz)l/ 2] for being spin up or spin
down, (5.15a), (5.15b), also depend on B,. For large positive B, >> By, the proba-
bility pyp approaches unity, and the upper energy state is approximately a pure spin
up state, while for large negative B, pyp vanishes and the upper energy state is ap-
proximately a pure spin down state, as indicated by the arrows in Fig. 7.1(b). For
B, =0, that is, for a purely transverse field By, the spin up and spin down states
enter with equal weights, with amplitudes cos }—JL’ = \/g and sin }Tn = \/g . This is
called a state mixing, not to be confused with the mixed state of Sect. 6.4.

The longitudinal polarization P, = pup — Pdown, shown in Fig. 7.1(b), then varies
as
B,

: .
\ Bio+ B?

From classical electrodynamics, we know that the macroscopic magnetization of
a system is the derivative of magnetic energy with respect to the magnetic field.
We find the same in the quantum case if we take the B,-derivative of the energy
eigenvalue of E_ from (7.1)

dE_ uB;
= =uP.(B,). 7.3
9B, wP.(B;) (7.3)

P;(B;) = 7.2)

The field dependence of longitudinal polarization P,(B;) is given by the
derivative d E_ /0 B, of the energy eigenvalue E_(B;).
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Fig. 7.2 The Zeeman :
energies E4(By, By), \E
see (7.4), define a double =
cone or “diabolo”. If the |
x-component of the field is |
kept constant at B, = By,
the hyperbolic level scheme
E(Byo, By) of Fig. 7.1(a)
(there in the x—z plane)
reappears on the front face of
the figure. The trajectory C
shows an example of an
excursion B(t) in Bx-B,
parameter space

) m=+1/2

More generally, we may write (7.3)as Vg E_ = uP,with Vg = (3/dBy, /9By, 9/dB;)T.
Indeed, taking E_ = (B2 4 B2 4 B2)!/? from (3.21), we have Vg E_ = uB/B, and for
an energy eigenstate we had found before that P = (o) = B/ B, see (5.20). A level crossing
then occurs if one varies one component of B, no matter whether it enters via a diagonal
or an off-diagonal matrix element, while keeping the other components fixed. N.B.: Do
not confuse P,(B;), Fig. 7.1(b), of a pure superposition state ¥ with the similar-looking
magnetization curve P;(B), see (6.26), of a mixed state with Boltzmann population.

The avoided-crossing effect is a general property of the eigenvalues of any
Hamiltonian with nonzero off-diagonal matrix elements.

7.1.2 Level Repulsion in a Spin-% Systems

To introduce the notion of a diabolic point, first we go to the By—By plane and plot
the energy E+(By, By) = :F[,L(B% + 35)1/2 as a function of the two independent
parameters B, and By. The energy surface shown in Fig. 7.2 then has the form of a
double cone with circular horizontal cross-sections. If, again, one field component
By is fixed at a value Byp # 0 and E is plotted as a function of the other field
component By, then we are back to an equivalent of (7.1), namely

2 2
% — B—2y =1. (7.4)
M BxO BxO

Seen as a function E+(Byo, By), this defines the pair of hyperbolae that appears
on the front face of Fig. 7.2, and which corresponds to the curves in Fig. 7.1(a). The
two curves again are separated by a gap of size 2u By, and only cross if Byo = 0.

The conical shape of the energy surfaces near a degeneracy is a general feature
of quantum physics. The point of degeneracy where the two cones touch is called
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a diabolic point. These surfaces are called diabolic because they are shaped like a
diabolo, an ancient juggling toy. To show how this comes about, let us take a real
N x N Hamiltonian matrix that depends on two external parameters p and q.

The energy eigenvalues E,(p,q), n=1,..., N, plotted as functions of two
parameters p and g of the Hamiltonian, form surfaces that do no cross but at
most touch each other for certain diabolic points (pg, go) in the p—¢g plane.

To prove this statement, we investigate the immediate neighborhood of such a degeneracy
in the p—g plane. We need only to consider the two energy levels E; and Ej involved in the
degeneracy (see Fig. 7.4(b) for a more general case). Hence these two energy surfaces of an
N x N Hamiltonian can be regarded as belonging to an s = % effective-spin system, locally
described by a 2 x 2 matrix. We develop the matrix elements H;; linearly as functions of
the distances x = p — pp and y = g — gy to the diabolic point (py, go). Then

__ [ax +by cy
Hioe ~ < cy —ax—by)’ (7.5)

with a = 9 H};/0x, etc. Without loss of generality, we chose the zero of energy at the
vertex of the double cones, and the coordinates x and y such that H is diagonal for y = 0.
The characteristic equation det(H — EI) = O then gives E4 = +[a?x? + 2abxy + ?* +
c2)y?]'/2. This is the formula of a double cone with elliptical cross-section in any plane at
right angles to the E-axis, and with hyperbolic avoided crossings in any plane parallel to the
E-axis. In short, we have an (elliptically deformed) diabolo centered at p = pg and g = qo,
as postulated.

In the Hanle effect, described in Sect. 4.2, the diabolic point of Fig. 7.2 is crossed
along a line through the origin of B-space. Via state mixing, this crossing leads to a
resonance-like polarization signal, whose width is proportional to the lifetime of the
short-lived atomic state. One can detect such polarization signals for general level
crossings in parameter space, which is the basis of level crossing spectroscopy. Such
level crossing signals are helpful for the construction of complicated atomic energy
level diagrams.

Sometimes energy levels do cross at nonzero field values and do not repel each
other. This happens if the Hamiltonian is block-diagonal with several submatrices
arranged along the matrix diagonal (an example of block diagonal matrices is shown
in Fig. 8.1). The energy level schemes from different submatrices then are indepen-
dent of each other and are free to cross.

7.1.3 Level Repulsion in a Spin-1 System

To find a diabolic point beyond the trivial case of Fig. 7.2, we shortly enter the topic
of electric quadrupole interactions. This next term in the multipole expansion of the
electromagnetic interaction will be treated in detail in Sect. 18.2.2. The deuteron,
the bound state of a proton and a neutron, is the mass A =2 isotope of hydrogen
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Fig. 7.3 Schematic view of Z, 02z

an electric quadrupole Q ina

crystalline electric field B
gradient of amplitude ¢,., in w

the presence of a magnetic
field B applied under angle 6
with respect to the symmetry
axis z of the crystal

with nuclear spin I = 1. The deuteron has a nonspherical charge distribution p(r),
characterized by an electric quadrupole moment

eQ = / (322 —r?)p(r) dr (7.6)

of size 0.286 efm?>. For a spherical charge distribution p(r), the quadrupole moment
vanishes because for each spherical shell with radius r, the integral of r2p(r) is
three times the integral of z2p(r). If the deuteron is located inside a crystal of not
too high symmetry (i.e., neither cubic nor tetrahedral), then in the case of rotational
symmetry about z, the interaction between the quadrupole moment and the gradient
of the crystalline electric field is described by the Hamilton operator

Hq = hog[3(L./)* — A/h)*]. (1.7
The quadrupole interaction frequency is

e*q0
=—=  I>1, 7.8
T qr0r=1)y 7 (7.8)

with the component eq = 3%¢/3z> of the electric field gradient, with electric po-

tential ¢; see Sect. 18.2.2. For [ = %, the quadrupole interaction vanishes, Ho =0,

because %03 — %I = 0. In angular momentum representation, the Hamiltonian Hq

of (7.7) is diagonal, and for I =1 has energies —2hwq for m = 0 and +hwq for
m = =£1. The quadrupole interaction is not sensitive to the sign of m because angular
momentum operators enter Hg only quadratically.

If, in addition to eq, a magnetic field B is applied in the z—x plane, under an
angle 6 to the z-axis (see Fig. 7.3), then we must add the magnetic Hamiltonian,
which is obtained from Hy = hwy (I;/h) as

Hym = hor [ (1, /) sin6 + (I;/h) cos6 ] (7.9)

because angular momentum I transforms under rotation like a vector. For I =1,
spin matrices I, and I, are given in Sect. 16.3. The Hamiltonian for a simultaneous
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Fig. 7.4 (a) Magnetic-field dependence of the energy levels of a spin-1 nucleus under simultane-
ous magnetic dipole and electric quadrupole interactions, with angle 6 = 10° (see Fig. 7.3). The
two lower levels show an avoided crossing at wi. = wq. The dashed lines show the case 6§ = 0 with
diagonal Hamiltonian. (b) Eigenenergies E (B, 6) of a spin-1 nucleus in the same units as in (a),
but with angle 0 as a second variable. A diabolic point is visible at the point where the two energy
sheets touch each other. For 6 = 10°, the energy levels of figure (a) reappear on the front face of
the box

Zeeman and quadrupole interaction then is

H=Hym + HQ,
wp cosf +wq wp sind 0 (7.10)
H=nh wr, sinf —2wq wr, sin@
0 oL sind  —wp cosd + wq

Figure 7.4(a) shows the three energy eigenvalues of H as a function of the field
amplitude B, for an angle & = 10°. This level scheme is obtained by numerical di-
agonalization of (7.10). Such energy diagrams are needed, for instance, to calculate
the frequencies of nuclear magnetic resonance (NMR) transitions between the levels
(see Sect. 11.3).

Figure 7.4(b) shows the same eigenvalues as Fig. 7.4(a), but as a function of both
the field amplitude B and the angle 6. This angle can easily be varied by rotating
the crystal in the magnetic field. One sees a beautiful diabolic point at § = 0 and
w1, = wqQ. At 6 = 10°, the avoided level crossing of Fig. 7.4(a) reappears on the
front face E vs. B of the box of Fig. 7.4(b). Another avoided crossing is seen on the
right face E vs. 6 of the box.

7.2 The Adiabatic Theorem

Before we enter our next topic of the geometric phases, we discuss an important
result of quantum theory regarding slow and fast changes of a system. In quantum
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Fig. 7.5 (a) Adiabatic following of the polarization P (¢) in a slowly varying magnetic field B(t).
(b) Nonadiabatic transition of P(¢) in a field B(¢) that varies rapidly, as compared to the Larmor
frequency wy, = y B. The polarization at first is unaffected, P (t) = P (0), and then responds to the
new field configuration. Shown is the case of a beam of polarized neutrons passing a thin current
sheet of parallel wires, all with the same electric current density j

mechanics, like in ordinary mechanics and in everyday life, there is a law of inertia.
There are two extreme cases. If external conditions change very rapidly, the system
under study at first does not react, and then slowly adapts to the new environment. If
external conditions change very slowly, then the system adapts continuously to the
evolving conditions. Rapid or slow is meant in relation to the time constants of the
system.

An example from classical physics is the temperature 7 of an external heat bath
that is changed at a rate 1/tex¢ = (1/7)07T/0¢. The system has a response time
Tgyst = RC. The thermal resistance R of the coupling to the heat bath is the inverse
of thermal conductivity, the latter being measured in W/K. The heat capacity C of
the system is measured in J/K. The change of external conditions is rapid if 1/Tex; >
1/Tsyst, and is slow if 1/Texy < 1/ Tgyst.

In quantum mechanics, these two limiting cases are the subject of the adiabatic
theorem which we discuss for the example of a beam of polarized neutrons flying
along z through a spatially varying magnetic field B(z), seen by the moving neutron
as a time dependent field B(¢).

For the first case of slowly varying external conditions, Fig. 7.5(a) shows the
adiabatic following of neutron polarization in a spatially rotating field. Neutron po-
larization P follows the field direction B/B adiabatically, if the frequency of ro-
tation of B(t) is slow compared to the frequency of Larmor precession of P (t)
about B, wext < wr. In other words, in the adiabatic limit, the neutron polar-
ization P(t) precesses through many cycles before the external field B(¢) has
changed significantly. For a neutron velocity v, ~ 1000 m/s, and for one full turn
of B over a distance of L = 0.3 m, the requirement for such adiabatic following
is calculated to B > 2nv,/y,L ~ 0.1 mT, with the neutron gyromagnetic ratio
Vn = 29 x 2r MHz/T. To compare, the earth’s magnetic field has a typical ampli-
tude of ~0.05 mT.

In the general case, the theorem states that for a very slow change of the Hamil-
tonian H(z), from an initial H; at time =0 to a final Hy at time t = T, called a
quantum adiabatic process, the eigenstates of the system at every moment adapt to
the momentary Hamiltonian and remain eigenstates of the changing H(z):
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If a system is initially in an eigenstate of the Hamiltonian H = H;, after an
adiabatic change of H it will be in an eigenstate of the final Hamiltonian H 7.

The other extreme is a nonadiabatic transition that rapidly changes the Hamil-
tonian, such that wex; >> wr. In this case, the wave function of the system at first
remains unaffected.

If a system is initially in an eigenstate of H = H;, then, after a nonadiabatic
change of H, it will still be in the same eigenstate, which enters the new initial
conditions for the system’s further evolution under H .

This second case is illustrated in Fig. 7.5(b) which shows neutron polarization in
a field B(z) that rapidly changes direction from B to — B over a very short distance.
This is realized with a current sheet across the neutron beam, with field +B on one
side of the sheet, —B on the other. We use the same parameters as before, but for
a 300 times shorter flight distance of 1 mm, the thickness of the wires that make
up the current sheet. Hence the process is nonadiabatic as long as B < 30 mT.
In the process, the initial polarization P (0) does not follow B, but after passage
of the current sheet starts its slow precession about the new field direction —B. If
downstream the field goes over adiabatically into a longitudinal holding field, then
the current sheet operates as a neutron spin flipper: if the current is turned on, the
final neutron polarization points opposite to the holding field, if the current is turned
off, polarization points into the direction of the holding field.

7.3 Geometric Phases

Geometric, or Berry, phases make their appearance in quantum systems that de-
pend on a set of external parameters assembled into a vector B(¢), not necessarily
a magnetic field, which in the course of time adiabatically changes amplitude and
direction. Geometric phases do not depend on the dynamics of the problem, i.e., on
the elements of the Hamiltonian, as do the conventional dynamical phases, but only
on the topology of the places visited in parameter space. After a sketch of Berry’s
general derivation, we turn to the case of a spin-% particle in a slowly varying mag-
netic field and show that in the simplest case Berry’s phase can be derived from
Rabi’s spin resonance formula.

7.3.1 Derivation of the Berry Phase

We have seen how a quantum system reacts to adiabatic changes of external param-
eters. Let, for instance, the tip of the magnetic field vector B move slowly along



7.3 Geometric Phases 73

A

B Y
By

Fig. 7.6 Geometric or Berry phases show up when a quantum system depends on several pa-
rameters, here the three components of a magnetic field B. Let B slowly change direction and
amplitude. We call this an adiabatic excursion of the system along a closed trajectory C in param-
eter space. For a spin—% system, Berry phases turn out to depend only on the solid angle §2 under
which C is seen from the origin of parameter space

a closed curve C in B-space such that after a time T it comes back to its start-
ing point, as shown in Fig. 7.6. The polarization P(¢) of the system follows B(¢)
adiabatically, as it did in Fig. 7.5(a). Adiabatic again means that the frequency of
revolution through the cycle C is slow compared to the Larmor frequencies of spin
precession along C.

Along such a trajectory in parameter space, the eigenstates of the system will
develop their usual dynamical phases 4 (¢) from (3.50). However, an additional
phase appears that does not depend on the strength of the interaction, as does the
dynamical phase, but only on the geometric history of the excursion (Berry 1984).
To derive Berry’s phase law, we start our circuit in a specific eigenstate y¥p(0) of
energy. From the adiabatic theorem, we know that for adiabatic changes of the pa-
rameters, the system will stay in the momentary eigenstate Yp(#) of the stationary
Schrddinger equation,

H(@®)yp (1) = E(®)yp(1), (7.11)

up to a phase factor ¢'?, which evolves in time such that the solution of the time de-
pendent Schrédinger equation is ¥ (7) = e!® @y (1). Berry assumed that the phase
therein is the sum

D=5+, (7.12)

of the well known dynamical phase § and a geometrical phase y;, resulting from the
adiabatic change of H(¢), hence

Y (1) =T yn(r). (7.13)

The excursion must be adiabatic, and therefore many revolutions of the dynamical
phase must take place before a geometric phase develops along path C. Therefore,
the dynamical phase is always much larger than the geometric phase,

181> |vel. (7.14)
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which makes the detection of a Berry phase look very challenging. We shall see
later on that there are ways to isolate y; from .

We first retrace the first steps of Berry’s general proof before quoting a simple
special result that covers a frequently encountered situation, and finally proving this
simple result for the particular case of an adiabatic excursion along a circular path C.

When deriving Berry’s phase, we have to keep in mind that all quantities v, ¥p, 8, v,
involved depend on time via the slowly varying n-tuple of parameters B(¢). We insert the
wave function v (¢) from (7.13) into the time dependent Schrodinger equation under adia-
batic conditions and use (7.11),

V() =—{/HHOY @) = —1/HEOY ). (7.15)
This becomes
W =[i(6 + 7o) ¥p + ¥p ] exp[i(8 + o) ] = — (/M) Evp exp(ils + p)]. (7.16)

Therein, the dynamical phase with § = — E /i from (3.50) on the left cancels with the term
—E/h on the right, and we are left with

iy ¥ + ¥ =0. (7.17)
The chain rule of differentiation applied to ¥p(B(t)) gives ¥p = B - V gyp, hence
iye¥p+ B - Vpyp=0. (7.18)

Multiplication with orthonormal gl/]; from the left gives Berry’s equation of motion for the
geometric phase

Ve =iB - (V,VEYD). (7.19)

We do not pursue this equation any longer but turn right away to an important special result
for y, of remarkable simplicity.

7.3.2 Excursions in Magnetic-Field Space

For a Hamiltonian of the magnetic dipole type, with matrix elements linear in the
components of a vector B, Berry obtained a very simple general result.

If the parameter vector B moves on a closed trajectory C in B-space, and
if this trajectory is seen from the origin B = 0 under a solid angle £2 (see
Fig. 7.6), then the geometric phase acquired by a substate with quantum num-
ber m is

Ve = —mS2. (7.20)

In our example of a two-dimensional parameter space By—By, Fig. 7.2, we had
a diabolic point at B = 0. During an adiabatic excursion along a trajectory C in the
B,—B, plane, one sees a field B of slowly varying direction and amplitude that
encircles this diabolic point. When one comes back to the starting point, the solid
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angle under which the trajectory as seen from the origin is 2 = 2x. From (7.20),

for a particle with spin s = % moving adiabatically along C, the geometric phase

accumulated by the m = j:% states is y, = :F%Z]T = Fr. With e = —1 we have

the rule:

In two dimensions, if the trajectory C encloses a diabolic point, then the wave
functions ¥ 1 change sign for each full turn. If C does not enclose a diabolic

point, then the wave functions do not change sign.

This result is independent of the shape of C. Instead of the B,—B, parameter space
of Fig. 7.2, we could as well have taken the B—6-space of Fig. 7.4.

Next we treat the special case that C is a circle in three-dimensional B-space
such that a particle on its trajectory along C sees a rotating B | -field of constant
amplitude B . The cone in Fig. 7.6, swept out by B(¢) then has circular cross-
sections and opening angle 26. In this case, C is seen from the origin B = 0 under a
solid angle £2 =27 (1 — cos#). With cos8 = B,/ B, thisis £2 =2n (1 — B;/B). We
want to prove that the geometric phase for this simple case indeed is y, = :F%.Q, as
predicted by (7.20).

As we are going to test Berry’s phase law via spin precession, we use the well
established fact (see Sect. 4.3) that phase shifts of polarization P are twice the phase
shifts of wave function y. The particle sees the field component B | rotating slowly
with an angular frequency wey;. In a reference frame rotating with this frequency
about z, the field component B is at rest. In this rotating frame, the precession
frequency wg = y B, about B; is slightly modified to wg — wext, With wg > wext
from the adiabatic condition. Hence B_, the source of this precession, is reduced to
B, — wext/ v, as will be discussed in Sect. 11.1, and treated in detail in Sect. 21.1.2.

Altogether, in the rotating frame the magnetic field is transformed to Beg =
(B1, B; — wext/y), With gyromagnetic ratio y, and the polarization P(¢) rotates
about this field Beg with a slightly modified Larmor frequency a)i = ¥ Beff.

At time T, after one full cycle around the circle C, the total phase accumulated
by the wave functions in Hilbert space is

20(T) = —V\/Bi + (B — wext/y)?T — 27, (7.21)

where we have subtracted the phase wex I’ = 27 after return to the laboratory frame.
As wext K w1, we can drop the quadratic term ngt /y? and expand the remaining
square root to

2&(T)~ —y BT + (B./B)wex.T — 2. (7.22)

The first term is twice the dynamical phase 26 =5, — §_ = —y BT, therefore
the second term must be the geometric phase 2y,. Hence, with wex T = 27 for one
complete turn, the geometric phase is given by

2y =—27(1 — B,/B) = —-R. (7.23)
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Fig. 7.7 (a) The geometric phase can be disentangled from the much larger dynamical phase
by letting a beam of polarized neutrons move in the magnetic field of a twisted coil, with the
field B varying in space as in Fig. 7.5(a). (b) The spin rotation curve measured with this
setup (with a neutron spin analyzer and a neutron detector added) is the neutron polarization
Py(B) = Py cos[2® (B)]. For sufficiently large field values B, the adiabatic condition is met such
that 2& = y BT + 2y,, with gyromagnetic ratio y and flight time T through the field region. The
deviation from a pure cosine curve is due to the geometric phase 2y,; for details, see text. From
Bitter and Dubbers (1987)

This proves (7.20) for a circular trajectory in parameter space. It is noteworthy
that (7.21), and with it Berry’s result for this simple example, coincides with the
phase 2@ in the oscillating term of Rabi’s formula that we shall meet in (11.5), a
formula well known in nuclear magnetic resonance.

We describe an experimental study of Berry’s phase. We take a magnetic field
B (z) that spatially varies along an axis z, in a manner as was shown in Fig. 7.5(a),
but for a full turn of B. The field is produced by the twisted coil shown in Fig. 7.7(a).
A solenoid with axis along z (not shown) generates the longitudinal field component
B,. We let a beam of transversally polarized neutrons of velocity v, enter this field
region of length L, nonadiabatically by using the current sheet method of Fig. 7.5(b).
Seen in the frame of the slowly moving neutron, the tip of the field vector B(t)
describes a closed circular path.

When leaving this field region at time 7' = L /v, the neutron’s polarization will
have acquired a phase factor P, = Py cos(2®), with @ = § + y, from (7.13), or

Py = Pygcos(y BT + £2). (7.24)

In an experiment with a non-twisted coil, one would obtain a field dependent spin
rotation curve with purely dynamical phase 26. With the twisted coil of Fig. 7.7(a),
with increasing magnitude B of the magnetic field, the phase of the polarization
asymptotically reaches 28 + 2y, and the wings of the spin rotation curve are shifted
outwards by A 2y, at field values B strong enough to meet the adiabatic condition.
The resulting spin rotation curve is shown in Fig. 7.7(b). The measurements were
repeated for different values of B, and with it for different solid angles £2, and in
this way Berry’s law y, = —m$2 from (7.20) was verified for spin s = % particles.

There is a close link between geometric phases and what mathematicians call parallel trans-

port (Simon 1983) that we touch upon in the following classical analogue. Take a wooden
pointer, a “spear”, and successively go through the following exercise.
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(i) Start with your arm stretched upwards along z such that the spear, in the horizontal
above your head, is on the north pole, pointing forward along y.
(i1) Keep your arm stretched without twisting your wrist, and rotate it forward in southward
direction, until you land on the equator, the spear then pointing downwards.
(iii) Sweep your arm horizontally through 90° westwards to the right, following the equator
until your arm points sideways along x, the spear’s head still pointing down.
(iv) Move your stretched arm upwards to the north pole, again without twisting your wrist.
The spear, which at the start pointed forward along y, after this excursion points side-
ways along x, it has turned clockwise by an angle y, = f%n. The solid angle £2

enclosed by the movement of your arm is one eighth of 47, or 2 = — %rr =Yg, as ex-
pected from (7.20) for a spin-1 object. You may choose other variants of this exercise
and will always find £2 = —y,.

7.3.3 Excursions in the Space of Shapes

Geometric phases make their appearance in many different contexts. We turn to an-
other type of parameter space, which we call the space of shapes. Let us regard a
standing wave in a resonator. This may be a matter wave, an electromagnetic wave,
a sound wave, a water wave, or other. A classical wave of amplitude i, constrained
by some time independent boundary conditions, obeys the Helmholtz equation
(V2 + k%)y = 0. In the absence of a potential, the Helmholtz equation is formally
identical to the time independent Schrédinger equation (V2 +2mE /h?)y = 0. This
allows us to limit discussion to classical waves, which automatically includes the
corresponding quantum case.

If we slowly change the shape of the resonator along a trajectory C in its space
of shapes, the original pattern yo(x) of the standing wave within the resonator will
also change. When, after such an excursion, the resonator comes back its original
shape, then the wave function should also come back to the original standing-wave
pattern Vo (x), multiplied by some phase factor e'?.

In a resonator, many different modes with different eigenfrequencies can usually
be excited. With changing shape of the resonator, its frequency spectrum will also
change. At certain positions in the resonator’s parameter space one should find di-
abolic points where two frequency surfaces touch each other, in the same way as
depicted in Fig. 7.4(b) for two energy surfaces. If the trajectory C encircles such a
degeneracy n times, then its wave-function should acquire a geometric phase ny,
with the winding number n.

In a flat microwave resonator made of two parallel horizontal metallic plates en-
closed by vertical side walls of arbitrary shape, one can excite the TM or transverse
magnetic modes and measure the electric field intensity |E.(x)|? of the vertical
field component with a small antenna without significantly disturbing the field dis-
tribution. In this way, one can scan the pattern |E. (x, y)|? for various shapes of the
resonator (Stéckmann 1999).

As an example, take a flat triangular resonator. Free parameters are height H and
segment length P of the triangle, shown in Fig. 7.9. The parameter space (H, P) has
two dimensions, and the wave function E,(x, y) should change sign if C encloses a
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Fig. 7.8 Measured frequency levels for 100 different shapes (H, P) of the triangular resonator
shown in the center-left of Fig. 7.9. For each value of the triangle’s height H, given in cm on the
abscissa of the figure, the segment P ranges from 8 to 17 cm. The arrow shows a crossing of two
levels, colored red near the value 14 of the rectified frequency on the ordinate. When looking at
the same levels for different values of H, to the left and the right of the arrow, one sees that these
display the double-cone structure indicated in inset, with a diabolic point near Hy ~ 19 cm, and
Py ~ 13 cm. The resonances are measured in the frequency range from 2 to 7.5 GHz. From Lauber
et al. (1994)

diabolic point, and otherwise should keep its sign. First, the microwave spectra were
measured at a fixed position of the antenna in the resonator, for 10 x 10 different
values of H and P, with the results shown in Fig. 7.8. If one looks closely, a fre-
quency level crossing is seen between the states no. 13 and no. 14, indicated by the
arrow, for H fixed at 19 cm and P varied between 8§ and 17 cm. In the neighboring
level schemes with lower or higher values of H, this level crossing changes into
avoided crossings, as is expected when one moves away from a diabolic point with
its typical double cone structure sketched in Fig. 7.8 (inset).

Then space dependent standing-wave patterns | E, (x, y)|*> were measured for dif-
ferent sets of H and P. Such a mapping takes about one hour for each triangular
shape (H, P). Furthermore, these patterns carry no direct phase information. How
then can a sign change of field component E, oscillating at GHz frequency, ever be
detected after successive changes of the values (H, P) along a closed circuit around
a diabolic point at (Hy, Py)?

This can be done in the following way. In the wave patterns shown in Fig. 7.9, re-
gions of high intensity are separated from each other by nodal lines of zero intensity,
which can be clearly identified in each pattern. On one side of a nodal line, the sign
of E; must differ from the sign on the other side of the line. This allows us to define
the relative phases of the pattern at a given starting point (Hj, P;) in the vicinity
of the diabolic point (Hy, Pp). We arbitrarily paint in yellow color the regions for
one sign, and in red color for the other, with the nodal lines remaining black. If we
change (H, P) only by small increments, then the phase relation indicated by this
coloring scheme can continuously be followed up through the different triangular
shapes 1 to 12 of Fig. 7.9. These where chosen to lie on a small ellipse around the
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Fig. 7.9 The shape of the microwave resonator used is indicated by the triangle in the center
left. The tiny ellipse near corner C of the triangle is the circuit traversed in H—P space. This
circuit, with its 12 different resonator shapes used in the experiment, is shown enlarged in the
center right, with the position of the diabolic point indicated by the small shaded area in the
center. The corresponding standing-wave patterns nos. 1 to 12 shown are measured at the two
eigenfrequencies nos. 13 and 14 of Fig. 7.8. Yellow and red colors indicate different signs of the
electric field amplitude, separated by nodal lines in black. After one full revolution in parameter
space, the amplitude has changed sign, compare patterns 1 and 12. From Lauber et al. (1994)

diabolic point in the space of shapes, see the middle part of Fig. 7.9. Indeed, when
we come back to the starting point, near pattern 12 in the figure, the sign of E, has
changed, in accordance with Berry’s prediction. Note that in the same experiment,
an effective spin-1 diabolic point was studied that did not reproduce Berry’s pre-
diction (7.20). For completeness we mention that meanwhile this problem has been
resolved by Manini and Pistolesi (2000).

7.3.4 The Aharonov-Bohm Effect

The phase measured in the Aharonov—Bohm effect has some similarities with a
geometric phase. Take a two-slit setup as in Fig. 1.1(a), but with the central wire
replaced by a long tiny current-carrying solenoid, whose axis is perpendicular to
the paper plane of the figure, with a magnetic field inside, but essentially zero mag-
netic B-field outside the solenoid. An electron’s matter wave passes the double slit
arrangement created in this way on both sides of the solenoid. There the magnetic
field is zero, and therefore one would expect that the B-field inside the impermeable
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Fig. 7.10 Measurement of the Aharonov—Bohm effect, with a photographic plate used for electron
detection. This plate slowly moved vertically behind a horizontal slit in the interference region,
such that each horizontal line on the plate is an electron interference pattern. In the lower and
upper parts of the figure, the electric current in the solenoid was kept constant, and it was linearly
varied in the middle part. While the interference pattern is seen to shift linearly with the field, its
envelope remains unchanged. From Bayh (1962)

solenoid will have no influence on the electron. The electron still senses the pres-
ence of the magnetic field B inside the solenoid via its magnetic potential A, with
B =V x A, which is nonzero also outside the solenoid. The partial electron waves
Y1 and v, develop a phase difference when they pass through the two slits on the
left and on the right of the solenoid, with | = e!?v,. This phase difference turns
out to be (Aharonov and Bohm 1959)

Ap=2< 56 A-ds. (7.25)
hJe

From Stoke’s law, this phase shift is proportional to the magnetic flux = [ B -
da through the solenoid of area a and can be observed via the B-dependent shift
of the interference pattern on the screen shown in Fig. 7.10. In the experiment,
the change in magnetic flux needed to create a phase shift Ap = 2w equaled the
predicted value i /e = 2@ within 4 %, with Planck’s constant /. The flux quantum
@ will be discussed in Sect. 13.2.2.

The Aharonov—Bohm phase does not require adiabatic transport as does Berry’s
phase, but in certain cases both phases coincide, as discussed by Aharonov and
Anandan (1987).

7.4 Quantum Chaos

Imagine you have to deal with the spectrum of a system with no clear idea on the
relevant underlying interactions governing it. This was the situation physicists met
with the spectra of nuclei in the midst of the twentieth century, when the details
of the strong interaction still were unknown. For the low-lying states, there were
still some regularities in the spectra that could be interpreted in terms of collective
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rotations or vibrations. For higher energies, however, one soon arrived at a regime
where the spectrum exhibited a chaotic mess without any discernible structure. It
was Wigner who proposed the use of the distance of neighboring eigenvalues, s, =
E, — E,_1, as atool to classify the spectra. He conjectured the following:

For chaotic spectra the level spacings should obey the distribution function

1
p(s) = Eﬂse_’”z/“. (7.26)

This is now known as the Wigner distribution. In the following years, it became
clear that the same distribution is typical for all chaotic systems. Figure 7.11 shows
a number of examples, only part of them quantum mechanical in origin.

The distribution shows that there must be a level repulsion in chaotic systems
since p(s) has its maximum close to s = 1 and disappears for s — 0. This is in
clear contrast to a purely random spectrum, with no correlation between the eigen-
values and only constraining the mean level spacing to one. For such a spectrum,
a Poissonian distribution is expected,

p(s) = e ’, (7.27)

showing its maximum for s = 0, see the dashed lines in Fig. 7.11. This is the same
as, e.g., the distribution of time delays between successive random events like nu-
clear decay, or rain drops on your head.

To understand these findings, it is helpful to look into the spectral level dynamics
in dependence of a suitable external parameter. We met already such a level dynam-
ics in Fig. 7.8, where the spectrum of a triangular microwave billiard was studied in
dependence of the position of the triangle’s top corner. Another example is shown in
Fig. 7.12, where the spectra of a circular and an elliptical billiard of electron matter
waves are plotted as a function of the strength of a perpendicularly applied magnetic
field B. For B = 0 both billiards are integrable, but for B # 0 the elliptical billiard
becomes nonintegrable whereas the circular billiards remains integrable.

Looking into the spectra, one observes an overall similar structure for both sys-
tems, apart from one conspicuous difference: whereas for the circular billiard there
are a large number of crossings of eigenvalues, for the elliptical case many crossings
are converted into avoided crossings, thus shifting the maximum of the level spacing
distribution function to nonzero values.

The main fingerprints of chaos in the spectra of chaotic systems, for brevity
termed quantum chaos, are thus these avoided crossings as it seems, and this sug-
gests again a reduction to a two-level approximation in the vicinity of a crossing.
The Hamiltonian of the system may then be represented by a 2 x 2 matrix. For the
general case, the matrix is hermitian, but for systems with time reversal symmetry,
which shall be assumed now, it is always possible to take the matrix symmetric,
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Fig.7.11 Level spacing distribution for (a) a Sinai billiard (a quadratic billiard table with a circular
disk inside); (b) a hydrogen atom in a strong magnetic field; (c) the excitation spectrum of a NO»
molecule; (d) the acoustic resonance spectrum of a Sinai-shaped quartz block; (e) the microwave
spectrum of a three-dimensional chaotic cavity; (f) the vibration spectrum of a quarter-stadium
shaped plate. In all cases, a Wigner distribution is found though only in the first three cases the
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MT =M, with real elements,

a b
M:(b d); (7.28)

see, for instance, Haake (2010) and Stockmann (1999). The eigenvalues of M are

1 1
Er=(a+d)+ \/m, (7.29)

hence the distance between the two eigenvalues is

/1
s=2 Z(a—d)z—i-bz. (7.30)

We are interested in the distribution function of s. Here the random matrix ap-
proach has proven to be extremely useful in cases where nothing is known about
the details of the interaction, or if the system is too complicated to understand its
details. One simply takes the matrix elements of M as random numbers. However,
one is not completely free in the choice of the distribution function of the matrix el-
ements. First, it is natural to take the matrix elements as uncorrelated, i.e., to assume
that the distribution function for the matrix elements factorizes. This assumption can
be, and is, occasionally relaxed. However, a second assumption is indispensable: in
chaotic systems with no constants of motion apart from the total energy, there is no
preferred basis, meaning that the distribution function of the matrix elements of M
and TMT~!, where T is an arbitrary orthogonal matrix, are the same. This constraint
means that the distribution of matrix elements must be a function of invariants like
the trace and determinant. In fact, there is only one distribution function obeying
both constraints at the same time, namely,

—Tr(M2) /20

— const. x e~ (@ +207+d*)/20 (7.31)

pla,b,d) =const. x e

The unspecified constant is fixed by the requirement that p(a, b, d) must be nor-
malized. With this distribution function for the matrix elements and with (7.30) for
the eigenvalue distance, the distribution of the spacings of eigenvalues can be cal-
culated. The result is, after normalizing the mean level spacing to one, exactly the
Wigner distribution (7.26)!

The exact level spacing distribution, obtained for N x N symmetric random ma-
trices in the limit N — oo, deviates from the Wigner distribution only by several
percent (Haake 2010), showing that, as anticipated, the relevant things really hap-
pen at close encounters of the eigenvalues.

The overwhelming evidence for the universality of the level spacing distribution
in chaotic systems, as exhibited, e.g., in Fig. 7.11, was the motivation for Bohigas,
Giannoni, Schmit to formulate what is known today as the BGS conjecture (Bohi-
gas et al. 1984). The technical jargon skipped, the conjecture states that the universal
features of the spectra of chaotic systems, including the level spacing distribution,
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should be identical with the corresponding quantities found for ensembles of ran-
dom matrices. It needed more than 25 years and the efforts of several groups, until
the conjecture was finally proven. Details are found in Chap. 10 of Haake (2010).

If this were the whole truth, then the information contained in a chaotic spectrum
would be close to zero: according to the BGS conjecture one can, after normaliz-
ing the mean level spacing to one, no longer distinguish between the spectrum of a
nucleus, a microwave resonator, a vibrating plate, or a matrix embodying just ran-
dom numbers! Fortunately, there is a complementary approach relating the spectra
to the classical dynamics of the system. It goes back to Gutzwiller, who established
a relation between the spectra of chaotic systems and its periodic orbits (Gutzwiller
1967). As a consequence, there are long-range correlations in the spectra, which
cannot be accounted for by random matrix theory, and which comprise the infor-
mation on the individual properties of the system. Though this is another story; see,
e.g., Stockmann (1999) for more details.
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Chapter 8
The Coupling of Particles

Abstract To understand matter, we must know how particles interact with each
other. When we have a bound quantum system of identical particles, the question
whether these particles are bosons or fermions is often more important than the
details of their interaction. We therefore first discuss the distinction between these
two types of particles. Next the coupling of two spin—% systems is described. An
illustrative example is the coupling of a proton and an electron, for which we derive
the Zeeman effect in the hyperfine splitting of the hydrogen atom.

8.1 Bosons and Fermions

In classical statistical mechanics, the Maxwell-Boltzmann law gives the distribution
of an ensemble of identical but distinguishable particles over the accessible energy
states in the case of thermal equilibrium, see (6.25). To arrive at this law, the number
2.1ass Of microstates must be calculated, which is the number of different possible
microscopic particle configurations corresponding to the observed thermodynamic
macrostate of the ensemble. A given configuration of two identical particles, plus
the same configuration, but with both particles exchanged, together count as two
configurations.

In guantum physics, identical particles are indistinguishable from each other,
therefore two identical particles and their exchanged configuration count as one sin-
gle configuration. In a large system of particles, there are many ways of exchanging
particles within pairs. Therefore, the number £2 of different particle configurations
can be dramatically diminished, as compared to a classical system.

Another important law of quantum physics is the spin-statistics theorem whose
roots are deeply buried in relativistic quantum field theory. This theorem distin-
guishes between particles with half-integer spin s = %, %, %, ... called fermions,
and particles with integer spin s =0, 1, 2, ... called bosons.

For an ensemble of fermions, the spin-statistics theorem requires that its total
wave function change sign when two particles of the system are exchanged.

D. Dubbers, H.-J. Stockmann, Quantum Physics: The Bottom-Up Approach, 85
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For an ensemble of bosons, the total wave function remains the same when
two particles are exchanged.

We say that for fermions the wave function is antisymmetric under particle ex-
change, and for bosons it is symmetric. These quantum prescriptions change the
classical Maxwell-Boltzmann distribution law into the Fermi—Dirac and Bose—
Einstein distribution laws, respectively. A total system made up of fermions may
itself be fermionic or bosonic, depending on whether it contains an odd or even
number of fermions. A system of bosons is always bosonic. All quantum states are
either bosonic or fermionic, that is, symmetric or antisymmetric under exchange of
two particles.

Assume that two identical particles numbered 1 and 2 can each occupy two dif-
ferent states o and B of two-dimensional Hilbert space. In general, o and f can
represent a whole set of quantum numbers like |njm jlm;smy). If particle 1 is in
state o, we call it o, if it is in state B we call it B, with orthonormal o, 1, and the
same for ay, By of particle 2. The basis states of the (noninteracting) two-particle
system then are

aroaz, a1f2, Braz, BiPa. (8.1)

The states (8.1) are the four elements of the direct product matrix A = (o, B])T(az, B2),
see (6.45). They are orthonormal basis states of the four-dimensional Hilbert space of pairs
of particles because ATA =1 for orthonormal o, B;. For the moment, we treat these states
merely as symbols to designate the basis states of the direct-product Hilbert space.

The sequence of the products of states does not matter, that is, a0 = ooy,
a1B2 = Poay, etc. Therefore, the first basis state ajay stays the same under particle
exchange and is symmetric, as is the fourth basis state 18, = B201. The second
basis state a1p> becomes the third state apf1 under particle exchange, and vice
versa. As these two states o> and af; are orthogonal to each other, they cannot
be the positive or negative of each other, a1B2 # +asp1, hence they are neither
symmetric nor antisymmetric under exchange.

Since quantum states must be either bosonic or fermionic, the basis states in (8.1)
must be symmetrized or antisymmetrized. This can be accomplished by a simple
change of basis in the four-dimensional product space. To this end, the states a2
and Bjoay are replaced by the antisymmetric and symmetric combinations of basis
states

Wa(l,2) =a1f2 — B = —Wa(2, 1), (8.2a)
Ws(1,2) =a1f2 +a2Py =+Ws(2, 1), (8.2b)

while the symmetric basis states aja; and 1B, are left unchanged.

These equations have far reaching consequences. For two identical but distin-
guishable particles, classical statistics states that the number of configurations for
one particle being in state «, the other in state B, is

Qelass = |1 Bal* + |2y > = 2. (8.3)
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The same result is obtained for the case that both particles are in the same state «,
_ 2 2 _ 2 _
2¢lass = |oon|” + oo = =2]ajon | = 2. (8.4)

In quantum statistics, the result depends on whether we have two fermions or two
bosons. For two identical fermions, (8.2a) gives for a =

fermion = [A10p — 020 |2 =0, (8.5)

that is, two fermions cannot occupy the same quantum state. This is known as
Pauli’s principle: Two fermions cannot have all quantum numbers the same.

This principle governs the building of the periodic table of elements, by requiring
that the electrons in the atomic shell, being fermions, fill the available atomic states
one by one, and the same for the building of the atomic nuclei.

For two identical bosons, (8.2a) gives for o =

$2p0son = |a1a + 00 |2 = 4|0L10L2|2 =4 =2821ass, (8.6)

which is twice the number of classical configurations from (8.4). Due to this, for a
large system of bosons, the number of bosons that occupy a given state, in particular,
the energetic ground state of the system, can be enormous.

While fermions strictly segregate, bosons like to congregate.

This tendency for aggregation can be so strong that the bosons condense into the
ground state of the quantum system; examples for this will be given in Sect. 12.4.3
on Bose—FEinstein condensates, and in Sect. 13.2.1 on superconductivity.

8.2 The Coupling of Spins

The Universe is populated with fermionic elementary particles with spin s = %,
mainly the up and down quarks, the electrons, and the fugitive neutrinos. To un-
derstand the bound quantum systems that we are made of, it is important to know
how spins couple to each other. We show this for the case of two spin-% particles,
examples being the magnetic coupling of the two electron spins in an atom, or the
strong-interaction coupling of a proton and a neutron in a nucleus. Two spins S| and
S with spin quantum numbers s| = s = % couple to a total spin

S=S1+9S, (8.7)
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with total spin quantum number s = s; — s> = 0 or s = 51 + 52 = 1, from the triangle
rule (1.23), while S, = Sy, + S», has total magnetic quantum numbers m = m1 +
my = 0 or %1, see (1.24). Couplings of higher angular momenta or couplings of
more than two angular momenta will be discussed in Sect. 17.3.1.

We have four two-particle states of type (8.1) for the still uncoupled spins. In
bra-ket notation, we write these states as |s1m1)|sama) = |sym1som»), or, knowing
that 51 and s, both equal 1 shorthand as |mm>), or
R L A T b T T s s 18 8.8)

We then couple the two spins together, for instance, by the magnetic dipole in-
teraction. The operator of total spin S =S| + S> must be an angular momentum
operator, too. This means that S and S, must have simultaneous eigenfunctions
|s, m) with eigenvalues s(s + 1)%2 and mF, respectively, with m going in unit steps
from —s to +s. Generally, the direct-product basis states |mm3) are not simul-
taneous eigenstates of S? and S, but we can always find linear combinations of
them that are. The derivation of the adequate expansion coefficients, called the
Clebsch—Gordan coefficients, is difficult for arbitrary spins and will be discussed
in Sect. 17.3. For two spin—% particles, however, these expansion coefficients are

already fixed by the symmetry requirement under the particle exchange operations,
(8.2a), (8.2b).

The possible two-particle spin eigenstates |sm) are one symmetric spin triplet
and one antisymmetric spin singlet.

: (8.92)
11,0) = (|+3. -3+ |-3.+3)) / V2, (8.9b)
, (8.9¢)
44— L+ E)/VE 890

These states |sm) are normalized such that they all have equal weights
(sm|sm) = 1. It remains to be shown that the |sm) are eigenfunctions of total spin,
i.e., of S. and of S?. The |sm) are eigenfunctions of S, with eigenvalues m#, be-
cause S;|sm) = (S1; + Sa;)|sm) = (m| + ma)h|sm) = mh|sm). Note that Sy, acts
only on the states |sym1) and Sy, acts only on the states |som>). At the same time,
the |sm) are eigenfunctions of 8% = (S| 4 S,)?, with eigenvalues s(s + 1)7?. This
can be shown by using the properties of the spin-% operators listed in Sect. 3.1, and
the fact that S| and S; can be applied in either sequence S;S; = S;S1, and the same
for their individual components. These operators commute because they operate in
different Hilbert subspaces.
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Fig. 8.1 Block-diagonal structure of the table C(2 ® 1) of Clebsch—Gordan coefficients
(2m11my| jm). The subscripts m = m| 4 my on the submatrices C,, descend from m = j; + jo
down to m = —j; — jp. Within each C,,, total angular momentum quantum number j descends
from a maximum j = j; 4+ j» = 3 in unit steps down to j =m or j = |j; — j2| = 1, whichever is
larger

If we collect the |sm) and |mim>) in one column vector each, then both are
related as

5. m) |m1, m2)
Lo |_fo Vi i o] |5 6 10
10,0) o JI — /1 ¢ —3:+3) &40
11, —1) 2 2 L1

o 0 0 1) \|-3.-3)

The elements of the 4 x 4 unitary matrix in this equation are the Clebsch—Gordan
coefficients for the coupling of two spin—% particles, written as (%ml %m2| 1m). The

matrix, which we call C(% ® %), has block-diagonal form.

For general angular momenta J; + J» = J, (8.10) reads

ljom) =" |jim1jama) (jimy jama] jm), (8.11)

miy,m

with the Clebsch—Gordan coefficients (jim joma|jm).

Due to m = m1 + my, the sum in this equation is only over one of the two quantum
numbers m | or my.

Tables C(j; ® j») of the Clebsch—Gordan coefficients have block-diagonal form
when grouped with respect to total magnetic quantum number m. The submatrices
C,, are arranged along the diagonal as shown for C(2 ® 1) in Fig. 8.1. For more
details, see Sect. 17.3.1.
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8.3 Example: Hyperfine Structure

To give an instructive example of the use of the Clebsch—Gordan coefficients, we
derive the Zeeman effect in the hyperfine interaction of the ground state of the hy-
drogen atom. In an atom, nuclear and electron angular momenta I and J couple to
F =1+ J. The Hamiltonian that describes this spin coupling must be a scalar de-
rived from the two spin vectors I and J, and must depend on both vectors in the
same way. The simplest scalar formed from two vectors is their scalar product, and
this is indeed the Hamiltonian for the spin—spin hyperfine coupling,

Hy=V@)I-J. (8.12)

For a free atom, V cannot depend on the relative orientation of the electron and
the nucleus, but only on their distance r, with V(r) oc 1/ r3 for the interaction of
two permanent dipoles. Averaging over all distances r gives the hyperfine inter-
action constant A = (V) o (r=3) = [ ¥ (r)r =3¢ (r)dr, which can be calculated
analytically for the ground state of the hydrogen atom, with ¥ (r) o exp(—r/ag)
and Bohr radius ag ~ 0.05 nm.

The hyperfine interaction leads to a splitting of the energy levels of the atomic
state. To calculate this splitting, we are free in our choice of basis states and take
the eigenstates of total angular momentum |Fmp) from (8.92)—(8.9d). These are
the eigenstates of the operator I- J, as we see when we expand F?> = (I + J)? and
resolve for I- J = %(F2 — 12 — J?). All operators on the right are diagonal in the
| Fm ) basis, which is true by definition for F? with eigenvalues (Fm |F2|Fmp) =
F(F + 1)k2. The operators J? and J, act only on the |Jm ;) part, and I? and I, act
only on the |Imj) part of the product states |Jm)|Imy), and all these states are
orthonormal. Their energy eigenvalues therefore are (Fmp|J 2\Fmp)=J(J + 1)R?
and (Fmp|B|Fmp) = I(I + )2, respectively. (In atomic physics, the quantum
numbers 7, J, F are usually written in capital letters.)

The energy eigenvalues of the hyperfine Hamiltonian Hyy = AJ - I then are

E:%Ah2[F(F~|—1)—J(J+1)—I(I+1)]. (8.13)

For the case I = J = % of the 2S 1 hydrogen ground state, these eigenvalues are

E = %Ah2 for F=1and E_ = —%Ah2 for F = 0. This splitting is shown at
the origin B = 0 of Fig. 8.2. The weighted mean of E and E_ is not changed by
the interaction because energy is conserved in the closed system: (E) = [3 x % +
1 x (—f—‘)]Ah2 = 0, with the number of magnetic substates 2F + 1 =3 and 1 as
statistical weights.

With Ah? = 5.9 x 1070 eV, the transition between these states lies at a frequency
of 1.42 GHz corresponding to a wavelength of 21.1 cm. In spite of an extremely
small probability of 3 x 10~15 s~! for spontaneous transitions between these levels,
this wavelength is dominant in radio astronomy, due to the large number of hydrogen
atoms in the Universe.
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Fig. 8.2 Zeeman effect of m; my
the hyperfine interaction of +1/2 +1/2
the hydrogen atom in its < -1/2
ground state. At low field, @

electron and proton spins are Lﬁ“

coupled to total angular =

momentum F =1+ J, with g

quantum numbers F' =1 and T _1/2

F =0. At high field, the +1/2 -1/2

hyperfine interaction is

progressively decoupled 0 005 01 015 02
Magnetic field B (T)

An external magnetic field B leaves the electron’s spatial wave function ()
essentially unaffected, therefore A is independent of B, and we can simply add the
Zeeman Hamiltonians for the electron and the nucleus to Hyy and write

H=AJ-1— (g;u8/MJ - B — (gun/M)1- B. (8.14)

Therein un = upm./mp = up/1836 < up from (2.6) is the nuclear magneton.
The g-factor is g7 = —2.002 for the electron, and g; = 5.6 for the proton.

Having established the Hamiltonian, we next must find its matrix elements. Here
the direct product states |mj)|my) = |mymy) from (8.8) are preferably chosen as
basis. For the first part Hy = AJ - I = A(J,I: +J,1, +J.1;), we again make use
of (3.9a)-(3.9¢c) for I = J = % and obtain

1

LL|+3, +3) =L +3 L +3) = th -1, -5, (8.15a)
51 1

i T ISR T I S| ECRE'S
1

Vel +3.43) = 02| +3. +3). (8.15¢)

The contributions (8.15a) and (8.15b) cancel each other, and |+%, ~|—%) from (8.15¢)

is an eigenstate of Hyy with eigenvalue J—‘Ahz.

With the matrix elements of Hyy arranged in the same way as for the Clebsch—
Gordan coefficients in (8.10), this eigenvalue %AFL2 is the first element in the upper
left corner with mp = mj +m; = 1, and all other elements of the first row of matrix
Hjyj vanish. Because Hyy is hermitian, the same is also true for the first column.

Due to inversion symmetry, the Hamiltonian should be the same when we
invert all signs of the magnetic quantum numbers m, therefore the matrix Hyj
is symmetric with respect to its antidiagonal, and the matrix element in the
lower right corner is also %Ahz. Symmetry considerations can save us much
work. For the elements of the central 2 x 2 matrix with mr = 0, a similar
procedure gives (—i—%, —%lHUH—%, —%) = —%Ah2 for the diagonal elements, and
(+%, —% |HH|—%, +%) = %Ah2 for the off-diagonal elements.
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The matrix elements of the Zeeman terms in (8.14) are the easier part of our
exercise. We choose the quantization axis z along B, such that J - B =J,;B;
and I- B =1, B;, which adds matrix elements (m ym|J,B;|mym;) = mjhB, and
(mymy|l,B;lmym) = m;hB; to the diagonal of H. Collecting the pieces, we arrive
at the matrix of the hyperfine Hamiltonian (8.14) in the m ;, m representation

TAR? + 4B 0 0 0

" 0 — AR+ u_B TAR? 0

- 0 Lap? —lar —u_B 0
0 0 0 TAR? — i B

(8.16)

Here jup = 5(gup +g1iN) = 1.0027up and p— = 5 (g7 B — 1 4N) = 0.9997up.
Diagonalization of this matrix gives the eigenenergies of the hydrogen atom,
with the first subscript on E for the sign of m, the second for my,

1
F=1: E++=ZAFL2+M+B (mp =+1), (8.17a)
1 2 1 2
E+,=—1Ah + ZA2h4+u_Bz (mp=0), (8.17b)
1 2
B =AW =B (mp=-1), (8.17¢)

1 1
F=0: E_+=—1Ah2—‘/ZA2h4+u2,B2 (mp =0), (8.17d)

This is the Breit-Rabi formula for I = J = .

Figure 8.2 shows the Zeeman effect in the ground state hyperfine structure of the
hydrogen atom. At low field the Hyy term dominates, with | Fm ) as eigenstates, and
the usual Zeeman splitting for F = 1 and F = 0 is seen. One says that F' and m are
good quantum numbers at low field. The E; and E__ curves with mp = %1 are
linear for all values of B, while the E,_ and E_ curves with mr = 0 repel each
other at intermediate B. This is not surprising, as E4_ and E__ are obtained by
diagonalization of a 2 x 2 matrix with nonzero off-diagonal elements, and therefore
show an avoided crossing. At B =0 the mr = O states are the symmetric and an-
tisymmetric superpositions (|-+5, —3) & |— 3, +4))/+/2 of (8.9b), (8.9d). At high
magnetic field, the Zeeman term in (8.14) dominates, and the |Jm j)|Im ) become
eigenstates of the system, with the good quantum numbers m; and m;. The levels
Ei(B), E4_(B) and the levels E_; (B), E__(B) then run almost parallel to each
other.



Chapter 9
“Spooky Action at a Distance”

Abstract Since the early days of quantum theory, some disturbing features of quan-
tum physics have lured in the background. Take two particles that have interacted in
the past, but meanwhile are so far separated from each other that an interaction is no
longer possible. Then the results of measurements on one particle are affected in-
stantaneously by measurements on the other far distant particle. Hidden parameters
that might explain this strange entanglement have been ruled out by experiments
whose outcomes violate the Bell inequalities, and we conclude that quantum me-
chanics is a nonlocal theory.

9.1 Quantum Entanglement

The rules of quantum physics are mathematically well defined and make clear pre-
dictions, if only statistical, on the possible results of measurements. These rules have
been verified experimentally for many systems with high precision. The measured
and calculated g-factors of elementary particles, for example, agree to 10 significant
decimal digits (see Sect. 4.1). Many physicists take a pragmatic point of view and
say that this is all they require from a good theory. Quantum physics, however, has
some truly disturbing features.

As shown in many experiments, particles that have interacted with each other
in the past remain entangled, in the sense that the results of measurements on
one particle depend on what measurements are carried out at the same time
on the other particle.

This holds even if both particles meanwhile are so remote from each other that they
are no longer causally connected to each other. Strange, is it not? The results of mea-
surements on the particles remain strongly correlated even at large distance. God not
only plays dice, contrary to the famous statement of Einstein, but two dice thrown
simultaneously at places far distant from each other can be strongly correlated.

The “unspeakables” of quantum physics come out most clearly, if one regards
angular momentum and its components. When unpolarized atoms have passed a
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Stern—Gerlach filter with magnetic field along axis z, half of the atoms (in one partial
beam, Fig. 2.3) are polarized along +z, the other half along —z. Does this mean that
the incoming unpolarized beam has its atoms to equal parts aligned along +z? Not
at all: If we rotate the entire system by a certain angle about the beam axis, we
rightly expect from isotropy of space that the beam pattern observed behind the
Stern—Gerlach magnet rotates by the same angle (just rotate Fig. 2.3 to the left or
the right). The beam then is split in direction of the new field axis z’, with half of
the atoms having their spins pointing along +z’, the other half along —z’. The two
partial beams again are polarized to 100 %, but now with respect to z’. From this
we conclude that the notion of spin up and spin down with respect to some axis
z cannot be a property of the incoming unpolarized beam. How should the atoms
in the beam know along which axis the Stern—Gerlach magnet far downstream is
oriented? The notion of spin up and spin down must be imposed onto the atoms
during their interaction with the Stern—Gerlach apparatus.

In another setting (see Sect. 6.3), we started with a beam polarized to 100 % along
42z and found that, after passage of a transversely oriented Stern—Gerlach filter, spin
components along —z showed up that were not at all present in the incoming beam.
Particles with spin certainly are not like marbles to which the rules of set theory
apply.

On these questions Einstein, Podolsky, and Rosen (1935) (later EPR) wrote a
famous paper titled “Can quantum mechanical descriptions of physical reality be
complete?” EPR’s text is difficult reading, and we first quote the more compact
arguments of Bohm and Aharonov (1957) that build on EPR’s paper, but refer to
spin components where EPR referred to position and momentum.

Let an isolated molecule A, with zero angular momentum spontaneously decay
into two equal atoms each with spin s = %

Ay —> A+ A 9.1

which then fly apart. Total angular momentum is conserved and hence zero also after
the decay of the molecule. The Schrodinger equation supplies the wave function of
the total system, which at all times is the antisymmetric singlet state

—_

1
Vo= 31+~ 4 4] 0

from (8.9d). However, with regard to the spin directions of the two separate atoms,
quantum physics makes only statistical predictions: 50 % spin up, 50 % spin down.
To know more, we must do spin measurements on the individual atoms, using, for
instance, Stern—Gerlach filters on both ends of the setup shown in Fig. 9.1. Each
filter has two output channels, one for spin up, one for spin down, with respect to
the individual Stern—Gerlach axis. These channels are equipped with suitable atom
detectors.

Let the two atoms be meanwhile so remote from each other that measurements
done on one atom can have no influence on the other atom, and let us measure the
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-

Soufce ~
Region 1
Region 2

Fig. 9.1 Experimental setup for the measurement of EPR correlations of spin components. The
source is a molecule with zero angular momentum, which disintegrates (dashed arrows) into two
equal atoms with opposite spins (block arrows), which are registered in time coincidence after they
have passed spin analyzers installed in regions 1 and 2, oriented parallel and antiparallel to z

spin component S, of the atoms flying to region 1. If we find atom 1 in the spin up
state, then quantum theory says that the total wave function of the combined system
collapses to the state

Yottt = |+3. —3)- 9.3)

From this we know instantaneously that atom 2 is spin down state. If, instead, in our
measurement we find atom 1 in spin down state, the system collapses to

Viotal— = —|— 3. +3) (9.4)

and atom 2 is instantaneously known to be in spin up state. Hence, quantum theory
predicts that results of measurements in region 1 are perfectly anticorrelated with
the results of measurements in region 2, independent of the distance the atoms have
been traveling in opposite directions. This prediction is confirmed by coincidence
measurements in a setup of the type shown in Fig. 9.1. Every time one atom is
found spin up, the other inevitably is found spin down, and vice versa. Hence we
know with certainty the component S, also of atom 2, even if we do not measure it.

Let us next measure not S, but the component S, of an atom flying to region 1.
Based on the same arguments, quantum theory then allows us to know with cer-
tainty the component S, of atom 2, again without measuring it. As we assumed that
measurements on atom 1 have no influence on the state of atom 2, we conclude that
both S; and S, simultaneously are genuine properties of atom 2, measureable with
arbitrary precision, given sufficient counting statistics in the experiment. This, how-
ever, is at variance with the uncertainty principle, which says (see Sect. 10.2) that
different components of angular momentum are incompatible quantities that cannot
simultaneously be known with certainty. This is the basic conundrum of quantum
entanglement.

We saw that random quantum events occurring in different, causally not con-
nected regions of space evidently can be perfectly correlated, due to some unknown
nonlocal effects. If quantum theory is right, which seems to be the case in view of
its high predictive power, then there are two alternatives. Either quantum theory is
a conventional local theory, but necessarily incomplete because it cannot explain
these seemingly nonlocal effects. Or quantum theory is a complete theory, and we
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must accept its weird nonlocal character. This is all that needs to be said before
proceeding to experimental tests of these two alternatives. Still, let us expand a bit
more on the theme of entanglement.

In everyday life, it is not unusual that independent events are correlated. Traffic
accidents in Paris and Berlin are independent events, but show significant correla-
tions. Accident rates are high in both cities at night, on weekends, in winter time,
etc. Correlations between events do not necessarily imply causality in the sense of
cause and effect. Instead, correlations often are due to a common influence. The ac-
cident rates not only depend on the spatial variable x for Paris or x’ for Berlin, but
also on additional variables A = {visibility, traffic density, temperature, etc.}. There-
fore, the number of accidents N (x, A) in Paris and N (x’, ) in Berlin are correlated
via the set of hidden parameters ).

If quantum theory is not a complete theory, it must be completed by such hidden
parameters, which in some unknown way are shared by both atoms of our setup and
mimic the nonlocal effects of quantum physics. In practice, it is generally extremely
difficult to specify how these hidden parameters should act such as to produce the
collapse of the wave function. For successive measurements, even on a small quan-
tum system, the number of hidden parameters needed would be enormous. Still, for
a long time it was thought that the existence of hidden variables in quantum physics,
unlikely as they might be, could not be falsified.

In everyday life, there also is nothing mysterious about an instantaneous knowl-
edge on distant objects, inferred from looking at nearby objects, even for space-like
separations of the objects, in the language of special relativity. When, after a long
journey, a scientist opens the trunk of his car and sees it empty, he knows immedi-
ately that his suitcase is still in the garage. No superluminous signal transmission
from the garage to the scientist is needed for this conclusion. However, things are
different in quantum physics. There events like clicks in a spin up or spin down
counter necessarily are unpredictable statistical processes, the result of which re-
mains uncertain until the moment of measurement.

EPR in their original paper did not use spin components as incompatible quanti-
ties, but the observables position and momentum. As these have continuous spectra,
EPR’s derivation is slightly longer, and we do not repeat it here. Instead, we repro-
duce their arguments why they thought that quantum theory should be considered
as incomplete. For a physical theory to be complete, EPR require a one-to-one cor-
respondence between the elements of the theory and the elements of the world that
the theory describes. In their own words: “every element of the physical reality must
have a counterpart in the physical theory”. How can such an element of reality be
defined? The authors propose “If, without in any way disturbing the system, we can
predict with certainty (i.e., with probability equal to unity) the value of a physi-
cal quantity, then there exists an element of physical reality corresponding to this
physical quantity”.

EPR base their argument on a proof by contradiction. The uncertainty principle
of quantum mechanics states that position and momentum of a particle cannot have
simultaneous reality in the above sense, these quantities are incompatible. EPR then
assume that quantum theory is a complete theory. Based on this, they present as
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a counter example the thought experiment of Fig. 9.1, in which positions and mo-
menta of atoms (instead of their spin components) can be measured with arbitrary
precision. Then, in the same way as for the spin components, by making measure-
ments solely on atom 1, one can know with certainty both position and momentum
of the remote atom 2, without in any way disturbing the latter. However, that which
really exists in the region of atom 2 should not depend on what measurement is car-
ried out in the region of atom 1, no reasonable definition of reality could be expected
to permit this, so EPR. Therefore, position and momentum of atom 2 must have had
definite values all along the atom’s trajectory. Position and momentum therefore are
elements of reality simultaneously and at all times, contrary to the tenets of the un-
certainty principle. The assumption that quantum mechanics is a complete theory
leads to a contradiction and therefore is wrong.

EPR did not question the correctness of quantum theory, but its completeness.
They concluded that quantum theory could not be the full story, unless one believes
in what Einstein later dismissed as spooky action at a distance, today called a nonlo-
cal interaction. EPR summarize: “While we have thus shown that the wave function
does not provide a complete description of the physical reality, we left open the
question of whether or not such a description exists. We believe, however, that such
a theory is possible.” History has defied this belief, as we shall see in the following,
and EPR’s conclusion cannot be upheld.

Where does EPR’s argument fail? As seen from today, EPR’s definition of an
“element of physical reality” quoted above (in italics as in the original) looks much
like a killer criterion directed against the basic tenets of quantum physics. This, in
essence, is also the main complaint in Bohr’s (1935) response to EPR. Bohr insisted
that the uncertainties of quantum theory should be included as a new fact in the defi-
nition of an “element of reality”, if only to provide room for the new and undisputed
laws of quantum physics.

9.2 Bell’s Inequalities

Bell (1964) showed that the question of existence or nonexistence of hidden vari-
ables in quantum physics can be decided by way of experiment. To this end, one
must measure correlations not only along one axis z, but must do a series of mea-
surements with the two Stern—Gerlach magnets oriented along different axes.

Let the spin of atom 1 be measured in the direction of unit vector a, and the spin
of atom 2 in the direction of unit vector b, see Fig. 9.2(a), by using an appropriately
oriented Stern—Gerlach filter at each end of the setup of Fig. 9.1. To search for cor-
relations, one registers the coincidence rates in two detectors positioned behind the
analyzers 1 and 2, by means of an electronic AND module. Correlations are mea-
sured with the detectors installed on the same output channel of the Stern—Gerlach
filters, and anticorrelations are measured with the detectors on opposite output chan-
nels.

We recall from (5.15a) and (5.15b) that, if an atom is spin up with respect to one
axis, then the spin up and spin down probabilities p(«) and g(«¢) =1 — p(«) with
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Fig. 9.2 Experimental configurations for tests of Bell’s inequality, with views along the decay axis
of Fig. 9.1. Coincidence rates are measured for three configurations of the spin analyzer, whose
directions are chosen from a set of unit vectors a, b, and ¢. The coincidence counting rates for
these configurations violate Bell’s inequality

Fig. 9.3 Bell’s inequality Wealthy
from set theory: “The number
of the wealthy wise (thick
framing) is smaller than the
number of the wealthy ill
(horizontal pattern) plus the
number of the healthy wise
(vertical pattern)”

Healthy

respect to another axis, under angle « to the first, is
21 o1
p(a) =cos Ea, g (o) =sin Ea' (9.5)

To prove the nonexistence of hidden parameters in such systems, Bell also used
the method of contradiction. He assumed that hidden variables do account for the
peculiar predictions of quantum theory. Under this assumption, he then showed that
an inequality must be respected regarding the coincidence rates p or ¢, as registered
for different configurations of the two Stern—Gerlach magnets The assumption of
hidden variables then leads to a contradiction, because counter examples exist for
which quantum mechanics violates this inequality. If such a violation of Bell’s in-
equality is verified in experiment, then this proves that quantum mechanics cannot
have hidden parameters.

We give a simple proof that there are cases in quantum theory where Bell’s in-
equality is violated, see also Wigner (1970). To this end, we first make a digression.
Many of us want to be wealthy, healthy, and wise. A law from set theory says:

The number of the wealthy wise is smaller than the number of the wealthy ill
plus the number of the healthy wise.
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This is evident from Fig. 9.3 because the first group of people is a subset of the
other two groups combined. Then we apply this result to three successive atomic-
spin correlation experiments, with the fields of the Stern—Gerlach filters 1 and 2
pointing into directions chosen from the three unit vectors a, b, and ¢, with angles
a, B, and y between them, as shown in Fig. 9.2(a)—(c). We then substitute the above
numbers of people N by the coincidence rates p or g from (9.5) for these three
configurations:

N (wealthy A wise) — p(«) for correlation (a, b), (9.6a)
N (healthy A wise) — p(B) for correlation (¢, b), (9.6b)
N (wealthy A not healthy) — ¢ (y) for anticorrelation (a, ¢). (9.6¢)

The symbol A stands for logical AND. Correlation (a, b) measures the coincidence
rate p(a) with both spins up with respect to @ and b, and anticorrelation (a, c)
measures the coincidence rate g (y) with opposite spins with respect to a and ¢. For
this set of measurements, the healthy—wealthy—wise inequality then gives

p(a) = p(B)+4q(). 9.7

Taking p and g from (9.5), we obtain for the three correlations:

Bell’s inequality

1 1 1
sin’ Ea < sin? 5/3 + cos? Ey. 9.8)

In quantum physics, this inequality is violated for certain combinations of angles o,
B, y. For instance, if field directions a, b, and ¢ of the Stern—Gerlach filters lie in a
plane, with & = 90°, 8 =45°, y =225°, as shown in Fig. 9.2(a)—(c), we find

sin®45° < sin®22.5° + cos” 112.5°, (9.92)
0.5 < 0.146 + 0.146 = 0.293. (9.9b)

This is not what we have learned in school.

The above derivation, however, does not refer to hidden variables. The main
achievement of Bell was to make a unique link from these correlations to the nonex-
istence of hidden parameters. We do not reproduce this proof, which is given in
modern textbooks on quantum physics; see, for instance, Griffiths (2004), Sakurai
(1985), or Liboff (2002).

The violation of Bell’s inequality has been established in numerous experiments.
Most experiments, starting with Freedman and Clauser (1972), used a two-photon
cascade from an excited atomic J = 0 state: A* — A + 2 photons, with subsequent
analysis of the polarization of the emitted photons. Dimer decay Na; — Na + Na,
our example from (9.1), and positronium decay e™e™ — 2y, have also been used.
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The strange correlations show up even if the orientation of the polarizers is chosen
at random while the photons are still on their way to their respective detectors,
which excludes any hypothetical information exchange at subluminal speed between
region 1 and region 2, see Aspect et al. (1982).

The observed nonlocal effects cannot be used to transmit information between
regions 1 and 2 at superluminal speed because correlations in Bell-type experiments
are established only after the counts from regions 1 and 2 have been brought together
and tested for temporal coincidence. Spin measurements in only one of the two
regions always produce random results.

As an outlook: In the years since Bell’s discovery, the field of quantum correla-
tions has considerably progressed, and various new forms of Bell’s theorem have
emerged. A most interesting correlation is based on what is called a GHZ state,
short for Greenberger, Horne, and Zeilinger. In a GHZ state, three spin-% particles
from a common source are entangled with each other. For certain measurements
on three spin components of the three particles, quantum physics predicts a perfect
anticorrelation where hidden variable theories would predict a perfect correlation,
and one single count measured in the anticorrelation channel therefore decides in
favor of quantum mechanics, with no counting statistics involved as in the earlier
two-particle correlation experiments, see Greenberger et al. (1990).

Evidently, for a system of two separated atoms that have met in the past, one
cannot speak of the state of one atom separately because the two-particle state can-
not be expressed as the product of two independent one-particle states, and we must
accept that quantum reality requires a nonlocal theory.
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Chapter 10
The Heisenberg Equation of Motion

Abstract We turn to an alternative description of quantum theory, equivalent to
Schrodinger’s. Rather simple reasoning led Heisenberg to an equation of motion
based on the commutation relations of the operators involved. These commuta-
tion relations are uniquely linked to the corresponding uncertainty relations. From
Heisenberg’s equation, we derive a compact and pictorial equation for magnetic
spin precession, valid for any spin quantum number. When applied to the expecta-
tion value of the spin operator, this equation turns out to be identical to the classical
precession equation of the spinning top. Additional terms that account for spin re-
laxation lead to the empirical Bloch equations widely used in spin resonance and in
quantum optics.

10.1 Matrix Mechanics

Heisenberg discovered the matrix description of quantum matrix mechanics in 1925,
shortly before Schrodinger found his wave equation. Heisenberg’s aim was to de-
velop a description of atomic processes based exclusively on relations between ob-
servable quantities, which at the time was a revolutionary approach. The relevant
atomic observables in such a description are, first of all, the measured atomic op-
tical spectral lines at angular frequencies £2,,,,. They obey the Ritz combination
principle, Fig. 10.1,

um = nie + km. (10.1)

In the spectrum of the hydrogen atom, for instance, the frequencies $213 and £21, of
the first two lines of the Lyman series (n = 1) are related to the frequency §2»3 of the
first Balmer line (n = 2) as $213 = £212 + £223. This follows directly from the em-
pirical Rydberg formula 2., o 1/n* —1/m?, m < n. Based on his work on stellar
spectra, Ritz had conjectured that (10.1) be valid for atomic spectra in general.

From the photoelectric effect, Einstein had deduced that light of angular fre-
quency 2 is made up of photons each of energy

Ephoton = h2. (10.2)
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Fig. 10.1 The Ritz E; S Y
combination principle
§213 = §212 + §273 for three he2;
atomic energy levels v
E
he, M3
E—Y V¥

This lead Bohr to postulate the existence of atomic quantized energy levels E, with
h§2ym = Ep — Ep,. (10.3)

Heisenberg associated these angular frequencies with time dependent oscillatory
atomic amplitudes

Xpm = Xpme St (10.4)

These X, can be arranged into a matrix X = {Xp,;,}. Its time derivative X,,m =
—182mXnm exp(—182p,t) = —182pm Xnm has the elements, from (10.3),

. i
Xpm = _£(En - Em)Xnm- (10~5)

The process of atomic radiative transitions must be governed by some Hamilto-
nian H, which in some way must be connected with this equation of motion of the
amplitude matrix X. To find this connection, we write the Hamiltonian as a diago-
nal matrix Hp with the energies E, arranged on the diagonal. We first multiply X
from the right with the energy matrix Hp. The product matrix XHp and its elements
differ from the product matrix HpX and its elements by

EiXu ExXi2 ... EiXu EiXn2
XHp —HpX=| E1X21 ExX2 ...|—| ExX21 ExX2 ...], (10.6a)
(XHp — HpX)um = (Ep — Ep) Xy (10.6b)

In order that the elements X, of the amplitude matrix X have the oscillatory be-
havior postulated in (10.5), X must obey the matrix equation

X = —%(XHD — HpX), (10.7)

where the dot means the time derivative of the elements of the matrix.

Next we write the Hamiltonian matrix with respect to some other basis, H =
THpT', as in Sect. 5.1, with a time independent unitary matrix T. Transform-
ing (10.7) with A =TXT" and A = TXT" and inserting T'T = I wherever needed
gives A= —(@i/W(TXT"(THpT") — (THpTT)(TXT)], or A= (i/h)(HA — AH):
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The Heisenberg equation of motion of an operator A is

A= ih[H, Al. (10.8)

The expression [H, A] = HA — AH is the commutator of H and A. Here A is the total
derivative of A, where we have assumed that H is conservative and does not depend
explicitly on time, so that dH/d¢t = 0. For operators A that depend explicitly on
time, we must add the partial time derivative dA/d¢ to the right-hand side of (10.8).

Heisenberg derived this equation at an age when he did not even know what a
matrix is. His method then was generalized by postulating that every measurement
of a physical quantity A is an operation on the system under study that can be
described by a mathematical operator A. As stated before, the possible outcomes of
measurements on A are its eigenvalues a,.

In everyday life, many operations are noncommutative. Getting up in the morning
in state s, it makes a difference for the further evolution of {s whether the first
operation A of putting on socks is followed by operation B of putting on shoes,
to wind up in state /' = BA, or whether the reverse order is followed, hence
AB1 # BAY. In the evening, the inverse operations A~! and B! in reverse order
lead back to y = A~ 'B~ 1.

Heisenberg’s equation can be applied to the operator of any observable. In
Sect. 3.2, we had seen that any two-state quantum operator can be written in terms
of the Pauli matrices. For later use, it is useful to know the commutator of the
Pauli matrices. From (3.11) we know that 6,0, = io;, and oy0, = —io, etc. Thus
0x0y — 0,0, = 2io, plus cyclic permutations of x, y, z, or

[ox,0y] =2i0,, [oy,0.] =2io,, [02,0x] =2ioy (10.9)

and
0x0y +0y0, =0, plus cyclic permutations. (10.10)

We see that the Pauli matrices anticommute. Similar spin commutation relations
hold for a general angular momentum operator J,

[Jx,Jy]=ihJ;, plus cyclic permutations. (10.11)

We recall the cross product between two ordinary vectors (A x B), = ABy —
Ay By, etc., and write the commutation relations J,J, — J,J,, etc., for the compo-
nents of J as

J x J=ihJ. (10.12)

If we write the Schrodinger equation in matrix form from the very beginning, as
we did in Sect. 5.1, then it is only a unitary transformation away from the Heisen-
berg equation, as we shall show in the following. We derive Schrédinger’s equation
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from Heisenberg’s equation (10.8). Let a time dependent observable A(¢) be rep-
resented by an operator Ay that obeys Heisenberg’s equation. Let Ag be the corre-
sponding Schrodinger operator, with matrix representation as defined at the begin-
ning of Sect. 3.2. Expectation values are independent of representation, therefore
(As) (1) = (Au(1)).

The operator Ay differs from Ag at most by a unitary transformation U(z),

Au() =UT (1) AsU(r). (10.13)

In a conservative system, the Schrodinger operator Ag itself is time independent,
and the time dependence of its expectation value (Ag)(t) = xl,rT(t)As\b(t) resides
exclusively in the state vector {s(¢). The time derivative of (10.13) then is

An=UTAgU + UTAGU. (10.14)

On the other hand, the Heisenberg equation for A, with (10.13) inserted, gives
Ay = %[H(U*ASU) — (UTAsU)H]. (10.15)

The last two equations agree if U(¢) obeys the Schrédinger equation

U:—%HU (10.16)
in its normal and its conjugate transpose form UT = (i/m)HU". If U(r) obeys the
Schrodinger’s equation, so must yr(z) = U(#){(0), with constant {(0). We see
that U(¢) is nothing but the time evolution operator (6.1) for the solution {r(z) of
Schrodinger’s equation. All steps in the above derivation are reversible; therefore,

The Schrodinger equation and the Heisenberg equation are equivalent.

While being equivalent mathematically, from a physics point of view the Heisenberg
equation appears to be more fundamental for the following reasons:

e For many observables there is a direct way from Heisenberg’s equation to the
corresponding equations of motion of classical mechanics. As an example (an-
other example will be given in Sect. 10.3), we apply Heisenberg’s equation to the
momentum operator p,

.1

p= E[H,p]. (10.17)
With H = p?/2M + V(r) and p = (/i/i)V we write the same equation for the
expectation values as

2v2

2M

(B) = lxv*[

= +V(l‘),?Vi|l]f=—t|}TVV(l')llf=(—VV) (10.18)
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where we used [Vz, V]=0and [V, V]y = —[V, V]{, and conclude:
From Heisenberg’s equation we arrive at Newton’s law (p) = —(V V).

e The Heisenberg equation directly displays the connection between symmetries
and conservation laws. [H, A] = 0 is equivalent to AHA' = H, which means that
H is invariant under the transformation A, and from the Heisenberg equation then
follows A = 0, and A must be time independent, i.e., conserved:

If an operator A commutes with the Hamiltonian H, then the observable A is
a constant of the motion.

e The commutator on the right-hand side of (10.8) is gives birth to the uncertainty
relation, as we will see in the following section.

Though Heisenberg’s equation appears to be more fundamental, Schrédinger’s
equation often is simpler to handle.

10.2 Commutation Relations and Uncertainty Principle

Heisenberg’s uncertainty principle states that there are certain incompatible pairs of
observables A and B that cannot both be measured simultaneously with arbitrary
precision, a well known example being a one-dimensional system which obeys the
uncertainty relation for position and momentum AxAp, > %h, with variances as
defined in (3.40). If the width x of a beam of light is limited by a slit, then the
transverse momentum p, of the photons increases, and with it the divergence of the
beam, a phenomenon called diffraction.

Uncertainty relations are known also in classical physics where they hold for
any two functions that are Fourier transforms of each other. For the variables time
and frequency, the duration Ar of a signal and the bandwidth Aw of its frequency
spectrum obey AwAt > 1. The same holds for a function oscillatory in space, where
we have Ak, - Ax > 1 for the position uncertainty Ax and spectral width Ak, of
the component &, of the wave vector k of magnitude k = 27 /A, with wavelength X.

The often cited mysteries of quantum physics lie not so much in the uncertainty
relations, relations that are well known to any audio or video technician, but rather in
the fact that sometimes particles behave like waves, as in diffraction, and sometimes
waves behave like particles, as in the Compton effect. This wave—particle duality is
based on those strange relations E = fiw and p = hk.

Above we remarked that the commutator [A, B] provides a measure of uncer-
tainty, and we want to prove the following statement:
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The uncertainty product of two operators A and B is related to the expectation
value of the commutator as

1
AAAB > 5\([A, B])|. (10.19)

We study this inequality in terms of the deviations of A and B from their expectation values
SA=A—(A), 8B =B — (B). (10.20)

The right-hand side of (10.19) is not affected by this shift because (A) and (B) are simple
numbers such that

[6A,8B]=[A, B]. (10.21)
For the left-hand side, we go back to the definition (3.39) of variance, namely,
(AA)? = ((3A)%), (AB)? =((6B)?). (10.22)

As a next step, we know that ordinary vectors a and b obey the inequality |a||b| > |a - b],
with the scalar product defined as a - b = |a||b|cos 6, and angle 6 between a and b. The
same holds for the expectation values of operators and is known as the Cauchy—Schwarz
inequality (the proof is found in all major textbooks). Hence the square of the left-hand side
of (10.19) obeys

((8A)%)((8B)?) > (SASB)>. (10.23)

We notice that the product of any two quantities x and y can be expanded as
1 1
Xy = 2 (xy +yx) + 7 Xy — yx). (10.24)

If x and y are hermitian operators (like A and 6B), i.e., x = x' and y = y¥, then, from
(xy)" = y¥xT, the first term in this expansion is hermitian, (xy + yx)" = y'x" + xfy =
yx + Xy, and the second term is antihermitian, namely, xy — yx = —(xy — yx). We expand
the product §ASB in (10.23) in this way,

1 1
SASB = E(SASB + 6BSA) + E(SASB — §BSA). (10.25)

While the eigenvalues of hermitian operators are all real, those of antihermitian operators
are all purely imaginary. The same is true for their expectation values, i.e., the weighted
averages of the eigenvalues. Hence we call the first term on the right of (10.25) the real
number s = %(8A3B + 6BSA), and the second term the imaginary number id = %(AB —

BA) from (10.21). Using |s + id|*> = s> + d?, we write (10.23) as
1
(AAX(AB)Y? > 52 +d> =5+ i (AB — BA)Z. (10.26)
To arrive at our aim, we simply drop the positive definite number s and are left with
2 21 2
(AA)“(AB)” > 1 (AB —BA)~“. (10.27)
Taking the square root on both sides completes the proof of (10.19). As an outlook for
further reading we point out that the positive definite quantity s> = % (8ASB 4 5BSA)? that

we had simply dropped on the right of (10.26) has a certain importance that was already
known to Schrodinger (1930), but has been largely ignored since.
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We give two examples for relation (10.19). Take the two observables position x
and momentum component p,. In the Schrodinger picture, in position representa-
tion momentum is described by the operator p, = (h/i)d/dx acting on {r, and posi-
tion operation x is simply multiplication of {s with x. For normalized spatial wave
functions {r(x), with xlleb = 1, the expectation value ([py, X]) = xl;T(pxx —xp )V
becomes

¢(——(w%mé?§=é¢<w+;w—xﬂv=éww (1028)
x 1 ox ox 1

or
h
(PxX — Xpy) = ~. (10.29)
1

Inserted into (10.19), this gives AXAp, > %h

The second example is the uncertainty of two spin components, for instance, of
Aoy and Aoy, for s = % We insert the commutator of the Pauli matrices [0y, 0y] =
2io, into (10.19), and we want to prove that indeed

Aoy Acy > |(07)]. (10.30)

On the right, for pure states o or f, we have (o,) = =£1 and |{o;)| = 1. On the
left, if both uncertainties are taken as equal, Ao, ~ Ao, ~ Ao, / V2, with Ao L=
Ao = +/2 from Sect. 3.4.1, we have the same result Aoy Aoy ~ %(AO‘J_)2 =1lason
the right, and the equality holds in (10.30). In general, Ao, can experimentally be
diminished at the expense of Aoy, and vice versa, to obtain what are called squeezed
states.

10.3 The Bloch Equations

We had applied the Heisenberg equation to the expectation value of the momentum
operator p and had recovered Newton’s classical equation of motion. In the follow-
ing, we apply Heisenberg’s equation to the expectation value of the angular momen-
tum operator J and will recover the classical precession equation of the spinning top,
valid for the magnetic dipole interaction for any value of quantum number j. Spin
precession equations for general multipole interactions will be derived in Sect. 19.4.

The Heisenberg equation for the magnetic interaction with angular momentum J
reads

J=%mMJL (10.31)

with the Hamiltonian Hy = yJ - B = y(JxBx +Jy By + J;B;) and gyromagnetic
ratio y. The first component of J then is

ﬁ Y ([0x, Jx1Bx + Iy, I 1By + [, 1< 1B;). (10.32)

l\)l'd

i
Jx = ﬁ[HMv Jx] =
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With [J,,J,] =0, and with [Jy,J,] and [J;, J,] from (10.11), we arrive at the equa-
tion of motion for the components and for the vector of the angular momentum
operator

jx =y(UyB; —J;By)=y(J x B),, elc. (10.33a)

Hence
Jj= yJ x B, (10.33b)
J=Jx oL, (10.33c)

with the Larmor angular frequency vector @, = y B.

In the end, we are interested only in observable quantities, that is, in expectation
values like P = (J)/hj, for which the spin precession equation can be alternatively
written as

Jy =) x oL, (10.342)
P=PxoL, (10.34b)
M=yM x B, (10.34¢)

see also Sect. 19.1.2. The last equation is given for the macroscopic magnetization
M = np P, in general with a time dependent magnetic field B(t).

The equation of motion for the operator J is formally identical to the classical
precession equation of a spinning top.

Indeed, with classical angular momentum J, subject to an external torque, and with
the precession frequency wp of amplitude wp = 7'/ J, the spinning top obeys

T=J=J x wp. (10.35)

Equation (10.34b) for the quantum expectation value P = (J)/hj therefore has
the same solution as the classical equation for the spinning top. In the classical
case, both J 2 and J, are constants of the motion, like in the quantum case, where
the operators J2 and J, commute with Hy; and therefore are constant. The classical
transverse component J | = (Jy, Jy) of J performs a rotary motion with precession
frequency wp, which corresponds to the Larmor frequency ey, in the quantum case,
see Fig. 3.3.

In spite of their close similarity, there is a profound difference in the interpreta-
tion of the classical and the quantum mechanical precession equations. The classical
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equation describes the motion of a quantity J whose future behavior can be calcu-
lated from J = J x wp, where the initial conditions can be given with arbitrary
precision. The quantum mechanical precession equation, when written not for the
operator J but for the expectation value (J), describes, as its name says, the expected
mean result of measurements on the system with variance (AD?=(J%) — (D2 If
the measurement is done on an ensemble of many particles, this variance can be
very small, see (3.61).

Let a paramagnetic sample be magnetized by an external magnetic field along z.
Its magnetization M, then is given by Curies’ law, (6.27). If the magnetization
M, (t = 0) of the system deviates from this equilibrium value, then it will, in the
course of time, relax back to this value. This relaxation process usually is difficult
to calculate, more on this in Chap. 22. The magnetization approaches its equilibrium
value asymptotically, in simple cases exponentially, in which case the z-component
of magnetization evolves as

M. (t) = Mo + [M.(0) — Mgle™"/ ™1, (10.36)

where T is the longitudinal or spin—lattice relaxation time.
If the nonequilibrium magnetization M (0) has components transverse to the ex-
ternal field, then these often decay to zero as

M (1) =M (0)e /T2, (10.37)

with a transverse or spin—spin relaxation time T,. Transverse relaxation generally
is faster than longitudinal relaxation, 7> < Tj, because single spin flips (1 to |)
induced by thermally fluctuating fields reduce both 7 and 75, while spin diffusion
(“flip-flop”) processes between neighboring spins (1 to | 1) reduce 7> but not T}
because they preserve M,.

The Bloch equations Bloch (1946) have extra terms introduced into the
spin precession equation (10.34c) to take relaxation processes phenomeno-
logically into account:

My=y(M x B)y — M,/ T>, (10.382)
My=y(M x B)y, — M,/ T, (10.38b)
M, =y(M x B), — (M — M)/ T. (10.38¢)

In the absence of a magnetic field, the cross product terms (M x B), y . vanish and
only the differential equations for the exponential relaxation that lead to (10.36) and
(10.37) remain. If the magnetic field is turned on, B # 0, these cross product terms
lead to an overall rotation of the spin ensemble. The Bloch equations then describe
the usual spin precession of M about B, but with longitudinal magnetization M,
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exponentially approaching its equilibrium value M,y with time constant 77, and
with a transverse magnetization M | fading away exponentially with time constant
T,. We shall make use of the Bloch equations in the following chapters on spin
resonance and on atomic resonance transitions.
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Chapter 11
Spin Resonance

Abstract Resonance transitions between energy eigenstates of a quantum system,
induced by time dependent perturbations, are a wide-spread phenomenon. In spin
resonance, basic methods include Rabi’s molecular beam method, continuous wave
spectroscopy, free induction decay, spin echo, fast passage, and motional narrow-
ing, phenomena of relevance also in other contexts of quantum physics. We discuss
applications of nuclear magnetic resonance in chemical analysis, structural biology,
medical imaging, and atomic clocks.

Resonance phenomena are ubiquitous in classical and quantum physics and in many
other fields of science. In this chapter, we focus on spin resonance, and, in particular,
on nuclear magnetic resonance.

The first spin resonance experiments served to measure the unknown magnetic
dipole or electric quadrupole moments of the probe particles. Today most of these
moments are known to high precision, and spin resonance is mainly used to inves-
tigate internal fields in condensed matter, with important applications in structural
chemistry and in medical imaging. Many of the subtle effects discovered in spin
resonance were later used in other effective spin systems, as shown in the follow-
ing sections. Later on, Chap. 21 gives a more rigorous treatment of the resonance
process.

Spin resonance experiments use various different probe particles. Electron spin
resonance (ESR) uses paramagnetic electrons on free atoms or in condensed matter,
with a gyromagnetic ratio

Ye/2m =28.0 x |g;|j GHz/T, (11.1)

with angular momentum j, and g-factor g;. Microwave frequencies are required for
external fields of the order of 1 T. Free electrons have |g;|j ~ 1.

In muon spin resonance (uWSR) experiments, muons are stopped in condensed
matter and used to measure internal magnetic fields. The muon’s gyromagnetic ratio
is yy, /27 =135 MHz/T.

The most frequent application of spin resonance, however, is in nuclear magnetic
resonance (NMR), with

vi/2m =15.2 x |g;|I MHZ/T, (11.2)
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for nuclear spin / and nuclear g-factor g;. Protons with g; I = 2.8 have a gyromag-
netic ratio y, /2w = 42.6 MHz/T.

11.1 Basics of Spin Resonance

Let a resonance transition be driven between two energy levels £y and E; of a
quantum system with effective 2 x 2 Hamiltonian H. The energy difference between
the two levels is E2 — E1 = Hy» — Hji. The transition between the two levels is
induced by a time dependent field, with a frequency component w in its spectrum
that meets the resonance condition hw = E; — E. The interaction with this field is
given by the transition matrix elements Hy>(t) = H,, (t).

We follow conventions in spin resonance and write By for the static field and B
for the time dependent field amplitude. While the static field is applied along the
z-axis, we let this high-frequency field B, (#) = 2B coswt oscillate linearly along
the x-axis, where the factor 2 is introduced for later convenience. The Hamiltonian
then is

1

H= Ehwocz + hwioy coswt, (11.3a)
1

He —h( o 2w cosa)t)’ (11.3b)
2 \2w; coswt —wo

where w1 = y Bj is a measure of the amplitude of the oscillating field.

In spin resonance experiments, the static field By is of the order of 1 T and usually is
produced with a superconducting coil, while the field By < By is of the order of mT and,
in NMR, is generated in a small radio frequency (RF) coil, with both coils installed at
right angles to each other. In thermal equilibrium, the paramagnetic probe is magnetized to
P, ~ uBy/kpT, see (6.27). Even at fields as strong as By = 10 T, this polarization usually
is small at room temperature, P, = 2.2 % for electrons and P, = 3.4 x 10~ for protons,
see (6.28) and (6.29). Since the sample has up to n ~ 10?2 spins per cm?, the magnetization
M, =np P, is large enough to produce a resonance signal.

The solution of the Schrodinger equation with a linearly oscillating high-
frequency field B (t) = 2Bj(coswt, 0, 0) is difficult and is postponed to Sect. 21.3.
Instead, we take a circularly rotating field B, () = Bj(coswt,sinwt, 0), as-
sumed to rotate in the same direction as the precessing polarization P(t) =
(P, (0) coswt, Py(0) sinwt, P,(0)). We then go into a new coordinate system x’, y’,
and 7’ = z that rotates about the z-axis with the same angular frequency w as the
B field.

In this rotating frame, the field vector B4 = B is always at rest and points
towards the x’-direction, while the polarization P(¢) precesses about z with a re-
duced angular frequency wg — w. At resonance @ = wy, this difference frequency
disappears, and the polarization is at rest, too. With no precession about z, there is
no longer a field along z, and in the rotating frame the longitudinal field is simply
transformed away, B(’) = 0. Off resonance w # wy, the polarization precesses as if
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Fig. 11.1 To the rotating frame and back again: (a) In the rotating frame, the RF field of amplitude
By stands still, and the magnetic field component along z reduces to B, = By — w/y. (b) At
resonance @ = y By = wo, the static field By is transformed away, the effective field vector becomes
Bt = B, and the polarization vector P(t), originally along z, slowly precesses about the RF field
vector Bj. (¢) Back in the laboratory frame, P (¢) performs a spiraling motion, up and down on the
surface of the unit sphere. In (b) and (c), P is shown is at polar angle 6 = w;r = 200°

the field along z were reduced to B}, = (wg — w)/y = By — w/y, see Fig. 11.1(a),
hence in the rotating frame

1 1
Hg = Eh(a)o — w)o; + Eha)lcx, (11.4a)
1 (wy—w o]
Hr =-h . 11.4b
R=32 < o —(wo—w)> (11.45)

The magnetic field seen in the rotating frame Beg = (B1,0, Bp — /y) and
with it the Hamiltonian no longer depend on time.

Hence the problem is reduced to the time independent case treated in Chap. 5.

Thus at resonance w = wy, the total effective field Befs(wq) is reduced to the
radio-frequency field B, stationary in the rotating frame. The polarization then
precesses about B at angular frequency w; = y By, see Fig. 11.1(b). Back to the
laboratory frame, the polarization P (¢), in addition to its slow precession about B,
performs a fast precession with angular frequency wy = y By about z. The tip of
the polarization vector then follows a spiral-like trajectory on the surface of the unit
sphere, periodically moving from the “north pole” (+z) of the sphere to the “south
pole” (—z), and back, see Fig. 11.1(c).

How good is this rotating wave approximation? It is perfect if we really apply
a rotating RF-field, which can be generated by two orthogonal linear RF coils, one
along x, the other along y, with a phase difference of /2 in their alternating cur-
rents. But even if we do apply a linearly oscillating field B (t) = 2B;(coswt, 0, 0),
this approximation is excellent in most cases. The reason is that B1(¢) can be
thought of as being the vector sum B = B, 4+ B_ of two counter-rotating cir-
cular fields B4 (f) = Bj(coswt, £sinwt, 0). At resonance in the rotating frame, the
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polarization P sees the rotating field B4 = B at rest, and sees the counter rotat-
ing field B_ far off resonance at doubled angular frequency —2wyg. The adiabatic
theorem of quantum mechanics, Sect. 7.2, tells us that, in the nonadiabatic approx-
imation, a rapidly changing external perturbation will not affect a quantum system.
If one goes beyond this approximation, one finds:

The counter-rotating field component leads to a Bloch—Siegert shift of the
resonance signal, typically of the order of Awg/wo ~ (w1 /wp)* ~ 107°.

11.2 Methods of Spin Resonance

There exists an innumerable variety of spin resonance schemes, with probes either
in-beam or in condensed matter. We discuss the following methods: (i) The Rabi
method; (ii) Continuous wave spectroscopy; (iii) Free induction decay; (iv) Spin
echo; (v) Adiabatic fast passage.

(1) The earliest magnetic resonance experiment was done with a molecular beam
in which nuclear spin flips are induced while the molecules fly through a resonance
region. The Rabi method (1939) proceeds in three steps (see Fig. 11.2(a)).

Step 1: In the strongly nonuniform field of a magnet labeled A, one nuclear spin
component in a diamagnetic molecule is selected by the Stern—Gerlach effect.

Step 2: The polarized beam enters the resonance region, with the uniform field of a
second magnet C and with a radio-frequency field superimposed.

Step 3: A third magnet labeled B, of the same type as magnet A, serves as a spin
analyzer and focuses the beam onto a detector of molecules. The fields A, B and C
have the same sign, while the gradients of fields A and B differ in sign.

The Rabi formula gives the shape of the in-flight resonance signal P, = 1 —
2 pdowns see (5.24) and (3.34b), which is written in terms of the field components as

h sinz(y\/Blz-l-(Bo—w/V)zT)- (I1L.5)

P.(Bp)=1-2
) B + (Bo— w/y)>

Figure 11.2(b) shows a measured resonance signal. To find a previously unknown
resonance after many months of work is an unforgettable moment in the life of a
scientist.

(i1) In continuous wave spectroscopy, one measures the time average response of
a polarized atomic, nuclear, or particle spin system as a function of the frequency
w of a continuous radiation field Bj cos wt. We first neglect relaxation, and do not
specify the method of signal detection. Figure 11.3(a) shows the energy eigenval-
ues of the spin resonance Hamiltonian (11.4b) in the rotating frame, which are the
same as those in Fig. 7.1(a), but with B, replaced by B and B,/B,¢ replaced by
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Fig. 11.2 (a) Rabi apparatus with A, B, and C magnets, and molecular trajectories without (ful
line) and with w-flip (dashed line) in the resonance region (central rectangle). In modern versions
of the apparatus, magnets A and B are quadrupole or hexapole magnetic lenses that focus one
spin component while defocussing the other. The detector is a hot tungsten filament that ionizes
the incoming molecules and translates beam intensity into an electric current. (b) Rabi resonance
curve of °F nuclei in a beam of NaF molecules, from Rabi et al. (1939). The line is drawn to guide
the eye. The wiggles expected from (11.5) in the outer wings of the signal are washed out for a
broad molecular velocity spectrum

(w — wp)/w1. In the spin precession picture, the time average polarization is ob-
tained from Fig. 11.1(a)—(b) by first projecting the initial P = (P,¢, 0,0) onto the
field Bgr to obtain the time average P(w) of the precessing polarization, and then
projecting this a second time onto the z-component to obtain P,(w) = cos?6 =
Bgffz / Bgff, which stays the same when going back to the laboratory frame. The same
result can alternatively be derived from (5.27), with the cosine term averaged away,
and with the same replacements as before, and one obtains

. (@ — wp)?
P.(w)=Po———m—,

(11.6)
for an initial nuclear polarization Py, as shown in Fig. 11.3(b). The wings of the
Lorentz-shaped resonance signal fall off quadratically with increasing detuning |w —
wo|. The signal reaches half its minimum at (w — wp)? = w%, hence the signal’s full
width Aw = 2w grows linearly with the RF amplitude B;. This power broadening
conforms with the uncertainty principle, as AE = hAw = 2hw > h/ T, for a mean
time T = 1/w; of residence in a given eigenstate of energy. Resonance detection
methods that are sensitive to the longitudinal P,(w) will be discussed in Chap. 21.
Continuous wave NMR, used with solid or liquid probes of condensed matter,
usually is not sensitive to P, (w), but uses a nuclear induction method that is sen-
sitive to the transverse magnetization M, (w) = n,uf_’x (w) or My(w) = n,uf_’y (w).
The equilibrium NMR line shapes are calculated by setting the time derivatives
on the left-hand side of the Bloch equations (10.38a)-(10.38c) to zero, again in
the rotating frame, and by solving the resulting system of linear equations by in-
version of the corresponding 3 x 3 matrix. The derivation is given in the origi-
nal paper (Bloch 1946). The response of the probe’s magnetization is M, (w) =
x'(w) Mo with the susceptibility x’(w), in phase with the field component B, (z),
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and M, (w) = x" (w) Mo with the out-of-phase susceptibility x" (w),

(w — wo)w1 T22

, 11.7a
1+ (@ — 00)* T} + 2Ty T ( )

x'(w) =

w11
14+ (w— w0)2T22 + w%Tl T '

x"(w) = (11.7b)

see Fig. 11.4(b) where the RF field amplitude is given by w; = B;/y. Be aware that
the slashes on x do not mean a derivative. The in-phase signal x”(w) has Lorentz-

shape, and has full width at half maximum Aw =2(1 + w% T Tz)% /T>. The x'(w)

signal is zero at exact resonance and has peak values at the frequencies wg + %Aa)
where the absorption signal is at half maximum.

In continuous wave NMR spectroscopy, one measures the time average voltage induced by
the precessing magnetization M (¢) = nu P (t) in a pick-up coil. For in-phase measurements,
this coil is wound on top of the B;-field-generating RF coil. For out-of-phase measurements,
the pick-up coil is wound with its axis perpendicular to the RF coil, see Fig. 11.4(a). For
practical reasons, when searching the resonance signal one does not vary the angular fre-
quency o of the tuned L—C resonance circuit, but instead slowly sweeps the magnetic field
Byp. In the limit of slow passage, this sweep is much slower than all other rates w, wg, w1,
Tfl, and T{l.

(iii) Free induction decay is another frequently used NMR detection method.
First, a 7 /2-flip rotates the initial magnetization Mo into the x—y plane. This is
accomplished with a resonant RF pulse of amplitude B; and duration T such that
the rotation angle about B is 0 = y B|T = /2. After the end of the pulse, the
transverse magnetization precesses freely about By and produces a time dependent
magnetic field. The RF coil then acts as a pickup coil in which a time dependent
voltage signal is induced, which can be Fourier analyzed to give an NMR signal in
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Fig. 11.4 (a) Configuration of the NMR coil for RF input and the pick-up coil for x”(w) signal
output. The RF coils are part of an LC resonance circuit. (b) NMR yx’(w) in-phase and x” (w)
out-of-phase signals, from (11.7a), (11.7b) with 7, = 0.27} and w| = 5T2_1
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Fig. 11.5 In a spin echo experiment, after a 7z/2 flip at time zero, the spins precess in the x—y
plane (the paper plane) at different frequencies and become increasingly dispersed. If at time 7 the
direction of precession is reversed, then at time 27 all spins are lined up again

the frequency domain. Today, with very low-noise equipment, even the precession
of a single proton confined in a trap can be detected (Ulmer et al. 2011).

(iv) The spin echo technique gives important information on the spin dynamics
inside the NMR probe. In free induction decay, the transverse magnetization relaxes
exponentially as M| o exp(—¢/7T>). In addition, there is a further decay of M |
due to instrumental imperfections, like inhomogeneities of the magnetic field, which
make spins at different positions precess at different frequencies wo(x) = y Bo(x).
These unwanted depolarization channels usually mask the physically more interest-
ing but slower true 7, relaxation processes. This instrumental M | decay is usually
taken into account by adding a 1/ T} rate to 1/75 in the exponent, although in gen-
eral this additional decay is not exponential. However, this detail in practise plays
no role because, as we shall see, these T2* effects can be eliminated experimentally.

In a spin echo experiment, after the 7 /2 flip, the individual spins in the probe
start their precession in the x—y plane all with the same initial phase. In the course
of time, due to dephasing with time constant 7>, their relative phases are dispersed
over larger and larger angles, see Fig. 11.5, and transverse magnetization is rapidly
lost. But while the true 7 processes are irreversible, the unwanted 75" processes are
reversible in time. If after a time 7T the direction of spin rotation is reversed by some
means, after twice this time 27 the reversible magnetization loss with time constant
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T is “undone”, and the free induction signal reappears as a spin echo, diminished
only by the true and irreversible 7> relaxation processes.

This reminds us of a field of long-distance runners on a circular race-track. After
their start, initiated by the usual gun shot, they run at different individual speeds
such that the field will become increasingly dispersed. If at a time 7', many rounds
after the start, and upon a second gun shot, all runners turn back on their track and
run at the same individual speed in reverse direction, then after a total time 27 all
runners will simultaneously cross the starting line again.

Spin relaxation times 7> can be measured via the spin echo signal of magni-
tude

M, (T)= M, (0)e 2T/T, (11.8)

From the dependence of 7> on temperature, magnetic field, or other parameters, one
can gain important insight into the internal dynamics of condensed matter, as will
be described in Chap. 22. We shall meet various other spin echo applications, both
with real spins and with effective spins, in the chapters to follow.

In a spin echo experiment, usually the sign of the magnetic field By cannot be suddenly
inverted, unless spin echo is done in-beam with atoms flying through a succession of suit-
ably arranged fields. Therefore, another trick is needed. A time T after the first 77 /2-flip one
applies a second m-flip to all the spins rotating in the x—y plane. This is accomplished by
applying a radio-frequency pulse, oscillating along x like the initial v /2-pulse, but of twice
its duration. This m-flip moves a spin vector with phase angle ¢ in the x—y plane into a
new direction in the same plane, with a new phase angle 2w — ¢. After this w-flip, the most
advanced spins will be the most retarded, and vice versa. After a total time 27, all spins
are again in phase with each other, and the magnetization signal reappears as a spin echo.
A spin echo pulse sequence and the ensuing spin echo signals are shown in Fig. 11.6.

(v) Another NMR method, adiabatic fast passage, allows us to invert a given
spin polarization in an elegant and efficient way. To this end, one slowly sweeps the
field By through resonance. One starts at a field far above resonance, By > o/,
then moves the field through resonance at By =~ w/y, and ends far below resonance
at By < w/y. The effective field in the rotating frame, Fig. 11.1(a), then changes
from Befs =~ Bg along +z, through Begs &~ B along x, to Beff & — By along —z. The
polarization follows the effective field adiabatically. When B inverts its sign from
+ By to — By, the polarization component P, changes sign from + P,y to — P.
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To be adiabatic, the rate of change (1/Befr)d Begr/0t of the external field, i.e., of
wefr/ wefr, Must be slow compared to the system’s precession frequency wefr, that
1S, weff K a)gff. At the same time, the adiabatic passage must be fast enough such

that the polarization does not fade away during passage, i.e., @eff/@eff > Tl_l, T2_1 .
With the method of adiabatic fast passage, simply turning the knob of the magnet’s
power supply makes all the ~10?? spins in the sample flip from spin up to spin down,
back and forth if you like, under favorable conditions with essentially no losses.

11.3 Applications of Spin Resonance

We discuss three widespread applications of spin resonance in (i) NMR spec-
troscopy, (ii) medical imaging, and (iii) atomic clocks.

(1) NMR spectroscopy is big business. Almost every chemistry laboratory has a
high resolution NMR spectrometer in its basement. We shall discuss two main ap-
plications of NMR spectroscopy: first, chemical analysis where the NMR spectrum
serves as a “fingerprint” that signals the presence of a molecule, and second, molec-
ular structure analysis which gives us the spatial position of every atom even for
very large molecules.

Let us first discuss the shapes and frequencies of NMR lines. In the solid state,
NMR lines are inhomogeneously broadened because every probe nucleus sees a
slightly different internal magnetic field By ~ (uun/47)r > from the almost ran-
domly oriented magnetic moments of neighboring nuclei. These small internal fields
of amplitude Bjy, ~ 10~* T for internuclear distances r ~ 1 nm are superimposed
on the strong external holding field By and are approximately Gaussian distributed.
In modern NMR spectrometers, with Bp ~ 10 T and v = w/27 ~ 400 MHz, inho-
mogeneous line widths have Av/vy = Bin¢/Bo ~ 1073, or Av ~ several kHz.

In liquid NMR probes, this inhomogeneous broadening is suppressed by the ef-
fect of motional narrowing: due to the rapid movements of the molecules in a liquid,
amplitudes and directions of internal fields change so fast that their effect on the
NMR line averages out; see also Sect. 22.3. The residual homogeneous line width
Av =1/Q2nT,) ~ several Hz is due to transverse relaxation and is a natural width
due to energy—time uncertainty, see Sect. 3.4.2. These extremely narrow NMR lines
are sensitive to the smallest changes in the environment of the nuclei in a molecule:

Chemical shifts arise because every nucleus in a molecule sees a different site-
specific electronic environment, with a slightly different NMR frequency.

In this way, each molecule in a liquid leaves its specific signature in the NMR spec-
trum. This makes NMR spectroscopy an indispensable tool of chemical analysis.
For an example, see Fig. 11.7.

NMR spectroscopy is also highly valuable for molecular structure determination.
Most effective to this end is two- or multidimensional NMR spectroscopy. With this
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method, the intensities of spin echo signals are recorded not only as a function of
the time interval #; = T between the two spin echo RF pulses, but also as a func-
tion of the time #, passed after the spin echo signal, see Fig. 11.6. The entire set
of spin echo responses f (¢1, t2) embodies information on the distances and angular
positions of neighboring nuclear spins. From these data one can build up the entire
three-dimensional atomic structure even of large molecules. NMR studies of pro-
tein structures can be done with the molecules in their natural liquid environment,
whereas structural studies with classical X-ray diffraction require crystalline probes.

The structure of thousands of proteins, each containing up to 100 000 atoms,
has been fully established with multidimensional NMR spectroscopy, which
competes with and complements the methods of X-ray diffraction.

(ii) Another well known application of NMR is in medical diagnostics, known
as magnetic resonance tomography. MRT records spatially resolved NMR signals
S(x) in dependence of the position x = (x, y, z) of the probe nuclei within the
volume of a patient’s body, which then are transformed into three-dimensional MRT
images.

In magnetic resonance tomography, the magnitude of the position-sensitive
signal S(x, y, z) depends on the local density of the probe nuclei and on their
local relaxation times, which vary with the medical condition of the tissue
under study.

Three successive steps are required for MRT image formation, one for each dimension.
Step 1, z-position by slice selection: The patient is oriented along the z axis of the holding
field Bo(z). The field has a gradient along its z axis, such that the resonance condition
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Fig. 11.8 Ramsey signal observed in the hyperfine splitting of the 133Cs (I =7/2) ground state,
obtained with a “fountain” of cesium atoms at a temperature <2 uK, after double passage of the ris-
ing and falling atoms through the same microwave 7 /2-flip region. The atoms’ mean time-of-flight
of 0.4 s determines the ~1 Hz width of the Ramsey fringes, while the Fourier transform of the
atoms’ time-of-flight spectrum determines the ~100 Hz width of the signal envelope. The lower
panel shows an expanded view of the central fringes. From Sullivan et al. (2001)

By(z) = w/y is fulfilled only for a thin slice of the patient near z = zo. When a 7/2 RF
pulse is applied, only nuclei within this slice participate in the subsequent free induction
decay.

Step 2, x-position by phase encoding: During a short time, small field gradients are applied
along x, which produce a gentle push or pull on the precessing transverse magnetization
M | (t), which acquires a different phase ¢ (x) for each position x.

Step 3, y-position by frequency encoding: During the whole measurement, a small field
gradient is applied along y, such that the transverse magnetization M | (t) precesses at a
slightly different angular frequency w(y) for each position y. The superposition of these
free induction signals then shows strong interference beats in time, such that each precession
frequency w in its Fourier spectrum corresponds to a different position y.

(iii) Finally, atomic clocks are based on in-beam NMR and are in wide use as time
and frequency standards. They nowadays reach a relative precision of 1.5 x 10713,
or 1 second in about 107 years, with rapid progress every year. The GPS global po-
sitioning system relies on atomic clocks, as do many high precision tests of special
and general relativity. Atomic clocks use Ramsey’s method of separate oscillatory
fields, which we discuss briefly. The same as in spin echo, spins initially polarized
along +z are irradiated with two successive radio-frequency pulses, separated by a
time interval 7. In contrast to spin echo, the oscillations of the two RF pulses are
of equal length and stay in phase with each other. To guarantee phase coherence,
both pulses come from the same oscillator, which is kept running between the two
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RF pulses and is merely gated off at the end of each pulse. In the Ramsey method,
the first /2 pulse turns the nuclear polarization from +z into the x—y plane, and
thereafter the phase of the spins, precessing in the x—y plane, evolves as gspin = wot,
while the phase of the oscillator evolves as @osc = wt. If both frequencies coincide,
w = wop, both phases evolve in parallel, and the second /2 pulse has the same ef-
fect as the first, i.e., it turns the spins by another 90° from the x—y plane into the —z
direction. If, however, w is detuned from wy, then the second pulse flips the spins
elsewhere, depending on the phase difference A¢ = (v — wp)T. Altogether, one
obtains an interference signal in dependence of the detuning @ — wp. This is in anal-
ogy to double-slit interference, which relies on the phase difference A = (x —x¢)k,
with k =27 /A and with the optical-path difference x — x¢. Therefore,

The Ramsey method is the time domain analogue of a double-slit experiment,
and the signals shown in Figs. 1.1 and 11.8 in favorable cases have identical
shapes.

The Ramsey method is the more precise the longer the time interval 7' between the two
pulses. Therefore, the most advanced atomic clock uses a “fountain” of 2 uK cold cesium
atoms with rise plus fall time T = 0.4 s between the RF pulses. The '33Cs nuclei are po-
larized by optical pumping (see the end of Sect. 18.3), and their polarization is optically
monitored. The 33Cs splitting fiwy of the F =4 and F = 3 hyperfine levels (cf. Sect. 8.3)
has a frequency 27wy = 9192631770 Hz, which is used as a time standard that defines the
second as the time elapsed after 9 192 631 770 oscillation periods of the '33Cs spins.
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Chapter 12
Two-State Systems in Atomic and Molecular
Physics

Abstract Various effective-spin systems in atomic physics are investigated. The
first example is the photon with its two states of circular polarization. The photon’s
coherent superposition states can be mapped onto the surface of the Bloch sphere.
The next example presents two atomic states involved in a resonance transition,
driven by laser or microwave radiation. This leads to Rabi oscillations, photon free
induction decay, quantum beats, photon echoes, and Ramsey signals. In molecu-
lar physics, a well known example of a two-state system is a nitrogen atom in the
double-well potential of an ammonia molecule. A modern version of this experiment
is a Bose—Finstein condensate in a double-well optical trap.

12.1 Photons as Two-State Systems

The photon is a well known two-state quantum system. Classical electrodynamics
knows right-circular o ¥ and left-circular o~ electromagnetic waves. We call these
two basis states R and L, for right and left. Linearly polarized light is a coherent
superposition of ¥ and o~ light. We could as well take two orthogonal linearly
polarized waves and call them H and V, for horizontal and vertical.

The photon as a particle has spin quantum number s = 1 with only two sub-
states with magnetic quantum numbers m = 1 and m = —1. In relativistic quan-
tum field theory, it is shown that massless particles of spin j possess only the two
m = % j substates of spin. The other m-states do not exist because this would vi-
olate Lorentz invariance. In a quantum description, linearly polarized photons are
a coherent superposition of their m = =1 states. Again, there is an infinite vari-
ety of superposition states ¥ = aR + bL, with complex amplitudes a and b, and
lal?> +|b)> =1.

In Hilbert space, all possible superposition states |y = ao 4 bp with |{|*> = 1 can
be mapped onto the surface of the Bloch sphere, in optics also called the Poincaré
sphere, shown in Fig. 12.1. The Bloch sphere should not be confused with the sphere
described by the vector P(¢) = (o)(¢) of length | P| = 1, shown in Fig. 3.3, which
is defined in three-dimensional vector space.

D. Dubbers, H.-J. Stockmann, Quantum Physics: The Bottom-Up Approach, 125
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Similarly as in Sect. 3.3.2, we write the general two-state vector s in terms of its
polar and azimuthal angles 6 and ¢ on the Bloch sphere as

e 1%/2 cog %9 )

) 12.1
el®/2 in %9 ( )

. 1 . 1
U(0, p) =Re ¢/ cos 59 +Le'2sin 59 = (

The orthogonal states R and L with & =0 and 180° lie on the north and south poles
of the sphere, respectively. All states with linear polarization have 8 = 90° and lie
on the equator, for instance, H = (R+L)/ V2 with ¢ = 0 for horizontal polarization,
V=R-L)/ V2 with ¢ = 180° for vertical polarization, and Dy = (R +iL)/ V2
with ¢ = £90° for diagonal polarization. The states lying between the equator and
the poles correspond to elliptical polarization. In the laboratory, the state of a photon
can be altered by the use of optical elements.

Loss-free optical elements can be described by 2 x 2 matrices that move a
photon state ¥ to some other state on the Bloch sphere.

In the H-V basis, frequently used in optics, the Jones matrices for horizontal
and vertical linear polarizers are Jg = %(I +0;), v = %(I — o), and for a phase
shifter J, = ¢'?/25_. Such devices permit the experimenter to walk around at will in
“optical” Hilbert space.

12.2 Optical Resonance Transitions

Two energy levels of an atom, coupled to each other by a laser field, are another
example of an s = % effective-spin system. When atoms are irradiated with light,
their response in most cases is well described in the semiclassical approximation,
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with light regarded as a classical electromagnetic wave, characterized by its electric
field vector E. In laser spectroscopy, light typically is a traveling plane wave,

E(z,1) = Egel 790, (12.2)

oscillating at angular frequency £2 and propagating along z with wave number
k = 2w /1. Classical field amplitudes are observables and must be real numbers,
and the complex presentation is chosen only for mathematical convenience. This
means that, without explicitly noting this in the equations, only the real part of all
occurring quantities must be taken. In contrast, amplitudes in quantum mechanics
are not observables and can be truly complex quantities.

In an optical transition between low-lying states of the valence electrons, the
wavelength A is typically of the order of several 100 nm, while the diameter of the
light-emitting atom is of the order of nm or less. Therefore, within the volume of
the atom, we set e'*¢ = 2172/* 2 1 and

E(z,1) ~ E(t) = Ege . (12.3)

The time dependent electric field E interacts with the atomic electric dipole mo-
ment d¢] formed by the negative electron shell of the atom and its positive nucleus,
which are assumed to be elastically bound to each other. The classical potential of
an electric dipole interaction is Vg = —d - E.

In the quantum case, we proceed in analogy to the magnetic dipole interaction.
There we had the classical magnetic dipole moment u = Ia of a current I on a
circuit of area a, and replaced it by the magnetic moment operator p = o to arrive
at the Hamiltonian Hy; = —p - B of the magnetic dipole interaction. Similarly, we
have the classical dipole moment d¢] = er for two charges of magnitude e and of
opposite sign, with the displacement vector r pointing from the negative to the pos-
itive charge, and replace it by the operator d¢] = d,)0 to arrive at the Hamiltonian of
the electric dipole interaction

Hg = —dq - E. (12.4)

This electric dipole Hamiltonian, like any two-state operator, can be expressed in
terms of the Pauli spin operator o, see (3.17a), which explains why d.j, like any vec-
tor operator, is proportional to ¢. In the following, we disregard static electric dipole
moments, as well as the effect of the light-wave’s magnetic field vector B = E/c,
which latter is negligible in allowed electric-dipole transitions.

In laser spectroscopy, a time dependent transverse electric field E | = E |, cos §2¢
with optical frequency 2 can induce electric-dipole transitions between two atomic
energy levels E1 < Ej, see also Sect. 18.3. We assume that the other energy levels
of the atom are so far away, as compared to the line width of the transition, that they
do not affect the resonance transition under study. The two atomic states then are the
basis states | = a and {» = p of this atomic two-level system, £ and E; being
the diagonal elements of the corresponding Hamiltonian 2 x 2 matrix. As before,
we put the zero of energy halfway between these two diagonal elements, which
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then have values i%(Ez — E1) of the order of eV for low-lying atomic states. The
laser field provides the off-diagonal matrix elements, which couple both states and
induce transitions between them. For linearly polarized light with E () along x, the
Hamiltonian then is

1
H= E(Ez — E1)o; + 2de Exooy cos £2t, (12.52)
H= ( 3(E2— Ep) ZdelEXOCOS.Qt) '

| (12.5b)
2dgExgcos 2t —5(Ex — EY)

Be aware that E, E, are energies, while Eyq is an electric field component.

The above Hamiltonian equations do not cover spontaneous emission, but de-
scribe semiclassically the process of induced emission and induced absorption. As
before, we go to the frame rotating at the photon’s angular frequency §2. When we
neglect the counter rotating laser amplitude, the Hamiltonian in the rotating wave
approximation becomes

1 (20— 2R
Hrot_§h< o —(90—9))' (12.6)

This is the same Hamiltonian as in NMR, see (11.4b), with the energy 129 = E; —
E of the atomic optical transition replacing the energy hwo = By of the Zeeman
transition. The Rabi precession frequency

Q& = dExo/h (12.7)

about the electric laser field amplitude E ¢ replaces the precession frequency w; =
wB1 /I about the magnetic RF-field amplitude Bj.

In principle, all the methods developed in spin physics can be applied to free
atoms exposed to a laser beam.

12.3 Optical Analogies of Spin Rotation and Spin Resonance

Most techniques developed in both spin rotation and spin resonance were realized,
one after the other, also for the atomic two-state system, as there are quantum beats,
Rabi oscillations, optical free induction decay (Brewer and Shoemaker 1972), op-
tical adiabatic fast passage (Loy 1974), photon echoes (Brewer and Genack 1976),
or Ramsey’s method of separate oscillatory fields (Bergquist et al. 1977). We shall
have a closer look on the first two methods.

Quantum beats are intensity modulations in the reemitted light from an excited
atomic state that has a small energy splitting § E, after this state has been excited
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Fig. 12.2 Quantum beats are
observed in the reemitted AE = h/Af/"
light if the spitting 8 E of the I T T 18E<A
excited state is smaller than

its energy uncertainty

AE = h/At due to pulsed
excitation. Alternatively,
quantum beats can be N
described as spin rotation of
the excited atoms, detected by
their rotating light emission
pattern

Pulsed Interfering
excitation decay
within At amplitudes

by a very short light pulse of duration At¢, see Fig. 12.2. Quantum beats are an
interference phenomenon: it is uncertain which of the two upper states is excited, if
the splitting of the two levels is so small that it is blurred by the energy uncertainty
of the incoming laser pulse,

SE < AE =h/At. (12.8)

According to the rules given in Sect. 6.6, the two emitted light amplitudes then must
be added coherently, which leads to a beating in the light intensity of frequency
wo=08E/h.

In nuclear physics, quantum beats are traded under the name perturbed angular
distributions (PAD) or perturbed angular correlations (PAC), and are used to mea-
sure internal fields in condensed matter. Nuclear physicists generally use the spin
precession picture, while atomic physicists prefer the description in terms of prob-
ability amplitudes. In the spin precession picture, the perturbed state is prepared by
some nuclear or other reaction within a time interval Ar short enough that the state’s
transverse polarization does not dephase before spin rotation sets in. With an energy
splitting 8 E of the perturbed state, spins rotate at wg = 8 E/h, which leads to the
requirement

S = wpAt K 1, (12.9)

which is identical to (12.8). The ensuing spin precession then is detected via another
polarization sensitive reaction.

Needless to repeat, we prefer the spin precession picture with its three distinct
steps, listed at the beginning of Chap. 4, because this picture does not depend on
the way the perturbed state is prepared, or on the way it is analyzed, and describes
phenomena as different as atomic quantum beats and the precession of polarized
muons about an external magnetic field. More on this in Sect. 20.5.

In Rabi oscillations, what is it that precesses with angular frequency £2r =
de1 E 0/, introduced in (12.7)? To find out, let us regard an optical resonance tran-
sition driven at angular frequency 20 = (E> — E1)/h. Let us first assume that
the tunable laser is switched off and that all atoms are in their lower state .
For atoms in thermal equilibrium, the initial mixed-state pseudopolarization is
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Fig. 12.3 Rabi oscillations of Rb atoms between two highly excited Rydberg states, sepa-
rated by £2¢/2m = (Es51 — Esp)/h = 51 GHz. During the atoms’ flight through a supercon-
ducting microwave cavity tuned to §2¢, their pseudopolarization oscillates at the Rabi frequency
Q2r/2m =dg Ex/h =47 kHz, for details see text. The dots in the figure indicate the interaction
times for Rabi rotations by %n, 7, and 2. The damping is due to instrumental imperfections.
From Raimond et al. (2001)

P,(0) = p» — p1 = —1. This atomic pseudopolarization has nothing to do with
atomic spin, but is just a way of saying that the atoms are all in their ground state.
If the laser field E is switched on at the atomic resonance frequency 2 =
£2¢, then in the rotating-frame Hamiltonian equation (12.6), only the off-diagonal
elements Hip = dgEvg = %h.QR are nonzero. From our earlier discussions on
spin precession, we know what will happen. The pseudopolarization will pre-
cess in the y—z plane about the rotating laser field component E,y as P(t) =
(0, sin £2rt, — cos §£2rt), in the same way as shown in Fig. 11.1(b) for the NMR
case, or, more precisely, from (6.20), Ppixed(t) = (p2 — p1)P(¢). After a time
T = 7 /$2R, the atoms will no longer be in their ground state, but will all be in
their excited state ¥, the energy difference /2y being supplied by the laser field,
and after twice that time, they will all be back to their ground state, under induced
emission of a photon of energy /2. At all times in between, the atomic states are
coherent superpositions of the atom’s upper and lower energy states, moving along
the ¢ = /2 longitude of the appropriate Bloch sphere. We then go back to the labo-
ratory frame and find that during Rabi oscillations, pseudopolarization P () evolves
in the same way as the precession of real spins in an NMR experiments, Fig. 11.1(c).
In particular, the longitudinal polarization P,(t) = — cos £2rt = |a(t)|2 — |b(t)|2,
and with it the occupation probabilities la(1)]? and |b(t)|?, oscillate back and forth
at the Rabi frequency £2r. Induced photon absorption alternates with induced pho-
ton emission, and the intensity of the reemitted light varies at the Rabi frequency.
Figure 12.3 shows Rabi oscillations of rubidium atoms between two neighboring
highly excited Rydberg states with principal quantum numbers n = 50 and 51.
When we tune the laser angular frequency §2 through the resonance, then far off
resonance, £2 K §2p or §2 > £§2p, the system will answer with small effective-spin
nutations, similar as in Fig. 5.2 for small transverse static fields, and at £2 = §2¢ will
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show the full Rabi-oscillation signal. The homogeneous width A§2 of the resonance
curve is given by the inverse of the atom’s residence time in one of the two states, as
required by the uncertainty relation. Hence, for large laser field amplitudes E,, the
width of the resonance signal is proportional to the laser field amplitude, A$2 « E,,
as was the signal width Aw o B, in magnetic resonance.

Thus Rabi oscillations differ considerably from the optical quantum beats dis-
cussed above. Quantum beats are spin rotations in the excited state of the type
treated in Chap. 4, where the precession of (real or effective) spins is about some
internal or external field that we did not specify any further. The laser provides one
specific means of initiating and detecting this spin precession, but the amplitude of
the laser field does not enter the 2 x 2 spin rotation Hamiltonian of the excited state.
Rabi oscillations, on the other hand, in the present example are a pseudospin reso-
nance effect, in which pseudospin precession is about the electric field vector of the
laser; therefore, the laser amplitude does enter the Hamiltonian equation (12.6) of
the atomic two-state system.

12.4 Particles in a Double Well

12.4.1 The NH3; Molecule

A prominent cause for the splitting of energy levels is the tunnel effect. As an ex-
ample we regard the ammonia molecule NH3 in Fig. 12.4(a). If we squeeze the
nitrogen atom along the z-axis through the equilateral triangle formed by the hydro-
gen atoms, then the N atom sees a double well potential V (z) of the type shown in
Fig. 12.4(b). The N atom can be on either side of the plane of the H-atoms. Hence
the NH3 molecule forms a two-state system with two basis states

L= (é) and R= (?) . (12.10)

The system can change from L to R and back because there is a certain probability
amplitude A that the nitrogen atom tunnels through the central potential barrier to
the other well.

The nitrogen atom has the same energy Hj; = Hz; = E( on both sides of the
molecule, L and R being mirror images of each other. The system therefore has the
two-state Hamiltonian

_(Eo —A)_
H_(_A E0>_EOI—A0X. (12.11)
The tunneling amplitude A > 0 depends on the shape V (z) of the potential, main

parameters being the width and the height of the barrier. As we do not know V (z)
very well, we simply take the measured value for A.
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Fig. 12.4 (a) Structure of the ammonia molecule NH3. The nitrogen atom can tunnel through the
x—y plane from basis states L to R and back. (b) Tunnel splitting of the eigenenergy E( of the
nitrogen atom in the double well potential of the ammonia molecule, with gap 24 & 1 x 10™* eV.
The nitrogen atom N tunnels at a frequency 2A/ h = 24 GHz between positions L to R through the
barrier of height Vy ~ 0.2 eV

From (12.11) we can at once draw a number of conclusions without exact knowl-
edge of V(z). From the secular equation (Eg — E)? — A> = 0 we find

EL=Ey+A. (12.12)
A particle in a double-well potential shows a tunnel splitting of its energy.

The corresponding energy eigenstates of the molecule are symmetric and antisym-
metric superpositions (L + R)/+/2, as in (3.54). This is in analogy to the frequency
splitting of two classical coupled pendulums with its symmetric and antisymmet-
ric normal modes. If at time # = 0 all molecules are in state L, their wave function
evolves as ¥ = a()R + b(¢)L, and the probability of finding them in states L or R
oscillates as

pr = la|? = cos® (At /h), pL = |b|* =sin®(At/h). (12.13)
As in Sect. 3.5.2, we can define a pseudopolarization P (¢) with components

P.(1) = |a|* — |b|> = cos(2At /), (12.14a)
Py (1) =2Im(a*b) = —sin(2At/h). (12.14b)

The longitudinal component P, indicates how the system oscillates between the
states L and R. The transverse component Py tells us that, during the tunnel-
ing processes, the system possesses phase dependent transverse amplitudes that
let the pseudopolarization vector P = (o) rotate about a vector (A, 0, 0) in three-
dimensional space. The transition matrix element A plays several roles.

e A determines the angular frequency 2A /7 at which the N-atoms oscillate between
the states L and R. This corresponds to the Larmor precession frequency wp, =
y By in a transverse magnetic field.
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e A determines the tunneling-induced energy splitting £y — E_ =2A. This corre-
sponds to the Zeeman splitting iy B, induced by a transverse magnetic field.

e The off-diagonal element A leads to coherence in the tunneling process, necessary
for the periodicity of pr and pr in (12.13).

e In contrast to the magnetic dipole case, the off-diagonal term A of the ammonia
molecule has a fixed value that cannot be varied experimentally.

Neither molecular vibrations nor rotations play a role in the tunneling process: at
room temperature, only the lowest vibrational state of the molecule is populated, and
the narrowly spaced rotational levels play no role because they all see essentially the
same potential V (z), and therefore experience the same tunnel splitting.

12.4.2 The Ammonia Maser

The tunnel splitting of the ammonia NH3 molecule finds application in the am-
monia MASER, an acronym for Microwave Amplification of Stimulated Emission
of Radiation, similarly as LASER is an acronym for Light Amplification. While
magnetic interactions of the NH3 molecules are negligible, the molecules’ dipole
moments are very sensitive to external electric fields. Due to the differences in their
electronegativities, each hydrogen atoms carries a mean positive excess charge &+,
while the N-atoms carries a mean negative excess charge e~ = —3&™. Hence, with
the nitrogen atom in state L, the electric dipole moment of the molecule has ampli-
tude de) = £~ 79, where zg is the mean distance of the N-atom to the x—y plane of
the H-atoms. The electric dipole interaction energy then is —d] - E. With the z-axis
along the electric field, the Hamiltonian is

H= Eol — doE,0, — Aoy, (12.15)

and the energy eigenvalues £+ in dependence of the electric field strength E lie on
two hyperbolas defined by

(E — Eo)* —diEZ = A%, (12.16)
similar as in the magnetic case, (7.4) and Fig. 7.1(a). Therefore, at small field E,, we
see a quadratic Stark effect which goes over into a linear Stark effect for strong E.
With increasing field strength E,, the negatively charged N-atoms are pulled more
and more into the L state, and the probability to find them in the R state diminishes
in the same way as the spin down probability in the magnetic case, (5.15a) and
Fig. 7.1(b), namely, with

1 1 dyE
2 el=z
cos” =1+ ———"——0> 1| 12.17

2 2[ (A2+d§1E§)‘/2} .

Just as the magnetization M, = nu P,(B;) is defined as the magnetic-field deriva-
tive of magnetic dipole energy, see (7.3), the effective electric dipole moment (de)
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is defined as the derivative of electric-dipole energy with respect to field amplitude
E, which for the ground state energy E_ reads

JE_ dE,

der) = = .

(12.18)

At zero electric field, the slope of this curve is zero, and hence the electric dipole
moment vanishes and changes sign with the applied field, as was already shown in
Fig. 7.1(a) for the analogous magnetic case. Therefore:

Molecules do not have permanent, but only induced electric dipole moments.

The orientation of a particle can be specified only by the orientation of its angular
momentum. Therefore, a permanent dipole moment would violate invariance under
time reversal operation T, which changes the sign of (o) but not that of (dj), so
under time reversal the particle would change appearance.

Ammonia molecules in thermal equilibrium at room temperature have both en-
ergy levels E4 and E_ nearly equally populated because of the smallness of the
tunnel splitting 2A. One can spatially separate the E state from the E_ state by
passing a beam of NH3 molecules through an electric quadrupole lens with a strong
radial electric field gradient. Like in the Stern—Gerlach case, a force

0E+ _ 0EL 0E, - 0E,

ar oE, or T det)

Fry= (12.19)

acts on the molecules, focusing the upper energy state £ and defocussing the lower
state E_. In this way, a population inversion is obtained, a necessary condition for
maser and laser action. Indeed, the first maser was built before the invention of the
laser. It used a beam of NH3 molecules in the E state, which, during passage of
a tuned microwave resonator, made a transition to the E_ state, under stimulated
emission of microwaves at the tunneling transition frequency of 2A/h = 24 GHz.
Hence a maser amplifier can be used as a coherent source of microwaves.

12.4.3 Bose-Einstein Condensate in a Double Trap

Next we present an experiment in which instead of an atom an entire Bose—Einstein
condensate of about 1000 atoms tunnels in a double-well potential. As bosons like
to congregate (see Sect. 8.1), they can make a phase transition from a classical gas to
a Bose—Einstein condensate (BEC) if temperature T is sufficiently low and density
n is sufficiently high. We state without proof:
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Fig. 12.5 Oscillations of a Bose-Einstein condensate in the potential of a double optical trap:
(a) Measured time evolution of the populations of weakly linked 3’Rb Bose—Einstein condensates
in the left and right wells of the double-well potential shown on the left. The size of the absorption
images is about 10 um x 20 um. (b) Upper panel: Time dependence of the measured popula-
tion imbalance, which is the longitudinal pseudopolarization P,(¢) as derived from (a). (b) Lower
panel: Time dependence of the measured phase factor of the transverse polarization Py (¢) between
the two BEC condensates in the double well, see (12.14b). The solid lines are theoretical predic-
tions with no free parameter. From Albiez et al. (2005)

A phase transition of a gas to a Bose—Einstein condensate can occur if the
phase space density exceeds one atom per phase space cell.

An atom at the origin x = p = 0 of phase space, and inside the cell volume
AxAp = AxAyAzAp,ApyAp, has Ax ~ d3, where d is the mean distance be-
tween atoms, and Ap ~ p>, with p = h/A. If d equals the de Broglie wavelength A,
then the cell volume becomes AxAp = A3(h/1)3 = h3, as required by (6.39):

A Bose—FEinstein transition can occur if the mean distance between neighbor-
ing atoms approaches their de Broglie wavelength.

A gas in thermal equilibrium has p = 3MkgT)'/?, with atomic mass M and Boltz-
mann’s constant kg, and d = 1/n'/3 for atomic density n. We resolve AxAp ~ dp’ =
(BMkgT)3/?/n = h3 for T and obtain the critical temperature for this phase transition

T. ~ h*n?/3kg M. (12.20)

For 37Rb atoms of density n = 1012 em=3, T. =~ 0.1 pK.
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Bose-Einstein condensates have been the object of many investigations in recent
years. Like single atoms, a BEC can be manipulated with light forces, and therefore
can be stored in an optical trap formed by two counterpropagating laser beams,
which produce an approximately harmonic three-dimensional confining potential.
Likewise, in a standing light wave in front of a mirror, the BEC is confined to the
crests of the light field, which is periodic in one dimension. If a harmonic three-
dimensional trap and a one-dimensional periodic standing light wave are properly
superimposed, one produces the optical double-well potential shown on the left of
Fig. 12.5(a).

Shown are several consecutive snapshots of a BEC of rubidium atoms in this
optical double-well potential, or more precisely, we see the shadow of such a BEC
thrown onto a CCD camera when the BEC is illuminated from behind. If for r =0
the BEC is in the left potential well L, then some tens of milliseconds later one finds
the BEC in the right potential well R, and so on, back and forth. Figure 12.5(b)
shows both the intensity oscillation L <> R of the BEC’s longitudinal pseudopolar-
ization P,(t) and the transverse pseudopolarization Py(¢) from (12.14b). To mea-
sure the phase ¢ of Py, the double-well potential was switched off, and the partial
BEC waves were dropped in the Earth’s gravitational field and were allowed to
interfere with each other. By tuning the parameters of the double-well potential,
important information on the properties of the BEC can be deduced.
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Chapter 13
Two-State Systems in Condensed Matter

Abstract Condensed matter physics offers various examples of two-state quantum
systems. We focus on two such examples. Glasses at very low temperature, with
their excessive heat capacity and other peculiar properties, since long are known
to behave as if they were some kind of a two-state quantum system. Spin echo
experiments on glasses helped to elucidate the mechanism behind this phenomenon.
The second example involves superconducting Josephson junctions, macroscopic
two-state quantum devices that have applications in metrology, magnetometry, and
quantum informatics.

13.1 Glasses

When cooled rapidly, many liquids avoid a phase transition to the crystalline state
by turning into an amorphous glass. Glasses are in a metastable disordered state that
has not had time to find its state of minimal energy. The macroscopic time scales
for global changes in glasses can be of the order of many years, much longer than
molecular time scales, which are of the order of picoseconds. Glasses solidify near
the empirical glass transition temperature, though this transition has no theoretically
well defined meaning. In spite of the practical importance of glasses, their slow
dynamics is far from being satisfactorily described by current theories, see Berthier
and Biroli (2011), Langer (2007), and references therein.

For most glasses, the glass transition temperature is between 200 K and 1000 K.
At temperatures far below 1 K, glasses show another type of peculiar and universal
behavior (Zeller and Pohl 1971). In this regime, glasses there have heat capaci-
ties too high by factors of one thousand and more, with a temperature dependence
C « T, as compared to the usual C o< T3 from Debye theory, and in addition show
a number of other anomalies. This was quite unexpected because phonons of long
wavelength, mainly responsible for heat transport in condensed matter, were thought
to be insensitive to the microscopic structure of matter.

These anomalies of glasses can be phenomenologically explained by assuming
that atoms or groups of atoms in the glass are sitting in some double-well poten-
tial of unknown origin (Phillips 1973; Anderson et al. 1972). As amorphous glasses
lack periodicity, these potentials, as seen by different atoms in a glass, should have
a broad distribution of barrier widths and heights, and with it of tunnel splittings.
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These two-state systems can be described and investigated with the methods devel-
oped in previous chapters, for a survey see Phillips (1987). To this end, one defines
a pseudospin—% Hamiltonian matrix

H=%(Aasy01+A00x)- (13.1)
As in Sect. 12.4, the off-diagonal A is the matrix element responsible for tunnel-
ing between two wells, while the asymmetry energy A,sy on the diagonal accounts
for unequal depths of two adjacent wells, the values of both parameters having a
broad distribution. This two-state system then is coupled to time varying electric
fields from thermally induced rearrangements of the surrounding atoms. These ad-
ditional off-diagonal oscillatory elements lead to excitations and energy dissipation
by phonon absorption. For a uniform distribution of tunnel splittings, the heat capac-
ity (obtained in the usual way by integration over phonon energies, weighted with
the phonon density of states) indeed gives the linear temperature dependence of the
heat capacity C o< T observed in glasses. Other properties like thermal conductivity,
thermal expansion, or energy relaxation can equally well be explained in terms of
this two-state model.

In the laboratory, one can induce transitions between the putatively tunnel-split
energy levels. To this end, one irradiates the glass either with photon pulses from an
external microwave source, or with phonon pulses from a piezo oscillator coupled
to the probe, both at frequencies in the GHz range. These pulses are applied in spin
echo experiments, carried out as described in Sect. 11.2, with a /2 flip followed by
a r-flip of pseudospin, recall Fig. 11.6. For quite some time, this two-state approach
was purely phenomenological, following the postulate:

In a glass at very low temperatures, groups of atoms tunnel between different
molecular configurations, separated by a potential barrier.

In recent years, the mechanism behind these interacting tunnel states was eluci-
dated by such photon- or phonon-induced spin echo experiments (Enss 2002). For
the glass former glycerol, for example, of molecular formula C3HgO3, it was pos-
sible to identify a group of three hydrogen atoms which as a whole tunnel between
two configurations, separated by a potential barrier. Figure 13.1 shows the configu-
rations that are at the origin of the two-state behavior in this glass.

The results shown in the figure were obtained on the following way. Below about
50 mK, a quadrupole interaction can be identified, which is present in fully deuter-
ated glycerol C3DgO3 with deuteron spin / = 1, but not in ordinary C3HgO3 with
proton spin [ = % (cf. Sect. 7.1.3). With its broad range of interaction strengths, this
quadrupole interaction washes out the spin echo signals and makes them disappear,
unless a sufficiently strong magnetic field decouples the quadrupole interaction and
makes the spin echo signal reappear. From the magnetic-field dependence of the
spin echo amplitudes and from their time evolution for both natural and deuterated
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Fig. 13.1 In glass-like glycerol at very low temperatures, three hydrogen atoms tunnel as a whole
between two stable triangular configurations, separated from each other by a potential barrier,
without changing the shape of the triangle, see the dark and light gray spheres. The in-plane
rotation angle is measured to 6 = 16°. The white spheres denote neighboring stationary H-atoms.
From Fickenscher et al. (2009)

glycerol, it was possible to identify the two-state configurations responsible for the
low-temperature glass anomalies, shown in Fig. 13.1.

13.2 Josephson Effects

13.2.1 Basics of Superconductivity

We turn to another well known two-state system, the Josephson junction of two
weakly coupled superconductors. Though let us first recall some facts about super-
conductivity. A superconducting current meets zero resistance and is carried by a
small fraction of conduction electrons that form the Cooper pairs in the following
way. When moving through the crystal lattice, the (dielectrically screened) electron
charge induces a distortion of the surrounding crystal lattice. When two such distor-
tions overlap, this leads to an attractive interaction of the two electrons, essentially
an electron—phonon interaction. The electrons in a Cooper pair formed in this way
carry their spins and momenta opposite to each other. In a classical analogue, two
pins are supported on a water surface by surface tension, which attract each other
and at the same time turn parallel.

Below a critical temperature T¢, the spinless Cooper pairs as bosons form a con-
densate of the type of the Bose—Einstein condensate discussed in Sect. 12.4.3.

The electronic ground state of a superconductor is a boson condensate that is
separated from the normally-conducting electron states by an energy gap of
several meV.
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In a metal, electrical resistance has its origin in the inelastic scattering of the con-
duction electrons on deviations from lattice periodicity, arising from lattice defects
or from lattice vibrations, the latter dominating at high temperatures. In a super-
conductor, on the other hand, for T < T, the inelastic scattering of superconducting
electrons across the energy gap A into their normally-conducting state is suppressed,
and electrical resistance disappears. A voltage applied across a superconductor will
make the entire superconducting coherent ensemble move through the crystal as a
supercurrent.

We can mimic the formation of such a coherent bosonic condensate of Cooper
pairs with a highly simplified toy model. We take as basis states the subset of those
pairs of electrons that already have antiparallel momenta and spins, and we assume
that the matrix elements responsible for the attractive interaction of such pair states
all have the same small negative value (n%nl|H|n¢n¢) = —§ for n’ # n, and are
zero otherwise. The Hamiltonian and its eigenvalues therefore are, for the example
of N =5 Cooper pairs,

01 1 1 1

1 01 11
H=-5]1 1 0 1 1]}, (13.2)

1 11 01

11110
Ei=E,=E3=E4=+9$, Es = —44. (13.3)
All eigenstates have their energy £ = --- = En_ increased by §, except for

one state whose energy Ey is lowered to —(N — 1)4, such as to keep the energy
balance at zero. The corresponding (unnormalized) eigenfunctions are

Y1 =(-1,41,0,0,0), (13.4a)
Y = (—1,0,+1,0,0), (13.4b)
V3 =(—1,0,0,+1,0), (13.4¢)
Ya=(—1,0,0,0,+1), (13.4d)
Vs=(1,1,1,1,1), (13.4¢)

as can be checked by numerical calculation. The proof for general N is straight-
forward and is omitted here. The wave function of the last eigenstate is a coherent
superposition of all Cooper pairs involved, and is separated from other states by a
gap of A = E1 — En = N§. This last state forms the superconducting condensate.
For a large number N of Cooper pairs, this gap can reach the order of meV even for
extremely small §. The above simplified treatment is meant to give an indication as
to how a condensate with an energy gap may come into existence in a many-body
quantum system.
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13.2.2 Josephson Junctions and Their Applications

We now come to our second example of a two-state system in condensed matter.
When two pieces of the same superconducting material are joined together, sepa-
rated from each other only by an insulating oxide layer a few atomic layers thick,
the Cooper pairs can tunnel through this layer from one side of the junction to the
other. In the early 1960s, Josephson had theoretically studied such junctions and
predicted a number of peculiar effects, which were realized experimentally shortly
after, and which carry his name. At the time, Josephon’s predictions were met with
disbelief because the idea that coherent Cooper pairs could tunnel through an iso-
lator without disruption was refuted by most theorists. We treat three Josephson
effects and their applications, (i) the DC, (ii) the AC, and (iii) the inverse Josephson
effect, plus (iv) another useful device called a SQUID.

We first derive the basic properties of a Josephson junction. Let ¥r; be the wave
function of the superconducting Cooper pairs on one side of the junction, and v, that
on the other side, and let A be the probability amplitude for their tunneling across the
junction. The coupled system then has the same Hamiltonian H = Ao, as any other
coupled two-state tunnel system, with Ey again set to zero. In a complete theory,
we would need to treat the whole device as a single quantum system, including the
interfaces connecting the terminals of the battery. Our simplified treatment will turn
out to give the correct result, but we must be aware that it is insufficient.

Let a voltage U be applied across this device by connecting both ends of the junc-
tion to a battery, which acts on the charges g = —2e of the Cooper pairs. The voltage
drop is only across the insulating layer of the junction, with potentials :t%q U on the
two sides, but not inside the two superconductors.

With the Hamiltonian H = —eUo; + Ao, the Schrodinger equation =
—(i/h)HV for this coupled quantum system has two parts:

U = %(eUl/fl — Ayn), (13.52)
U = —%(EU% + AY). (13.5b)

So far there is nothing new. A main difference, though, to all previous cases
is that we have to deal with macroscopic wave functions of Cooper pairs that are
coherent throughout the bulk of the superconductor. Therefore, we set

Y1 = /nyet, Yo = /e, (13.6)
with the macroscopic Cooper pair densities 1; = |;|> and the phases 6; and 6, of

the wave functions on the two sides of the junction, with time derivative

Vi = (i +ié,»>wi, i=1,2. (13.7)
2n,~
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The v/; must obey both the conventional two-state equations (13.5a), (13.5b) and
the new macroscopic equations (13.7). This gives us two macroscopic equations for
the densities n; and for the phase difference § = 6, — 0.

Subtracting the real and imaginary parts of (13.5a), (13.5b) from those of (13.7) gives four
expressions that we call Ry, Ry, I, I. With ¢; = cos6;, s; = sin6;, the expressions R;c; +
Iisi =0 (G =1,2) and Rys; — I1s1 — Rasy + Irsp = 0 give equations for the Cooper pair
densities and for the phase difference.

First, for the densities we obtain

.24 .

ni =7nsm8=—n2. (13.8)
The Cooper pair densities n; must both be the same because both parts of the junc-
tion are made from the same material. The gain in Cooper pair density 72; on one
side is compensated by the loss —rnip on the other side. The role of the battery is
to keep the overall electron density at a constant level n. In (13.8), no voltage is
involved, still a current / = 2en; of Cooper pairs of charge ¢ = 2e is expected. Our
first result is:

(i) The DC Josephson effect: Without a voltage applied, there is a DC tunnel-
ing current of Cooper pairs across a Josephson junction of size

I = Iysiné. (13.9)

With a device dependent phase § across the junction, this current can have values
—1Iy <1 <+1p, with Ip = (2Ae/h)n.
Second, for the phase difference § = 6, — 6 across the junction we obtain

§=—uU, (13.10)

which depends only on the voltage U across the junction, but not on the proper-
ties of the junction that enter the tunneling amplitude A. The current-phase relation
(13.9) and the phase evolution equation (13.10) describe the dynamics of a Joseph-
son junction. With a voltage U applied, the phase difference, starting at some device
dependent &y, grows with time ¢ as

t
8(t)=80+/ U(r)dr'. (13.11)
0

With a constant voltage U = Uy applied, this growth is linear, § = §¢ + wopt.
From (13.9) then follows
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(ii) The AC Josephson effect: If a constant voltage is applied across a Joseph-
son junction, an alternating current flows through the junction

I = Iy sin(8p + wot). (13.12)
Its angular frequency is
2
wo = %Uo. (13.13)

Hence Josephson junctions act as perfect voltage-to-frequency converters, used
worldwide as voltage standards, with frequency and voltage connected by the
Josephson constant Ky = 2e/h = 0.4835979 GHz/uV. As a general rule, high-
precision measurements of analogue quantities are best done electronically in terms
of a high frequency.

The Josephson constant Kj is the inverse of the magnetic flux quantum @y =
h/2e, with the charge 2e of a Cooper pair, which is the smallest unit of magnetic
flux that can be supported by a ring made of superconducting material. We had
invoked the quantity & /e = 2®(, with the charge e of single electrons, in Sect. 7.3.4
on the Aharonov—Bohm effect.

In the time average, the Josephson AC current (13.12) vanishes. If the voltage
Uy that generates this AC current is turned off, without disconnecting the voltage
supply, then the constant current of the DC Josephson effect reappears, see (13.9).
Hence, we have a nonzero DC current for zero voltage, and zero DC average cur-
rent for nonzero voltage, not quite what we expect from Ohm’s law.

Next we turn to the inverse Josephson effect and apply a high-frequency voltage
u cos wt of small amplitude u < Uy across the junction, in addition to the constant
voltage Uy. Whenever its frequency w coincides with the DC voltage-induced fre-
quency wp, or with an integer fraction thereof, then a DC current I # 0 across the
junction reappears, as we shall prove below.

(iii) In the inverse Josephson effect, the junction acts as a perfect frequency to
voltage converter.

The inverse Josephson effect is applied in gauging offices worldwide as a reference
voltage supply.

With the additional high-frequency voltage u cos wt applied, the phase in (13.11) is
t
8(t) =6+ (2e/h)/ (Up +ucoswt)dt’
0

= 80 + wot + (wo/w)(u/Up) sinwt. (13.14)
With ¢ = (wp/w)(u/Up) < 1 we have
sin§ () =~ sin(8og + wot) + € sinwt cos(Sg + wot). (13.15)
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Fig. 13.2 In a SQUID Magnetic flux
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As the time average of this is zero, the DC current vanishes, I = Ipsind = 0, unless the
externally applied frequency coincides with the voltage-induced frequency, @ = wyg. In this
case, the time average of the second term on the right of (13.15) becomes nonzero, being the
time average of Ipe sin(wpt) cos(8p + wpt), hence I= %(u/Uo)lo cos 8¢, which in general
is nonzero. Similar signals appear for commensurate frequencies w = wq/n, with integer n.

The SQUID, short for Superconducting QUantum Interferometry Device, is a
superconducting loop with two Josephson junctions in parallel, see Fig. 13.2, used
as a hypersensitive magnetometer. If a magnetic field B is applied at right angles
to this loop, then the Aharanov—Bohm effect on the Cooper pairs shifts the phase
around the loop in proportion to B, as in (7.25), but with e replaced by 2e. This
change of phase takes place across the two junctions, and changes the current I =
Iy sin § flowing through them. With rising field B, for every additional flux quantum
@o = h/2e, the current through the device changes from zero to maximum and back.

(iv) In a SQUID, changes in magnetic flux @ = f B - da can be counted in
units of the magnetic flux quantum @ = 2.07 x 10~1% Whb.

Recall that 1 Wb = 1 Tm?. SQUIDs have important applications in medicine
(magnetoencephalography, cardiology), industry (magnetic property measurement
systems, oil prospecting, mineral exploration), and space and other research, where
magnetic fields down to 108 T can be monitored with a SQUID.

References

Anderson, P.W., Halperin, B.I.,, Varma, C.M.: Anomalous low-temperature thermal properties of
glasses and spin glasses. Philos. Mag. 25, 1-9 (1972)

Berthier, L., Biroli, G.: Theoretical perspectives on the glass transition and amorphous materials.
Rev. Mod. Phys. 83, 587-645 (2011)



References 145

Enss, C.: Beyond the tunnelling model: quantum phenomena in ultracold glasses. Physica B 316—
317, 12-20 (2002)

Fickenscher, G., Bazrafshan, M., Reinhold, K., Fleischmann, A., Enss, C.: Influence of nuclear
dipole-dipole interaction on atomic tunnelling systems in glycerol. J. Phys. Conf. Ser. 150, 1-4
(2009)

Langer, J.: The Mysterious Glass Transition. Phys. Today, Feb, 8-9 (2007)

Phillips, W.A.: Tunneling states and the low-temperature thermal expansion of glasses. J. Low
Temp. Phys. 11, 757-763 (1973)

Phillips, W.A.: Two-level states in glasses. Rep. Prog. Phys. 50, 1657-1708 (1987)

Zeller, R.C., Pohl, R.O.: Thermal conductivity and specific heat of noncrystalline solids. Phys.
Rev. B 4, 2029-2041 (1971)



Chapter 14
Two-State Systems in Nuclear and Particle
Physics

Abstract The quantum states “neutron” and “proton” are another two-state effec-
tive-spin system, called an isospin doublet. We first answer why we need isospin and
discuss its role in nuclear physics. We then generalize the concept of isospin, and
introduce the quantum numbers flavor and color of particle physics. For neutrinos
and neutral mesons, a phenomenon called flavor oscillations is observed. Neutron—
antineutron oscillations could also be allowed, but have not been observed, yet.

14.1 Isospin

The proton and the neutron, collectively called the nucleons, form a two-state sys-
tem called an isospin-% system. The concept of isospin was introduced by Heisen-
berg shortly after the discovery of the neutron. It is based on the assumption that
the strong nuclear force is the same for the proton and the neutron. Indeed, in all
nuclear reactions, proton—proton, proton—neutron, and neutron—neutron interactions
give very similar results. Only the much weaker electromagnetic Coulomb interac-
tion between the protons requires a small correction.

A strong support for this isospin symmetry, also called charge independence of
nuclear forces, comes from the y spectra of mirror nuclei which turn out to be
almost identical. In a pair of mirror nuclei with a given nuclear mass number A =
Z + N, the number N of neutrons of one mirror nucleus equals the number Z of
protons of the other mirror nucleus. An example is the mirror pair B with Z =5,
N =7 and 12N with Z =7, N = 5, also written as ;2B5 and ;2N7. For the strong-
interaction states of these nuclei, it apparently does not make a difference if a proton
is replaced by a neutron, or vice versa. Isospin is shorthand for isobaric spin. In the
nuclear chart in which the isotopes are assembled in a scheme Z vs. N, isobaric
nuclei have all the same mass number and lie on a minor diagonal A =27 + N =
const. from the upper left to the lower right of the chart.

In the isospin description, the neutron and the proton are written as the basis
states p and n. With respect to the strong interaction, it is undetermined whether
a nucleon is a neutron, a proton, or any linear combination { = ap + bn of the
two. The state {y can be chosen anywhere on the corresponding Bloch sphere of
the nucleon, and any such { will give the same expectation value for any strong-
interaction operator.
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For the two-state system “electron”, we had solely used the fact that it has two
internal states called spin up and spin down to define the Pauli spin operator o,
which was represented by the 2 x 2 matrices in (3.8b) with respect to the basis
states o and B. In the same way, for the two-state system “nucleon”, we solely use
the fact that it has two internal states that we call proton and neutron to define the
isospin-% operator T, represented by the same 2 x 2 Pauli matrices in (3.8b), but

with respect to the basis states p and n. One uses a different symbol T for isospin-%
because the corresponding Pauli matrices operate in a different space, the space of
nucleon wave functions. Likewise we define an operator t = 17, in analogy to the
spin operator s = 4 /io. The proton state p and the neutron state n then are eigenstates
both of t* with eigenvalues ¢ (r + 1) = %hz, and of t; with eigenvalues ¢, = :I:%h.

What could be a Hamiltonian acting on such single-nucleon states p and n? Be-
cause the nuclear force is very short-ranged, in general there is nothing that would
resemble a classical external B field in the magnetic spin Hamiltonian. The only
2 x 2 Hamiltonian in our context is the nucleon mass matrix M = H/ €2 = Muucieon]
with unit matrix I and with nucleon masses muycleon = M, = m, assumed to be
equal, which corresponds to our earlier energy base line E. Therefore, isospin plays
a role mainly in coupled nucleon systems. Isospin symmetry is not perfect because
neutron mass exceeds proton mass by about one part per thousand.

All this sounds perfectly reasonable. Still, the fact that the proton and the neu-
tron should behave in all respects like the up and down components of a quantized
angular momentum usually is accepted rather by force of habit than by conviction.
To strengthen the case, we add the following observations. The nuclear chart of iso-
topes is constructed by filling up the quantized nuclear energy levels one by one
with fermionic nucleons, in a similar way as the periodic table of elements is con-
structed by filling up the quantized atomic energy levels one by one with fermionic
electrons.

In both cases, the Pauli-exclusion principle plays a decisive role. For the Pauli
principle, all that counts is whether the constituents of a system are the same or
whether they differ in some respect, no matter in what respect. Hence when filling
the nuclear chart, the properties “proton” or “neutron” play exactly the same role as
the properties “spin up” or “spin down”. For the required symmetrization procedures
under particle exchange to work (see Sects. 8.1 and 8.2), both spin and isospin must
follow the same mathematical rules, the angular momentum algebra of quantum
mechanics. Rather than saying that isospin behaves like angular momentum, we
recall the following:

The statement ““a particle has spin s = %” has no other meaning than that the
particle has two internal degrees of freedom called “spin up” and “spin down”
that impose the 2 x 2 spin algebra. In the same way, the two internal degrees
of freedom “proton” and “neutron” of the strong interaction impose the 2 x 2
isospin algebra on the nucleon.
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The equivalence between spin and isospin has remarkable consequences.

e In the same way as the individual nucleon angular momenta add up to nuclear
total spin I (which may comprise spin and orbital angular momenta), the isospins
of the nucleons add up to a total nuclear isospin T.

e In nucleon—nucleon interactions, the coupling of two ordinary spins is usually
described by a term Vg(r)S; - S, as in (8.12). Similarly, the isospin dependence
of the nuclear force is described by additional terms V1 (r)T{ - T2 or Vs1(r) (T -
T>)(S1 - Sy) in the nuclear Hamiltonian.

e Like ordinary angular momentum I, isospin T is conserved in a closed, i.e., iso-
lated, system like a free nucleus. By Noether’s theorem, conservation of angular
momentum is linked to isotropy of space, that is, to the invariance of interactions
under rotations in ordinary space. In the same way, conservation of isospin is
linked to the invariance of the strong interaction under rotations in isospin space.
While nuclear forces depend on isospin quantum number 7', under isospin sym-
metry they are independent of its component 7.

e For ordinary spin 7, a nuclear state is a multiplet of 27 4+ 1 different m; substates,
mp=—I,...,1, where I, = %(N+ — N_) for N4 nucleons with spin up, N_
nucleons with spin down. Similarly, a nuclear isospin T multiplet has 2T + 1
different 7, substates 7, = —T7,..., T, made up of isobaric isotopes A = Z +
N = const., with

TF%(Z—N). (14.1)

T =T, =0 implies Z = N, that is, all 7, = 0 nuclei, and only those, lie on the
main diagonal of the nuclear chart.

e The total nuclear wave function is a product of spatial, spin, and isospin functions,
and, by Pauli’s principle, is antisymmetric under the exchange of any two of its
constituents, the fermionic nucleons.

To give an example of nuclear states that obey these rules, we look at the boron
isotope éOB5 in its ground state with A = 10 nucleons. Each nuclear level can hold
at most four nucleons, namely, the four isospin—spin direct-product states

pa, pB, na, npP, (14.2)

which are single-particle states, in contrast to (8.1), which are two-particle states.
The first two energy levels of !B are each filled with four nucleons coupling to
total spin zero and total isospin zero. The third nuclear level is only half filled with
one proton and one neutron, and all higher energy levels are empty. We then add two
more nucleons to form a nucleus with mass number A 42 = 12. If the two nucleons
are placed in the half filled third level, then Pauli’s principle requires them to be
a proton and a neutron, with spins opposite to the spins of the proton and neutron
already present, which gives the ground state of éZCG with I =T =0.

If instead one of the two additional nucleons occupies the empty fourth nuclear
level, then there is no restriction from Pauli’s principle, and the configurations can be
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either singlets or triplets, both for spin and isospin. The lowest isospin 7 = 1 triplet
has I = 1 and lies about 15 MeV above the stable isosinglet ground state of '2C.
This isotriplet comprises the boron isotope ;2B5 with T, = —1, the excited gzcg
isotope with 7, = 0, and the nitrogen isotope ;2N7 with T, = +1, see the nuclear
level scheme Fig. 14.1. The energies of these T = 1 triplets are almost degenerate.
The energy of this spin / = 1 triplet differs from the energy of the next spin / =0
singlet, both with 7 = 1, by about 15 %, due to the sizable spin dependence of the
nuclear force.

Isospin conservation requires that isospin 7 must be the same on the left and on
the right of any reaction formula. This requirement may have drastic consequences.
For example, it is possible to excite the T = 1 level of '2C by inelastic scattering
of protons on the 7 = 0 ground state of '>C. However, if we try to do the same
thing with deuterons, which have just one neutron added to the proton, nothing hap-
pens. The reason: protons have T = % and T, = +%. Proton scattering '2C + p —
12C* 4 p is allowed because isospin on the left is 7 = 0 + % = % On the right,
isospins 1 and % cancoupleto 7 = % ortoT = % By isospin conservation, only the
T = % channel contributes to the reaction with weight [(1, 0, % j:%%, j:%) |2 = %,

as determined by the appropriate Clebsch—Gordan coefficients. The T = % channel,

however, in spite of its twofold weight [(1, 0, %, i%l%, :i:%)|2 = % does not con-
tribute.

The state of the deuteron, on the other hand, is found to be an antisymmetric
isospin singlet with 7 = 0. On the left of the scattering reaction '2C+d — '2C* 44
therefore 7 =0 + 0 = 0, but on the right 7 = 1 4+ 0 = 1. Therefore, this reaction is

isospin forbidden, and only protons can promote !>C to its first excited state.

In conclusion, in strong-interaction processes, isospin has the same crucial
importance as has angular momentum.
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14.2 Flavor and Color

Next we generalize the concept of spin and isospin to other multivalued quantum
numbers. The isospin quantum numbers 7, = :I:%, formerly referring to the proton
and the neutron, in particle physics are attributed to the up quark u and the down
quark d. Baryons like the proton uud and neutron udd are composed of three quarks,
written as ggq. Mesons like the pions 7+, 70, 7~ are bound quark—antiquark states
gG. When more baryons like ¥+, ¥°, ¥~ and mesons like K+, K°, K0, K~ were
discovered, a new quantum number strangeness S was introduced to accommodate
these particles in new larger multiplets.

When these additional particle states are constructed from quarks, the basic
building blocks are no longer two-valued as was isospin with quark states u and
d as building blocks, but are three-valued, with three quark flavors u, d, and s. In
group theory, one says that these quarks have SU(3) flavor symmetry, instead of
SU(2) symmetry of spin or isospin.

In ordinary spin physics, to couple two spin-% particles, we first had taken the
direct-product states aa, aff, fa, and Bf, with substate quantum numbers added to
m = m1 + my. These direct-product states then were rotated into an antisymmetric
s = 0 spin singlet and a symmetric s = 1 spin triplet, see Sect. 8.2. In group theory,
this procedure is symbolized as 2 ® 2 = 1 @ 3, both for spin and isospin.

In quark physics, mesons, for example, are formed by coupling one of the u, d,
or s quarks with one of the i1, d or § antiquarks. This task must be accomplished
with group-theoretical methods. Here we merely demonstrate graphically what kind
of particle multiplets can be expected from such couplings. To this end, we repre-
sent each quark by a dot in the 7,—S plane isospin vs. strangeness, with quark u at
position (7%, §) = (+4%,0), d at (—3,0), and s at (0, 1), and the same for the anti-
quarks with all signs inverted, see Fig. 14.2(a). We then form the nine direct-product
states gg, add their substate quantum numbers 7, and S, and put them into the
T,-S plane, as shown in Fig. 14.2(b). One can abbreviate this procedure by placing
the midpoint of the antiquark triangle on the right of Fig. 14.2(a) onto each corner
of the particle triangle on the left of the same figure, redrawn in Fig. 14.2(b) with
dashed lines. Finally, these direct-product states are rotated into appropriately (anti-)
symmetrized states, giving an octet, composed of pions, kaons, and the » meson
shown in Fig. 14.2(c). The ninth meson, the n’, must be in a separate singlet, because
the 7, = S = 0 center position cannot accommodate more than two particles (in two
orthogonal isospin states) without violating Pauli’s principle. The multiplets shown
are for mesons with spin 7 = 0. Similar multiplets exist for mesons with spin / = 1.

We summarize flavor SU(3) results:

The coupling of u, d, or s quarks and of iz, d or § antiquarks leads to a meson
singlet and a meson octet, symbolized as 3® 3 =1 & 8.

In a similar way, the coupling of three quarks leads to one baryon singlet, two baryon
octets, and one baryon decouplet, 3®3®3 =16 8® 8@ 10, all of which are found
to be realized in nature.
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(a) Two quark triplets 3 and 3:
S

K -1 K°

Fig. 14.2 Graphical representation of the coupling of three quarks and three antiquarks to mesons:
(a) The quarks u, d, and s and their antiquarks are symbolized by three points (77, S) in the
plane isospin vs. strangeness, which indicate their quantum numbers. (b) The nine direct-product
quark—antiquark states shown find their place in the 7;—S plane by simply adding their single-quark
quantum numbers. (¢) These direct-product states then are transformed into the properly antisym-
metrized singlet and octet meson states, as indicated by the dots. Circles around a dot signal mul-
tiple occupations

Today, the three-family standard model has altogether six different quarks, ac-
commodated in three quark doublets with flavors down d and up u, strange s and
charmed c, bottom b and top ¢. While the neutron—proton mass difference is very
small, particles with flavors beyond s show much larger mass differences. There-
fore, for quarks beyond the strange quark, flavor symmetry is no longer very help-
ful.

When these particle multiplets were established, for internal consistency another
three-valued quantum number was needed, arbitrarily called color, with quantum
numbers red, blue, and green. It later turned out that the strong coupling constant of
quantum chromodynamics or QCD, the theory of the strong nuclear interaction, is
based on color:
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Color is the three-valued charge that is the source of the strong interaction.

This is the analogue to electric charge +e, which is the two-valued source of the
electromagnetic interaction. The two states of electric charge do not lead to pseu-
dospin behavior because electromagnetic interactions are sensitive to the sign of
the charge, whence both charge states are distinguishable. In contrast, the strong
interaction, whose source is the color charge, is found to be blind against the indi-
vidual colors red, blue, or green. Of all the possible multiplets of color-SU(3), only
“white” color singlets 3 ® 3 ® 3 = 1 are realized in nature, and it remains uncertain
which of the three colors is acting in a given process. In contrast to flavor symmetry,
color-charge symmetry in QCD is a perfect symmetry.

14.3 Particle Oscillations

Some pairs of particles can periodically transform into each other, a process called
particle oscillations. Examples are kaon—antikaon oscillations, neutrino oscillations
between different neutrino species, and possibly neutron—antineutron oscillations.
We give a survey of the quantum description of these processes, but do not have
space for going into the experimental details or into their deep theoretical implica-
tions.

14.3.1 Kaon Oscillations

Kaon oscillations were discovered about half a century ago. In these K°—K? os-
cillations, a neutral kaon with quark content ds periodically changes into an anti-
kaon ds, and back into a kaon, etc., with an oscillation period of 0.2 ns. Particle—
antiparticle oscillations are possible only for electrically neutral particles such as to
obey charge conservation.

Neutral kaons K© have strangeness quantum number S = 1, while their antipar-
ticles K® have S = —1, see Fig. 14.2(c). Kaon oscillations therefore are strangeness
oscillations with |AS| = 2. Strangeness is found to be conserved under the strong
interaction, therefore strangeness changing kaon oscillations must be attributed to
the weak interaction. Both strange K° and K particles decay weakly into the same
zero-strangeness two-pion final states, either to 7% + 7~ or to 27°, and via their
common final states are virtually coupled to each other.

The coupled K°-K? system has the 2 x 2 mass matrix

M = mgl+ 8xoy, (14.32)

with mg = mg = 498 MeV/c?, and a coupling term 8x. Basis states are the
mass eigenstates |K 0y and |K9). Diagonalization of this matrix leads to Mp =
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mgl 4 6xo,, with a mass splitting m = mg =+ 8k, similar as in (12.12), and
an experimentally determined gap of 28x = 3.5 ueV/c?, or 8x /mg ~ 10713, The
corresponding weak-interaction eigenstates |Ks) and | K1) are related to these mass
eigenstates as

ks = SR+ R k= [ R, e

cf. (3.54). K5 is symmetric under exchange of K and K°, while K7 is antisymmet-
ric. The subscripts S and L mean short and long lifetimes, respectively, for reasons
explained in the following.

Let the “up state” K be produced at time ¢ = 0 by a strong interaction reaction
like 7~ 4+ pt — K® + A. The strong-interaction eigenstates have no off-diagonal
couplings as have the weak eigenstates, but are identical to the mass eigenstates.
We know from (3.58b) that the probability of finding the system in the “down state”
KO, with Pk0_s g0 = Pdown, €volves from the initial mass eigenstate as

1
PKO_ g0 = 5(1 — coswgkt), (14.5)

with the kaon oscillation angular frequency wg = (2¢?/h)dx .

In Ks and Ki, decay, the final two-pion states 7+ + 7~ or 27 evidently are
symmetric under particle exchange. Therefore, for the equally symmetric Kg these
decays are allowed with a lifetime s = 90 ps. For the antisymmetric K1, these
decays are forbidden, only decay into three pions can produce an antisymmetric
final state. The decay probability, i.e., the phase space available for three-pion decay
is much smaller than for two-pion decay, hence the lifetime ;. = 51 ns of the K1, is
much longer.

To take the finite lifetimes of Kg and K7, into account, we subtract a diagonal
decay matrix I" from the mass matrix Mp. This matrix I" has the two decay rates 7, !

and tg Uon its diagonal. The eigenfunctions {p of the diagonal matrix M = Mp —

(ih/cz)F evolve as yp = —(i/h)MUp, whose solution has the usual coefficients
es(t) = cs (0)el MK TIOC Mot/ (14.6a)
cL(t) = L (0)el K —3K) /he—t/n (14.6b)

From this we form the downstate b(¢) = [cs(t) — cL(2)]/ /2 and obtain the oscilla-
tion probability pgown = |b|2, or

1 1 * %
PKo_, g0 = \/;[Cs(t) - CL(I)]\/;[CS(I) - CL(t)]

= %e‘zr/fs + 16_2’/’L — e~ WrsH/T! o5 et (14.7)
Over the years, these damped kaon oscillations have been studied in much detail,

and, in addition to the amplitudes in (14.6a), (14.6b), a small time reversal violating
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amplitude was found which, within the standard model, can be elegantly absorbed
in the CKM quark mixing matrix that relates the weak-interaction eigenstates of the
quarks to their mass eigenstates via a rotation in the flavor space of the 3-family
standard model. These topics are discussed in many textbooks on particle physics,
and we shall not repeat the details here. For classical analogues of kaon and other
meson oscillation effects, see Schubert and Stiewe (2011).

14.3.2 Neutrino Oscillations

A deficit in the number of solar neutrinos arriving on earth had been seen since the
1970s, and was tentatively attributed to neutrino disappearance into other neutrino
flavors. Other neutrino v,—v, and v.—v, oscillations were observed in early 2000
and studied in great detail since, with neutrino flight lengths ranging from tens of
meters up to the distance to the sun of 1.5 x 108 km.

In the three-family standard model, besides the three quark doublets mentioned,
there are also three lepton doublets, consisting of the electron e and the electron neu-
trino v,, the muon w and the muon neutrino v, and the tau v and the tau neutrino
vz, together with their respective antiparticles. The results from different neutrino
oscillation experiments show that at least two of the three neutrino flavors v, v,
v; must have nonzero masses m1, m». In the standard model, however, all neutrinos
must be massless. Therefore, neutrino oscillations must be a clear signal for new
physics beyond the standard model. Again, we only derive the general phenomenol-
ogy of neutrino oscillations, for the simplified case that only the two neutrino flavors
v, and v, are involved.

We could, as we did in the case of kaon oscillations, write down a mass ma-
trix for the coupled v,—v,, system, with nonzero off-diagonal elements. Nowadays,
however, an equivalent ansatz is preferred, which leads to the same results, but is
based on neutrino mixing. It assumes that the weak-interaction eigenstates |’ of the
neutrinos are not identical to their mass or energy eigenstates s, but are related to
them by a neutrino mixing matrix V, with rotation angle 6 in lepton-flavor space,
as

W =V, (14.82)

V) [ cos®  sinf Vi
(ve ) - (— sinf cosé) (vz) ’ (14.8b)

with mass eigenstates vy and v;. This is in analogy to CKM quark mixing, with the
above matrix equations being the analogue of the original 2-family version of quark
mixing, here applied to lepton mixing.

A complete derivation of the time evolution of relativistic neutrino wave packets
would require inclusion of the production, propagation, and detection of neutrinos.
Our simplified textbook version happens to come to the same results. We assume
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very small neutrino masses, mic2 <« E;, and write the neutrino relativistic energies
as
212
22 2 a1/2 (mjc)
E; = (pic +m;c ) ~ pic+

, 1=1,2, (14.9)
2pic
where we used (1 +¢&;)'/2~ 1+ %ei with ¢ = (m,-cz/p,-c)2 < 1.

Let the neutrinos be born as electron neutrinos, i.e., in a flavor eigenstate, in
a weak interaction process, for instance, by the nuclear fusion reaction p + p —
d+ et 4+, in the sun, and let them be detected in another weak interaction reaction,
for instance, by the inverse reaction of deuteron breakupd +v, - p+ p+e~ ina
neutrino detector on earth. Between creation and detection, the neutrinos propagate
as mass eigenstates vy and v;. To find the time evolution of the v, we use p,, ., =
Puwp=1- sin® 26 sin® %a)Lt from (5.24), with 26 instead of 6 because we use V as
given in the matrix in (14.8b) and not the matrix T from (5.12). We then replace wr,
by (E; — E1)/h from (14.9), write Am? = m% — m%, set p1 = pp ~ E /c with mean
neutrino beam energy E, and L = ct for the distance between source and detector.
This gives the probability that a v, arrives as such at the detector

5 Am?c*

4Ehc

Pvosv, ~ 1 —sin® 20 sin (14.10)

Insertion of the oscillation length . = 4hcE/|Am?|c* gives the oscillation rates
Presv, = | —sin®20sin®(L/%)  (survival), (14.11)

Prosvy = 1 = Py,—v, =sin®20sin*(L/2)  (disappearance). (14.12)

If E is measured in MeV, Am in eV/c?, then A given in m is A = 0.79 x E/|Am?|.

From the observed v.—v,, oscillations, one finds Am% 1 =7.6(3) x 1073 eV2 and
sin? 01, = 0.31(2). From v,—v; oscillations, one finds |Am3,| =2.4(1) x 1073 eV?2
and sin? 023 = 0.42(1). At present v,—v; oscillations one finds sin? 013 =0.025(3)
with |Am§ |~ |Am§2 |. From the existing data, it follows that all three types of neu-
trinos are light with masses m; < 0.5 eV and m| # m» # m3, and there is no exper-
imental evidence for the existence of more than three light neutrinos, see Nakamura
and Petcov (2012).

14.3.3 Neutron Oscillations

Could it be that neutrons, too, oscillate into antineutrons? Before and after a nuclear
reaction involving baryons, the number of baryons minus the number of antibaryons
is always found to be the same. One says that baryon number B is conserved. A sim-
ilar conservation law was thought to hold for the lepton numbers L., L, and L,
which were found to be separately conserved before the discovery of neutrino oscil-
lations. An example for the conservation of baryon and lepton number is neutron de-
cayn — pt+e” +1,, where B = 1 and L, = 0 are the same before and after decay.
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There is, except for the evident stability of the universe, no theoretical com-
pelling reason for a conservation law for baryon or lepton number. To the contrary,
should there exist a grand unified state of matter beyond the standard model (i.e., at
very high energies, realized either in the laboratory or in the very early universe),
then baryons and leptons would be members of one big particle multiplet. Within
this multiplet, baryons and leptons would be indistinguishable from each other, and
therefore should be able to transform into each other. Baryon and lepton number
violating processes like proton decay p+ — e + 70 should therefore be allowed,
but so far have not been observed, with a lower proton lifetime limit of 8 x 103!
years at 90 % C.L. This reaction has B = 1 and L = 0 before decay, and B = 0,
L = —1 after decay, the pion as a quark—antiquark pair having B = 0.

In various models beyond the standard model, neutron—antineutron oscillations
n <> n should be possible as a higher order process, with baryon number oscillating
by two units |AB| = 2. Hence, in a free neutron beam it may be that some neu-
trons are converted in-flight into antineutrons. Let us calculate the time evolution
of this process. A magnetic field By lifts the degeneracy between neutrons and an-
tineutrons, necessary for their oscillations, because their magnetic moments have
opposite signs, Uz = —y; therefore, we include the magnetic interaction from the
beginning. The energy matrix for neutron and antineutron basis states n and n of
equal mass m, = mj is

H = m,c*1 + 1, Boo; + 8,0y, (14.13)

with the off-diagonal amplitude §, = h/t,;, and neutron—antineutron oscillation
time 7,;. The probability of the appearance of an antineutron in a beam of neutrons
varies, from (5.24), with the neutron time of flight ¢ as

2

1) 1
()= —" _&in?(=./82 Bo)2t ). 14.14
DPn—ii(t) T GunBo)? sin <h =+ (1n Bo) > ( )

Under all realistic conditions, the interaction w, By with residual magnetic fields
is much larger than the present limits on §,,, and therefore the multiplier on the right
of (14.14) becomes = (6, /un Bo)z, which is extremely small, and which at first
sight seems to strongly suppress nn oscillations. However, as long as the time of
observation is short enough, we can safely replace the sine function in (14.14) by
its argument, which then cancels with the denominator. In this case, the neutrons
are quasifree because observation time is too short to resolve the magnetic energy
splitting within energy—time uncertainty, and p,_.; () ~ Sﬁ(t / h)Z, or

pia(t) ~ 1210, (14.15)

This is in agreement with the observation in Sect. 5.3.2 that for short times ¢ any
quantum system evolves proportional to 2.

In the early 1990s, a search for neutron—antineutron oscillations was made
(Baldo-Ceolin et al. 1994), with neutrons flying over a distance of 75 m in al-
most field free space with a mean time of flight r = 0.1 s. A lower limit 7,; >
0.86 x 10% s~ 3y at 90 % C.L. was obtained for the oscillation time.
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Chapter 15
Quantum Informatics

Abstract The field of quantum informatics is in rapid evolution. It has three main
objectives: the simulation of physical quantum systems that are inaccessible to con-
ventional computing; quantum computing of hard mathematical problems; long-
distance quantum communication. We list basic requirements that quantum hard-
ware has to meet, discuss the difficulties encountered, and give a snapshot on ex-
perimental approaches to quantum computing and communication in atomic, solid
state, and photonic systems.

15.1 Quantum Information Theory

Over the past few decades, a new field of quantum informatics has emerged, which
uses entangled quantum states or qubits as carriers of information. A qubit is any
state vector \p = aa + bf of a two-state quantum system of pseudospin s = % In
quantum informatics, the basis states o and P are called |1) and 10), in reminis-
cence of classical information theory with its two discrete bits 1 for “true” and 0
for “false”. A number N of such qubits, allowed to interact with each other in some
predefined way, is represented by a state vector W in 2V -dimensional Hilbert space.

Each qubit {;, i =1, ..., N, can be prepared to be initially either in its upstate
a;, or in its downstate f;, or in a superposition of both. In this way, at time t =0
an input state W(0) of N qubits is prepared. This state is then manipulated by a
sequence of quantum operations under which it evolves as W (t) = U (r) W (0), with
some time evolution operator U (). At readout time r = T, the output state is mea-
sured, and the N qubits are found in a certain sequence of up and down states, with
a probability distribution p; (T) = lai (T)|> = 1 — |b; (T)|?* for the expectation val-
ues of the pseudospins. Hence, like ordinary spin rotation experiments, quantum
computing is separable into three successive steps:

Step 1: Initialization W (0) of the system;
Step 2: Evolution of the system as described by a unitary operator U(?);
Step 3: Final readout of W (T') of the system.

So far, quantum computing does not differ from the ordinary evolution of a quan-
tum system, as described in preceding chapters. How then can one use such a cou-
pled quantum system as a quantum computer? As was pointed out by Feynmann
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(1982), classical digital computers are not very efficient in simulating complex
quantum systems, and he proposed using quantum computers instead. In particu-
lar, Feynmann (1986) showed that sequences of spin raising and lowering operators
of the type given in (3.6), also called creation and annihilation operators, could be
used to represent quantum logic gates. A NOT gate, for instance, turns an input qubit
I0) into an output qubit |1), and vice versa. An AND gate produces output |1) if its
two input qubits are alike, and output |0) if not. This is nearly all one needs to build
a computer. It was then shown (Deutsch 1985) that quantum entanglement would
allow a universal quantum computer to perform certain tasks with unprecedented
speed.

In a quantum computer, each qubit carries a complex vector space with it that
allows it to be not only in states |0) or |1), but in all superposition states.

It was far from evident that one could make an entangled quantum system
perform useful mathematical computations. Some of the problems encountered in
quantum computing are the following:

Uniqueness: A classical computer delivers definite results, while a quantum com-
puter at readout time 7" merely produces a probabilistic result, namely, a spectrum
of possible outcomes with weights p;,i =1,..., N.

Stability: Classical computing is an inherently stable digital process working with
discrete bits of 0 or 1. Quantum computing is an analog process working with a con-
tinuum of entangled and extremely fragile quantum states. For a larger number N
of qubits, the information content of the system almost entirely resides in the non-
local “off-diagonal” correlations between input and output states. These states are
very sensitive not only to imperfections in the quantum gate operations, but also to
decoherence due to an uncontrollable entanglement with the environment, see also
Sect. 22.4. In conventional computers, reliability is enhanced by cooling the system
via dissipative coupling to a heat bath, thereby suppressing thermal activation of er-
roneous bits. In a quantum computer, in contrast, coupling to a heat bath enhances
decoherence and reduces reliability.

Correctability: In a classical computer, error correction codes are relatively sim-
ple and reliable. The states |0) and |1) usually are represented by two voltage levels,
and small deviations from their setpoints can be measured and reset to zero essen-
tially after each computational step. In addition, accidental bit flips can be detected
and repaired with arbitrarily high reliability if a sufficient number of control bits are
added. In a quantum computer, the uncertainty principle threatens that just looking
at the system leads to uncontrolled disturbances. How can errors be detected and
repaired if one seems not even be allowed to read the file? Under these conditions,
even to know when readout time 7' has come may be a problem.

In view of these problems, for some time the opinion prevailed that quantum
computing has a certain intellectual appeal but is of little practical relevance. Still,



15.2  Quantum Computing and Quantum Communication 161

it had to be acknowledged that quantum informatics must be studied if only to in-
vestigate problems that lie ahead when going from micrometer to nanometer sized
logic gates where quantum effects may dominate.

15.2 Quantum Computing and Quantum Communication

A number of recent discoveries tackled many of the problems listed above, and
shifted the rating of quantum computing from “impossible” to “difficult, though not
hopeless”.

Uniqueness: Important possible applications of quantum computing were found
for which the spectrum of possible results p;(7T") is sufficiently narrow and can
rapidly be checked. One of the hardest problems in mathematics, the factoring of
large numbers n = pq, with integer p and g, can be done exponentially faster, with
computing time T o n? as compared to T o< ¢”/3 on a classical computer, see refer-
ences in Chuang et al. (1995). In another possible application, the time needed for
searches in databases with n entries scales as 7 o n'/? on a quantum computer, as
compared to T o n on a classical computer, and hence needs only half the number
of digits to do the job. The list of useful mathematical applications is still rather
short. On the other hand, for the simulation of physical quantum systems, unique-
ness is not a problem because the spectrum of possible outcomes p;(7T') is the aim
of the study.

Stability: Some progress has been achieved by choosing processes that do not
strongly depend on the precise trajectory of state vector W (z), such as purely adi-
abatic or purely nonadiabatic transitions, or adiabatic excursions with stable Berry
phases. If this is not enough, one has to rely on error correction codes, our next
point.

Correctability: Correction codes were found that make use of a peculiar quantum
feature: measurements in one subspace of a high-dimensional Hilbert space can give
information on another disjoint subspace without disturbing the latter. However,
such error correction schemes strongly inflate the number of qubits needed.

We give an example of an error-correction scheme. For each qubit, instead of the basis states
|0) and |1) we take the three qubits of a GHZ states |0)|0)|0) = |000) and [1)|1)|1) = |111)
(see the end of Sect. 9.2), and in place of { = a|0) + b|1) we encode a superposition
Y’ = a|000) + b|111). A measurement on one individual substate of a GHZ state makes
this wave function collapse either to |000) if the substate is found to be |0), or to |111)
if it is found to be |1). If one of the three qubits has suffered an accidental single-bit flip,
how can we identify the culprit? Let s be the binary one-digit sum of the simultaneously
measured first and third GHZ qubits. If both are the same, thens =04+0=1+1=0, see
the first and third rows of the list below. If both are not the same then s = 1, see the second
and fourth rows. Let s” be the binary one-digit sum of the second and the third qubits. The
pair (s, s"), when read as a two-digit binary number, then tells us the position i = s +2s of a
single bit flip. We check this by listing below the numbers s, s’, and i for the three possible
single-bit flip errors in an initially error-free state s, where the last column instructs us
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which bit has to be corrected (i = 0 for “no bit flip”).

Possible single-bit flips  Binary pair (s, s’)  Error position i = s + 25’

a|000) + b|111) (0,0) 0
al100) + b[011) (1,0) 1
a|010) + b|101) ©,1) 2
al001) + b|110) (1,1 3

We next discuss technical realizations of quantum information processing. Many
of the two-state systems and procedures discussed in earlier chapters have been
tested for their utility as quantum hardware. To give a snapshot of the situation at
the time of writing, we cite a number of recent references. For specific applications
of Rabi, Ramsey, spin echo, double quantum, dressed atom, or magnetic resonance
imaging techniques, see Grinolds et al. (2011), Neumann et al. (2010), and Timoney
et al. (2011). For error-avoiding schemes based on adiabatic or nonadiabatic tran-
sitions and for geometric excursions, see the review by Nayak et al. (2008). Below
we list four prominent realizations of quantum hardware. The first two realizations
use qubits in free space, while the other two use qubits in condensed matter. For a
comprehensive overview see Ladd et al. (2010).

Ions in an electrostatic trap: A qubit here is realized by two states of an ion’s
electronic shell. A system of at present up to N = 8 such ions is stored in a trap. It
is initialized as a polarized state via optical pumping. Individual ions are addressed
by sequences of laser pulses. The qubits are coupled to each other by their collec-
tive quantized motion in the trap’s harmonic potential. The system is read out via
vibrational-state dependent fluorescence. The ions can be stored on a chip, with typ-
ical nearest-neighbor distances of 1 um. Advantages of ionic qubits are near 100 %
fidelity of initialization and readout, and long coherence times 77, 7> > 1 s; for a
survey, see Hiffner et al. (2008).

Polarized photons: A qubit is realized by the two states of photon polarization.
Any N x N unitary operation U can be realized in the laboratory by %N (N—-1
beam splitters plus a number of phase shifters, and the eigenvalues of any hermi-
tian matrix H can then be measured with a number of N photon detectors (Reck
et al. 1994). Photonic quantum devices are fast and have coherence times of typi-
cally 0.1 ms. Assembling more than six photonic qubits before seemed to be an in-
surmountable challenge with present technology. However, entanglement between
polarization and spatial degrees of freedom of single photons recently allowed the
production of a ten-qubit GHZ state. The main obstacles to further progress are
uncontrolled photon losses; for a survey, see Kok et al. (2007).

Dopants in condensed matter: Nitrogen-vacancy centers is a naturally occurring
lattice defect in diamond, consisting of a substitutional nitrogen atom and an ad-
jacent carbon vacancy. Such centers, artificially created in ultrapure synthetic di-
amond, are a favorite system for studies on qubits in the solid state. The lattice,
isotopically enriched to 99.99 % of '2C (nuclear spin I = 0), is essentially “spin
free”, with long relaxation times even at room temperature. Both nuclear and atomic
spin polarization of the dopant can be used for quantum operations. The position of
such a color center can be made visible either by optically detected tomographic
electron-magnetic resonance imaging (MRI; Grinolds et al. 2011), or by stimulated
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emission microscopy (STED; Neumann et al. 2010). As another condensed-matter
example, NMR on liquid '3C-labeled (I = %) chloroform was used as a quan-
tum simulator, on which the binding energy of the H>-molecule was calculated to
—1.851570929351124 a.u., with 45 bit precision, in agreement with the binding en-
ergy calculated on a conventional computer to —1.85157092935119 a.u. (Du et al.
2010).

Superconducting circuits: Here macroscopic qubits are realized by supercon-
ducting ring currents, with spin up corresponding to a clockwise, spin down
to an anticlockwise circulating current. Neighboring qubits are coupled to each
other by programmable superconducting elements such as Josephson junctions (see
Sect. 13.2.2), which make the “spin—spin” interaction between neighboring qubits
continuously tunable in the range from a parallel (“ferromagnetic”) to an antiparallel
coupling (“antiferromagnetic”). The state of a qubit can be measured with a SQUID;
for a review, see Clarke and Wilhelm (2008). A programmable array of eight super-
conducting qubits has successfully attacked the classically intractable problem of
quantum annealing, i.e., of finding the ground state that a system of interacting
spins will settle to when temperature is slowly lowered. These commercially avail-
able devices signal a remarkable progress in quantum simulation (Johnson et al.
2011).

Finally, we shortly touch on quantum communication. Entangled photons can
transmit quantum information over large distances; see, e.g., Ursin et al. (2007).
Quantum communication devices are commercially available and offer unbreakable
communication channels that are protected by the laws of physics: the uncertainty
principle lets the sender and receiver know whether an eavesdropper has read the
message because any measurement on the transmitted quantum information will in-
evitably alter its content. In quantum communication, teleportation is the successful
reconstruction of a quantum state by the receiver. Teleportation is based on purely
classically transmitted information, while sender and receiver both are coupled to
a common source of entangled qubits. In principle, the no-clone theorem does not
allow making a perfect copy of a quantum state. If it were otherwise, one could do
measurements on the copy without disturbing the original, and in this way bypass
the uncertainty principle. Teleportation, though, does not violate the no-clone theo-
rem because nothing forbids the preparation of a perfect copy at some distant place
if the original is destroyed in the process. For a review on quantum communication,
see Yuan et al. (2010).
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Chapter 16
Rotations and Angular Momentum

Abstract In order to generalize the spin-% results, we develop the necessary tools

in the sections to follow. The rotation of classical objects is found already to pos-
sess the ingredients needed for a quantum description of rotation. We continue with
the quantum properties of orbital angular momentum and its eigenstates, the spher-
ical harmonics, derive the operators that rotate quantum states in Hilbert space, and
establish the corresponding rotation matrices.

16.1 Symmetries

Symmetry is one of the most successful concepts in physics, the importance of
which can be hardly overestimated. All known fundamental equations governing
physics are invariant with respect to shifts of time, of position, and to rotations.
Immediate consequences of these symmetries are the conservation laws for energy,
momentum, and angular momentum. In addition to these symmetries that depend
on the continuous variables time, position and angle, there are also discrete symme-
tries, for example, with respect to a reflection at some origin or at a mirror plane,
with a corresponding conserved quantity named parity. The method of choice to
cope with symmetries is group theory. We shall not make explicit use of it here,
but readers familiar with group theory will recognize concepts and terminologies
borrowed from it.

In the present context, symmetries with respect to rotations are of particular im-
portance. Let us take for illustrative purposes a system we all know very well, our
earth. For the description, we introduce an external Cartesian coordinate system
X, , z fixed in time, and an internal coordinate system x’, y’, z’ fixed to the earth.
Let us assume that at an arbitrary time zero, e.g., 12:00 CET, both coordinate sys-
tems coincide. Six hours later the earth has rotated by an angle of /2. What does
this mean for the two coordinate systems? Let us take the rotation axis, aligned to
the north, as the z-axis. The relation between the two coordinate systems is then
given by

x' =xcosa + ysina, (16.1a)
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y' = —xsina + ycosa, (16.1b)
7=z, (16.1c)

where « is the rotation angle, assuming counter-clockwise rotation.

Let us now consider an arbitrary classical quantity characterizing the earth, e.g.,
its mass density p(x, y, z). This density, expressed in terms of the external coordi-
nates, is

p(x', ¥ Z)y=px,y,z,0) = p(xcosa + ysina, —x sina + ycosa,z). (16.2)

For the example given above, o takes the value of /2. Taking now an infinitesi-
mally small angle ¢ and expanding up to terms linear in ¢, this reads

d ad
P(xay’zag):/o(x’y»z)‘l'g Y —X— P(xay’z)- (163)
ox ay

In terms of the previously introduced operator for the momentum

h
p=-V, (16.4)
i

the last equation can be more concisely written as

i
p(x»y,Zw‘?):<]_ﬁ8Lz>p(x7y,Z)- (165)
Herein L, is the z-component of the angular momentum operator

h
L=rxp=—-rxV. (16.6)
i

Passing to the limit as ¢ — 0 in (16.5), we obtain the differential equation
——L.p. (16.7)

The dot means differentiation with respect to rotation angle «. The equation is im-
mediately solved with the result

p(x'.y. ) =px.y. 2. 0)=e /P p(x, y, 7). (16.8)

Quite unexpectedly we stumbled across concepts of quantum mechanics,
h and a momentum operator p instead of a variable, notwithstanding the fact
that the whole derivation was purely classical!

The derivation shows that the operators for momentum and angular momentum ap-
pear naturally already in classical mechanics, and have nothing to do with quantiza-
tion.
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Equation (16.8) looks quantum mechanical in origin but this is deceptive since
the 1/h in the exponent on the right-hand side is canceled by the 7 introduced in the
definition (16.6) of L. Any other constant with the dimension of an action would
have done as well. It needs “new physics”, in this case the uncertainty relation, to
fix this otherwise arbitrary constant to the value of A.

Equation (16.8) tells us how to transform a scalar quantity such as the density
from one coordinate system to another. Let us look at what happens with operators
under rotations? As an example, we take a typical Hamilton operator

2

p
H=—+4V . 16.
o FV&.».2 (16.9)

We denote the same Hamilton operator in the rotated frame by
H =R, (a)H, (16.10)

where we have for abbreviation introduced the operator R, («) for the counter-
clockwise rotation by an angle « about the z-axis. A possible misunderstanding
should be avoided: In (16.10), the application of R(«, 8, y) to H means a rotation,
but not a matrix multiplication! R, (;r/2), for instance, is nothing but a shorthand
notation of the prescription: “Rotate the coordinate system counter clockwise by an
angle of 7 /2 about the z-axis.”

Transferring the results obtained in (16.8) for the rotation of a scalar to the rota-
tion of an operator, we now get

H = e lole/hyeiala/h (16.11)

Note that now, in contrast to (16.8), H is sandwiched between exp(—iaL;/h) and
exp(iaL;/h). This assures that the rotation of a product of two operators AB or the
product of an operator with a scalar equals the product of the rotations of the factors,

e.g.,
(AB) = e—ioL</h AR giaLe/h

— e—iaLz/hA eiotLj/F'L e_iaLZ/hB eiotLZ/h — A'B. (16.12)

For systems with rotational symmetry about the z-axis, H = H, we see that

L, must commute with H because from exp(iaL.,/f)H = Hexp(iaL,/h) follows
L,H=HL_, cf. Sect. 6.1, or

[H,L.]=0. (16.13)

The Heisenberg equation of motion (10.8) then requires that the time derivative of
L, vanishes, L, = (i/h)[H,L;] =0.

This is the quantum mechanical version of the fact that each symmetry gener-
ates a conserved quantity, here the component L, of the angular momentum.
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Fig. 16.1 The three Euler angles, y for a rotation about z, 8 about y, and « again about z

In quantum mechanics, (16.13) means that an eigenfunction of H at the same
time must be an eigenfunction of L.

The calculation can be immediately generalized to arbitrary rotations about any
axis. It is known from geometry that any rotation can be decomposed into three
successive rotations, first about the z-axis, second about the y-axis, and third again
about the z-axis, yielding the rotation operator

R, B, y) =Rz ()R (B)R:(y), (16.14)

where «, B, y are the Euler angles, see Fig. 16.1. They are sufficient for an unam-
biguous characterization of arbitrary rotations.

16.2 Properties of Angular Momentum

There are a number of important relations for the angular-momentum operators that
will be needed repeatedly. From definition (16.6) we obtain the following commu-
tation relations for the components of the angular momentum operator,

[Ly,L.]=ihL,, (16.152)
[L,,L,]=iAL,, (16.15b)
[Ly,Ly] =ihL,. (16.15¢)

In terms of the vector L, this can be written more concisely as
[L, L] =iAL. (16.16)

Note that exactly the same commutation relations follow from (10.9) for the spin
matrices S = %ho.

The following steps, too, are more or less a repetition of the corresponding pro-
cedure for the spin matrices. The raising and lowering operators
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Ly =L, +iL,, (16.17a)
L =L, —iL,, (16.17b)

and the operator for the square of the total angular momentum
2 2 2 2
L"=Ly+Lj+L:, (16.18)

are of particular importance. A direct application of the commutation relation equa-
tions (16.15a)—(16.15c) shows that L’ commutes with each component of L, in
particular,

[L%,L.]=0. (16.19)

It is thus possible to find functions y,,, or, in ket notation, |/m), which at the same
time are eigenfunctions of L2 and L,

Lo Yim = mhaim, (16.20a)
L2 = 1L+ DE Y. (16.20b)

For the raising and lowering operator, we obtain from (16.15a)—(16.15¢) the com-
mutation relations

[L;,Li]=nhLy4, (16.21a)
[L,,L_]=—hL_. (16.21b)
The first equation may be rewritten as
L.Ly =Ly (L, +Ah). (16.22)
Application to ¥, yields
L.Li Y = (m + D)AL Y. (16.23)
This shows that L, again is an eigenfunction of L, but now for the eigenvalue
m+ 1, or
Ly, = const. X ¥y 1. (16.24)

Analogous relations exist for L_. This motivates the notations “raising” and “low-
ering” operators for L and L_, respectively. The constant in (16.24) is fixed by
the condition that wave functions have to be normalized to (Im|lm) = 1. Details of
the calculation can be found in textbooks on quantum mechanics and shall not be
reproduced here.

Let us just recapitulate the well known results. Using exclusively the commuta-
tion relation equations (16.15a)—(16.15¢), one finds:

(1) I has to be integer or half-integer;
(i1) m can take 2/ + 1 different values from m = —I to m = [ in integer steps;
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(iii) The raising relation (16.24) and the corresponding lowering relation with the
correct constants reads

Lafim = hy/I(+ 1) = m(m £ DYy . (16.25)

In particular, we have L4y 4, =0 and L_v;, _; = 0. It is thus not possible to
raise or to lower the m quantum number beyond the allowed range between m = —I
to m =1 as it should be. When replacing [ by s = % the corresponding relations for
the spin matrices given in Sect. 3.1 are recovered. This is no surprise since in the
derivation only the commutation relations had been used, which are identical for the
angular momentum operators and the spin matrices.

16.3 Representations

Taking the ¥, as basis functions, we may associate with each operator A a (2/ +
1) x (21 4 1) matrix A®, similar as in (3.14) for the case of a 2 x 2 matrix. We write
this both in bra-ket notation |/m) and for the case of spatial wave functions

AL = (m|A|im') = / Eryf, (AP (r). (16.26)

Such a mapping of an operator onto a matrix is called representation. The rank 2/ + 1
of the representation is called the dimension.

Let us illustrate this for the components of angular momentum. Using L, =
(Ly +L_)/2 and Ly = (Ly — L_)/2i, for the spin-% case, we recover the two-
dimensional representations (3.5) and (3.7a), (3.7b) for Sy, S, S;.

For [ = 1 we obtain in the same way

01 0 0 —-i 0
h h
L,=—1|1 0 1], y=—0= |1 0 -il,
v2\o 1 o V2 o i o
(16.27a)
1 0 0
L.=h|{0 0 0],
0 0 —1
1 00
L2=2r2[0 1 0]. (16.27b)
0 0 1

The upper left element in the angular momentum matrices is for m = m’ =1, the
lower right element for m = m’ = —I. We check that the matrix representation for
the components of spin and angular momentum, namely, the spin—% matrices and
the above spin-1 matrices obey the same commutation relations (16.15a)—(16.15¢)
as the corresponding operators.
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Looked upon in this way, the spin matrices lose their peculiar significance.
They are just one representation, among many others, of the components of
the angular momentum operator. The only thing that matters are the commu-
tation relations.

Whether these relations are realized in terms of 2 x 2 matrices as for spin-% or
by differential operators as for the “ordinary” angular momentum is completely
irrelevant in this context.

16.4 The Spherical Harmonics

In Sect. 16.2, we obtained eigenvalue equations for L, and L? using exclusively
the commutation relations (16.15a)—(16.15c). Alternatively, we may start with the
stationary Schrodinger equation

2
(;—M-I-V(x,y,z))t/f:Ew. (16.28)

The first term representing the kinetic energy may be rewritten using the vector
identity

[r x V> =r*V? — V)?, (16.29)
or
1
2 _ .2 2
p =p,+ r_zL ) (16.30)

where p, = (r - p)/r is the radial component of the momentum. This yields

p2 LZ
L — 4V =Ey. 16.31
(2M+2Mr2+ (X,y,Z)>W 14 (16.31)

The two new terms are easily identified: The first term corresponds to the kinetic
energy of the radial movement, and the second term is nothing but the rotational

energy. Let us now rewrite the Schrodinger equation in polar coordinates, as given
in (3.36). The operators for L. and for L? become

L=——, (16.32a)

) [ 1 92 1 a/. @
L?=—1h — +——sin6— ) |. (16.32b)
sin20 0?2 ' sin@ 96 90
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2 2
|Y00| IYZZI

Fig. 16.2 The absolute values squared of the spherical harmonics for/ =0, 1,2
The Schrédinger equation then reads

[ S U
— —— +——— + V0, L0, 0)=EYy(r,0,¢). 16.33
( 2o T TV <p)>1/f(r PO =Ey(r6.9).  (1633)

The special case of full rotational symmetry, where the potential depends only
on the radial coordinate, but not on the angle variables, V (r, 6, ¢) = V (r), is of par-
ticular importance, This is the situation found for the hydrogen atom, for example.
In this case, the dependence of the wave function on the angular variables may be
separated,

V(r,0,0) =Yim(r)Yim©@, ¢), (16.34)

where Y7, (6, ¢) is an eigenfunction both of L, and L2,

L. Yim (8, 9) = mhYp, (6, @), (16.352)
LY (8, ) = 1 + DE2 Y19, 9). (16.35b)

The Y}, (0, @) are called spherical harmonics. They are orthogonal and normalized
on the surface of the unit sphere,

1

2 b4
— do / sin@ doY;:, (0, ©)Yirm 0, ©) = 8118 (16.36)
4 0 0

The spherical harmonics Y, (8, ¢) for [ up to 2 (see Fig. 16.2) are given in Ap-
pendix A.4.

Spherical harmonics form a complete set of orthonormal functions. Therefore,
the angle dependencies of physical quantities are often given in terms of spher-
ical harmonics. Examples are the probability distribution of the electrons in the
atomic shell, or the charge density distribution in a deformed nucleus, as sketched
in Fig. 7.3, which is written as

p(r.0,¢) = po(r) + p2(r)¥20(6, ¢). (16.37)

A multipole expansion will be explicitly calculated in Sect. 18.2.



16.5 The Rotation Matrices 175

We know from textbook quantum mechanics that the eigenvalue equations
(16.352)—(16.35b) can only be realized if (i) / is an integer, and (ii) m is integer,
too, and can take the 2/ + 1 values m = —I, —[ +1,...,[. In Sect. 16.2, we came
to the same conclusion from an algebraic analysis of the commutation relation, but
there is one important difference:

From the commutation relations in (16.15a)—(16.15c), we got the result that / can
take both integer and half-integer values, whereas an analysis of the Schrédinger
equation allows only integer values for /. To get half-integer values in the
Schrodinger equation as well, one has to introduce the Pauli spin matrices as an
extra ingredient, which leads to a hybrid representation of the wave function in
terms of a spinor part multiplied with a part depending on the spatial variables. This
somewhat dissatisfactory situation is avoided if one uses matrix representations
from the very beginning.

With the separation ansatz (16.34), the Schrodinger equation (16.33), a partial
differential equation for the three coordinates r, ¢, and 6, is reduced to an ordinary
differential equation for the radial part of the wave function,

< 9% 11+ DHR?

omrrar T o2 T V(r)> Yim (r) = EYim (). (16.38)

16.5 The Rotation Matrices

In view of the successful concept of replacing operators by their respective matrix
representations, we now follow the same strategy for the rotation operators intro-
duced in Sect. 16.1. Applying the rotation operator R(«, 8, ) to the eigenfunctions
Yy, for L, and L?, from now on written as |Im), we get

R(a, B, y)|im) = e 1¢Le/Re=1BLy/ g =ivLe/h 1y (16.39)

The application of L, does not change m, and the application of L, = (L —
L_)/2i raises and lowers m by one, whereas in both cases [ is not changed at all.
The application of R(«, B, y) to |Im), after expanding the exponentials in (16.39), is
nothing but a repeated application of L, L, and L_. It therefore results in a linear
combination of the |/m), with m ranging from —[ to [, or

R, B.y)lm) =" D) (a.B.y)|lm'). (16.40)

Making use of the orthogonality relation for the |/m), one obtains the matrix
elements of the rotation matrix

D,(,?m (0, B,y) = (lm’|R(oz, B, y)lim). (16.41a)

Hence
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DY) (&, B, y) = (Im'|e7 1 e/ e T IBLy/Me=ir L/ M) (16.41b)

is a matrix representation of the rotation operator R(e, 8, y) of rank /.

The equations above are written in standard bra-ket notation, as used in most
modern textbooks. To smooth the transition from the matrix notation used in earlier
chapters, we rewrite (16.40) as

Vi, B.y) =DV, B. ) 01(0), (16.42a)
where (0) stands for (0, 0, 0), or even shorter as
V) =Dy, (16.42b)

with the original states assembled in the column ; = (|1, 1), ..., |l, —I))T, the ro-
tated states in the column 1}, and with the rotation matrix elements (16.41b) assem-
bled into the matrix D of dimension 2/ + 1.

The rotation matrices obey the orthogonality relation

1 1
> D% e, B.yIDY (@t B V) = Sy (16.43a)
m
DOTPD =7, (16.43b)

which means that a back rotation DO (a, 8, ) = DO (—y, —B, —a) applied to V)

restores the original state ;.
0]

The dependence of D, (a, B,y) ona and y is trivial. Since the |/m) are eigen-
functions of L_, that is, L;|/m) = mh|lm), we have

e_i)’Ll/hﬂm} — e—iym”m), (16.44a)

(tm e/ P = (1! e~ (16.44b)

This yields for the elements of the rotation matrices

DY (@, B, y)=c i@ Hrmgh) (g, (16.45)
where
d® ()= (m'[e 7P/ 1m). (16.46)

The rotation of spinors with spin-% was derived in Sect. 6.2, based on the prop-
erties of Pauli matrices 05 =1and og = oy, with the result, see (6.8),

d(1/2)(13): (COS %'3 —sin %'B> ) (16.47)

1 1
sin5f  cos;f
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For / = 1 one may proceed in an analogous way, using the relation L3V =Ly, and
finds '

$(1 +cos B) —\@smﬁ $(1 —cos )
dDp) = @ sin B cos B —\@ sing |- (16.48)
3(1 —cos B) \@sin,fs $(1 +cos B)

The construction of rotation matrices d(’)(ﬁ) for arbitrary values of / is some-
what more evolved and can be found in textbooks on angular momenta in quantum
mechanics. The rotation matrices up to [ =2 are given in Appendix A.5. The full
rotation matrix D(l)(oc, B, v) then is obtained from (16.45). The central element of
a rotation matrix is given by the Legendre polynomial D(()ZO) = Pj(cos6), and the el-
ements on the column and on the row through the center of the matrix are given by

the spherical harmonics D,% = D(()Qf & Y (B, —a). As an example, for / = 1 and
m =0 (16.40) reads

R|1,0) = D1, +1) + DY11,0) + D11, —1)

1
= —e_w‘\/;sinml, —1)

1
—}—cos,B|l,O)—+—ew‘\/;sin/3|l,+l). (16.49)



Chapter 17
Irreducible Tensors

Abstract Irreducible tensors are a powerful tool of quantum physics. These tensors
are subsets of wave functions or operators that obey particularly simple transfor-
mation rules when experiencing a symmetry transformation. From the rotational
symmetry of space follows that irreducible tensors of a given rank transform under
rotation into linear combinations of each other. They all have the same universal
structure. We then define the coupling of two such tensors to a product tensor. We
explore the properties of irreducible tensors, with main emphasis on the Wigner—
Eckart theorem.

17.1 Scalars, Vectors, and Tensors

In classical physics, a system of particles is characterized by quantities which can
have different directional properties in space. A quantity whose magnitude V does
not depend on the choice of the coordinate system, with V/ = V after a change of
coordinates, is a scalar. Examples of scalar quantities are mass, charge, or energy.
Other quantities do depend on the choice of coordinate system. A quantity com-
posed of several components V; may, upon a rotation of coordinates, change its
components to a linear combination Vi’ = Zk a;r Vi, with a set of coefficients a;,
for example with i, k = x, y, z as in (6.6). This transformation property is used to
define a vector. Vectors not only have a magnitude but also an orientation in space.
Examples of vectors are position, linear or angular momentum, and electric or mag-
netic fields.

Quantities may have components arranged in a multiple array like T, which
may, for instance, be a set of nine components arranged in a 3 x 3 matrix. Let,
upon a rotation of the coordinate system, these components transform linearly to
T/, = > @imGin Ty This transformation property defines a tensor of rank 2.
Examples of rank-two tensors are the moment of inertia of a system, which depends
on the distribution of masses in space, or the electric quadrupole moment, which
depends on the spatial distribution of electric charges. A high symmetry of the object
under study may strongly reduce the number of coefficients a;; needed, as does a
good choice of the coordinate system. Scalars and vectors are tensors of rank 0
and 1, respectively. Tensors of higher rank can be constructed by going to higher
orders of the multipole expansion, or by going beyond linear response.

D. Dubbers, H.-J. Stockmann, Quantum Physics: The Bottom-Up Approach, 179
Graduate Texts in Physics,
DOI 10.1007/978-3-642-31060-7_17, © Springer-Verlag Berlin Heidelberg 2013
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In the course of the twentieth century, tensor algebra was developed to a high
degree of refinement and is indispensable in modern physics and engineering.
Tensor algebra permits the description of the interactions of various systems in a
coordinate-free manner, with results depending only on relative coordinates. A sim-
ple example is the work W = F - x done on a system, which can be written either
in terms of its Cartesian components W = ), Fix; in a given coordinate system,
or in a coordinate-free manner as W = Fx cos 6, with the angle 6 between the two
vectors. Here two vectors of rank 1 are contracted to a scalar of rank 0. More gen-
erally, one can contract two tensors of equal or different ranks to tensor products of
lower rank, or from two such tensors one can construct tensor products of the same
or higher rank.

For interacting quantum systems, one wants to have the same techniques at hand.
This generally is considered to be a thorny subject avoided in many textbooks on
quantum mechanics. A down-to-earth approach to irreducible tensors in quantum
physics will be presented in this and the following chapters. The formulae derived
have no tedious summations over unobserved magnetic quantum numbers m, linked
to a specific quantization axis z, but will depend only on angular momentum quan-
tum numbers j,/, s, etc. of the system’s constituents and on the ranks L of the
tensors involved.

17.2 Properties of Irreducible Tensors

17.2.1 Definition of Irreducible Tensors

In (16.40), we showed that for arbitrary rotations the |/m), the eigenfunctions for L,
and L2, are transformed into linear combinations of |/m’) where m’ may range from
[ to —I, while / does not change,

R(e, B.y)llm) = DY) (. B.y)|m'). (17.1)

m’

On the other hand, one can show that it is not possible to find smaller subsets of
eigenfunctions with this property, or expressed in other words, for an arbitrary ro-
tation you really need all of the |Im’), m’" = —I, ..., in the sum! When expressing
these findings in the terms of group theory, one says that, with respect to the group
of all rotations, the |/m’) are the components of an irreducible tensor of rank I.

The statement that there are no smaller irreducible subsets is no longer true if
the symmetry is reduced. Let us take as an example a hydrogen atom in an external
magnetic field along the z-axis. The hydrogen atom is symmetric with respect to
all rotations, but in the presence of the magnetic field, only rotations about the z-
axis remain as symmetry operations. For this situation, we obtain from (17.1), in
particular,

R(@)|im) =Y "D (c.0,0)|lm') = e~ |Im). (17.2)

m'
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Now no larger sets of |Im’) are needed any longer, on the contrary: Each |Im) is
mapped, up to a phase factor, onto itself.

The concept of irreducibility is closely related to the degeneracy of eigenvalues.
The fact that for each [ there are 2/ 4 1 irreducible components means that in systems
with full rotational symmetry each state with angular momentum quantum number
[ is (21 + 1)-fold degenerate. And if there is only a rotational symmetry about the
z-axis left, where each |/m) by itself forms an irreducible tensor of rank 1, the
degeneracy is lifted. Exactly this is observed in the Zeeman effect (see Sect. 2.2).

Definition (17.1) for irreducible tensor functions |lm) is now transferred to
irreducible tensor operators

R(ew. B, V)TLm = Y D (@, B.y)Toar. (17.3)
M/

We shall see that any operator may be expanded in terms of irreducible tensor op-
erators which, because of their simple rotation behavior, are particularly easy to
handle.

Our notation: From now on, we write the integer numbers L and M that indicate
the rank of an operator in upper case letters, and call Ty the set of 2L + 1 such
operators. We write the integer quantum numbers / and m of the system’s angular
momentum eigenfunctions in lower case letters. To cover also half-integer spin, we
shall from now on write | j, m) for these functions, with m shortly for m ;.

In shorthand matrix notation, omitting the dependences on the Euler angles,
(17.3) reads

T, =DWT,. (17.4)

Equations (17.3) or (17.4) state that (i) the application of an arbitrary rotation
to a set of tensors T s transfers each member of the set into a linear com-
bination of generally all members of the set, and that (ii) it is not possible to
find smaller subsets with this property.

The three components of a vector are an example of such an irreducible set.
A tensor of rank 0 is called scalar. It is invariant with respect to any rotation,

R(a, B, ¥)Too = Too- (17.5)

To check whether a given set of tensor operators is irreducible, one writes out the
left-hand side of (17.3) as

'I'/L — RTL — e—iaLz/he—iﬁLy/ﬁe—iyLz/ﬁTLeiyLz/ﬁeiﬂLy/FLeiC{Lz/ﬁ’ (1763)
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and looks whether the transformed Ty obey (17.3), wherein coefficients 01(11/;1)1/1
are taken from (16.41b). For example, for a rotation about z, Ty must obey the
operator equation

e_iyLZ/hTLMeiyLZ/h — e_inTLM. (17.6b)

17.2.2 A More Practical Definition

In general, (17.3) with (17.6a) is difficult to handle. There is, however, an alternative
definition of irreducible tensor operators, which is more convenient for practical
purposes. To find out, we first apply an infinitesimal rotation about the z-axis by
an angle ¢. For this case, one obtains from (17.3), with R from (17.6a) and D%
from (16.41b), up to terms linear in &

Tom —iv[Le, Toul = Y (LML —iSL [ LM)T 17.7)
LM h zs LLM1=— o h Z LM > .

whence it follows that

(Lo, Tral =) (LM'|L|LM)Tpp. (17.8)
M/

For symmetry reasons, analogous relations hold for L, and Ly, and thus also for the
raising and lowering operators L+ =L, +iL,,

(L, Tom] =) (LM'[Li]LM)Tpp. (17.9)
M/

Inserting the matrix elements from (16.20a) and (16.25) into the right-hand sides of
(17.8) and (17.9), we get

(L, Tom]=hMTLp, (17.10a)

[Li, Tryl=hyL(L+1)— MM+ DTy pr41. (17.10b)
We derived these equations from (17.3). Conversely, it is also possible to de-

rive (17.3) from (17.10a), (17.10b). Both definitions are thus equivalent.

When constructing an irreducible tensor it is sufficient to check that the com-
mutation relations of (17.10a), (17.10b) are fulfilled.
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17.2.3 Simple Examples

Let us illustrate this with some examples.

1. From (17.10a), a scalar Tgg has [L,, Too] =0 and [L+, Top] = 0. Therefore, the
square of the angular momentum L2 is a scalar, too, because it has the same
commutation relations as Tgg, cf. (16.19),

[L..,L*]=0, [L.L*]=0. (17.11)

2. Atensor of rank 1 can be constructed from the components (L, Ly, L;) of angu-
lar momentum to give the irreducible (L_;, Lo, L), with components Ly =L,

L= ?@Lﬂ:, or

Tio=L;/h, (17.12a)

1
T1+1 =:|:\/;Li/h. (17.12b)

The irreducible tensor components Lt are closely related to the raising and low-
ering operators L+ = L &-iL,,. Be aware of the I (not &!) sign on the right-hand
side of the second equation. The proof follows immediately from the commuta-
tion relations (16.15a)—(16.15c) which may be rewritten in terms of Ly and L4
as

[Ly,L1]1=0, [L,,Li]=hL4, [L_,L;]=~/2ALo,
(17.13a)

[L, Lol = v2hLy, (L., Lol =0, [L_,Lo]=+2AL_;,
(17.13b)

[Li,Loi1=+2hLy,  [L,Lojl=—hL_j, [L_,L.{1=0. (17.13¢)

These are exactly the relations (17.10a), (17.10b) that define an irreducible ten-
sor, with T19 = Lo, T+ = L4 for the case L = 1.

3. The same can be done for any vector, e.g., for the Cartesian coordinates of the
radius vector r = (x, y, z),

1
=2, rilzq:\/;(x:tiy). (17.14)

With the help of polar coordinates, this may alternatively be expressed as

1
ro =rcosé, r+1 ::F\/;sm&:i“/’ (17.15)

or, using the spherical harmonic, as

14
rm = gnrYlM(Q,go), M:—I,O,l. (1716)
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4. An important second rank tensor can be constructed from the components of

angular momentum, according to

T = (3L2 — L?) /R, (17.17a)
3
Tox = q:\/; (L+L, +L,Ly)/R2, (17.17b)
3 2 2
Trtr = ELi/h , (17.17¢)

which can again be verified via the commutation relations (17.10a), (17.10b) for
this tensor. Note that for T4 the product of L4 and L, on the right-hand side
is symmetrized. This is needed whenever products of noncommuting operators
are involved. When Ty s is constructed from the components of angular mo-
mentum L, we indicate this by writing Ty s (!), where L denotes the rank of the
tensor, and / the angular momentum quantum number of the system under study.
. In the very same way, we may construct a second rank tensor from the Cartesian
components x, y, z of r. Again the result may be expressed in terms of spherical
harmonics,

8
T2M(r)=,/%r2Y2M(9,g0), M=-2,..,2. (17.18)

In this case, the symmetrization is not needed since x, y, z, considered as opera-
tors, are commuting.

All irreducible tensors have the same structure, and in practice one needs
to know only a relatively small set of tensor operators, namely Ty, from
(17.12a), (17.12b), and Ty, from (17.17a)—(17.17¢). Therein the components
L, and L+ of the angular momentum may be replaced by the corresponding
components of any other vector operator.

Such a replacement can be a position vector ryy, see (17.16), a total angular momen-
tum J (see below), a gradient vector V, etc. Instead of Ty s (1), one then writes

Ty (), Trm (), Ty (V),

generally Ty (A) for operator A.

17.3 The Coupling of Irreducible Tensors

The defining equations (17.3) or (17.10a), (17.10b) allow one to check whether a
tensor is irreducible, but they give no prescription how to construct such a tensor.
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Fig. 17.1 Coupling of two Z
angular momenta J and J»
to a total angular
momentum J

This can be done by building up tensors of higher rank from tensors of low rank. Let
us first recall the rules governing the coupling of angular momenta, shortly treated
for the case of two spin-% particles in Sect. 8.2.

17.3.1 The Coupling of Angular Momenta

Angular momenta are omnipresent in nuclei, atoms and molecules, and there are
several different types. Already in the simplest of all atoms, the ordinary hydrogen
atom, we meet three of them: (i) the orbital angular momentum from the electron,
(ii) the spin of the electron, and (iii) the spin of the proton. In molecules and in
heavily deformed nuclei, there may be further angular momenta from collective
rotations. This brings the problem of coupling two angular momenta, for instance,
J1 and J7, to a total angular momentum

J=h+1J. (17.19)

Classically, one finds the following relations, see Fig. 17.1:

1. The angular momenta are coupled vectorially, and it holds
[131] = 1Tl < 13 < [T1 + ol (17.20)

This is the triangle rule, and we shall abbreviate it by the notation A(J1J>J) in
the following.
2. The z-components of the angular momenta couple algebraically,

L.=I,+1. (17.21)

The same, of course, is true for the other components of J.

In quantum physics, the components of J obey the commutation rules (16.15a)—
(16.15c) if this is true for the components of J; and J,. Hence it must be possible to
construct eigenfunctions |jm) for the total angular momentum from the eigenfunc-
tions | jim1) and | jomy) of J1 and J, respectively. We recall the ansatz of (8.11)

ljm) = Z (Jumy joma|jm)| jimy)|jam2), (17.22)

mypm3
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where the (jimjoma|jm) are the Clebsch—Gordan coefficients. They have to be

determined such that the |jm) defined by (17.22) are normalized eigenfunctions

of J. Details can be found in textbooks on angular momenta in quantum mechanics.
Most important for practical purposes are the two selection rules

(i1 ol jm) £0onlyif 1" =T (17.23)
AG1J2))s
where the triangle rule A(jjj2j) now has to be interpreted in terms of quantum
numbers as |j; — ja2| < j < j1 + j2. Equations (17.23) are the quantum mechanical
analogue of the corresponding classical relations (17.20) and (17.21).
The Clebsch—Gordan coefficients obey the following symmetry relations:

(jimyjama|jm) = (=TT (G —my, jo, —ma)|j, —m) (17.24a)
= (=D 2 Gomyg jimy | jm) (17.24b)

e 201 . .
= (=™ (j1,m1, j,—m|jo, —ma).  (17.24c)

2jp+1

Further symmetry relations are obtained by combinations of the given ones. The
most frequently occurring Clebsch—Gordan coefficients are given in Appendix A.6.
The Clebsch—Gordan coefficients obey the two orthogonality relations

> imijamalj'm'y (jimy jamal jm) = 88 (17.25a)
mima

Y Gim' jamb | jm) Gimy joma| jm) = Sy Sy (17.25b)
jm

These equations are a consequence of the corresponding orthogonality relations
for the eigenfunctions of Ji, J2, and J. We note that these equations hold for a
given set of quantum numbers m1, m», m’] , m’z, with total magnetic quantum num-
ber m = m +my = m’ +m/, fixed by (17.23). Thus summation in (17.25a) over m»
and in (17.25b) over m is purely formal, that is, one only sums over m and j, re-
spectively. In fact, both (17.25a) and (17.25b) express the orthogonality condition

ClCn=C,Cl =1, (17.26)

with the Clebsch—Gordan matrices C,, (j; ® j2) of Sect. 8.2.
Using the above orthogonality conditions, one can write the inverse expansion
of (17.22) as

Ljimi)ljama) =y~ Ljm) (jm] jimy joma). (17.27)

jm
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17.3.2 General Tensor Coupling

Irreducible tensor operators obey the same relations (17.3) as the corresponding
functions (17.1). Therefore, (17.22) still holds if one or both of the kets on its right-
hand side are replaced by operators. The application of an irreducible tensor, e.g.,
to a wave function, yields again a wave function,

|jm) = const. x Y (LiMy joma|jm)TL,um, | j2ma). (17.28)
M]le

where the unspecified constant has to be fixed by the normalization condition for
lim). The application of an irreducible tensor to another irreducible tensor generates
the new irreducible tensor

Trm(A, B) = Z (LM LoMa| LM)T L my (A) Ty, (B). (17.29)
MM,

In this case, the constant may be fixed to one, as long as there is no normaliza-
tion prescription for the irreducible tensors. We shall come back to this point in
Sect. 19.2.1. Quite often the inverse of (17.29) will be needed, i.e., the analogue
of (17.27),

Trow, (A)TLymy (B) =Y (LiMiLyMy|LM)TLy (A, B). (17.30)
LM

The arguments A and B are introduced in (17.29) to indicate that the components
of the tensor are constructed from the components of an operator A. In the present
context, A usually means an angular momentum quantum number, but, as stated
before, it may indicate any other vector operator.

Expression (17.29) is called a tensor product and is written in shorthand no-
tation as

TL(A, B) = [T, (A) x T, (B)], . (17.31)
Depending on the angular momenta involved, the tensor product is either sym-
metric or antisymmetric with respect to commutation of its factors,
[T, (B) x T, (A)], = (=DFHE27E[TL (A) x T, (B)], . (17.32)

This is a direct consequence of the symmetry relation (17.24b) for the Clebsch—
Gordan coefficients.
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17.3.3 Some Special Cases

A number of tensor products are of particular importance:

1. Coupling of two tensors of rank L to a scalar.
For this case, (17.29) yields (we replace L1 = L, by L).

Too(A, B) =Y (L, M,L,—M|00)T1y(A)TL _p(B). (17.33)
M

With (L, M, L, —M|00) = (=) =M /2L + 1)!/? from (A.29) with (A.28) this
yields, using the complex conjugation property Tz M= (=DMT, _y (analo-
gous as known from the spherical harmonics),
Too(A, B) = ﬂ ZTT (A)TLp(B) (17.34)
0olAa, = m — LM LM . .

Next we discuss the coupling of two tensors of rank 1. Because of the triangle
rule, the rank of the tensor product can take only the values 0, 1, 2. We start with
L=0:

2. Coupling of two tensors of rank 1 to a scalar.
For this situation, we obtain as a special case of (17.34)

! t
Too(A, B) = — 3 ZTlM(A)TlM(B)- (17.35)
M
Generalizing (17.12a), (17.12b), we write the tensor components as
Ti0(A) = A, (17.36a)
1 .
Ti+1(4) = :F\/;(Ax +iAy), (17.36b)

plus the corresponding relations for Ty s (B). We then get, up to a constant factor,
the ordinary scalar product

Too(A, B) = —\/gA -B. (17.37)

Well known examples are the hyperfine Hamiltonian Hyy = AI - J from Sect. 8.3,
or the spin-orbit Hamiltonian

His=aL-S (17.38)

that induces the splitting of the D lines of the sodium atom mentioned at the end
of Sect. 2.2.
3. Coupling of two tensors of rank 1 to a vector.
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For this case, (17.31) yields
1
Ti9(A, B) = g(A_BJr —A4B_), (17.39a)

1
Ti+1(A, B) = E(AzBi —A4B,), (17.39b)

where we have used the Clebsch—Gordan coefficients (Appendix A.6)
(1, £1, 1, F1]1,0) = F,/ = = (1, £1, 1, 0]1, £1), (17.40a)

(1,0,1, £1]1, £1) = F—. (17.40b)

N | =
| =

Equations (17.39a), (17.39b) take a more suggestive form if we rewrite not only
the factors on the right of (17.29), but also the tensor product T1 (A, B) in terms
of its Cartesian components Cy, Cy, C, (which may be noncommuting opera-
tors)

1 .
Tl,:l:l(A»B)ZZF\/;(Cx +iC,). (17.41b)

With this, relations (17.39a), (17.39b) read

1

C, = i\/;(AyBZ —AB,), (17.42a)
N

Cy =iy 5 (A:By — ABy). (17.42b)
N

C.=i,/ 5 (ABy — ABy). (17.42¢)

or, in shorthand notation,

1
C= i\/;A x B. (17.43)

This is, up to a factor, nothing but the ordinary vector product. Scalar and vector
products thus show up as special cases of the tensor product (17.31).
4. Coupling of two tensors of rank 1 to a tensor of rank 2.
For this case, (17.29) yields

1 1 1
Tao(A, B) = \/g<2AZBZ —7AB_ - EA_B+>

1
- \/2(3Asz —A-B), (17.44a)
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1
To+1(A, B) = :FE(A:I:BZ + ABy), (17.44b)

1
Tr12(A, B) = EA:I:B:N:, (17.44c¢)

where we used the coefficients from Appendix A.6. We shall see that this tensor
describes the dipole—dipole interaction between spins if the corresponding spin
operators are inserted for A and B. For A = B = L, we recover, up to a factor,
the rank 2 tensor product already introduced in (17.17a)—(17.17c). This tensor
will be important for the description of the interaction of quadrupole moments
with external electric field gradients, see Sect. 18.2.

17.4 The Wigner-Eckart Theorem

The irreducible tensor formalism exhibits its full power if matrix elements
(j'm'|Tpp|jm) of tensor operators in angular momentum representation are
needed. The application of the tensor operator Tz on the wave function |jm)
may be expanded as

Trmljm) oc Y 1j"m" ) (jmLM|j"m"). (17.45)

j//m//

This is just the inverse of (17.28), where the orthogonality of the Clebsch—Gordan
coefficients has been used. With this expression, we get for the tensor matrix element

('m [Tl jm) oc Y (j'm'|j"m" ) jmLM|j"m"). (17.46)

j/!m//
Because of the orthogonality (j'm’|j"m") = 8/ jn8p» of the irreducible ten-
sor functions, the only nonzero term in the sum is the term j” = j’ and m” = m/,
yielding

(j'm' [Tyl jm) o< (jmLM|j'm’), (17.47)

where the constant of proportionality depends on the angular momentum quantum
numbers involved, but not on the m quantum numbers.
Usually (17.47) is written in the following form:

G'NTLIG) GmLM|j'm'). (17.48)

1
(J'm'|Tpljm) = ——=
J LmlJ *Zj’+1

This is the Wigner—Eckart theorem, where the reduced matrix element
(j'IITL||j) is independent of m, m’, and M.
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The selection rules for the Clebsch—Gordan coefficients (17.23) map immedi-
ately onto the corresponding selection rules for the tensor matrix element,

m=m+M,
A(Ljj".

An important consequence of the Wigner—Eckart theorem is that for j = j’
all matrix elements of tensors of rank L > 2 vanish.

(j’m'|Top|jm) #0 only if (17.49)

This means that for spin s = % states the only existing tensors are scalars and vec-
tors. This is the very origin of the fact that spin-% systems allow such an easy and
suggestive interpretation, as has been illustrated for many examples in the preceding
chapters.

The Wigner—Eckart theorem allows, for instance, the calculation of the relative
strengths in spectral line multiplets using exclusively the Clebsch—Gordan coeffi-
cients, see Sect. 18.3. No explicit knowledge of atomic or nuclear wave functions is
needed for this task. Only for the absolute line intensities, which are encoded in the
reduced matrix element, there is no alternative to an explicit calculation on the basis
of the wave functions of the states involved.



Chapter 18
Electromagnetic Multipole Interactions

Abstract Irreducible tensor products are used to describe multipole interactions
of spin systems exposed to static external fields, in particular the magnetic dipole
interaction, and the electric quadrupole interaction of a nucleus with the gradient
of a crystalline electric field. Then selection rules and relative line strengths for
electromagnetic transitions in atoms are derived from the Wigner—Eckart theorem.

18.1 Static Magnetic Interactions

Because of the isotropy of space, any direction may be selected as the z-axis of
the coordinate system, though there may be directions which are better suited than
others, for instance, if there is an applied external magnetic field. This means that
the Hamiltonian describing the interaction must be invariant with respect to arbi-
trary rotations, in other words, the Hamiltonian must be a scalar. Hence it must be
possible to express it in terms of sums over tensor scalar products. We have met
already repeatedly one example, namely, the interaction of a magnetic moment with
an external magnetic field Hyy = —p - B. In Sect. 17.3, we have already calculated
how the scalar product can be expressed in terms of an irreducible tensor product,
(17.35) and (17.37),

Hy ==Y T}, (T1m(B). (18.1)
M

Another important magnetic interaction is the dipole—dipole interaction between
neighboring magnetic moments p; and p,,

3(r-p)(r-py) — (u - py)r?

7S

8
Haipole = —— (Mg - up)8(r) + (18.2)

3
where r is the distance vector between the two dipoles, and r = |r| its magnitude.
The first term is called the Fermi contact term. It is important for the dipole—dipole
interaction of a nuclear spin / with the angular momentum of the electronic shell.
Because of the §-function this term is nonzero for s-electrons with / = 0 only. Since
this term is, up to a factor, just the scalar product between the involved dipoles,
where we already know how to rewrite it as a tensor product, there is no need

D. Dubbers, H.-J. Stockmann, Quantum Physics: The Bottom-Up Approach, 193
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to discuss it further. Another example of a scalar interaction between magnetic
moments has already been given in Sect. 8.3 on the hyperfine interaction. The
dipole—dipole interaction between nuclear moments is of particular importance in
solid-state NMR, where it is responsible for the intrinsic line widths, as stated in
Sect. 11.3.

To reexpress the second term in (18.2) in terms of a tensor product, we first
write the various scalar products r - pj, etc. in terms of tensor products as above,
and then write the appearing products T; () Try (), ete. using the coupling
formula (17.30). The result is

3
30 m) (1) — (1 - mp)r? = \G > T ) Tan (. p12), (18.3)
M

where T (r) and Tops(pey, n2) are the tensors given in (17.18) and (17.44a)—
(17.44c¢), respectively.

18.2 Static Electric Interactions

Next we discuss the interaction between an atomic nucleus and external electric
fields with main emphasis on the electrostatic quadrupole interaction Hamiltonian
Hgq, a case of interest in NMR spectroscopy met already in Sect. 7.1.3 for the special
case I =1.

18.2.1 Multipole Expansion of Electrostatic Energy

The electrostatic interaction between two charge densities is

Welszd% . (18.4)
lri—raf

In the present context, py(r1) means the charge density of the nucleus, whereas
pe(r2) is the charge density of the electronic shell and/or surrounding exter-
nal charges producing the external electric field. For r; # r2, we may expand
|ri — I‘2|_1 as

1 1 ré .
OB R RN AR O NS

lry —ra2| Y

where r— and r. are the smaller and the larger of the two distances r; = |r| and
rp» = |ra|, respectively, and 61, ¢ and 65, ¢; are the polar angles of r| and r, with
respect to an external coordinate system; see, e.g., Jackson (1967). For s-electrons
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with [ = 0, there is an extra contribution because of their nonvanishing charge den-
sity at the site of the nucleus. Excluding this case, one obtains from (18.4)

W= Tiy(@TLu(N), (18.6)
LM

with, because of 1 (N) <r(e),
Tim(N)=+/47 /2L + 1) / rtYim (@, @) pn (r) dr, (18.7a)

1
Tim(e) = /47 /2L + 1)/ Y@, @) pe(r) dr. (18.7b)

Expression (18.7a) describing the charge distribution of the nucleus is classical,
but it can be turned into its quantum mechanical equivalent by substituting py ()
with eZ Iﬁ}‘m ; ¥im,, where Z is the nuclear charge and v/,,, = |Im/) (with nuclear
spin quantum numbers / and m) is the nuclear wave function. We thus obtain

Tim(N) = A7/ QL+ DeZ{Im;|r* Y100, )| Im';) (18.8)

as the quantum mechanical equivalent of (18.7a). Equation (18.6), together with
(18.7b) and (18.8), provides us with the wanted expansion of the electric interaction
in terms of tensor scalar products.

18.2.2 Electric Quadrupole Interaction

Let us now discuss the different terms in somewhat more detail. For L = 0 we have
Too(N) =eZ{Im;|Im) =eZ, (18.9a)

Too(e) = / }pe (r)dr, (18.9b)

the latter being the potential generated by the surrounding charges. Not surprisingly,
the leading term in the expansion (18.6) is the Coulomb interaction of the charge of
the nucleus with the charges in the environment.

The second term with L = 1 vanishes. This is due to the fact that parity is a good
quantum number in nuclear physics, which means that nuclear wave functions |Im )
are either even or odd with respect to a change of the sign of r. Since Y1/(0, ¢) is
odd with respect to the parity operation, the integral (18.7a) yields zero for L =1,
both for even and odd wave functions. The same argument holds for all odd values
of L.

The L = 2 electric quadrupole term is the one of main interest. The nonvanishing
higher order terms L =4, 6, ... are usually too small to be detected. We separately
discuss the nuclear and the electron part of the interaction.
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First the nuclear part: According to the Wigner—Eckart theorem, matrix elements
of the type entering the right-hand side of (18.8) are the same for all irreducible
tensors of a given rank L, up to a factor not depending on the M quantum numbers.
This allows us to reexpress (18.8) for L =2 as

4 1r2Y20(6, )| ,
Top (N) = ‘/?”ez< <|;1|T22?)((1)7013|> ) im, Tass (DI}, (18.10)

where T»)s () is given by (17.44a)—(17.44c) with A = B = I. Any other tensor of
rank two T2s (A) would have done as well on the right-hand side, but it is most prac-
tical to use T2y () since for this tensor all matrix elements can be easily calculated.
In particular, we obtain for the matrix element in the denominator

1., 1
(I T (D) = 5[31 -1 +1)]= 81(21—1). (18.11)

The matrix element in the numerator can be expressed in terms of the nuclear
quadrupole moment (this is why these steps had been performed!). It is defined
as

Q = Z{|3z> = r2|Il) = 4\/§Z(Il|r2Y20(9, )|II). (18.12)

This is the quantum mechanical version of definition (7.6) of the quadrupole mo-
ment. Collecting the results, we obtain

6
Ton(N) = EQW\/__I)(I’"HTZM(I)”’"/[) = (Im7|Qu|Im7),  (18.13)

where the Qj; are the components of the quadrupole tensor defined by

V6
QM=€QmT2M(I)- (18.14)

Next the electron part: For the L =2 term of the interaction, the integrand o, (r)
in (18.9b) may be transformed as follows. We start with the identity

5
r_3Y2M(9,(p)Z,/ETQM(V)r_I, (18.15)

where T7 (V) is the tensor given in (17.44a)—(17.44c) with L replaced by V. The
relation is checked by direct verification. Inserting (18.15) into the right-hand side
of (18.7b) for L =2, we obtain

1
Tom(e) = \fg / [Tom (V)r = pe(r) dPr. (18.16)
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This may alternatively be written as

T2M<e)=féTzM(V) / Ir =717 pe(®) dF | =0 (18.17)
The integral turns out to be the potential generated by the external charges,
€0(r)=/|r—f|_l,oe(f)d3f. (18.18)
We have thus obtained

1
Tom(e) = \/;TZM(V)‘P(") =qum- (18.19)

r=0

The tensor Taps(e) = qum is the electric field gradient (efg) tensor. It is obtained
from the second derivatives of the potential and thus from the first derivatives of the
components of the electric field.

The irreducible components g7 of the efg tensor are given explicitly by

1
q0 = 6(2§0zz — Qxx — Pyy)s (18.20a)
1 /1 .
q+1 = :FE 6(('0” E= l(pzy), (1820b)
1 /1 .
q+2 = 5 8(¢xx — @yy £ 2i¢xy), (18.20c)

where we introduced the abbreviation

82(p

— 18.21
8)(,' 3)(]' ( )

§0x,-x]- =

r=0

Since the efg tensor in the Cartesian representation is symmetric, it can be trans-
formed to its principal axes. If this is done, the off diagonal elements of the tensor
vanish. A further constraint is given by the Poisson relation for the potential

A(p =¢xx + Pyy + @, = 0. (18.22)

Note that there is no inhomogeneous term on the right-hand side since ¢, by defi-
nition only includes the contributions form the external charges. Again s-electrons
with their nonvanishing charge density at the site of the nucleus are an exception,
giving rise to an inhomogeneous term —4mp,(0). Discarding this possible compli-
cation, the efg tensor in principal axis representation is characterized by just two
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parameters. It is common practice to introduce the notation
€qd = @zz» (18.23a)
N = (Pxx — Oyy)/ P2z, (18.23b)

where eq is called just the electric field gradient, and n asymmetry parameter. Or-
dering the principal axes according to

[9zz] = [@yyl = |@xxls (18.24)

the parameter n can take values between 0 and 1 only. Now (18.20a)—(18.20c) take
a particularly simple form

1 1 /1
= —eq, =0, =_/= . 18.25
q0=7eq q+1 qx2= 54 £neq ( )

With (18.13) and (18.19), we obtain for the L =2 term of expansion (18.6)

2
WP =" T3 (@Tan (N) = (Imy] Y g}y QuilIm'y) = (Im|Ho|Im'),
M M

(18.26)
where Hq is the Hamiltonian for the quadrupolar interaction
Ho=) g¢;Qu. (18.27)
M
In principal axes orientation, the electric quadrupole Hamiltonian is
-2 [p_p, L@ +1) (18.28)
QT 4121 — DR ® Z :

with eg and n from (18.25). The quantity e’ Q is called the quadrupole coupling
constant.

There are a number of conditions to be met to observe a quadrupole interaction.
First of all, the lattice symmetry must be not too high. It is immediately clear form
the discussion above that at sites with cubic symmetry, the quadrupole interaction
must vanish. The same is true for sites with tetrahedral symmetry. From the defini-
tion of the asymmetry parameter, it is furthermore clear that 7 is zero, if the z-axis
has a three- or four-fold rotational symmetry. And the nuclear angular momentum
must be at least / = 1 for the matrix elements of Hg not to vanish, see (17.49).

18.3 Selection Rules for Electromagnetic Transitions

Before the development of quantum mechanics, the existence of spectral lines posed
an unsolved riddle. It was Bohr who proposed that the energy levels in an atom are
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quantized, and that spectral lines correspond to electromagnetic transitions between
two levels (see Sect. 10.1). It was soon noticed that there are selection rules meaning
that not all possible combinations of energy levels are really observed in the spectra.
And there was a systematics in the line strengths of the spectral line: The intensity
ratio of the D; and the D; lines in Na, for example, was 1:2, and the same was
true for the corresponding transitions in the other alkali atoms. By means of the
Wigner—Eckart theorem, these questions can be answered in a systematic way.

The calculation of the emission probability for electromagnetic radiation is rather
involved since vector fields have to be expanded obeying a number of constraints
from the Maxwell equations. Details can be found, for instance, in the monograph
of Blatt and Weisskopf (1952), or in the book of Rose (1957).

In the far field limit, the expansion is seen to consist of electric and magnetic
multipole radiation components with amplitudes

(ap)m < (jrmplr=Yim (@, o)l jim;), (18.29a)
(am)Lm o (jrm |V [rtYop©, ¢)] - Lljim;), (18.29b)

where f and i refer to the final and initial state, respectively.

Provided the respective matrix elements do not vanish, the amplitudes of the
multipole or 2L-pole radiation decrease from order to order by a factor of the order
of kR, where R characterizes the dimensions of the sources. This typically means
a factor of about 1000, both for radiation from the electronic shell, and from the
nucleus. Furthermore, electric 25+!-pole radiation is comparable in amplitude with
magnetic 2% -pole radiation.

Due to the Wigner—Eckart theorem, the relative transition amplitudes in (18.29a),
(18.29b), being matrix elements of irreducible tensors, can be expressed in terms of
Clebsch—Gordan coefficients,

(@e)Lm, (am)Lm X (jimi LM|jrmy). (18.30)

Hence the angular momentum selection rules for radiative transitions are

M=my¢—m;,

18.31
AGrLji)- ( )

(ag)Lm, (am)Lm #0  only if {

In this respect, electric and magnetic multipole radiation behave identically. But
there is a difference with respect to parity. If 7; = (=D and 7 f= (=D are the
parities of initial and final state, respectively, one notices from inspection of the
matrix elements (18.29a), (18.29b) the following:
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Fig. 18.1 The Zeeman effect in the Dy, D, lines of the optical emission spectrum of the Na atom
with wavelengths 589.6 nm and 589.0 nm. Indicated are only the optical transitions to the m = +%
level of the ground state, the polarizations ¥ or 7 of the emitted photons, and their relative
intensities, as calculated from the Wigner—Eckart theorem. The g ;-factors of the 25, /25 2p, /2, and
2ps /2 states are 2, 2/3, and 4/3, respectively

The parity selection rules are

miny = (—DE for electric

miny = (=D for magnetic } multipole radiation. (18.32)

As an example, we calculate the relative line strengths of the Dy, D, doublet
in the optical spectrum of sodium, see Fig. 18.1. The transition is from an excited
2p, /2 Or 2p, /2 state of the Na atom to its ground state 2g, /2, in the usual 25+1; |
notation with S for [ =0, P for / = 1, D for [ = 2, etc. The two excited states have
quantum numbers §; = % li=1,and j; =1; =5 =1/2,3/2 for spin, orbital, and
total angular momentum, respectively. The spin-orbit Hamiltonian Hy g = aL - S,
(17.38), shifts the energy eigenvalues of each state by

Eis = %ahz[j(j + D)=l + 1) —s(s+ D], (18.33)

in analogy to the hyperfine case (8.13). The %S /2 ground state has quantum numbers
sp= %, ly=0,and jr = % The emitted photons have spin quantum number |/; —
lr] =1 of dipole radiation, and energies near 2.1 eV, split by AE; g = %ahz =
2.1 meV.

With 7r; = —1 and ¢ = 1, we recognize from the selection rules (18.32) that the
D lines correspond to electric dipole transitions. According to (18.30), their relative
transition strengths are given by [([;m; LM|lfm f>|2. Transitions with photon mag-
netic quantum number M = m; — m y = 0 correspond to the absorption or emission
of linearly polarized light. They are called m-transitions. Transitions with M = +1
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are induced by circularly polarized light and are called o transitions, as introduced
in Sect. 4.2.

For demonstration we explicitly calculate the strength of the transition be-
tween the excited substate | j;m;) =|3/2, —1/2) and the ground substate |jsm ) =
|1/2,1/2). From the M selection rule (18.31) it follows that M = 1, and we have
a o transition. The spin wave functions for the ground and excited states fac-
torize in terms of an orbital angular momentum part (I, m;| and a spinor part (s,
my|, with the appropriate Clebsch—Gordan coefficients (I ym;rssmgr|jrmy) and
(limj;simg;| jim;), in the limit of low magnetic field, as

Grmygl = (5. +5]= 00|<% +3| = omipl(spomypl,  (18.34a)

Nz —3)+ \fu

Inserting these two decompositions into the matrix element {j rm ¢|rY11(0, @)| jim;),
we obtain

b+

Ljimi) =13, —%)= L4+1). (18.34b)

2
L -4)= s+

1. —3)001rY11(6, ¢)|10)

1
LS

3 L +N001r Y110, @)1, —1)

=\/g(00|rY11(0,(p)|1, —1), (18.35)

where we used the orthogonality of the spinor wave functions and the fact that
rY11(0, ¢) only acts on the spatial coordinates of orbital angular momentum. The
remaining matrix element in the last equation can be evaluated by means of the

Wigner—Eckart theorem to \/g(l, —1, 1, 1]00)(0]|r Y1 (0, ¢)||1), which gives

(3.+

In the same way, we can calculate the matrix elements for all possible transitions.
All of them are, up to a factor, proportional to the same reduced matrix element
(0]|rY1(6, @)||1). Thus the squares of these factors correspond directly to the rela-
tive line intensities, as indicated in Fig. 18.1. The reduced matrix element is needed
only if the absolute intensities are wanted. This is a really hard job to do, though,
since for this purpose the electronic wave functions are needed.

The different absorption and emission properties for linearly and circularly po-
larized light offer the opportunity to manipulate the occupation numbers of the in-
volved states. Let us assume that we excite Na vapor in a resonance vessel by T
light at the wave length of the D line. Let us further assume that the spectral width
of the light is sufficiently large to cover all Zeeman sublevels. What will happen? In

3 11
3 —2)= 3011 @ 9l (18.36)
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the absorption process, the m quantum number is increased by one, but in the subse-
quent emission both o™ and 7 transitions are possible. As a consequence, the popu-
lations of the m; =m s = +% spin up levels are increased, both in the ground and the
excited state, and the populations of the spin down levels are correspondingly de-
pleted. After some cycles, all atoms will have accumulated in the spin up states and
will be fully polarized. This technique is called optical pumping (Cohen-Tannoudji
and Kastler 1966), which essentially is based on angular momentum transfer from
the photon field to the atoms.
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Chapter 19
The Generalized Spin Precession Equation

Abstract We had shown that every two-level system can be mapped onto an ef-
fective spin-% system, and its Hamiltonian onto an effective magnetic interaction.
Furthermore, we had learned that there is a one-to-one correspondence between the
precession equation for the quantum mechanical expectation values of the spin com-
ponents and the classical equations of motion of the spinning top. These ideas are
extended to arbitrary quantum numbers of the particles and their multipole interac-
tions. We shall arrive at a generalized precession equation, but beyond spin-% the
correspondence to classical mechanics is lost. A special bra-ket notation for tensor
operators is introduced that makes calculations simpler than is found in textbooks
on quantum mechanics.

19.1 The Density Matrix

19.1.1 Definition of the Density Matrix

In Sect. 6.5, we had treated the 2 x 2 density matrix in an intuitive way. In the
following, we put this on a sound basis. Starting with the Heisenberg equation for
the matrix representation A of an observable,

o
A= [H.Al (19.1)

we derived in Sect. 10.1 the time dependent Schrodinger equation

i = ——Hu. (19.2)
h
In bra-ket notation, the matrix elements of A read
Apm = (n|Alm). (19.3)

The elements A,, may, for instance, be an integral over spatial variables of
type (16.26). The set of the |n) may be an arbitrary orthogonal basis system. A con-
venient choice is to use the eigenfunctions of H, but this is not mandatory. The

D. Dubbers, H.-J. Stockmann, Quantum Physics: The Bottom-Up Approach, 203
Graduate Texts in Physics,
DOI 10.1007/978-3-642-31060-7_19, © Springer-Verlag Berlin Heidelberg 2013
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Schrddinger equation (19.2) and the Heisenberg equation (19.1) are mathematically
equivalent and may be mutually transformed into each other, see Sect. 10.1. Both
equations suffer from the same drawback—neither wave functions nor matrix ele-
ments of observables are directly available from the experiment, they are not even
unambiguously defined: For the wave function there is the arbitrariness of a phase
factor, and for the matrix elements an arbitrariness of an orthogonal transformation,
corresponding to a change of the basis system.

The only quantities which are really accessible are expectation values, i.e., aver-
ages either over a large ensemble, such as in NMR, where the signal is an average
over typically 10%° nuclei, or over many measurements as, e.g., in a double slit ex-
periment. Here the Heisenberg equation (19.1), in contrast to the Schrodinger equa-
tion, has the advantage that it can be changed into an equation for observables, as we
want to prove in the following, just by taking on both sides the ensemble average,

i

(A) = ([H, A1), (19.4)
where the expectation value (A) is defined as
(A) = (UIAN). (19.5)

The bar denotes the ensemble average or the average over a large number of mea-
surements, and |{r) is the wave function describing the system. |{r) may be expanded
in terms of the basis functions,

W) (@) = Zan(t)ln% (19.6)

where a,(t) is the amplitude of the nth state as a function of 7. Since the total
probability to find the system in any state must be one, we have the normalization

> an? =1. (19.7)
n
Using expansion (19.6), the expectation value (19.5) may be written as
(A) = Zana;;Anm. (19.8)
nm
With
Pnm = Anayy,, (19.9)
it follows from (19.5)
(A) =D Aumpmn- (19.10)

nm

The sum over m is a matrix multiplication, and the sum over 7 is a trace, hence

(A) =Tr(Ap). (19.11)
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Matrix p is called the density matrix. Equation (19.10) shows that the expectation
value of A is nothing but a weighted average over the matrix elements A,,, of the
corresponding operator, with the elements p,,, of p as weight factors, as in (19.10).

Knowledge of the density matrix p is sufficient to calculate the expectation
values of any operator, i.e., the result of any measurement.

19.1.2 The Liouville Equation of Motion

To obtain an equation of motion for p, we start by inserting (19.6) with |n) = {,
into the Schrédinger equation (19.2) and obtain

Zanwnz—iﬁZHanan. (19.12)

Multiplying both side by {,, and making use of the orthogonality of the eigenfunc-
tions, if applicable by integration over spatial variables, we get

. i
anz—ﬁZHnmam. (19.13)
m

In matrix notation, the equation of motion for the evolution coefficients a, reads

i
a— ——Ha. 19.14
a ~Ha ( )

This equation may be interpreted as a matrix representation of the Schrodinger
equation.

Therein, H is the Hamiltonian matrix and a = (ay, a2, ..., a,, .. .)T. From (19.9)
and (19.13), we obtain the equation of motion for the density matrix as follows:

ey
Pnm = ana,, + aza,,

= % Z(—anaka,’; +a, Hn’:ka,’f)
k

i _ _
=% Y (—Huaxay, + Hyypanaf), (19.15a)
k

. i
fom = ij(pnkam — Huk Pkm)» (19.15b)

where we used the hermiticity of the Hamiltonian H, = Hyy,.
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In matrix notation, the time evolution of the density operator is

p= %[p,H]. (19.16)

This is the equation of motion we looked for. It is known as the Liouville
equation and will be of central importance for everything to follow.

The trace of any commutator vanishes, Tr[A, B] = Tr(AB) — Tr(BA) = 0, be-
cause of the commutativity property of the trace. Therefore, taking the trace on both
sides of (19.16), we get

Tr(p) =0, (19.17a)
Tr(p) = const = 1. (19.17b)

This means that the sum over the occupation probabilities of all states is constant
and unity as it should be. We have just recovered the normalization condition (19.7).
Next we multiply both sides of (19.16) by A and take the trace,

(A) = Tr(Ap) = % Tr([p, HIA) = % Tr(p[H, Al), (19.18a)

or
i

(A) = +(IH. Al). (19.18b)

We recovered the Heisenberg equation (19.1), but now for the expectation
values of the observables, in contrast to the matrices entering (19.1).

As an example, let us take again the precession of a magnetization in an external
magnetic field. With the Hamiltonian Hyy = —p- B = yJ - B, we obtain from (19.4),
taking for A the components of J,

I = %y([J -B.J)). (19.19)

With [J, J] = iAJ from (16.16), this can be written in the same way as in Sect. 10.3,

J)=y{J x B), (19.20a)
M=yM xB, (19.20b)

with the magnetization M = —ny (J) from (6.24).
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We recovered the classical equation of motion describing the precession of a spin
polarization in an external magnetic field. For a magnetic interaction, there is no
difference between the classical and the quantum mechanical treatment. For spin-
% systems, this equivalence was shown in Sect. 10.3, but nowhere in the present
derivation did the value of the angular momentum quantum number enter explicitly.
The statement is therefore true for arbitrary angular momenta.

19.2 Some Preparative Steps

19.2.1 Normalized Irreducible Tensor Operators

Next we are going to expand the density matrix in terms of irreducible tensor oper-
ators. To this end, a number of preparatory steps are needed.

Like for any operator A, the trace of a tensor operator Ty s is the sum over its
diagonal matrix elements

Tr(Tem) =) (n|Trmln) (19.21)

n

with respect to the basis states |n). The irreducible tensor operators are orthogonal
with respect to the trace operation,

(T}, Tem) =80 8mm TrITLP, (19.22)

where Tr |TL|2 is independent of the numbers M, M’, as it is indicated by the no-
tation. The proof of this statement follows essentially the same steps as the corre-
sponding proof for the irreducible tensor functions. Since it is somewhat technical,
it is transferred to Appendix A.1. If in addition the condition Tr|Tz|> = 1 holds,
the tensor operators are called normalized. We introduce hatches to characterize
normalized operators,

A T
Ty = —M (19.23)
VTr [T,
From (19.22) one obtains, in particular, for L’ =0
Tr(Tzy) =0 for L #0. (19.24)

Hence all irreducible tensor operators, with the exception of scalars, are traceless.
We have seen in the preceding chapter that all interactions of atoms or nuclei with
external fields can be expressed in terms of irreducible tensor operators. This has the
consequence that, though degeneracies of eigenvalues are lifted by the interactions,
the center of gravity of the state is not changed. This is, in particular, true for the
magnetic interaction between a magnetic moment and an external magnetic field,
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as well as for the electric interaction between a nuclear quadrupole moment and an
external electric field gradient; see Sects. 18.1 and 18.2.

A quantity repeatedly needed is the matrix representation of the normalized irre-
ducible tensor operators Ty M (j) in the | jm) basis. For a given angular momentum
quantum number j, this representation is (2 j 4+ 1)-dimensional with matrix elements
(jm' |’i“ Ly (j)|jm). The Wigner—Eckart theorem (17.48) yields for this quantity

N 1 N
im'|T N jm) = ———G I TL(DIF)(GmLM|jm’). 19.25
(Jm |\ Trpm (j)ljm) 2j+1<]|| LD jmLM|jm’) ( )
The reduced matrix element is
GITL(OI) =~2L + 1. (19.26)

The derivation is given in Appendix A.2. The desired matrix representation of the
normalized tensors thus is

1
(jmLM|jm’). (19.27)

. /T . . —
(Jm | Tem (j)ljm) 2+ 1

The list of normalized irreducible tensor elements with L < 2 is given in Ap-

pendix A.7. All tensors elements of type T (A) for arbitrary vector operator A
discussed in this book appear on this list.

19.2.2 A Bra-Ket Notation for Tensor Operators

The very close similarity between the definition of the irreducible tensor operators T
of (17.10a), (17.10b),

(L., Toml=hMTLu, (19.28a)

Lo Toad=hy/L(L+1) — MM £ 1) T 1, (19.28b)
and the analogous relation for the tensor functions |/, m), see (16.20a) and (16.25),

L.|lm) = hm|lm), (19.29a)
Lijim)=h/I0+1) —mm = D) |l,m£1), (19.29b)

can be made even more suggestive by introducing a new notation for the tensor
operators. To this end, we define tensor bras and kets according to

ILM) =TLm()), (19.30a)
(LM =T} ,,(j). (19.30b)
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At the same time, we assume that an operator A acts on the tensor bras and kets
according to

AILM) =[A, Tn())]. (19.31a)
(LM|A =[T],, (), Al (19.31b)
With these definitions (19.28a), (19.28b) and (19.29a), (19.29b) become identical
even with respect to notation. One only has to replace the bras and kets in (19.29a),
(19.29b) by the corresponding tensor bras and kets to recover (19.28a), (19.28b) for

the tensor operators.
We define the tensor matrix element of an operator A as

(L'M'|AILM) = Te{T], ) (D[A T ()]}
=Te{[T],,, (). AlTLw ()}, (19.32)
where we have taken the trace (19.21) over the basis states | j, m). The last identity
holds because of the commutativity property of the trace. It is thus irrelevant whether

operator A acts on the bra or on the ket. The orthogonality relation (19.22) for the
tensor operators may now be expressed as

(LMIL'M"y =818 mmr- (19.33)
From the completeness relation for the irreducible tensor operators follows
Z(LlMl |A|[LM)(LM|B|LyM>) = (L1 M;|AB|L,M>). (19.34)
LM

In the interpretation of the product AB, care has to be taken. This can be seen if we follow
the steps leading to (19.34) in detail, by writing down all matrix elements from (19.32)
explicitly:

> (L My |AILM)(LM|B|LyMy)
LM

= "Te{ [T} 4y, D2 AlTLrr (D} Te{ T 3 (D[B. Truns, ()]}
LM

= Y Gml[TL ) Al o Tem()ljmn)
LMpypopsmns

x (sl T}y () 1imad(ireal [B. Trym, ()] 1)
=Tr{[T], )y, (1) A][B. Trom, (]}

=Te(T] DA [B. Tram (D]]}- (19.35)
In the third step, we used the equality

D GmITyyy (DLma) Gm) Tear (DLim') = Sum Smam, (19.36)

LM

that follows from the Wigner—Eckart theorem (17.48) with (19.16) for the irreducible tensor
operators and the orthogonality of the Clebsch—Gordan coefficients, and in the last steps we
used again (19.32).



210 19 The Generalized Spin Precession Equation

Comparison of the last equation (19.35) with (19.34) shows that the application
of the product AB on |LM) does not mean [AB, Ty ()], but has to be interpreted
as the successive application of this expression, namely

AB|LM) =[A,[B, Tem()]]- (19.37)

To illustrate the usefulness of this definition, the action of an exponential operator
onto a tensor ket e*|L M) shall be calculated. Expanding the exponential into its
Taylor series, one obtains in a number of steps

o0
1
A _ AN
e |LM)_Zn!A |LM)
n=0
o0
:Z—![A,[A,...,TLM 1...]
n=0 n times [A, n times]
1 n 1 m
= Z—A Ty — (—A)™. (19.38)
n! m!
m

The equivalence of the last two expressions is easily checked by a term-by-term
inspection of the powers of A in both expressions. We have thus arrived at the result

eMLM) = e T e, (19.39)

The action of an exponential operator onto a tensor ket thus means nothing but
sandwiching the corresponding tensor operator with the exponential operator!

Because of the one-to-one correspondence of (19.28a), (19.28b) and (19.29a),
(19.29b), each proof for the tensor functions is automatically true for the tensor
operators, too, and vice versa. In particular, we can apply directly the Wigner—Eckart
theorem to calculate the matrix element with tensor bra-kets (see (19.32)) for the
case that A is a normalized irreducible tensor operator

(LM Ty, ()IL1 M) = (LT, (D)L My LyMa | LM). (19.40)

1
V2L +1
The calculation of the reduced matrix element is lengthy and is given in Ap-
pendix A.3. The result is

(LITL, (DIIL2) = [(=DEE=t — 1] (=¥ *E

(19.41)

x\/(2L1+1)(2L2+1)(2L+1){l;.] L2 L.}.

Values of the reduced matrix elements for L = 1 and 2 are given in Appendix A.8.
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Fig. 19.1 Tetrahedron to
visualize the symmetries and
triangular relations of the 6
symbol

The quantity in curly brackets is called a 6 symbol. A 6j symbol is invariant
with respect to the exchange of two columns, as well as the simultaneous exchange
of any two quantum numbers in the upper row (call them Jy, J>, J3) with the two
numbers below them in the lower row (call them ji, j», j3). Furthermore, these
entries obey the triangular relations

A(J11203), A(J1j2J3)s A(j14273), A(j1j203). (19.42)

Symmetry and triangular relations may be visualized by means of a tetrahedron
formed of the six angular momenta (see Fig. 19.1). The symmetry relations cor-
respond to rotations and reflections of the tetrahedron, and the triangular rela-
tions mean that the tetrahedron can be geometrically constructed by the six vectors
Jj1s ..., J3. More details on the 6 symbols are given in standard monographs on
angular momenta in quantum mechanics; see, e.g., the books by Edmonds (1957),
Fano and Racah (1959), Rose (1957), Thompson (2004), and Blum (1996).

There are numerous selection rules resulting from relations (19.42). The perhaps
most important one, L < 2j, was met already in the context of the Wigner Eckart
theorem: for a tensor of rank L to exist, the angular momentum state of the system
under study must at least be L/2.

19.3 The Irreducible Components of the Density Matrix

19.3.1 Definition of the Statistical Tensors

Since the number of possible states in an atom or nucleus is infinite, the rank of
the density matrix strictly speaking, too, is unlimited. However, often only a small
number of states are relevant. In nuclear magnetic or in electron spin resonance,
for instance, usually only one angular momentum state j with its m substates is
involved, leading to rank 2j + 1 of the corresponding density submatrix. As long as
all other states are so far away in energy that their coupling to the state in question
can be neglected, as is mostly the case for light or radiofrequency irradiation at or
near resonance, we may restrict discussion to these 2j + 1 states | jm). We denote
the corresponding density matrix by p(j).

We expand the density matrix p in terms of normalized irreducible tensor opera-
tors

o)=Y pemT] (). (19.43)
LM
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m m m
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Fig. 19.2 Spin-1 levels (a) with a pure longitudinal vector polarization pyo = (p1 — p—1)/+/3,
with population p,, linear in magnetic quantum number m; (b) with a pure longitudinal alignment
p20 = (1 — 3p0)/«/6, with p,, quadratic in m; (¢) with a mixture of both

It is easy to show that the Tram(j) form a complete set. Since L is restricted to
L <2j, and since for each rank L there are 2L + 1 components, the total number
of terms on the right-hand side of (19.43) is iJZO(ZL + 1) = (2j + 1)2. This is
exactly the number of independent components of p. Equation (19.43) expresses the
(2j 4+ 1)? matrix elements of p in terms of the (2j 4+ 1)? tensor strengths pr .

We invert this equation by multiplying both sides of (19.43) by Tom, taking the
trace, and using the orthogonality (19.22) and (19.23) of the tensor operator, and
obtain

prm =Tr(oTru). (19.44)
With (19.11) we see:

For a given system, the components py s of the density matrix in irreducible
representation, frequently called statistical tensors, are the expectation values
of the normalized tensor operators

oLy = (Tim). (19.45)

Again, for a given rank L we can assemble the elements py 37 into one column that
we call pr. We call a statistical tensor p; of rank 1 a (vector-)polarization, and p; of
rank 2 an alignment. The notation is not uniform in the literature. Atomic physicists
call the py, state multipoles and use the name orientation for p;.

19.3.2 Simple Examples of Statistical Tensors

For the purpose of illustration, let us consider three particularly simple cases fre-
quently found in experiments. To keep the discussion simple, we take the simplest
situation where all these cases listed below can be realized, namely, an ensemble of
particles with angular momentum j = 1 with substates m =0, 1.
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1. Linear occupation of the substates (see Fig. 19.2(a)).
Here the occupation probabilities p,, for the three substates are

1 1 1
— 44 po=-. pi=--—a. 19.46
P1 3-l-a po=3. P-1=3-4 ( )

This holds for a thermal Boltzmann distribution at high temperature kg7 > E
(see the end of Sect. 6.4), and after various polarizing nuclear reactions. The
resulting irreducible density matrix is diagonal and may be expressed as

1 1. R
p=3l+al/h= %Too +av2T, (19.47)

with identity I, and with Try from Appendix A.7. Thus p contains the irre-
ducible components

A 1
poo = (Too) = \/g (19.48a)

N 1
p1o = (T10) =av2= \/;(P-H —p-1)- (19.48b)

All other components are zero. pjg is related to our previously defined longitu-
dinal polarization P, = (I,)/h as pjo = P,/~/2.
2. Quadratic occupation (see Fig. 19.2(b)).
Here the occupation numbers are

1 1 1
P1=§+a, Po=§—261, P71=§+a» (19.49)

yielding for the density matrix

1 1. A
p= §I+a(3J§—J2)/h2:/;Too+a«/6T20. (19.50)
Now the only nonvanishing components of the density matrix are

1

pzo=a«/6:\/g(1 —3pp). (19.51b)

3. Only one state is occupied (see Fig. 19.2(c)).
Here the occupation numbers are, for example,

pi=1, po=0, p_1=0. (19.52)

This is the situation found, for instance, in optical pumping with circularly po-
larized light (see the end of Sect. 18.3). Here the only nonvanishing irreducible
components are poo, 010, and 0.
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19.4 The Liouville Equation for the Statistical Tensors

The Liouville equation (19.16) is a coupled differential equation system for the
(2j + 1)> components of the density matrix. Already for moderate values of j a
tremendous effort is required to solve it by brute force methods. Here the irreducible
tensors exhibit their full potential. The derivation presented here follows essentially
Fano (1964), see also Dubbers (1976). Consequent use of the tensor operator matrix
elements introduced in Sect. 19.2.2 (see (19.32)) and of the Wigner—Eckart theorem,
though, makes the derivation much more straightforward than in the mentioned text-
books on angular momentum.

We start by taking the time derivative on both sides of (19.44) and insert-
ing (19.16)

. A i N
pLm =Tr(pTrp) = 7 Tr([p, HITL ). (19.53)

Inserting the irreducible expansion (19.43) of the density matrix on the right-hand
side gives

PLM = % Z PLyM> Tr([TLMZ, H]TLM)’ (19.54)
LoyM>

or, using the bra-ket notation of (19.32),

) i
pu =7 Z oLoM, (L2 Mo [HILM). (19.55)
LoM,

We then expand H in terms of normalized irreducible tensor operators,

H=h " 20T 4 () (19.56)
LM,

In Sects. 18.1 and 18.2, it had been stated that in nearly all practical applications
the sum over L is restricted to L1 = 1 (magnetic dipole interaction) and L = 2
(electric quadrupole interaction). In the next chapter, we shall see how the irre-
ducible interaction frequencies §2, », are connected to the dipole and quadrupole
interaction parameters developed in earlier chapters. The dipole—dipole interaction,
with H depending on two angular momenta j; and j», will not be treated here. In-
serting expression (19.56) into (19.55) yields

prm=i Y Quoprom(LadolT]  (HILM). (19.57)
LiM{Ly M,y

Using the Wigner—Eckart theorem (19.40), the tensor matrix element is evaluated to

(LaMa [T}y (DILM) = (LM[TL, 0, ()| L2MD)*

1 n
= ——(L||Tz, (DIL2)(L2M2 L1 M{|LM).

V2L +1
+ (19.58)
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It follows

. | A
PLM = ITH LIX:Lz(Ll [Tr, (DIL2) M%z L0, M PLyMy (LMo Ly My |[LM).

(19.59)

Using the compact notation (17.31) for the tensor product, we obtain the gen-
eralized spin precession equation for the statistical tensors:

pL=iY  c;j(LiL2L)[QL, X pr,]L- (19.60)
LiL>

The coefficients therein are

¢j(LiLyL) = — (LT, (DIIL2), (19.61)

1
V2L 41
with (L||Ty,(j)I|L1) taken from (19.41) and using (17.32). The most frequently
used ¢;(L1L>L) are given in Appendix A.8.

From the selection rules for the Clebsch—Gordan coefficients and the 6 j symbols
and from the factor [1 — (—1)L1+L2=L] in (19.41), we deduce that py 7 is coupled
by 'QLIMI to pr, M, only if

Li+ Ly — L odd; (19.62a)
M+ M> = M:; (19.62b)
A(L1LyL); (19.62¢)
Li,Ly, L <2j. (19.62d)

These far reaching selection rules are the harvest of the irreducible tensor for-
malism. In many cases, the original coupled differential equation system for the
(2j 4+ 1)?> matrix elements of the density matrix p will separate into a number
of decoupled differential equations for the irreducible components of p, each of
them much easier to solve than for instance in the angular momentum representa-
tion of (19.15b) with its multiple summations over unobserved substates. Note that,
though the derivation in preceding sections is demanding for readers not familiar
with the tensor formalism, the final equation (19.60) has a simple structure well
suited for practical applications. Examples will be given in the chapters to follow.
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Chapter 20
Reorientation in Static Electromagnetic Fields

Abstract Several applications of the generalized precession equation are presented.
First, the magnetic spin precession equation is extended to arbitrary ranks of the po-
larization tensor. Then it is shown that a transverse electric quadrupole interaction
always couples polarization tensors of different rank. A special case of a mixed mag-
netic dipole—electric quadrupole interaction is solved. To arrive at the time average
solution one only needs to invert a matrix of coupling coefficients.

20.1 Magnetic Dipole Precession

For illustration we start with the example discussed in Sect. 10.3 and at the end of
Sect. 19.1, namely, the precession of a nuclear ensemble of spin I under the influence
of the magnetic dipole Hamiltonian (2.9)

7

B oot
_I.B:—7§T1M1 (DTim, (B), (20.1)
1

Hmagn = - Bl

or, using the notation of (19.56),

Hmagn =1 20, T}, (D). (20.2)
M,
with
1
21my = —%\/51(1 + D@21+ DTyp, (B), (20.3)

and with Ty (B) taken from (17.36a), (17.36b). To better keep track, we use the
same summation index M1 as in (19.56). In the simplest case I = 1, we have §21) =
—v2(u/h) By ie., 210 =—~2(1/R)B., and 2111 = F(uu/h) (B £iBy).

Because of the selection rules (19.62a)—(19.62d), the sum (19.60) contains only
one term

pr =icy(1LL)[$2y x pL]L. (20.4)
The tensor cross product on the right is reduced, up to a factor, to the ordinary

vector product, as was shown in (17.43). We have generalized the L = 1 magnetic
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precession equation
P=Pxaw_ (20.5)

derived in a more direct approach before, see (19.20a) or (10.34b), to arbitrary
degrees L of polarization, and recovered the special L = 1 case from the general
case (20.4), which reads explicitly

. . 1
pLM = 1%[—\/5[11@ +1) = MM —1)|By1pr.mu-1+ MBopr.m
1
+\/§[L(L+ - MM+ 1)]B_1pL,MH}. (20.6)

Therein L runs from O to 2/, and we used /Al = gug/h from (2.7) to emphasize
that this magnetic precession equation is independent of spin /.

We recognize the selection rules for the ranks L, M of polarization

AL =0, AM =0,+£1 for magnetic interactions, (20.7)

which follow directly from the corresponding selection rules of the Clebsch—Gordan
coefficients.

Instead of one original system of equations (19.16) for the (21 4+ 1)? Cartesian
components of the density operator p, we have 21 + 1 separate equation systems for
each degree L of the statistical tensors. For the special case Bj = B_; = 0 for which
the magnetic field is parallel to the z-axis, the system is even completely decoupled,

PLm =iMy1Bopry =iMwoprm. (20.8)

This holds for arbitrary angular momenta. These equations can be integrated imme-
diately

M o111 (0). (20.9)

We see that each tensor component py s precesses with the angular frequency
M wq about the z-axis, where wg = y7 Bg is the Larmor angular frequency. Hence
Larmor precession in an external magnetic field takes place in the same way for
all values of spin and for all degrees of tensor polarization, and is equivalent to a
rotation operation of the entire system.

pLm(t)=e

20.2 Electric Quadrupole Reorientation

Next we discuss the reorientation of a nucleus with spin / > % and nonvanishing
quadrupole moment Q in an electric field gradient (in zero magnetic field). The
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Hamiltonian (18.27) for the quadrupole interaction may be rewritten as

Ho=hY 2T}, (I). with (20.10)
M,

0 [1 @I+ +20I+3)
=750 2021 —1) am (20.11)

using ap from (A.35) and gy from (18.20a)—(18.20c). In this case, the L selection
rules reduce the sum in the equation system (19.60) to two terms,

pr=i{c; 2, L —1,L)[22 x pr—1]L +¢;2, L+ 1, L)[£22 x pr41]L}. (20.12)

This illustrates the selection rules for the degrees L, M of polarization

AL =1, AM =0,=£1,£2 for electric interactions. (20.13)

20.3 Reorientation in Mixed Magnetic and Electric Fields

Let us next consider the case of a combined magnetic dipole and electric quadrupole
interaction for the special case I = 1. The precession equations (19.16) read, with
c1(111) = =1, ¢1(122) = —+/3, ¢1(221) = +/5, and ¢;(212) = —+/3 from Ap-
pendix A.8,

p1 = —il821 x p1]y +iv5[822 x p2l1, (20.14a)
p2 = —iv3[$22 x p1]2 —iV3[£21 x p2la- (20.14b)

For those readers who prefer to write out matrices, we combine the three compo-
nents of polarization p; and the five components of alignment p, into one column

vector and write
01 Mt Qu2) (1
X = , 20.15
<P2> (Q2] Mzz) <92> ( )

where the submatrices M1; and M»>; have purely magnetic components linear in
the frequencies £21), and the submatrices Q> and Q»; have purely quadrupolar
components linear in the frequencies $27);.

In accordance with rule (19.62a), only an electric quadrupole interaction can
change an initial polarization p;(0) into an alignment p>(¢) (and vice versa).
In contrast, a magnetic dipole interaction merely rotates tensor components
of the same rank.
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We explicitly study the case of a magnetic field By parallel to the z-axis, and
a nonaxially symmetric efg tensor with one main axis also parallel to z, that is,
using (18.18) and (7.8), with Hamiltonian

1
H=wol, + C%Q[?)ﬁ—IZJr En(liﬂz)] (20.16)
Consider again the easiest case I = 1. The corresponding quadrupole interaction
frequencies are $270 = \/ga)Q, 2741 =0, §£2242 = nwq. Let us further assume that
in the beginning there was only a dipolar polarization p19(0) # 0. We then obtain the
following system of differential equations as a special case of (20.14a), (20.14b),

p10=—inv2wq(p2 — p2-2). (20.17a)

P2 = Fi(=2w0p242 + 1200 p10). (20.17b)

This is a closed system of differential equations for pjg, p22, p2—2. The equation
systems for the other components of p are not of interest since we assumed that in
the beginning only pj¢ differs from zero. In the general case, pajs is also coupled to
P1M, P3M. PaM,» etc. For I =1, however, these tensor components vanish due to the
selection rule L <21.

Instead of the original Liouville equation with its (21 4 1)> = 9 variables, we
are left with an equation system with only three variables. But one has to admit that
for the case of arbitrary orientations of the efg tensor this advantage is lost. In this
case, each component of p is coupled to every other by the combined magnetic plus
electric interaction, with the only exception of pgg, and there is no longer a technical
advantage with the tensor formalism.

20.4 Time Average Results

Often the transients of the polarization are not directly accessible but only their time
averages

1 (o)
pLM = — f oLu (e dr, (20.18)
T Jo

where 7 typically is the lifetime of the state under observation. The time average of
PLM,

- 1
LM = ;[ﬁLM — pu(0)], (20.19)

is obtained from (20.18) through integration by parts. Applied to the / = 1 equation
system (20.17a), (20.17b), this gives
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Fig. 20.1 A transverse
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[ . - _
—[A10 = p10O)] = —in1v200(p22 = f2-2), (20.20a)
l_ . - _
—h22 = FiQwoprer + 1V 200510, (20.20b)

for the case that only p;¢(0) is different from zero. The system of linear differential

equations (20.17a), (20.17b) is turned into a system of ordinary linear equations that

can be solved analytically. Readers familiar with the technique will have recognized

that the change from transient to time average polarization is a Laplace transform.
For p1p we obtain, in particular,

1+ 4wlt?
1+ 472 (wf + n*wg)

P10 = £10(0). (20.21)

In the limit wgt > 1, with many precession periods during one lifetime, this sim-
plifies to

2
_ wy
p10=———5p10(0). (20.22)
wy + nwy

How can we interpret this result? As a function of the external magnetic field
By = wp/y1, we observe a decoupling curve, see Fig. 20.1: For a low magnetic
field, the angular momentum states are mixed by the quadrupole interaction, and
the original linear polarization is lost. For a high magnetic field, the quadrupole in-
teraction is decoupled, and the full original polarization p1o(0) is preserved. Such
decoupling curves are generic and are observed in many different contexts. For a
rotationally symmetric efg along the external magnetic field, i.e., for asymmetry
parameter 1 = 0, the field dependence vanishes, and the initial polarization is un-
changed. This can be generalized to the following:

A rotationally symmetric interaction cannot change a polarization that is ro-
tationally symmetric about the same axis.
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20.5 Angular Distribution of Radiation

When a polarized ensemble of particles emits secondary radiation, the angular dis-
tribution of this radiation can be calculated with the tools developed in the preceding
chapters. We give two examples, first the electron angular distribution in the 8-decay
of polarized nuclei or particles, and second the photon angular distribution in atomic
light scattering.

Nuclei and particles can be polarized in many ways. A steady state method is:

1. Atomic and nuclear polarization of a paramagnetic ensemble of atoms or of nu-
clei in condensed matter, in thermal equilibrium in a high external and/or internal
magnetic field at low temperature, see (6.28) or (6.29), which sometimes is called
the brute force method. A variant of this method is dynamic nuclear polarization,
in which a more easily achievable electron polarization in a solid is transferred
onto the nuclei.

Off-equilibrium methods involving particle reactions include:

2. Atomic polarization by optical pumping, in which the angular momentum of
photons is transferred onto the atoms, as mentioned at the end of Sect. 18.3.

. Muon polarization in parity-violating weak-interaction pion decay (see Sect. 4.1).

. Neutron polarization by neutron scattering off magnetized materials.

5. Nuclear polarization by the capture of polarized neutrons in unpolarized nuclei.

&~ W

In this last case, the activated nuclei acquire a pure polarization p; with a linear
substate population, as shown in Fig. 19.2(a) for the special case j = 1. The reason
of course is that neutrons as spin-% particles have a maximum polarization rank
Li=2x % =1 from (19.62d). Unpolarized nuclei of arbitrary spin have rank Ly =
0. Coupling of both ranks gives L = L1 &= L, = 1 from (19.62c), which gives a pure
polarization p; with linear occupation numbers.

20.5.1 Asymmetric 3-Decay

Our first case is nuclear S-decay in which an electron and an electron—antineutrino
are emitted, both having spin % Let the B-instable nuclei have a pure polarization
P10 With respect to a quantization axis z, created, for instance, by one of the methods
listed above.

In B-decay, a fraction of this polarization is carried away by the emitted particles.
As we saw in Sect. 4.1 for the case of muon B-decay, parity violation of the weak in-
teraction leads to an electron polarization opposite to their direction of flight, called
helicity, of size h = —v,/c for an electron emitted with velocity v.. As a conse-
quence of their helicity, the decay electrons emitted from polarized nuclei have an
asymmetric angular distribution in order to guarantee that angular momentum is the
same before and after decay.
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Fig. 20.2 Asymmetric
distributions, see (20.25), in
the B-decay of fully polarized
neutrons in the limit of P |
helicity |h| = |u|/c — 1

(a) of the decay electrons =

with A = —0.12, (b) of the

decay antineutrinos with

A=1 (a) (b)

This S-decay asymmetry is proportional both to the polarization P, = +/2p19 of
the B-instable nuclei and to the helicity # = —v,/c of the electrons, and disappears
if either one is zero. The electron emission rate under polar angle 8 = 0, i.e., in
direction z of nuclear polarization, then is Wg(0)d$2 = (1 + Ah P;)dS2, or

W5 (0)d$2 = (1 + 3A«/§p10> a2, (20.23)
C

normalized to Wg(0) =1 for pjg = 0. The asymmetry parameter A can be calcu-
lated from weak-interaction theory, but its exact value is not of importance for our
argument. For the j; =1to jr =0 g~ -decay of 0Co, for example, in which parity
violation was detected more than fifty years ago, A = —1.

Equation (20.23) gives the emission rate only into the z direction, and we want
to deduce from it the full angular distribution of the decay electrons. For longitu-
dinal nuclear polarization pjg, this angular distribution must be rotationally sym-
metric about z. We know that if a quantum system has polarization p; with re-
spect to an axis z, then this polarization with respect to some other axis z’, under
angle 6 towards z, is obtained by a rotation operation, for instance, about y, as
o) = DM (0,0, 0)p1, see (17.4). Therefore, if we know the emission rate for z, we
also know it for any other direction z/. We simply have to replace any py by the
rotated p} . The polarization component p} along axis z’ is

1

pho=dgy (6)p10 = piocost, (20.24)
with the central matrix element dé(l)) (0) = cosf of the rank-1 rotation matrix dV,
see (16.48). The asymmetric electron emission rate (20.23) then changes to

Wp(6)d2 = (1 + EA\/EpiO) a2 = (1 +2ap, c0s9> s, (20.25)
C C

see Fig. 20.2 for the angular distributions of electrons and neutrinos. This is the
well known parity-violating asymmetric electron angular distribution in the S-decay
of polarized nuclei. In the muon spin rotation experiment of Sect. 4.1, it was this
angular B-distribution that rotated together with the muon polarization about the
magnetic field of the muon storage ring.
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20.5.2 Anisotropic Photon Emission

A second example has a much wider field of application, namely the resonant scat-
tering of light by atoms. We want to derive the angular distribution of the photons
reemitted after an optical excitation of the atoms.

We have to distinguish between the polarization degrees of the photons and
the atoms. In Sect. 12.1, we had learned that photons are spin-1 particles that
have, with respect to their line of flight, only their mp, = %1 substates populated.
From (19.51a) with substate population pg pn = 0, we then find that the photons
carry a longitudinal alignment of size 1/+/6. This alignment is independent of the
sign of mypp, that is, of the relative sizes of populations p+i ph, and therefore is in-
dependent of the photons’ degree of circular polarization. In particular, unpolarized
light, which is an incoherent mixture of mpy, = £1 or o* photons, carries the same
alignment of size 1/+/6.

By angular momentum conservation, absorption of unpolarized (or circularly po-
larized light) by unpolarized atoms carries this natural photonic alignment over to
the excited atomic state. We treat the special case of an atom with a j = 0 ground
state and a j = 1 excited state. Absorption of unpolarized light then leads to a popu-
lation probability py| = % of the atomic m = =1 substates, i.e., to an atomic align-
ment a9 = 1/+/6 of the same size as that of the photons, and with respect to their
axis of incidence.

Linearly polarized m-photons, oscillating along z, are a coherent superposition
of o* photons, namely the states H or V on the Bloch sphere of Fig. 12.1, with zero
z-component of angular momentum. Hence 7 -photons populate the m = 0 substate
of the excited atom, po = 1, which leads to an alignment pyp = —2/ J6.

Next we regard the reemitted photons from the atoms’ decay back to their ground
state. As the j = 0 ground state is unpolarized, all alignment is carried away by
the scattered photons. The electromagnetic interaction responsible for this decay is
parity conserving. Therefore, the rotationally symmetric angular distribution of the
scattered photons must be mirror symmetric about the x—y plane through the atom,
and odd ranks L of pro are forbidden, in contrast to (20.25). With j = 1 of the
emitting state, only the longitudinal components pgo and pyo play a role. Let the
photon emission rate along z, under 6 = 0 be given by

Wpn(0) d§2 = (copoo + c2020) dS2, (20.26)

where pgg = 1/ /3 from (19.48a) is independent of the choice of z. The emission
probability for the same atomic alignment into a different direction z’ then is given

by replacing pa0 by p5, = di ()20, or

Won(0) d$2 = [copoo + c2p20 P2 (cos0)] ds2. (20.27)

An atomic alignment 29 = 1/+4/6 leads to o® emission from substates m = +1, an
atomic alignment pyo = —2/ /6 leads to 7 emission from m = 0.
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The coefficients ¢ and c¢; are fixed by two requirements. First, photon emission
must be isotropic for equal weights of 0+, 0 ~, and 7 emission from an unpolarized
excited state, that is, for all values of 6,

Wo+ + Wy— + Wy = 3cop00 = 1, (20.28)

which is fulfilled if copgp = 1/3, 0r co =1/ V/3. Second, forward scattering of un-
polarized light under 6 = 0 by the atoms separately requires for o+ light

1
Wpn(0) = We+(0) + W,-(0) = 2(5 + Czpz()) =1 (20.29)

with pag = 1/4/6, which is fulfilled for c2p00 = 1/6, or c» = 1/+/6. With these
values the angular distribution of o* light becomes

1
W,+(0)d2 = Z(1 +cos?0)de, (20.30)

which coincides with the classical emission characteristic of an oscillating current
in a ring antenna, see (4.8) and Fig. 4.3(b). The o-angular distribution reflects the
distribution of angular momentum within the atom before the decay, given by the
alignment pog o (Tpp) o 3(J§) — (J?), which becomes 3 cos?6 — 1, if one asso-
ciates J, semiclassically with J cos@ and J? with J2.

The angular distribution of the emitted 7 light is, using (20.28),

1
Wa (6)d2 = 2 Io sin? 0 d2, (20.31)

which coincides with the emission characteristic of an electric dipole antenna, see
Fig. 4.3(a) and (4.7). In summary:

The angular distribution of radiation emitted from a polarized ensemble is
derived from the elements of the appropriate rotation matrices.

Between polarization (Step 1) and analysis (Step 3) the excited system may, dur-
ing its finite lifetime, be perturbed by external or internal fields (Step 2), under which
the atomic or nuclear states evolve as given by the generalized spin precession equa-
tion (19.60), or by (20.15) for the special case of atomic or nuclear spin 1. This is
the wide field of perturbed angular distributions (PAD) in nuclear physics, which
includes the detection of NMR signals via 8 or y-emission anisotropies discussed
later on. In atomic physics, the same effects are traded under the names of Hanle
effect, quantum beats, etc., see Sects. 4.2 and 12.3.

For completeness, we mention also the field of perturbed angular correlations
(PAC), mainly used in nuclear solid-state physics; see, for instance, Schatz and Wei-
dinger (1996), and references therein. There, instead of photon absorption, one uses
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a preceding photon emission to align an intermediate nuclear state in a cascade of
two y-decays. The first photon y) is isotropically emitted from a highly excited
unpolarized nuclear state, and carries with it its natural alignment of size 1/+/6. It
leaves behind, by angular momentum conservation, an aligned intermediate nuclear
state. The second photon y» therefore has an angular distribution that is anisotropic
with respect to the direction of emission of y1, that is, the emission angles of y; and
y, are correlated. During the lifetime of the intermediate state, a time dependent
spin rotation of this intermediate alignment can be induced by external fields and
measured in a y—y coincidence experiment.

Most general formulae for angular distributions and correlations in terms of ro-
tation matrices are given in Chap. 19 of Fano and Racah (1959).
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Chapter 21
Reorientation in Time Dependent Fields

Abstract The generalized spin precession equation of the previous chapter is ex-
tended to systems subject to periodic time dependent perturbations. Main appli-
cations are in laser spectroscopy and nuclear or electron magnetic resonance. We
discuss multiple-quantum transitions and dressed-atom effects, and give an outlook
on experiments with nonclassical photon fields.

21.1 Radiofrequency Irradiation in a Magnetic Field

Up to this point, we restricted the discussion of the Liouville equation to time inde-
pendent Hamiltonians. In this case, one ends up with a linear system of differential
equations for the components of the density matrix p with time independent co-
efficients, which can be solved by standard techniques. The time average of p is
obtained from a system of ordinary linear equations for the components of p which
can be solved by matrix inversion. All these techniques break down when the Hamil-
tonian becomes time dependent.
To include these cases, we start with the simplest possible model Hamiltonian

H = wol, + 20; cos(ot)Ly, @21.1)

where wy = y; Bg and w1 = 7 By. This is the situation found, for instance, in nuclear
magnetic resonance experiments (this is why we use 7 for the angular momentum
quantum number). For the case I = %, (21.1) was already discussed in Sect. 11.1.
In the s = % effective-spin model, the calculation can be immediately transferred to
an arbitrary two-level system, e.g., to the situation where a light field couples to two
atomic states. This approach is now generalized to arbitrary angular momenta.

21.1.1 Density Operator in the Rotating Frame

The standard technique to cope with time dependent systems is to try to find a trans-
formation by which the time dependence is eliminated. For the Hamiltonian equa-
tion (21.1), this is achieved by changing to a coordinate system rotating with the
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angular frequency w about the z-axis. To this end, we define the density operator pr
in the rotation frame by

OR ze—iwtlz/hpeiwtlz/ﬁ’ (212)

with the time derivative
pr = e @M/t /Il or T, (21.3)

Substituting for p the Liouville equation p = %[p, H], see (19.16), we obtain a
new Liouville equation

) i

where the Hamiltonian in the rotating frame is
Hg = ol, + e @k/hgeiel/h, (21.5)

This is still true for arbitrary Hamiltonians. For the special Hamiltonian equa-
tion (21.1), we need nothing but the action of the rotation on I, and I.. As these are
vector operators, this can immediately be written down to

Lr=1, Iir =1y coswt + 1 sinwt. (21.6)

There is not even the need to resort to the rotation matrices.
We insert this into (21.1) and obtain for the Hamiltonian in the rotating frame

Hg = e—ithZ/EHeiwtlz/ﬁ
= wol; + 20; cos(wt)[L cos(wt) + 1, sin(wt)]

= wol, + o1, + 1[I, cosQwr) + 1, sinQwr)]. 21.7)

By going into the rotating frame, part of the radio frequency field has become
constant in time, whereas another part rotates with twice the angular frequency. This
can be understood without any formula: the radio frequency field oscillating linearly
along the x-axis may be decomposed into two circular components, one rotating
clockwise, the other one counter clockwise with angular frequency w about the z-
axis. In the rotating frame, the component rotating synchronously with the frame
becomes constant, whereas the other one now rotates with 2w. Next we neglect the
component rotating in the wrong direction, which is the rotating wave approxima-
tion mentioned in Sect. 11.1. This is justified as long as the radiofrequency field is
small compared to the static field. In Sect. 21.3, we shall discuss what happens if
this assumption has to be abandoned. This approach is exact if a rotating field is
applied in the experiment, or if circularly polarized light is used to induce an atomic
resonance transition.
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21.1.2 Rotating Wave Approximation

Omission of the time dependent part of (21.7) gives the Hamiltonian in the rotating
frame

Hr = (wo — 0)I; + wil;. (21.8)

This corresponds to a static magnetic interaction in a field which is tilted by an angle
B against the z-axis, see Fig. 11.1(a). From the figure, we read that 8 is obtained

from
. w] w) —w 2 2
sinf = , cosf = , Weff = 4/ (00 — w)* + w7, (21.9)

Weff Weff

with the angular frequency wegr by which the angular momenta are precessing about
the direction of the effective field.

In the last step, we turn the z-axis into the direction of the effective field by a
corresponding rotation about the y-axis. The density matrix in the new coordinate
system is given by rotating pRr to
il /R

p= pre PL/R, (21.10)

This density matrix p obeys the Liouville equation

R S
p=+[p.HI, (21.11)
where
H =/ e /0, (21.12)
With Hr from (21.8) this becomes
H = werre®/ (1, cos B + L sin B)e PL/P = gl (21.13)

21.1.3 Statistical Tensors in the Rotating Wave Approximation

We have thus reduced the problem to the interaction of the nuclear spin with a static
magnetic field parallel to the z-axis. The above equations for the density operators
can then be written in terms of the state multipoles pz )y by choosing the irreducible
representation. The solution for this problem was given in (20.9) and yields for the
irreducible components of p

pra(t) = e M@ttt 5 40(0). (21.14)

What remains to be done is to go back to the laboratory frame by reversing the two
applied rotations. The relation between the py s and py s is obtained as follows:
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pLm(t) = Tf[p(l)TLM]
— Ty[elBl/ g0/ pyelorle/he—ifh /g ]

=Tr p(t)elwtl /Ba=iBly /R Melﬁl /hg—iwtl; /h]
—Tr[p(t)z ’M( —ot, B, O)TLM/]

- (L) A

=Y Dy (—ot, B.0)Te[p()T L]

=Dy (—wt. B.0) oLy (0). (21.15)

Inverting the last equation, we obtain in a number of further steps

pLm(t) =Y D (ot B.0)pLu (1)
M/

L ~
= Z D[(W);,(—wt, B,0)e” i’ wert 5, 11 (0)
= Z ngl;l);/(_wh B, O)e_iM/weﬂ‘l

x Y D30, B.0)prar (0)

M//
= D e Mot ot gl (B)dyr) (B)pLu(0). (21.16)
M/M//

21.1.4 Time Average Results
For the time averaged state multipoles

l o0
pLM = —/ oLy (e T dr (21.17)
T Jo

with the lifetime 7 of the state under observation, it follows from (21.16)

5 1 4L (B)dL)
= d v " O . 2118
pLm M/ZWI e T Wy i By B)oLwr O QL18)

For the case of static magnetic fields the problem of radio frequency irradiation is
thus completely solved.
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The influence of radio frequency irradiation can be reduced to a reorientation
in a static field in the rotating frame!

For the special case that there is only an initial longitudinal polarization p1o(0)
and all other components py, s (0) are zero, we obtain for the time averaged longitu-
dinal polarization

1 2
010 = —  Ja} 0
£10 §l+iMa)effr[ om (B)] p10(0)
. in® B 4 cos® B + L] in® B | p10(0). (21.19)
=|————sin cos —— —sin . .
1+ iz 2 1 — et 2 P10
Inserting expressions (21.9) for cos 8, sin  and wegr, we obtain

_ 1+ (wp — w)7?
= 0). 21.20
£10 [T [(on— )2 + w%]tzmo( ) ( )

For a long lived state we recover (11.6).

As a function of w or, alternatively, as a function of wgBgy/yr, (21.20) describes
a Lorentzian-shaped resonance curve with a minimum at the resonance w = wy. It
is remarkable that the spin quantum number / does not enter at all into (21.20).
This is another demonstration of the feature that classical and quantum mechanical
calculations give the same result as long as only magnetic interactions are involved.

21.2 Multiple Quantum Transitions

The rotating frame method works for a static Hamiltonian that commutes with I, and
alinearly oscillating field applied at a right angle to the z-axis. As a next step, we add
to the magnetic field B, of (21.1) a quadrupole interaction rotationally symmetric
about z as well. The Hamiltonian then is

H = ol + w—hQ (312 — 1) + 2y cos(at)]. 21.21)

Going to the rotating frame and neglecting the counter clockwise rotating compo-
nent as before, we end up with the static Hamiltonian

1)
Hg = (0o — @)L, + oL, + #(313 -P). (21.22)
For spin I = 1, the energy matrix is

Wy — 0+ wQ wl/«/z 0
Hr =h w1/v2 —2wq w1 /2 ) (21.23)
0 a)l/ﬁ ® — wy + wQ
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Fig. 21.1 Multiple-quantum NMR transition in 2B (/ = 1) implanted in a Be single crystal. Same
scheme as in Fig. 11.3, but with an additional quadrupole interaction. (a) At the level crossings the
RF field mixes two states and leads to a reduction of polarization. Resonances at @ = wy % 3wq
are single quantum transitions, the resonance at w = w is a two-quantum transition (see enlarged
view on the right). (b) Multiple-quantum transitions are detected via the §-decay asymmetry of
12B. Data points are from McDonald and McNab (1974)

The eigenvalues of Hgr are obtained from the zeros of the characteristic polynomial
det|xI — Hg| = [(x — wQ)* — (@ — @0)*](x +2wq) — 0 (x —wq).  (21.24)

Figure 21.1(a) shows the energy eigenvalues as a function of w. In the limit
w1 — 0 with no high-frequency field applied, Hr is diagonal. The eigenenergies
then are simply the diagonal elements of (21.23)

X1 =wq — o+ wy, x0 =—2wq, X_]=wg + o — wp. (21.25)

In this limit, the eigenenergies cross at the three points wy and wg & 3wq, see
the dashed lines in the figure. When the high-frequency field is turned on, the off-
diagonal elements of Hg lead to a mixing of the angular momentum states involved
in the crossing and thus convert the crossings into avoided crossings. In the process,
the occupation numbers of the participating states are equilibrated, and a resonance
signal appears in the polarization of the system.

Let us assume an initially purely dipolar polarization p19(0). Figure 21.1(b)
shows what happens: At the crossings of the terms x_1, xo and of the terms x,
x41 at frequencies wp & 3w, one observes two broad minima in the time aver-
aged polarization. They correspond to ordinary radio frequency transitions between
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the two stated involved. In addition, there is a very narrow deep minimum at wy,
where the states x_1, and x| cross, corresponding to a Am = 2 transition. Since
the matrix element between the terms x_; and x; of Hg is zero (the elements in
the outer corners of (21.23)), it is a second order transition with respect of w;. It
is called a two-quantum transition. It corresponds to the simultaneous absorption
of two radio-frequency quanta. It is not difficult to calculate pjg exactly, by apply-
ing the techniques illustrated in Sect. 20.4. In the present situation, an inversion of a
3x3 matrix is sufficient, not even the eigenenergies are needed for the time averaged
quantities.

The data points in Fig. 21.1(b) are from an experiment using the technique of
B-NMR (McDonald and McNab 1974). In the experiment, S-instable 128 nuclei
(I =1, T2 = 20 ms) were implanted into a single crystal of beryllium. The selec-
tion of a proper recoil angle leads to a spin orientation of the implanted nuclei. The
details are not relevant here. Due to parity violation, the subsequent S-decay shows
a left-right asymmetry, Sect. 20.5.1, that is proportional to the nuclear polarization
010, in a similar way as muon polarization was monitored via the muon decay S-
asymmetry in Sect. 4.1. Every destruction of the polarization, in the present case
due the resonant irradiation of a radio-frequency field, shows up in a correspond-
ing decrease of the g-decay asymmetry. The figure nicely shows the two Am =1
transitions and a sharp Am = 2 transition. The depth of the two Am = 1 resonances
differs, since the polarization produced in the nuclear reaction is not purely dipolar
010, but contains an alignment contribution pyq as well.

21.3 Dressed Atoms

Unfortunately, quite often the rotating frame method is not applicable. If there is no
rotational symmetry about one axis, if there is more than one high frequency field,
or if one cannot neglect the counter-rotating high-frequency component, then one
has to proceed in a different manner. Atoms embedded in a strong photon field can
be described in the framework of quantum electrodynamics and are called dressed
atoms. Let us first describe these dressed-atom effects in terms of classical electro-
magnetic fields.

21.3.1 Dressed Atoms and the Floquet Theorem
We start with the very general time-periodic Hamiltonian

H(r) =) Hye™, (21.26)
n

where the Fourier coefficients H,, are arbitrary time independent operators. Time pe-
riodic systems are usually not treated in beginner’s courses, but spatially-periodic
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systems are well known from solid state physics. There Bloch’s theorem states that
in the spatially periodic potential of a crystal lattice, a stationary wave function can
always be written as Yg(r) = u K(r)eik" , where ug (r) is lattice-periodic, and K
is a vector of the reciprocal lattice. The wave function is hence a plane wave of
wave vector k whose amplitude is periodically modulated by the underlying lat-
tice.

For time-periodic systems, the equivalent of Bloch’s theorem is Floquet’s the-
orem, which states that the time dependence of the wave function can be written
as Yy, (1) = uy(t) e/ where Uy (t) is time-periodic with the period 7' =27 /w
of the underlying Hamiltonian equation (21.26). It is sufficient to restrict E to the
range 0 < E < hw, in analogy to solid state physics where k can be restricted to the
first Brillouin zone. This may be interpreted in a hand-waving manner as follows:
Since the Hamiltonian is time dependent, E is no longer a conserved quantity, but
may increase or decrease in steps of hw, in the same way as k in the solid-state
analogy may increase in steps of K. For this reason, E is sometimes called pseudo
energy. The density matrix may be decomposed as

(1) =) ppe ™, (21.27)
n

where §2 = E /h. (The operators p, must not be confused with the statistical tensors
pL in the irreducible representation of p.)
Entering this p into the Liouville equation (19.16), we obtain

> (=i, +inwp)e™ = =3 oy Hyle ™0 (2128)
n nm

inwt

Equating the coefficients of the e
following equation system for the p,,,

on both sides of the equation, we obtain the

. . i
—i820, = —inwp, + Xk:[pn,k, Hel. (21.29)

We turned the original Liouville differential equation for a time dependent Hamil-
tonian into a system of linear equations with time independent Hamiltonians for the
pseudo energy E = h£2. The price to be paid is high, however: The equation system
is unlimited on both sides, since n extends from —oo to 400, and we must suitably
truncate it.

We come back to the example of Sect. 21.1, namely,

H = wol; 4+ 2w cos(wt)],. (21.30)
In this case, H(¢) in (21.26) has three terms

Ho=wol.,,  Hi =owil,. (21.31)
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Inserting Hyp and H4; into (21.29) we obtain

—i£2p1 = —iwp —iwi[p2, Lt /R] —iwo[p1, I, /R] —iw1[po, 1 /A, (21.32a)
—i2pg = —iwilp1, L /1] —iwolpo, I /R] —iwi1[p—1, L /1], (21.32b)
—i2p_1 =iwp_1 —iw1[po, Ic /Rl —iwglp-1,1;/A] —iwi[p—2, 1 /], (21.32¢c)

The equations for p; and p_; couple with components p, and p_j, respec-
tively. If these terms are neglected, one has a closed system of equations for pq,
po, and p_1. This neglect is equivalent to the omission of the rapidly oscillating
term in (21.7). One may extend the calculation also to p> and p_j, and so on.

If we are interested in the linear polarization only (i.e., in the statistical tensors
of rank 1), these equations reduce to an equation system for the expectation values
of the components of the angular momentum operator I. Defining

(L), =Tr(pul)), i=x,y,z, (21.33)

one obtains in the very same way as described repeatedly above a coupled differen-
tial equation system for (1), (I),, and (I;),.

21.3.2 Dressed Atoms and Second Quantization

The previous approach ignores the fact that the radiation field, too, is quantized.
A proper treatment of this feature needs second quantization. We do not want to
enter into details here, but rather just sketch the approach. Details are found in
textbooks of quantum mechanics like Messiah (1961). In the second quantization
approach, the Hamiltonian consists of a term describing the undisturbed system, a
term describing the radiation field, and a term describing the coupling between the
two,

H= Hsystem + Hsystem—radiation + Hiadiation, (21.34)

where

Hradiation = %hw (aay +aya) (21.35)
is the Hamiltonian of the radiation field. Finally,

Hgystem-radiation = A(a + a)lx (21.36)

describes the interaction, where A is a coupling constant. In photon number rep-
resentation, the matrix of the photon creation operator a™ has elements /7 on the
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superdiagonal, while the annihilation matrix a has the same elements on the subdiag-
onal. The matrix of the photon number operator Hyagiation 1s diagonal with (n + %)hw
on its diagonal. The coupling constant A has to be adjusted such that in the limit of
large photon number n the classical and the second-quantization treatment of the
radiation field yield the same results. Hgystem-radiation reéplaces our previous radio fre-
quency part —2w1 cos(wt)l, . At the end of a longer calculation, one obtains exactly
the same equation system (21.32a)—(21.32c) as above. One only has to make some
adjustments:

First, the combined Hamiltonian equation (21.34) is time independent, meaning
that now the total energy is conserved as it should be. It is still true that the energy of
Hgystem is not conserved and may be increased or decreased in steps of hw, whenever
a photon is absorbed or emitted. But this is compensated for by a corresponding
change of the energy of the radiation field.

Second, p,, in (21.27) now has to be interpreted as the density matrix for the case
that there are exactly n photons in the radiation field. Whenever a photon is absorbed
or emitted, p, changes to p,+1. This is exactly what is observed in equation system
(21.32a)—(21.32c) for the terms going with w;. As a consequence, this equation sys-
tem, which is open to both sides in the classical treatment of the radiation field, in
the second-quantization approach has a bottom, since n cannot take negative values.
In fact, this is the only qualitative difference between the two approaches. When-
ever one is sufficiently far from the bottom, meaning large photon numbers, both
approaches are equivalent.

21.3.3 A Dressed Neutron Experiment

It is instructive to look at the eigenenergy scheme for the case of a dressed particle.
This scheme is shown by the dashed lines of Fig. 21.2(a), for the simplest case where
Hsystem = wol; is the Zeeman interaction with a static magnetic field, and I = % For
vanishing coupling A — 0 to the radiation field, one observes, as a function of wy,
just two sets of parallel lines with opposite slopes, which is the manifestation of the
Zeeman effect, Fig. 2.2. In this case, Hyagiation generates an offset of hw for each
additional photon.

For nonzero coupling to the radiation field, every second crossing is converted
into an anti-crossing. Depending on the photon numbers associated with the terms
involved, they correspond to An = 1,3, ... quantum transitions. Since the absorp-
tion or emission of a photon always changes the particle’s quantum number m; by
+1, the crossings with an even An are not influenced by the radiation field. Since
in the Hamiltonian in first order only terms with An = %1 are linked, the level re-
pulsions at the An = %3, &5, etc. are of higher order and correspondingly smaller.
The throughgoing line in Fig. 21.2(a) is calculated by diagonalization of the matrix
of (21.34), truncated to photon numbers n = 18 to n = 28.

The dressed-particle energy scheme can be reconstructed experimentally with a
beam of polarized neutrons by irradiating the neutrons with a magnetic RF-field of
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Fig. 21.2 Dressed-neutron
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amplitude B and arbitrary frequency w. From the measured neutron spin rotation
curve P(By) shown in Fig. 21.2(b), one can reconstruct the dressed-neutron level
scheme shown in Fig. 21.2(a). For details, see Muskat et al. (1987).

The effective g-factor of the dressed neutrons is the slope gef = 0E /3By of
the energy levels in Fig. 21.2 at low field By — 0, see (7.3). Hence by tuning the
RF-field amplitude Bj, one can change the dressed-neutron spin precession fre-
quency wrp, = gefritp B/ at will. When we increase the RF field to a critical value
w1 /o = 2.40, the slope geff becomes zero and the measured neutron spin rotation
comes to a full stop, and reverses its direction of rotation for still higher B; val-
ues, as predicted by theory. These dressed particle effects are frequently employed
in contemporary atomic physics experiments, but their demonstration with a beam
of polarized neutrons has the advantage that it appears in pure form such that no
interference effects between in and outgoing light waves have to be invoked.

21.3.4 Outlook on Nonclassical Photon Interactions

In our above examples, second quantization of the radiation field was very helpful
for physically understanding a number of peculiar multiple-quantum and dressed-
atom effects, but was not indispensable: in the limit of large photon numbers, the
photons can as well be treated as a classical electromagnetic radiation field, in which
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case the dressed-atom effects can be derived also semiclassically. However, in past
years a growing number of experiments in atomic physics have been performed
whose outcome cannot be predicted by semiclassical theory, but does require the
framework of quantum field theory.

The detailed description of this exciting development is beyond the scope of
this book, therefore we give only a short account of it. In experiments on cavity
quantum electrodynamics, one lets single atoms interact one after the other with
single photons (or a precise small number of photons) in a microwave cavity of
extremely high quality factor. In this way, one can pursue the atom—photon interplay
in much detail; for a review, see Walther et al. (2006). One can even nondestructively
probe the presence of a photon in the cavity via the light shift it induces in a passing
Rydberg atom, which allows one to “count photons like marbles in a box”. In such
quantum-nondemolition experiments, the photon is an object of investigation whose
evolution can be repeatedly interrogated without destroying it. For an introduction
to this subject, see Guerlin et al. (2007) and references therein.
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Chapter 22
Relaxation and Decoherence

Abstract In all solutions of the generalized spin precession equation studied so far,
the components of the density matrix were either constant or exhibited an oscillatory
behavior. In reality, however, every oscillation will eventually be damped out, and
after some time the system will return to its thermal equilibrium, a process called
relaxation. A perturbation approach within second order approximation leads to the
remarkable result that each rank of tensor polarization decays with its own relax-
ation time constant. A similar result is obtained with a stochastic relaxation model
in which relaxation is due to jump diffusion. The book concludes with a discussion
of decoherence and its distinction from relaxation.

22.1 General Features

In NMR, relaxation was phenomenologically taken into account by adding extra
terms to the spin precession equation. This leads to Bloch’s equations to describe
the precession and relaxation of magnetization in an external magnetic field, intro-
duced in Sect. 10.3. The additional terms guarantee that in the limit + — oo all os-
cillations are damped out and the magnetization approaches its thermal equilibrium
value M.

Due to the additional relaxation terms, the whole process has become irre-
versible! But how can this be possible, in view of the fact that there is no prefer-
ential direction of time in the Liouville equation? Let us illustrate this in a thought
experiment: if one follows the evolution of a system forward in time, then reverses
the sign of time and follows the time evolution backward in time, one will com-
pletely recover the initial state! In spin echo experiments in NMR, as described in
Sect. 11.2, this can to some extent be realized experimentally.

The solution of this apparent contradiction comes from the fact that the system
one is interested in never is completely isolated. There will be always a coupling to
the surroundings, which traditionally is termed the bath. The total Hamiltonian will
thus look like

H=Hs + Hsg + Hp, (22.1)

D. Dubbers, H.-J. Stockmann, Quantum Physics: The Bottom-Up Approach, 239
Graduate Texts in Physics,
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where Hg is the Hamiltonian of our system. For the purpose of illustration, we again
take the interaction of a nuclear spin with an external magnetic field,

__r

H
ST ThI

Bol;. (22.2)
The Hamiltonian Hsg couples the system to the bath. In NMR, this coupling is
provided by the dipole—dipole interaction between the system spin / and the spins
of the surrounding nuclei. Again we simplify matters by replacing these dipole fields
by classical fields,

n
Hsg = _HI - Bioc, (22-3)

thus ignoring the quantum mechanical origin of Bj.

The bath Hamiltonian Hg is, strictly speaking, the Hamiltonian of the rest of the
universe. This includes even the experimental setup; a vexing aspect which shall not
be pursued further here. But even if one takes into account only the particles of the
probe, one ends up with a number of particles of the order of the Avogadro number.
It is hopeless to try to solve the resultant Liouville equation exactly. So what to do?

We start with the complete Liouville equation for the system coupled to the en-
vironment

.1
p= 7 [p. Hs + Hsp + Hp]. (22.4)

Here, p is the total density matrix including the environment. However, since we
treated the local field in (22.3) classically with no back-action from the system, we
can limit p to the density matrix of the system. This means replacing the bath density
matrix by the unity matrix for the bath states, while in reality the state occupation
numbers will obey a Boltzmann distribution. Therefore, our approach means essen-
tially a high-temperature approximation. It is possible to do better, though only at
the cost of considerable technical complications without getting new insight.
Next we remove the bath Hamiltonian by the transformation

p = elllBt/R pe=iHpt/h (22.5)

How this works is shown in Appendix A.9. Using (A.41) with H; replaced by Hp
and H; replaced by Hg + Hsp(#), we find the new Liouville equation

i

=7 Hs +Hsp ()], (22.6)

() =
where

Hgg (1) = e'MB"/"Hgp (0)e ~HB!/7 (22.7)

In our classical field approximation, Hsp (#) may be written as

Hsp (1) = _%1  Buoc (). (22.8)
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where our whole ignorance on the details of the bath is now absorbed by an unknown
time dependence of Bjoc(?). There are essentially two strategies to cope with this sit-
uation, which will be sketched in the next two sections. A really thorough treatment
of relaxation would exceed by far the scope of an introductory presentation.

22.2 The Perturbative Approach

The standard approach to treat relaxation is to use a second order expansion of the
system-bath interaction. Our starting point is the Liouville equation (22.6),

.o
with small H; <« Hp, where we have removed the tilde on p and simplified the
notation. First, we remove Hy from the Liouville equation by means of the transfor-
mation

Z) — eiHQ[/ﬁpe—iHol/ﬁ. (2210)
This is the so-called interaction representation. p obeys the Liouville equation

i

h[b,Hl(t)], (22.11)

o=
with

A, () = eMor/Py, (1)e~Hot/7 (22.12)

Note that there are two sources for the time dependence of eiHot/ hpe_iHO’ /" one

resulting from transformation (22.5) by which we removed the bath Hamiltonian,
the other one resulting from (22.12), by which the system Hamiltonian was re-
moved. There is one important difference between these time dependencies: We
have no control over the bath variable, meaning that for us the time dependence of
Hj(¢) looks just like noise. The system Hamiltonian is under our control, mean-
ing that the second transformation (22.12) produces an oscillatory time dependence
exhibiting the spectrum of Hp.

For further calculation, it is convenient to rewrite (22.11) in the irreducible tensor
notation, using (19.55),

A i A BV A8 &
prm=5 Y A (LM (OILM). (22.13)
LM
Next we integrate both sides of (22.13) over ¢,

N A i ! A A 1) ! aq!
pL/M/(t)sz/M/(O)“Fﬁ Z A drpopry () (LM H (D) |[L'MY),  (22.14)
L//M//
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where in addition we have changed the indices. We substitute this expression for
Oy on the right-hand side of (22.13),

A ] I ]
pLw =1 Z P (O)(L'M'|Hy (t)|LM)

L'M
1
2 /wmwwmﬂMWMﬂMMxLMMWWM)
L M L//M//
(22.15)
or
A i P §
pLu = > b O)(L'M'|Hy (1) LM)
L/M/

Z/ depp (t — O (LM |H (¢ — D, ()| LM), (22.16)
L'M'

where the completeness of the irreducible tensor operators has been used. In ad-
dition, we changed the integration variable from 7 to # — t. To avoid a possible
misinterpretation of the equation, we remind ourselves of the operator multiplica-
tion convention AB|LM) = [A, [B, "I"LM]], see (19.37)!

Equation (22.16) is still exact, though to proceed further we have to use approxi-
mations. There are various alternatives; however, we just follow the standard route.
Essentially, there are two assumptions: )

First, it is assumed that ﬁl(t) varies rapidly with time as compared to oy (2).
This is a reasonable assumption since H1 (t) had been assumed as small and
in the absence of Hl(t) the polarization py s (#) would just be constant, p = 0
from (22.11). One then averages (22.16) over the time variations of H1 (1),

A o
mM—ﬁg;mM«MLM|1mMM)

2/ deppr(t — (LM A ¢ — DH (OILM),  (22.17)
L'M

where the bar denotes the time average. Without loss of generality, we may assume
that the time average of Hj(¢) disappears (if necessary after a proper redefinition of
Hp in (22.9)). Then the first term on the right-hand side vanishes. Furthermore the

term G(t) = ﬁ1 (t— 1)1:11 (t) will decay on a time scale t., the correlation time for
the fluctuations of the bath variables. If 7. is short compared to the time scale on
which the changes of oy, (f) occur, we may replace ¢ — T in the argument of 57/
on the right-hand side by ¢, and extend the upper limit of the integration to co. We
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then get

1

. 0 ~ _ _ ~
LM =—— Z dtpp () (L'M'Hy (t — T)H (1) | LM). (22.18)
h Lm0

Second, Hj (7) is taken up to second order perturbation only. We then may restrict
the sum over (L' M’) to just one term (L M) to obtain

PLM = —ALMPLM (22.19)
where
1 e e
Ay = ﬁ/ de(LMIA, (r — O f ()|LM). (22.20)
0

Equation (22.19) constitutes the main result of this section:

Each tensor component oy (¢) in the interaction system decays exponentially
with its own decay constant Ay py.

Going back to the laboratory frame, we obtain for tensor rank L = 1 Bloch’s
equations, where we can identify Ag and A4 with Tl_1 and Tz_l, respectively. We
did not recover, however, a decay towards a thermal equilibrium in this way, since
all tensor components at the very end decay to zero. This is not a deficiency of the
approach, but only a consequence of the neglect of the bath details, as discussed
above. To get explicit expressions for the relaxation rates from (22.20) for various
situations found in experiments still some effort is needed. We refer to standard
monographs on NMR, in particular to Abragam (1961). The book does not use the
irreducible tensor formalism, however.

22.3 The Stochastic Approach

The other alternative to solve the Liouville equation (22.9) is to take H(#) = Ho +
H;j (#) as piecewise constant. One may imagine, for instance, the diffusive jumps of
an atom in a lattice or flips of a molecule between different configurations (for an
example, see Fig. 13.1), though many other situations are imaginable. For a given
sequence, the Hamiltonian then looks like

Hyo ifO0O<t<t,

H if ¢ t t
Hp={ ' "h=i= (22.21)
H, ift, <t <13,
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where the H,, are taken from a finite set. Since H(¢) is piecewise constant, p may be
obtained by a successive integration of the Liouville equation. For 7 between #, and
th+1, one obtains

i i .
o(t) = e~ A =t0) o= Hu1 (tn—tu1) | e~ Honi/h )

% eiHotl/heiHI(tzftl)/h . eiHn (I*ln)/ﬁ' (2222)

This expression has to be averaged over all possible jump sequences. To this end,
we divide the time ¢ into N intervals of length Ar =¢/N. Let P(xg,o1,...,0N)
be the probability of H to take the choice Hy,, in the interval 0 < ¢ < At, the choice
Hg, in the interval At <t < 2At, etc. Then we obtain from (22.22)

p(t) = Z P(Ol(),...,O[N)eiiH"‘NAt/h...e*iHmlAl/hp(O)

o, 0

o« eiHay At/h GiHay At/h (22.23)

It is suitable to separate out the last summation over oy and write (22.23) in the
form

p(1) =" pal0), (22.24)
where

pa (t) = Z P(ag, ..., ay—_1, a)e Hebt/h  o=iHo At/R )

Yy, N

o M A1/R G AL/R (22.25)

po (t) may be looked upon as the density matrix of the subset of the ensemble expe-
riencing at time ¢ just the interaction H,. To proceed further, we now assume that
the jumps are stationary Markov processes meaning that (i) the jump probabilities
are independent of the history of the preceding jumps, and (ii) the jump probabilities
are independent of time.

Then the jump probability P(wo, ..., ay) factorizes:

P(ag, ...,on—1)Way_,a At ifay_ | #a,
P(ag,...,an_1,a) = .
P(Ot(),...,OlN_l)(l—Zﬂ WaﬁAt) ifay_1 =a.
(22.26)

Here Wyg is the probability per time for a jump from H, to Hg. The equation ex-
presses the fact that there are two possibilities: For ay_1 # «, there had been a jump
in the time interval At from Hy,, | to Hy, and for ay_1 = «, no jump happened to
any other Hg. Inserting the factorization (22.26) into (22.25), and performing the
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limit At — 0, we obtain

. i
o = 7P, Hal + D (Wpapp = Weep ). (22.27)
B

Equation (22.27) is the starting point for the stochastic relaxation theory. It is a
special case of the Lindblad equation, the most general form of a quantum Markov
master equation insuring positive definiteness of the density matrix (see Chap. 3
of the monograph by Breuer and Petruccione (2002) for details). The terms on the
right-hand side of (22.27) allow an easy interpretation. The first term describes the
reorientation of the ensemble at times when it experiences the Hamiltonian Hy,
the next term describes the jumps from Hg to H, and back. There are a num-
ber of monographs on stochastic relaxation theories, among others the books by
Dattagupta (1987) and Van Kampen (1981).

As an illustration, we restrict ourselves to the simplest situation where there are
jumps between just two possible Hamiltonians. We go back to our previous notation
for the Hamiltonian, H(#) = Ho + H; (), where it is now assumed that Hj (¢) jumps
stochastically between the two values H; and —H;. Equation (22.27) then reads

. i
p1 = ﬁ[pl,Ho +Hi]—Wpi + Wpy, (22.28a)
. i
p2 = ﬁ[pZ»HO_Hl]_ Wopo+ Woj. (22.28b)

Introducing the total density matrix p = p; + p2 and the difference 8 = p; — p2
as new variables, the equation system reads

p= %{[p, Hol + [8, Hi1}, (22.292)
§ = %{[3, Hol + [p, Hi1} — 2Ws. (22.29b)

An inspection of these equations shows without any calculation the qualitative
behavior of the solution: In the limit of jump rates W — 0, the equations (22.28a),
(22.28b) for p; and py are decoupled, resulting in an inhomogeneous superposition
of the two sub-ensembles reorienting under the influence of Hy + H; and Hy — Hy,
respectively. In the limit W — oo, on the other hand, (22.29b) shows that 8 now
decays rapidly to zero, and after a very short time in (22.29a) only the first term
on the right-hand side will survive, resulting in a reorientation of the total density
matrix p in the time averaged Hamiltonian Hg. In this latter limit, the fluctuating
part £H; of the Hamiltonian does not show up any longer in the spectrum, due to
motional narrowing as discussed in Sect. 11.3, but it gives rise to relaxation. This is
the aspect which shall be explored in some more detail.

To this end, we proceed exactly in the same way as in the preceding section.
First, we remove the static Hamiltonian Hy by a transformation into the interaction
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system,
b= %[3, (0], (22.30a)
5= %[b, f1,(n] — 2w, (22.30b)

where the hatched quantities are defined exactly as in the previous section (see
(22.10) and (22.12)). The second equation may be integrated with respect to 3,

: t
3(t)=8(0)+%e_2Wt/ dr e [p(0), Hi (D). (22.31)
0

Plugging this expression for § into (22.30a), we get

. 1.~ 1 t ~ A
p(t) = %[5(0), Hi(n)] - ﬁfo dre 2 VT[[p¢t — ), Hi(t — D], Hi()]. (22.32)

If we rewrite this equation for p into an equation system for the oy, we more
or less recover (22.16) of the last section, with two differences:

1. In the first term on the right, 3(0) appears, in contrast to p(0) in (22.16). Since this
term will disappear in the next step anyway, this difference is of no importance.

2. In (22.32), in contrast to (22.16), the time dependence of Hj(¢) is due to the
transformation to the interaction system only, there are no uncontrolled fluctua-
tions from the coupling to the bath. Instead, there is the extra exponential factor
e 27 taking care of the jump process.

Applying the same approximations as in the last section, we again arrive
at (22.19),

PLM = —ALMPLM- (22.33)
Though now we have an explicit expression for the relaxation rate

1 [ . R
ALy = ﬁ/ dre VT (LM|A, (t — 1) | (1)|LM). (22.34)
0

This is the great advantage of the stochastic approach, as compared to the pertur-

bative one. For the case that again Hy describes just the interaction with an external
magnetic field Hy = wyl;, the integration can be done explicitly,

1 o : :
)"LM — = Z/ dt e*2W‘[(LM|eflw()lz(I*T)/hHlelw()Iz(lft)/h|LM/)
w2 e Jy

x (LM/lefia)olzT/ﬁHleiu)olzl‘/hlLM)



22.3 The Stochastic Approach 247

1 o0 o
== 2 / dr e M =Moo t2WIr (p ariH | LMY (LM'|H; |LM)
0
M/

1 (LM[H,|LM")(LM'|H,|LM)
== Z (22.35)
M/

(M’ — M)wg +2W

Let us now assume that H; corresponds to a local magnetic field in the x-
direction, changing its sign stochastically,

1
Hi=ody = oy +1). (22.36)

Inserting this expression into (22.35), explicit formulas for all Ay are obtained.
For A9 = Tl_1 we have, in particular,

2W T,

-1 2 2 c
=w =w , 22.37
! T 2W)? + )} 1+ (wote)? ( )

where t. = 1/(2W). This equation was first derived by Bloembergen, Pound and
Purcell (1948) in a purely phenomenological approach, and is therefore known as
BPP model.

In many cases, the time constant t. obeys an Arrhenius relation,

7. = tlefa/knT (22.38)

E A is the activation energy for the process relevant for the fluctuations. For diffusive
jumps, E4 is just the energy barrier which has to be overcome in the process.
As a function of temperature A1q therefore shows two different limiting cases,

—1 Tc for woT, K 1,
ho~ L forwore > 1. (22.39)
Wy Te

A plot of In(1/T7) versus the reciprocal temperature, called an Arrhenius plot,
thus will first show a linear increase with increasing 1/ 7, and after having attained
its maximum, a linear decrease with slopes given by =FE 4/ kg, see Fig. 22.1. These
general features of the temperature dependence of Tfl, in particular, the limiting
cases (22.39) are stable and do not depend on the details of the jump model. There-
fore, this model usually gives a good description of the experimental data, though
the two-site model is valid only in exceptional cases. A detailed analysis, in partic-
ular, of the region close to the maximum offers the chance to get some information
on the true jump model, see Heitjans et al. (1985) for an example.
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Fig. 22.1 Diffusion induced spin lattice relaxation rate 1/ Tyt of 8Li in 7Li as a function of
reciprocal temperature 1/ 7T, for two values of the external magnetic field. The full curves represent
a fit based on the encounter model for self-diffusion via mono- and divacancies assuming purely
dipolar relaxation. From Heitjans et al. (1985)

22.4 Decoherence

After 80 years of experience, there are no longer any doubts that quantum mechan-
ics within its limits of validity is the correct theory to describe the world on the
microscopic level of atoms and nuclei. And still there remains a debate from the
very beginning, which has not been settled until today, on the “meaning” of quan-
tum mechanics. The main problem is the act of measuring. Quantum mechanics,
for example, gives the probability density to find an electron at a given time at a
given site. But in the moment a detector performs a click, we know with certainty
that the electron had been just there and nowhere else. What is really happening in
this moment? The term “collapse of the wave function” has been coined to describe
the situation, though this is nothing but a euphemistic way to say “We do not know
what is really going on”.

One may argue “Who cares?”. Quantum mechanics is a theory making state-
ments on statistical averages only, and it works. The question for “the meaning of”
is irrelevant in this context. One may even argue that this is not a physical question,
and turn to more interesting subjects.

It was Schrodinger who illustrated with his maltreated cat that there is a real
problem. He proposed to lock the cat in a box together with a flask filled with hy-
drocyanic acid, and a radioactive substance with a low activity, say, with a 50 percent
probability of one decay per hour. In the moment a radioactive decay is registered in
a Geiger counter, the flask is destroyed thus killing the cat. After one hour the box
is opened again. Common sense tells us that with 50 percent probability the cat is
still alive, however, with 50 percent probability the cat will be dead.

What is the quantum mechanical treatment of the same situation? Since there is
a quantum mechanical probability of the decay to happen or not, the wave function
for the combined system sample-counter is a superposition of the two states |n, 0)
and |n — 1, 1), where n is the number of radioactive nuclei, and figures 0, 1 refer
to the state of the counter (no click, or a click). This maps directly onto a quantum
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mechanical probability of the cat to be dead or alive. Hence we may identify the
sample-counter states |n, 0) and |[n — 1, 1) with the corresponding cat states |alive)
and |dead), respectively. In the beginning, the cat is in the state |alive), however, with
time passing there are increasing admixtures of the state |dead), while the weight of
the |alive) state decreases. Just before the reopening of the box the wave function of
the cat is a coherent superposition of a dead cat and a living cat with equal weights,

Yea = (|dead) + Jalive)) /+/2. (22.40)

In the moment of the reopening, corresponding to the act of measuring, the state
collapses immediately with equal probability into one of the two alternatives Idead)
or lalive). Common sense is reluctant to accept such an scenario, all the more so
as the cat experiences a completely different situation: It probably will not like the
situation of being locked in a dark box, but if it is lucky it will leave the box after
an hour alive, without any awareness of having been half dead meanwhile. And if
it is unlucky, it will be killed in a moment meaning that at any given time the cat is
either in the state |dead) or the state |alive), but at no time experiences a coherent
superposition!

So what is going wrong? The solution to this problem had been proposed by
H.D. Zeh in a number of papers in the 1970s. He showed that macroscopic quantum
mechanical coherences cannot survive for long times since due to coupling to the
environment interferences are damped out very rapidly. The reader is referred to the
monograph by Joos et al. (1996) for details and the relevant literature. In particular,
Chap. 3 presents a very useful introduction into the fundamental ideas. The starting
point is the same Hamiltonian

H = Hs + Hgsg + Hp (22.41)

that we have already used to describe relaxation processes, see Sect. 22.1. Here
Hs is the Hamiltonian of the system we are interested in, Hg the bath Hamiltonian
describing the surroundings, and Hgp the Hamiltonian for the interaction between
system and surroundings. The total density matrix psp for the system coupled to the
surroundings obeys the Liouville equation

. 1
PsB = ﬁ[pSB, Hs + Hsp + Hg]. (22.42)

The system density matrix pg that we are really interested in is obtained from
psp by taking the average over the bath, i.e., one has to trace out the bath degrees of
freedom

ps = Trg(psB). (22.43)

By this trace operation, the unitary evolution of psp is turned into a subunitary
evolution for pg. This is essentially the same path we followed to derive, e.g., the
Bloch equations, introduced originally phenomenologically to describe relaxation
in NMR experiments, and one may wonder where there is the difference between
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relaxation and decoherence. In fact, for microscopic systems, there is no difference.
In NMR, for example, decoherence and transversal relaxation mean just the same,
namely, the decay of the transversal magnetization to zero with time constant 7>. But
we shall see that for a macroscopic system decoherence times can become extremely
short, much shorter than any relaxation time ever observed, and here it makes sense
to use different terms for the two phenomena though the underlying mechanism is
the same in both cases.

This shall be illustrated by means of a model discussed in a paper by Strunz et al.
(2003). The explicit forms of the system and the bath Hamiltonian will turn out to
be irrelevant, but let us imagine that Hg is just the ordinary one-particle Hamilto-
nian in one dimension with a kinetic and potential energy term, and that the bath
Hamiltonian Hp is provided by the thermal radiation of the surroundings. For the
interaction Hamiltonian, we take the form

HSB = XFB’ (2244)

where x is the coordinate, and the force operator Fg depends on the bath variables
only. Proceeding exactly as in the relaxation section we remove system and bath
Hamiltonian by means of the substitution

6SB — eiHsl/ﬁeiHBl/FL psBe_iHBI/he_iHst/h. (2245)

psB obeys the Liouville equation

i

PSB=h

[Pse. Hsg ()] (22.46)

Since Hg in (22.45) acts only on x, and Hg only on Fg, I:ISB () is given by

Hsp (1) =R()FB(1). (22.47)

with
R(t) = elfist/hye—iHst/ (22.48)
Fg(t) = eMB!/PFge—1HBI/R (22.49)

In the discussion of relaxation in the preceding sections, three time scales have
appeared: (i) a typical time gy for the isolated system, e.g., the precession period
about an external magnetic field, (ii) a dissipation time tgjss for the thermal relax-
ation of the system towards its equilibrium, and (iii) a time Ty, characteristic for the
thermalization within the bath. The latter did not appear explicitly before, since we
always assumed a thermal equilibrium for the bath, corresponding to an infinitely
small Tpyn. We thus had the hierarchy Tpam < Tsys K Tdgiss Of time scales. Now an-
other time scale tg4ec for decoherence comes into play. It is not obvious where to
arrange it in the hierarchy. The situation usually discussed in literature is the golden
rule limit corresponding to Thath <K Tsys K Tdec K Tdiss, Meaning that the system un-
dergoes many cycles before decoherence takes place. For this case, the treatment is
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more or less the same as we applied in the previous sections to describe relaxation.
But following Strunz et al. (2003), we shall discuss another limit here, namely, that
the decoherence time is the shortest one of all time scales, even shorter than the bath
relaxation time. In this case, we may neglect all time dependencies of Hsg (1), and
the Liouville equation (22.46) can be immediately integrated,
psp (1) = e8!/ Mg (0)FBI/M. (22.50)

A slightly less stringent approximation had been applied in Strunz et al. (2003). On
the level of the applied approximations, the difference between psg(¢) and psp (¢)
in (22.45) vanishes, hence (22.50) holds for psg(¢) as well.

Now let us assume a two-site model for the system, as it is realized, e.g., with the
double-well potential for the ammonia molecule, see Sect. 12.4.1. Then we have a
2 x 2 density matrix

PLL  PLR
— i 2251
PSB ( P ) ( )

where indices “L” and “R” refer to the left and the right site of Fig. 12.4, respectively.
Equation (22.50) with Fg = Fpo; gives for the time evolution
pLL(0) pLR (0)e A1/
= : 22.52
Pt (pRLw)eleFB’/h ore(0) )’ (2232

where Ax = x;, — xR is the distance between the two sites.

Now we are in the position to remove the bath variables. Typically, there are a
large number of independent contributions to Fg. In the case the bath is provided by
the thermal background radiation, for example, there is a broad frequency spectrum
with each frequency contributing to the interaction. This means that we have to
take the average over exp(—iAx Fpt/h) with respect to Fg. Due to the central limit
theorem, it is reasonable to assume that Fp is Gaussian distributed, allowing for a
straightforward calculation of the average,

(e iAxFBi/h) — =(F5) (A0 /CQRY) (22.53)

where the brackets mean the average over the bath variables.
Inserting the result into (22.52), we end up with

pLL(0) PLR (0) exp[—5 (1 /Tdec)?]
() = . (22.54)
s (pRL(O)exp[—ar/rdec)z] PRR (0)
where
rd—egzl (F2)lAx]. (22.55)

h
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Equation (22.54) constitutes the main result of this section. It shows that the
off-diagonal elements of the density matrix in the position representation ex-
hibit a Gaussian decay with the time constant tgec, and after some decoher-
ence times only an incoherent superposition of the left and the right state will
survive.

For a quantitative calculation, assumptions on the interaction have to be made.
For the thermal background radiation as the bath, for example, we may substitute
for Fp the force exerted by the electric field of amplitude E of the background
radiation onto the particle, Fg = NeE, where N is the number of charged parti-
cles participating in the interaction, typically the valence electrons of the atoms.
Hence N corresponds approximately to the number of atoms in the particle (or to
the number of surface atoms in case only those atoms participate). It follows for the
reciprocal decoherence time

1 _ Ne (E2)|Ax]. (22.56)

Tdec = h
For the background radiation, (E2) can be calculated from Planck’s radiation
formula:
The variance of the electric field corresponds, up to the factor &g, to the volume density
of the electromagnetic radiation. For a thermal emitter Planck’s radiation formula, on the

other hand, yields for this quantity, up to a factor of the order of one, (kgT)*/(kc)3, or
(E?) ~ (ks T)*/le0(hic)’], o

Fg = e,/{E2) ~ VAma (ks T)* /he ~ 10° eV/m, (22.57)

with kg T = 0.025 eV for room temperature, and o = e?/g4mhc = 1/137. Arranging the
factors conveniently, we obtain

_1 N |Ax|
decNE

~ 7 A 1AX]
FBaB ~Tx 10 N— s N (2258)
as as

where the Bohr radius ag = hic/am.c? = 0.5 x 1079 m has been introduced as a typical
order of magnitude for a distance on the atomic scale.

One thus obtains, e.g., for the ammonia molecule at room temperature a decoherence
time of the order of 1078 s.

In view of the tunneling rate of 24 GHz found in NH3 (see Sect. 12.4) and fre-
quencies of 10'3 s~! of the thermal background radiation, this rate is by far too
small to lead to a decoherence of the tunneling process. Indeed, the molecule is
found in the experiment either in a symmetric or antisymmetric state, but not with
the nitrogen atom in one of the two potential wells. Note that the potential wells are
not really needed for this consideration since the potential does not enter at the level
of the applied approximation. It is only distance that matters!

The situation changes dramatically if we increase the distance between the two
positions or the particle’s mass to daily life scales. Then we immediately arrive at
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decoherence times smaller by orders of magnitudes then any other relaxation time,
be it in the system or the bath.

One should be aware that decoherence does not solve the measurement problem.
For Schrodinger’s cat, it is still a matter of luck whether it has an escape or not. But
decoherence explains why quantum mechanical coherences are not observed in the
classical world. There is no such weird situation like a “(dead| and (alive|” for the
cat, decoherence immediately turns the state into a “(dead| or (alive|”.

Is this the solution to the cat problem? We have some doubts. For very short
times, the coherence still exists; and also for longer times, the coherence still is,
though tiny, not equal to zero. From the practical point of view, one might argue that
these remaining effects are unobservable, but is this a sufficiently strong argument
to discard this point?
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Appendices

A.1 The Orthogonality of the Irreducible Tensor Operators
To prove the orthogonality relation (19.22) for irreducible tensors, we start with the
relation (17.10a),

Lz, Teml =M Ty (A.1)
Taking the adjoint and replacing L, M by L', M’, we get

[T}, L] = hM'T}

LMz L'M'" (A2)

Multiplying the first equation from the left by Tz, - the second from the right by
T m, and taking the difference, we obtain

T

F oL Toad) = [Thpp Lo ] Top = W(M — M')T}, 1 Tra. (A.3)

Taking the trace on both sides, it follows with the commutativity of the trace opera-
tion
(M — M')Te(T},,, Trw) =0. (A4)

In a similar way, from the commutation relation [Lz, Tryl= th(L + 1)Tz p one
obtains

[LL+1)— L' (L +1)]Te(T},,, Tew) =0. (A.5)
From (A.4) and (A.5) we obtain the wanted orthogonality relation
i _ i
Tr(TL,M,TLM) =81 0mrL Tr(TLMTLM). (A.6)

Next we show that this expression in fact is independent of M. To this end, we
take (17.10b) for L,

[Li. Tyl =hy/L(L+1) — MM + DTy p1. (A7)
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and for L_, the latter one with M replaced by M + 1,

[L_, Ty ys1l=hyL(L+1)— MM+ DTy. (A.8)

Multiplying the first equation by Tz w41 the adjoint of the second one by Tr .,
taking the difference and then the trace, we obtain in the same way as above

VLLA+1) = MM+ DTe(T] o Tomsr = TpyTow) =0, (A.9)
or
1 _ (et 3
Tr(T} pyi Temst) =Te(T)  Ton). —L<M <L. (A.10)

Tr(Tz 1 Tram) is thus independent of M as stated.

A.2 The Reduced Matrix Element (j||Tz(j)|]j)

The reduced matrix element (19.26) (in angular brackets) is obtained from the nor-
malization condition Tr[Tz i j)TL m ()] = 1. By means of the Wigner—Eckart the-
orem, this trace can be calculated:

Te[ 1], (D Tew (D] = Y GmIT] y (Dlim Y jm 1T ()] jm)

m,m’

=Y _|[(jm [ TLp ()l jm)

mm’

| 2

= Qj+ D7 GIE DI [GmLmjm)|?
- 2j+1
=Qj+ 1>—1|<j||TL(j>||j>|22’L—+1
x 3 |¢jmjm'|L, ~M) . (A.11)

mm’

In the last equality, the symmetry relation (17.24c) for the Clebsch—Gordan co-
efficients was used (with a subsequent substitution of m’ by —m’). The double sum
over the Clebsch—Gordan coefficients equals one because of the orthogonality rela-
tion (17.25a). Collecting the results, we get

GITL(DI) = £v2L + 1. (A.12)

The sign by convention is fixed to be positive.
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A.3 The Reduced Matrix Element (L||Tz,(j)[|L1)

To calculate this reduced matrix element (19.41) (in round brackets), we need
an expression for the tensor product of two normalized irreducible tensor opera-
tors in terms of another normalized irreducible tensor operator. Our starting point
is (17.29). Here we run into the problem that the thus constructed new tensor will
not be automatically normalized. Hence we make the ansatz

Ni(LiLaL)Tom () = Y ALiM LaMo| LMY 0, (DT Lm, () (AL13)
MM

and determine the factor N;(L1L2L) such that Trm( j) is normalized. Multiplying
both sides with TIL 1 (J) and taking the trace, we obtain

Nj(LLoL)y =Y (LiMyLoMao| LM)TE[T] 4 ()T (DT ams (D] (A14)
MM

We know already that the normalization constant is independent on the M quan-
tum number. Therefore, the right-hand side of the equation must be independent of
M even though M enters. We may therefore sum the right-hand side over M, mean-
ing nothing but taking the same term 2L 4 1 times, and dividing the result by 2L + 1
to compensate for this fact. Writing the trace explicitly in terms of sums over matrix
elements, we obtain

N;j(LiLL) =

Y (LM LyMoy LMY (jmy T, ()lima)

2L+1 MM Mymimoms

x (jma|Tryma, ()] ima) (Gma| T ryan ()l jma). (A.15)

Next each tensor matrix element is expressed in terms of Clebsch—Gordan coef-
ficients using the Wigner—Eckart theorem for normalized tensors (19.27) yielding

QL1 +1DQLy+ 1)
QL+ 1DQ2j+1)3

Nj(LlLZL)Z\/

Xy (LiMiLaMa|LM)(jmaL M| jm)
MM[MZM|m2m3

x (jm3LiMi|jma)(jmiLaMa|jms3). (A.16)

It is here where the 6j symbol comes into play. It is defined as

(J1MyJaM3|J3M3)

{]l /3 J3} (—1friltirtn Z

honoBfTV@EFDRETD A
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x (J1My jam3| joma)(Jo M jimy| jzm3)
x (J3M3jimi]|jama). (A.17)

Note that there is no sum over m,, but it can be shown that the term on the right-
hand side is, in fact, independent in m;. The situation is similar as in (A.14), and
as above we may sum the expression on the right-hand side over m, and divide the
result by 2j, + 1 to compensate for this. If this is done, we recognize that, after
changing the sequence in the arguments of the Clebsch—Gordan coefficients using
the symmetry relations (A.28), the sum over the M’s in (A.16) can be expressed in
terms of a special 6j symbol:

(A.18)

Nj(LleL):(—1)2j+L\/(2L1—|—1)(2L2+1){le sz ﬂ

Taking the inverse of (A.13), we get
TLn D TLam, (1) =Y Nj(LiLo LY LiMy LaMo| LM)TLm (). (AL19)
LM

This is used to rewrite the commutator on the right-hand side of the definition
(19.32) of the tensor matrix element, with A =T, u,,

(LM Troan 1 LiMy) = Te{ T (D [Tram ) T (D]}

A

=Y [(=DFrrEmh N (L) LoL) (L My Ly Mo | LM)Te[ T} (DT 717 ()]
LM

=[(—Di 2k 1N (L LoL)(Ly My LoMa | LM). (A.20)

In the second equality, we used the symmetry relations for the Clebsch—Gordan
coefficients, and in the last equality the orthonormality (19.22) with (19.23) of the
Tim. Comparison of (A.20) with (19.40) yields immediately expression (19.41) for
the reduced matrix element.

A.4 Spherical Harmonics

The Spherical Harmonics for L =0, 1, 2 are

1=0: Yoo(0,¢)= (A21)

1
Var
/3
Il=1: Y100,¢)=, —cost, (A.22a)
4

3 .
Y1+1(0, 9) = F,/ o sin@ e, (A.22b)
T
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[5
1=2: Yol ¢) = E@cosz@—l), (A.23a)

[15 .
Y211(0,9)=F = sinf cos@ eT%, (A.23b)

15 .
Y2ur (6, 9) =/ 5~ sin? e*%¢. (A.23¢)

A.5 Rotation Matrices

Given below are the elements {dr(njr:;’} with m = m’ = + in the upper left, and with

m =m’' = —j in the lower right of the matrix:
1 1
cosB —siny
44/2 B =\ 12‘3 12‘3 , (A.24)
sinzf  cos5p

%(1 + cos B) —\/gsin,B %(1 —cos f3)
dVg) = \@ sin 8 cos B _@ sing | (A.25)
$(1 —cos B) \@sinﬂ $(1 +cos B)

cos3%;3 — 3sin%,3cosz%,3
1 21 1 21p
d(3/2)(ﬁ)= ﬁsmzﬂcos 58 cos5B(3cos” 58 —2)
ﬁsinzéﬂcos%ﬂ —sin%ﬂ(3sin2%ﬂ—2)
sin’ %,3 V3sin? %,3 cos %,3
\/gsinz%ﬁcos%ﬁ —sin3%ﬂ

sin3B(3sin 18 —2)  +/3sin? JBcos 1B
cos%ﬂ(30052 %,3—2) —\/gsin%ﬂcos2 %,3
ﬁsin%ﬂ cos? %,B cos’ %,3
(A.26)
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$(1 +cos B)? — 2 sin B(1 + cos B) J3/8sin” B
%sinﬁ(l—l—cosﬁ) coszﬂ—%(l —cosB) —/3/2sinBcosp
d?p) = V3/8sin? B V/3/2sin B cos B 1(3cos? g —1)
%sinﬂ(l—cosﬁ) %(l+cos,3)—coszﬂ /3/2sin B cos B
%(1 —cos B)? %sin,B(l —cos B) J3/8sin” B

—%sinﬂ(l —cos B) %(1 — cos B)?
$(1+cosp) —cos? B —3sinB(1 — cos B)
—/3/2sinBcos B V3/Bsin® B
cos?B—J(1 —cosp) —21sinB(1+cosp)
L sin (1 + cos B) 1 (14 cos)?
(A27)

A.6 Clebsch—Gordan Coefficients

Tables of (jim1 joma|jm) are given for the case where j, takes the value 0, %, or 1.
With the symmetry relations reproduced below from (17.24a)—(17.24c), the tables
can be extended to all cases, where one of the three angular momenta involved in a
Clebsch—Gordan coefficient is <1:

(ji my jamaljm) = (=D —my jo —malj —m)

= (=)' (omy jimy | jm)

. 2j +1
= (=1)i=m imyj —mlj, — A28
(=D 2j2+1(11mlj ml|j, —ma) ( )
(@ j2=0
(jmO00|jm)=1; (A.29)
(b) jo=%

(j1 m1 % malj m):

D=

J\m2 : -
. 1 Jjitm+3 ji—m+3} (A.30)
Ji+3 \/ T \/ AT

1| aemts jitm+3
J1 =3 2511 2511
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© jo=1
(j1 m1 1 ma|j m):
Jj\ ma 1 0 -1
i+ 1 Gi1tm)Girtm+1) Gi=m+D)Gr+m+1) U1=m)(j1—m+1)
J1 Q2j1+1)2j1+2) Cji+D i+ Qj1+D(2j1+2)

. _ JUitm)Gr=m+1D) m Ui1=m)(ji+m+1)
J1 Vo 2aGiHD JiiGith Vo 2hGiHD

i1 2h2ji+D Cjh+D 2j1Q2ji+D

G1=m)(j1—m+1) _ [ UGi=m)(r+m) Ui+m)(ji+m+1)

A.7 Normalized Irreducible Tensor Operators

261

(A.31)

The list of normalized irreducible tensor elements TL m(j), (19.23), with L <2 is

Too(j) = aol,

“ N 1
Tio(j) =a1l;/h, Tl:l:l(j)::F\/;alji/h,

(A32)

(A.33)

“ n 1
To() =32 —J) /B3 Tomi(j)= ¢5%az(JiJz +1.J10)/h?,

Tou2(j) = sV6a2JL /12,
with identity I and
1
a) = —————,
V2j+1

a) = ;7
\/ju TDEj+ D)

20
“= \/(21' ~12jQ2j+D@j +2)@j +3)

All tensors T} s discussed in this book can be taken from this list.

A.8 Coefficients of the Generalized Precession Equation
The coefficients

cj(L1LaLl) =~ (LT, (DIIL2),

1
V2L 41

(A.34)

(A.35)

(A.36)
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see (19.61), are obtained from the reduced tensor matrix elements (19.41). The only
nonvanishing matrix elements for L| = 1, 2, corresponding to magnetic dipole and
electric quadrupole interactions, respectively, are

(LIITi(DIIL) = a1/L(L + 1)L + 1), (A.37)
(LIT2()HIIL — 1) = —(L = 1[|T2()IIL)

=a\/32j+L+1Q2j—L+1)(L—1)L(L+1) (A38)

with aj, ap given in (A.35). It follows for the coefficients of the generalized spin
precession equation (19.60)

3L(L+ 1)
(1 R St L A.
c;(LL) \/j(j+1)(2j+1)’ (A-39)

602j+L+1)Q2j—L+1)(L—-DLLA+1D
¢j2,L,L—1)= , — : .
CL-1)2j-D2j2j+DQ2j+2)(2j+3)

=—cj(2,L—1,L). (A.40)

A.9 Transforming away Part of an Interaction from the
Liouville Equation

Let a Hamiltonian consists of two parts, H=H; + Hj, with time independent H;.
We can remove H; from the Liouville equation by applying the partial time evolu-
tion operator U; () = e H1/7 to the density operator p, which gives p = UI pUj.
We apply this transformation to the Liouville equation of motion of the density
operator p = (i/h)[p, H] from (19.16). Using the fact (10.16) that U; obeys the
Schrodinger equation U = —(i/h)H Uy, and the fact from Sect. 6.1 that H; com-
mutes with Uy, we find

b= U-IPUI -I-U-ipUl +UIF'>U1
P :
= ﬁ(Hlp — pH; + Uj[p, H]U})

i

(—[p, Hil + [p, UTH2U; +Hy))
h

i o~
= 15, Hol, (A41)

with ﬁz = U'[HzUl. We see that H; has been transformed away from the Liouville
equation.
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