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Preface

Almost half a century has passed since the first molecular semiconductor
with a high electrical conductivity was found in 1954 in halogen-doped or-
ganic complexes. This finding, coinciding with the structural identification of
DNA, occurred seven years after the principle of a point-contact field-effect
transistor had been invented. Needless to say, these two outstanding inno-
vations of the 20th century have had great impact on the relevant fields of
science and technology. Similarly, though on a much smaller scale, the dis-
covery of organic semiconductors has set off in motion a large number of
elaborate works by chemists and physicists. In consequence, the research ar-
eas of today have developed in depth and width, covering fields ranging from
conducting polymers, liquid crystals, synthetic metals, molecular magnets,
molecular field-effect transistors to single-molecule devices and more.

This particular monograph is concerned with just one aspect of this vast
field, the physics of low-dimensional molecular metals (LDMM). This re-
search field has brought together groups from various disciplines such as
organic chemistry, physical chemistry, experimental physics, as well as theo-
retical chemistry and physics. The progress, which has been achieved in the
development of new materials and the understanding of their exciting proper-
ties, has been the result of intensive interactions among the members of this
interdisciplinary club. On behalf of the physics members, the authors, all hav-
ing their roots in experimental physics, would like to appreciate the efforts
made by the chemical members, particularly, for exploring novel molecules
and crystals, otherwise such a club could not have existed.

The age of LDMM physics dawned around the early seventies when the
first molecular metal TTF-TCNQ), consisting of radical cation and anion
groups, was discovered. Their derivatives have been found to form many dif-
ferent charge-transfer salts with various kinds of radical molecules or metal
ions. Since then, a number of interesting ground states and phase transitions
has been observed: superconductivity, metal-insulator transitions associated
with charge- or spin-density-wave condensates, and other cooperative states
leading to charge-, antiferromagnetic- and dielectric order. As well as in ordi-
nary metals, all these phenomena are directly related both to the electronic
states near the Fermi level and to relevant interactions. An inherent ad-
vantage, particularly in LDMM, is due to the fact that the behavior of the
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conduction electrons, usually one or two carriers in large unit cells, can be
expressed surprisingly well by a simple tight-binding picture leading to sim-
ple Fermi surfaces (F'S) which are being used in introductory textbooks for
low-dimensional electronic systems. This characteristic feature is unique for
LDMM and seen neither in ordinary bulk metals nor in compounds contain-
ing many complicated electron bands. During the last two decades, the FS
and its related phenomena have been extensively studied with the experimen-
tal tools of low temperatures, and by applying magnetic fields and pressure.
Thus the LDMM physics may occupy a unique position in solid state physics
in such a way that physical phenomena can be more directly linked to the
experimentally clarified details of the electronic states.

With regard to contemporary solid state physics, the research era for
LDMM during the last three decades has overlapped with the enormous
progress made in other fields of conducting materials and the related physics:
for example, superconductivity and magnetism in heavy-fermion rare-earth-
based compounds, quantum Hall effect in artificial semiconductor hetero-
structures, high-T, superconductivity in cuprates, supramolecular fullerene
Ceo, and superconductivity in compounds with alkaline metals, metallic car-
bon nanotubes, to name only a few. On deliberating what these discoveries
have in common, we may find that the emergence of these new materials
has altered and sometimes overturns our common sense, familiar concepts,
or theories. This experience may be condensed into words uttered by H.
Kammerlingh Onnes: ”"Door meten tot weten” (Through measurement to
knowledge).!

While keeping these notions in mind, this monograph intends to provide
an overview of LDMM physics including issues of controversy. The authors
refrained from including details of chemistry and theories, as these aspects
are outside the scope of their working fields. The intention of this book is to
describe the physics as plainly and systematically as possible for students at
graduate levels in solid state physics and chemistry courses with the back-
ground knowledge of introductory solid state physics/chemistry. The wide
spectrum of subjects addressed, together with the comprehensive list of ref-
erences, may be helpful even to experts in this field and also to researchers
working at the frontier of the other contemporary research areas mentioned
above.

This monograph consists of seven chapters. Chapter 1 will give an overview
of the historical survey for molecular magnets and conductors. After a brief
introduction of the basic concepts for charge transfer and molecular orbitals
in Chapt. 2, the systematics of structural aspects characteristic to LDMM will
be given in Chapt. 3. Chapter4 will be concerned with the normal-metallic
states with characteristic transport, optical, thermal, magnetic and dielectric
properties, and follow on to instabilities involving spin- and charge-degrees

! K. Mendelssohn, The Quest for Absolute Zero, 2nd edn., Taylor & Francis, Lon-
don, 1977.
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of freedom leading to spin- or charge-density-wave condensates, spin-Peierls
instability states, and charge ordering. In the remaining sections, many-body
effects and various phase diagrams will be described. Chapter 5 will focus on
the effects of magnetic fields on conduction electrons, the so-called fermiol-
ogy, and field-induced electronic phase transitions and/or collective states.
The vast range of subjects concerning superconductivity will be described in
Chapt. 6 covering the characteristic parameters, isotope labeling, the prob-
lem of disorder, superconducting vortex states, and pairing symmetry and
interaction. In Chapt. 7, characteristic phenomena, caused by interactions of
conduction electrons with localized d-spins exemplified in DCNQI and BETS
salts, will be introduced. A few words will be added in the Epilogue touching
on important problems remaining to be solved and on the direction along
which the LDMM physics may trace its developments.

The authors would like to express their sincere gratitude to Y. Muto and
T. Fukase, Emeritus Professors of Tohoku University (N.T.), the members of
the collaborative research center at Frankfurt University, Forschergruppe 412
(M.L.), and S. von Molnér, Director of MARTECH and Professor of Physics
at Florida State University (J.M.).

The authors wish to thank many collaborators and colleagues for enlight-
ening discussions, exchange of ideas, or valuable advice: C. Akinci, H. Aoki,
A. Ardavan, S. Blundell, J. Brooks, A. Briihl, E. Coronado, P. Day, M. Dres-
sel, S. Endo, R. Feyerherm, H. Fujiwara, U. Geiser, T. Goto, G. Griiner, S.
Hill, Y. Iwasa, D. Jérome, S. Kagoshima, W. Kang, M. Kartsovnik, R. Kato,
S. Kawamata, A. Kini, H. Kobayashi, F. Kromer, C. Langhammer, A. Lebed,
K. Maki, H. Matsui, R. McKenzie, J. Merino, T. Mori, K. Murata, T. Naka-
mura, E. Negishi, Y. Nishio, Y. Noda, T. Nojima, T. Osada, V. Pashchenko,
B. Powell, K. Removic-Langer, L. Pintschovius, F. Pratt, G. Saito, T. Sasaki,
J. Schlueter, D. Schweitzer, J. Singleton, M. de Souza, F. Steglich, Ch. Strack,
S. Suellow, T. Sugimoto, U. Sushko, J. Suzumura, T. Suzuki, M. Tanatar, K.
Tanigaki, H. Tsuchiya, H. Uozaki, M. Watanabe, Y. Watanabe, B. Wolf, A.
Wolter, J. Wosnitza.

The authors would like to thank most warmly Carolyne Agnew for her
help in proof reading, Momoko Ishikawa and Atsumasa Hojo for their assis-
tance in revising figures and texts, John Schlueter, Masashi Watanabe and
Takehiko Mori for providing figures in Chapts. 1-3, and the publisher for con-
tinuous encouragement.

Sendai, Frankfurt, Tallahassee, Dresden Naoki Toyota
November 2006 Michael Lang
Jens Miiller
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1 Introduction: Historical Remarks

The research on molecular magnetism may be traced back to the 19th century
when M. Faraday studied the magnetic susceptibility of a variety of organic
molecular substances [1]. Almost all of these substances were found, however,
to be non-magnetic except for an effect which was later called molecular dia-
magnetism. In 1927, shortly after quantum mechanics had been established,
W. Heitler and F. London [2] had a monumental success in applying this new
theory to the hydrogen molecule, the simplest molecule in nature. Following
that model, W. Heisenberg [3] gave a general conception of an exchange inter-
action.! Faraday’s results were explained by a quantum mechanical rule based
on the Pauli principle stating that any molecular orbital in stable molecules,
i.e., non-radicals, is necessarily occupied by spin-up and -down electrons. The
main problem in those days was to understand the molecular diamagnetism
induced by a shielding current flowing along an aromatic ring in response to
an external magnetic field [4].

In contrast to the rapidly growing progress achieved from both sides of ex-
perimental and theoretical physics in understanding the transport and mag-
netic properties of metals, alloys, and inorganic compounds, it took a rather
long and sluggish period before the new field of molecular conductors and
magnets emerged in the 1950 — 1960s.

A brief historical survey of molecular magnets will be given first; for a
review article the reader is referred to the detailed works by [5, 6, 7, 8, 9, 10].

In the development of magnetic molecular materials, some theoretical
guidelines played an important role both in exploring organic radicals with
stable spins using an exchange interaction via chemical bonds and in syn-
thesizing molecule-based ferromagnetic (FM) crystals. In 1967, K. Itoh [11]
and E. Wasserman et al. [12] independently verified a FM spin alignment of

! In this two-electron system, the bonding (antibonding) orbital is symmetric
(asymmetric) with respect to the electron exchange corresponding to a spin
singlet S = 0 (spin triplet S = 1). Therefore, the orbital energy difference
FEo — Fh < 0, where Fy and E; are bonding and antibonding orbital energy,
respectively, originates from the difference of the spin states. This dependence
of the singlet-triplet energy splitting on the spin state of the electrons can be
expressed by the Heisenberg Hamiltonian H = —2.Js; - s; with an exchange in-
teraction J = (Eo — E1)/2. Thus, the origin of J is found both in the Coulomb
interaction between electrons and in the Pauli principle.
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S = 2 in polycarbene, m-phenylenebis(phenylmethylene). The idea was based
on Longuet-Higgins’s theorem [13] using a topological degeneracy, which is in
contrast to the conventional Hund’s coupling in partially occupied transition-
metal or rare-earth ions. This approach has been used for exploring FM or-
ganic polymers. To align spins in a molecular crystal, H. McConnell [14] pro-
posed a theoretical idea that a FM interaction could be induced in-between
neighboring radical molecules in which positive and negative spin densities
do partially overlap. At last, after a FM interaction had been experimen-
tally confirmed in a calvinoxyl crystal [15], M. Kinoshita et al. succeeded in
synthesizing the first organic FM, p-NPNN (p-nitrophenyl nitronyl nitroxide)
with a Curie temperature T = 0.65K [16, 17, 18]. Although elaborate works
have been devoted so far to synthesizing new molecular magnets, T¢ is still
low, in the order of several Kelvin at most. The reason is attributed to a weak
exchange interaction due to both the spatial distribution of spin densities on
the magnetic molecule and the relatively large intermolecular distance.

In parallel to these studies of molecular magnets, highly conducting molec-
ular materials have also been explored. The roots can be traced back to a
pioneering work carried out in 1954 by H. Akamatsu, H. Inokuchi and Y.
Matsunaga [19] who synthesized cation radical salts by doping bromine into
perylene, a condensed polycyclic aromatic hydrocarbon. As shown in Fig. 1.1,
it exhibits an extraordinarily low electrical resistivity p of the order of 10 2 cm
at room temperature, which increases with decreasing temperature. The fam-
ily of perylene-halide complexes provided the first semiconductors among or-
ganic molecular materials. Along with these studies, R.S. Mulliken’s charge-
transfer theory [20] promoted the developments of chemical synthesis towards
molecular metals.

In 1960 D. Acker et al. of DuPont [21] synthesized a novel acceptor TCNQ
(tetracyanoquinodimethane), which consists of highly electron attractive di-
cyanomethylene groups bonding to para-quinon. It is a symmetric, planar
molecule and, by accepting an electron, it becomes a stable anion radical of
larger aromacity with a 67 electronic state.?

A number of synthetic studies were devoted, in the 1960s, to heterocyclic
donor molecules in which hetero-atoms like O, S and Se had been used to
partially replace the carbon atoms. One of the most outstanding donors, TTF
(tetrathiafulvalene) was synthesized by the groups of D.L. Coffen [22, 23, 24],
F. Wudl [25, 26] and S. Hiinig [27], see, e.g. [28]. This molecule, which is
symmetric with respect to the central double-bond carbons and also planar

2 The salts M-TCNQ, with monovalent cation radicals (M) like alkaline elements,
form one-dimensional chains weakly coupled to each other. These 1:1 salts are
insulators in the strong electron-correlation limit at half filling with one electron
at each site. These systems have served as one of the model systems for the
one-dimensional Hubbard model.
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molecular conductors. The molecular illustrations are by courtesy of M. Watanabe,
Tohoku University.
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with four sulfur atoms in the five-member rings on both sides, features a high
solubility in solvents and a high stability both in its neutral and ionic states.3

The first charge-transfer salt, consisting of the above TTF donor and
TCNQ acceptor molecules, was the 1:1 compound, TTF-TCNQ. It exhibited
low resistivity in the order of ~ 1073 )cm at room temperature, which de-
creases with lowering temperature as shown in Fig. 1.1 [30, 31]. This discovery
of an organic molecular metal was a milestone which made a great impact
on the chemistry and physics communities, opening the door to the inter-
disciplinary field of low-dimensional molecular metals (LDMM). From the
physics’ point of view, the metal-insulator transition around 50 K, as seen in
Fig. 1.1, was quite a novel phenomenon, which was soon identified as a Peierls
instability [32] in the low-dimensional electron system. Here we note that all
the thermodynamic phase transitions occurring in low-dimensional systems
are the consequence of three-dimensional couplings. In order to control these
couplings or to avoid such low-dimensional instabilities, physicists were mo-
tivated to apply pressure, while chemists were encouraged to develop new
donors and acceptors potentially with stronger intermolecular couplings.

In 1980, a superconducting transition was observed for the first time in
pressurized (TMTSF)oPFg (bis(tetramethyl)-tetraselenafulvalene hexafluoro
phosphate) by D. Jérome and his collaborators [33]. The donor TMTSF, a
derivative of TTF, had been synthesized by K. Bechgaard and his chem-
istry group [34]. As seen in Fig. 1.1, this salt undergoes a metal-insulator
(MI) transition around 12K at ambient pressure due to a low-dimensional
instability similar to that in TTF-TCNQ. However, this effect could be sup-
pressed by the application of hydrostatic pressure of about 12 kbar, resulting
in a superconducting ground state below T, = 0.9K [33].* Soon after this
discovery was made, ambient pressure superconductivity was observed be-
low 1.4K in (TMTSF)2ClO4 with the non-centrosymmetric tetrahedral an-
ion [36]. Together with the TMTTF (bis(tetramethyl)tetrathiafulvalene) salts
with S atoms replacing all the Se atoms in TMTSF, this class of quasi-one-
dimensional (quasi-1D) salts have served as model systems for exploring and
understanding a variety of physical phenomena at low temperatures and high
magnetic fields.

Complementary to these cation radicals, a new acceptor molecule was
reported by S. Hiinig and his collaborators in 1984 [37]. It was DCNQI
(N,N’-dicyanoquinodiimine) obtained by substituting the N-CN group for
the dicyanomethylene groups in TCNQ), followed by the synthesis of conduct-
ing charge-transfer complexes and anion radical salts with monovalent metal
cations [38, 39]. In general, this class of salts exhibits a high conductivity sim-
ilar to that of TTF-TCNQ as seen in Fig. 1.1. In particular, (DCNQI)2Cu was
found to be the first metal with 7-d interactions. The interplay of conducting

3 Chemical details for the derivatives of TTF and their salts are available in [29].
4 The pressure of ~6kbar is sufficient to suppress the metal-insulator transition.
[35].
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m-electrons, with the mixed-valent states of Cu ions providing the localized
d-spins, has been extensively studied, see e.g. [40].

The next example for a building block for superconductors was the
molecule BEDT-TTF (bis(ethylenedithio)-tetrathiafulvalene), abbreviated as
ET, that was an extended TTF-derivative with eight S atoms [41]. Both the
flatness (except the terminal ethylene groups) and the existence of additional
hetero-atoms furnished this donor with a high functionality forming quasi-
two-dimensional (quasi-2D) charge-transfer salts with a variety of anions and
also with many different stacking patterns and hence various crystal struc-
tures. Indeed, charge-transfer salts have been formed with a variety of anions
such as linear I3, tetrahedral ReOy, polymeric Cu(NCS)2, and thick layered
MHg(SCN)y, giving rise to many crystal morphologies denoted as «, 3, k and
so on. Among them, the k-type stacking have provided many superconduc-
tors. The first example was k-(ET)2I5 with 7. = 3.6 K found by R. Kato et
al. [42, 43], followed by the synthesis of the Cu(NCS)2 salt with higher T, =
10.4 K by G. Saito and his collaborators [44, 45]. Soon after that, A. Kini et al.
[46] found a higher T, of 11.6 K in the similar polymeric x-(ET)Cu[N(CN)2|Br
salt. This material is still the highest-T, superconductor among LDMM at
ambient pressure. Thus the ET family has been a major source for molecular
superconductors with an overall number of more than 100. As in the TMTSF
and TMTTF salts, the application of pressure has played an important role
in some of the ET salts. For example, V.N. Laukhin et al. [47] and K. Mu-
rata et al. [48] found a discontinuous upturn of T, from 1.5K up to 8K in
0-(ET)Is, which was ascribed to the suppression of a lattice modification
and an accompanied disordered state. Beside superconductivity, the metal-
lic states in ET salts have been found to be unstable against the formation
of magnetic or charge-ordered insulating states due to electron-correlation
effects. Likewise, these materials show transitions into anomalous metallic
states associated with the low dimensionality as observed in quasi-1D salts.

An asymmetric donor DMET was synthesized by hybridizing ET and
TMTSF [49]. Here DMET stands for (dimethylethylenedithio)diselenadithia-
fulvalene. The salts formed with these derivatives such as (MDT-TTF )z Auly
(MDT- being methylenedithio-) [50] and (DMET-TSF),X (X = Auly, I3) were
found to be superconductors with rather low T, values below 4K [51]. The
next example is (BEDO-TTF)3Cuz(SCN)s and (BEDO-TTF);ReO4-H2O
with T,’s of about 1K [52, 53], where BEDO-TTF stands for bis(ethylene-
diozy)tetrathiafulvalene. Other types of superconductors were found in the
salts based on a multi-halogen 7m-acceptor molecule M(dmit)s (M = Ni, Pd,
Pt) (dmit is 4,5-dimercapto-1,3-dithiole-2-thione) synthesized by P. Cassoux
and his collaborators [54, 55]. In those days, a novel class of superconductors
was found in fullerene compounds with alkaline metals yielding high T, values
as shown in the figure for the case of Rb3Cg.”

5 In 1985, H. Kroto et al. discovered the supramolecule Cgo, called fullerene [56],
which had a profound impact on materials chemistry/physics. The many interest-
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In further exploring the interplay between magnetism and conductivity
as seen in DCNQI, many chemistry groups devoted their efforts to syn-
thesizing magnetic conductors incorporating transition-metal ions or com-
plexes, in which the conducting m-electrons might interact with localized
magnetic moments, see e.g. [63]. As a result, a magnetic superconductor
(ET)4[Fe(C204)3]H30-CeH5CN synthesized by P. Day, M. Kurmoo and their
collaborators [64] was found to exhibit superconductivity at 7, = 8 K with a
Weiss temperature of —0.2K due to S; = 5/2 (Fe!ll). At about the same time,
H. Kobayashi et al. synthesized BEDT-TSF (bis(ethylenedithio )tetraselenaful
valene, abbreviated as BETS) salts with FeXy (X = Cl, Br) which have
two different crystal morphologies; in the x-type salt with X = Br, a
long-range antiferromagnetic order below Ty = 2.5K coexists with su-
perconductivity below 1.1K [65], while, the A-type salt undergoes a cou-
pled metal-insulator (MI) and paramagentic-AFM transition as shown in
the figure [65, 66, 67]. On the other hand, E. Coronado and his collab-
orators synthesized (ET)3[MnCr(C204)3], which exhibited the coexistence
of a metallic state with FM order below Tc = 5.5K [68]. The bimetal-
lic complexes [CriIMn!™(C204)3] form layers of oxalate-bridged hexagonal
networks sandwiching the (-type stacking ET layers. Besides ET salts, T.
Sugimoto and his coworkers synthesized an asymmetric donor EDT-TTFVO
(ethylenedithiotetrathiafulvalenoquinone-1,3-dithiolemethide) with a perma-
nent electric dipole, and found the m — d coupled metallic state in the FeBry
salt [69].

The metallic states mentioned so far are the result of intermolecular charge
transfer between two different molecular species in a two-component sys-
tem. Recently A. Kobayashi and her collaborators succeeded in synthesizing
a single-component system Ni(tmdt)2 which remains metallic down to low
temperatures [70, 71, 72] as shown in the figure.

One of the most important targets in the field of molecular conductors
has been the increase of the values of the superconducting transition temper-
ature T,. In this respect, the theoretical article by W.A. Little [73], published
in 1964, has played an important role. His idea was that an electron pairing
assisted by an excitonic interaction — in contrast to the conventional phonon
mechanism — would possibly result in an extraordinarily high T,.. Accord-
ing to Little’s model, this requires a one-dimensional conducting polymer
attached to which are highly polarizable ligands. Although this theoretical
suggestion has been a source of encouragement to synthetic chemists, the
idea has remained a dream since in none of the molecular superconductors
obtained so far has any signature in favor of this mechanism been found.

ing chemical and physical properties have been extensively studied; for example
the Te (19K in K3Cgo [57] and 28 K in RbsCsp [58, 59]) can be raised up to 33 K
in RbCs2Ceo [60], see, e.g. [61, 62].



2 Basic Concepts

2.1 Charge Transfer

The prerequisites of forming a conducting material, based on molecular build-
ing blocks, are (i) the creation of free charge carriers and (ii) their delocal-
ization throughout the crystal. For the charge-transfer salts described in this
monograph, free charge carriers (i) are created by combining a donor molecule
D, such as TMTSF, BEDT-TTF (hereafter ET) or their derivatives, with an
electron acceptor X. Here D should be an electron-rich molecule with a suffi-
ciently low ionization energy Iy which can be easily oxidized by the acceptor
X having the appropriate electron affinity A. Their combination results in a
charge-transfer salt D,,X,, according to the reaction

[Di] + [Xn] — [Dmﬁé + [Xn}_(sa (2.1)

with m and n being integers and § the charge-transfer ratio. This process
requires an energy of

AEcr=1h—A—-C< 0, (22)

where C includes Coulomb-, polarization- and exchange-energy contributions
[20]. The number of mobile charge carriers is governed by the charge-transfer
process and is independent of temperature. This contrasts with the creation of
free charge carriers by doping the system with molecular or atomic impurities,
whose ionization energies or electron affinities are quite different from those of
the host material. As an example, we mention the well-known polyacetylene
(CH)x, a conjugated polymer, which upon doping halogens such as bromine
and iodine, becomes conducting [74, 75]. In these materials, the number of
carriers can be controlled by the doping level which may vary the conductivity
by 10 orders of magnitude.

In forming charge-transfer crystalline solids, the constituent molecules
are packed rather densely so that the orbitals may overlap between adja-
cent molecules. This intermolecular overlap of partially-filled orbitals allows
the carriers to delocalize throughout the crystal. These charge-transfer salts
have to be distinguished from other classes of molecular conductors such as
conjugated polymers or graphite. While in the former, it is essentially an
intermolecular process leading to the motion of carriers, the conductivity in
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the latter comes about due to the m-electron system of the extended molecule
which provides the path for the carrier motion. (For the intramolecular charge
transfer in the single-component system Ni(tmdt)a, see Sect.3.2.3.)

2.2 Molecular Orbitals and Transfer Integrals

As for ordinary inorganic conductors, an understanding of the electronic prop-
erties cannot be achieved without a detailed knowledge of their electronic
structure. For simple metals such as sodium or potassium, a good starting
point for calculating the band structure is to view the conduction electrons as
a gas of nearly free fermionic particles whose motion is only weakly perturbed
by the periodic potential of the positively charged ions. On the contrary, for
some materials such as the transition metals with their partially-filled inner
d-shells or the charge-transfer molecular conductors discussed here, the oppo-
site limit is more appropriate. Here the conduction electrons are bound more
tightly to the atoms or molecules and the band structure arises from weakly
overlapping atomic or molecular wave functions [76, 77]. As a first step in
such a tight-binding approach to the band structure of molecular materials,
the orbitals of the individual molecules have to be determined. Even for rela-
tively simple molecular systems, the large number of electrons and nuclei per
molecule requires stringent simplifications to keep the system tractable.

A most useful approximation is provided by the molecular orbital (MO)
method in which the available valence electrons are considered to be delo-
calized over the whole molecule. The MOs are then obtained by taking a
linear combination of atomic s- and p-orbitals of the constituent atoms re-
sulting in o- and m-orbitals. The number of these molecular orbitals, each of
which can accommodate two electrons with antiparallel spins, is equal to the
total number of constituent atomic orbitals. While the o-orbitals are local-
ized along the bonding axis of adjacent atoms, having a nonzero momentum
only along this axis (parallel to the molecular plane), the m-orbitals are ex-
tended normal to the bonding plane. Due to the lower binding energy of the
m-electrons compared to that of the o-electrons, they tend to delocalize and
can be easily excited. As a consequence, the carriers transferred from the
donor to the acceptor have a dominantly m-electron character leaving behind
a fraction 44 of m-holes per donor molecular unit [D,,]. In most cases, the
negatively charged anions [X,,] 7% adopt a closed-shell configuration and they
do not contribute to the electronic properties.! For the further treatment it is
convenient and, for most cases, sufficient to consider only either the Highest

! As an example of a system where the anions do contribute to the electronic prop-
erties, we mention the archetype TTF-TCNQ salt [31]. Here the TTF and TCNQ
molecules are arranged to form two independent conducting stacks (Sect. 3.2.1).
The charge-transfer ratio of § = 0.59 means that on average each TTF molecule
transfers 0.59 electrons to a TCNQ unit (Sect.4.4.1).
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Occupied Molecular Orbital (HOMO) or the Lowest Unoccupied Molecular
Orbital (LUMO) of the m-electrons moving in a potential formed by the o-
electrons together with the nuclei and the inner-shell electrons. This forms
the basis of the so-called 7-electron approximation and can be considered as
an extension of the idea of the frontier orbital theory for chemical reactions
of molecules to form molecular solids, see e.g. [78].

For the typical molecules concerned in this monograph, Fig.2.1 shows
the HOMOs of donors such as TMTSF, BEDT-TTF (ET), and BEDT-TSF
(BETS) and the LUMOs for 2-R1,5-R2-DCNQI. The HOMOs on these donors
have a strong 7 character with a much smaller contribution from the 3d,,.-
orbitals. Due to By, symmetry (Do, point group), nodes appear on all the
C-S bonds. Since the Slater coefficients of the 3p.-orbital wavefunctions in
the chalcogen atoms are almost twice as large as that of the C atoms, the
electron density is most largely settled on the inner S or Se atoms. On the
other hand, the LUMO 7*-orbitals of DCNQI are largest on the N atoms of
the cyano group so that DCNQI is expected to be a strong donor ligand.

TMTSF

2-R1,5-R2-DCNQI

gt

BEDT - TTF (ET) BETS

Fig. 2.1. HOMOs of the donor molecules TMTSF, BEDT-TTF (ET), and BEDT-
TSF (BETS) and LUMOs of the acceptor 2-R1,5-R2-DCNQI. The heavy and light
grays correspond to the in-phase and out-of-phase contributions of the orbital wave-
functions, calculated by MOPAC. By courtesy of T. Mori, Tokyo Institute of Tech-
nology.

These molecular orbitals are used for calculations of the intermolecular
orbital overlaps [79, 80, 81, 82] (refer to Fig. 3.3 for a schematic visualization
in the case of (TMTSF)2PFg). As shown in Sect. 3.2, all these donor and ac-
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Fig. 2.2. (a) Relative orientation of two TTF donor molecules. D represents the
molecular slipping along the long axis, R stands for the distance between the long
axes, and ¢ varies from 0°, the side-by-side configuration, to 90°, the face-to-face
configuration. (b) ¢-dependence of the overlap integrals S;; in units of 10™* for the
HOMOs between two TTF or ET donors. After [82].

ceptor molecules stack so as to keep both their long axes and molecular planes
parallel to each other so that the relative rotation can be safely neglected. The
relative configuration of two molecules is represented by a set of cylindrical
coordinates (D, R, ¢) as shown in Fig. 2.2(a). The overlap integrals S change
with ¢; the largest integrals at ¢ = 90° correspond to the normal face-to-face
stacking, the interaction at ¢ = 0° is due to the side-by-side stacking with the
m-like coupling of p,-(and d-) orbitals. These overlaps together with the local
maximum at ¢ = 30° come from the components of the p.-orbitals projected
parallel and perpendicular to the bonding direction. The peak at ¢ = 60° is
due to the overlap between wavefunctions of C (central) and S atoms.

With these overlap integrals, the transfer energy ¢;; can be directly ob-
tained according to the relation of the extended Hiickel method,

1

where F; is the ionization energy at the i-th site and K is a constant usually
taken to be 1.75. The conversion factor from S;; to ¢;; cannot be determined
exactly so that it is usually assumed to be about —10eV.?

Experimental methods have been developed to determine the charge-
transfer ratios ¢ in the crystals. For the TTF-TCNQ crystal, for example,

2 This ambiguity makes it difficult to discuss band parameters such as band width,
Fermi energy, and band mass quantitatively.
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X-ray diffuse scattering and diffraction, Raman scattering, and X-ray pho-
toemission spectroscopy played an important role in determining 6 = 0.59.
In particular, the superlattice formation caused by the quasi-1D Fermi-
surface instability provided important insight as will be described in detail in
Sect. 4.4.1. In contrast to this non-stoichiometric charge transfer, stoichiomet-
ric transfer of § = 1 occurs in the 2:1 salts Do X based on TMTTF, TMTSF,
ET, BETS, and DCNQI molecules.

As a consequence of the charge transfer, some strain (deformation) is
induced in the donor-molecular framework [83]. Figure 2.3 shows four inde-
pendent bonds in the TTF-skeleton of the ET molecule. The oxidation of ET
lengthens the carbon double bonds C=C (a, d) at central and side positions
and shortens the S-C bonds (b, ¢). This effect is used to determine the quan-
tity of charge localized on the donor due to charge-ordering phenomena [84],
which will be described in Sect. 4.4.3.

CH 30

Fig. 2.3. BEDT-TTF (ET) molecule and the chemical bonds; a and d for central
and side C=C, b and ¢ for S-C. For § = 0, a = 1.343(4) A, b = 1.756(3) A, ¢ =
1.760(3) A, d = 1.333(4) A. For the empirical rule between the charge § and the
strain (b+ ¢) — (a + d), see [83, 84].
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3.1 Molecular Building Blocks

Building blocks in ordinary non-magnetic metals are atoms. Electrons of s or
p character contribute to the quasiparticle states at the Fermi surface which
support the transport of charges through the crystal. In relatively simple
metallic compounds like sodium or potassium, the constituent atoms each
provide an outer-shell s-electron, which, in turn, becomes the conduction
electron, and can be considered as a gas of nearly free carriers. Free electrons
are described by the simple Drude model where the dc-conductivity (inverse
resistivity) is expressed as

o=p = —— =nep. (3.1)

Here n denotes the free carrier density, e the electronic charge, 7 the relax-
ation time, and m the electron mass. p = er/m is the carrier mobility which
is a measure of how easily the charge carriers can be accelerated by an ap-
plied electrical field. Equation (3.1) is applicable to conduction electrons also,
when ¢ denotes the conductivity tensor and n the electron number density de-
pending on the shape of the Fermi surface and direction of acceleration. The
electron mass m then has to be replaced by m™*, the effective carrier mass
which is inversely proportional to the curvature of the energy band E(k),
m* « [0?E(k)/0k?*|~!. In simple metals the Fermi surface — reflecting the
anisotropy of the crystal structure — is of spherical shape. This results in a
more or less isotropic electrical conductivity.

The organic charge-transfer conductors, on which we focus in this mono-
graph, are chemically more complicated due to the fact that their building
blocks are complex molecules rather than atoms. Owing to the large differ-
ence between the bonding energies within the molecules (chemical bonds)
and the weak intermolecular potentials, the constituent parts of the system
may be viewed as semi-rigid bodies rather than points. This is reflected in
the corresponding vibrational frequencies which consist of intra-molecular
motional degrees of freedom of the constituent atoms within the molecules
as well as rigid-body motion of the molecular entities themselves, i.e. inter-
molecular motions or rotations, see Sect. 4.3.1. This is one of the most distinct
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features intrinsic to crystalline molecular conductors. As will be discussed
below, the building-block composition of the present organic materials al-
lows for a vast variety of systems with different physical properties derived
from different packing schemes of donor-radical cations [28]. Additionally, the
building-block composition results in (i) a distinct anisotropy of the crystal
structures which is reflected in highly anisotropic Fermi surfaces, and related
physical properties, as e.g. electrical transport. (ii) Relatively soft crystal
lattices consisting of weakly-bonded molecular entities which make the phys-
ical properties highly susceptible to changes in external parameters such as
temperature or pressure.

As described in Chapt. 2, in the present materials, unpaired carriers are
created by a partial transfer of charge between the two constituent parts
of a charge-transfer complex: an organic electron-donor molecule D is com-
bined with an — inorganic, organometallic, or organic — electron-acceptor
complex X, forming a system D,,X,,, where m and n are integers, see (2.1).
Organic conductors have been derived from a variety of different organic
electron-donor molecules D. Figure 3.1 shows a selection of important organic
molecules furnishing charge-transfer complexes, discussed in this monograph.
Most of them are derivatives of the archetype TTF molecule. Its combina-
tion with the electron acceptor TCNQ in 1973 led to the synthesis of the
first quasi-1D organic conductor TTF-TCNQ [30, 31]. This material and its
derivatives served for a long time as model systems for exploring the physical
properties of quasi-1D conductors.

Organic and organometallic chemistry have provided an enormous number
of donor molecules which may serve as building blocks for organic conductors
and superconductors. Nearly all the organic superconductors known to date
are composed of — both symmetrical and asymmetrical — tetrachalcogena-
fulvalenes derivatives such as TMTSF, TMTTF, BEDT-TTF, BEDT-TSF,
BEDO-TTF, DMET, and MDT-TTF, see Fig.3.1. In the vast majority of
D,,X,, salts, the donor-acceptor molecular ratio m : n is fixed to 2 : 1, i.e.,
two donor molecules transfer one electron to the acceptor X. In most cases,
the negatively charged anions adopt a closed-shell configuration and thus do
not contribute to the electrical conductivity. TMTSF differs from TMTTF in
that the four sulfur atoms of the latter have been replaced by selenium. In the
same way, BEDT-TSF (or simply BETS) is derived from BEDT-TTF (ET).
It is interesting to note that organic superconductors have been synthesized
not only by using these symmetric molecules, but also on the basis of asym-
metric complexes, as e.g. DMET [49, 50, 85], which is a hybrid of TMTSF
and ET, see [86] for an overview. The various synthetic methodologies used
in the preparation of tetrachalcogenafulvalenes have been intensively studied,
see e.g. [28, 87].

Besides the peculiarities in the vibrational excitations and the pronounced
anisotropy stemming from the building-block composition, the carrier den-
sity n of organic charge-transfer salts can intuitively be expected to be small
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Fig. 3.1. Selected molecules that furnish organic conductors.

since the volume of the organic molecules providing the conduction electrons
is much larger than that of an atom in an ordinary metal. The volume of the
unit cell divided by the number of formula units contained in the unit cell of
some typical (ET)2X salts is in the order of V ~ 850 x 10724cm ™3, cf. Ta-
ble 3.1, leading to carrier densities in the order of n ~ 1.2 x 10%' cm ™3, which
is much lower than that of a metal like Cu: ncy ~ 8.5 x 1022 cm—3. Also the
carrier mobility 1 = e7/m* can be expected to be smaller than that of a nor-
mal metal because the scattering probability 1/7 is increased due to both the
narrow conduction bands, which means a larger density of available momen-
tum states at the Fermi level to scatter into and the large number of vibration
modes contributing to the scattering process: the unit cell of the typical salt
k-(ET)2Cu[N(CN)2]|Br with four formula units (Z = 4) contains 236 atoms
and the vibrational spectrum consists of 708 phonon branches. These are com-
posed of 576 internal modes of the ET molecules, 132 (low-frequency, trans-
lational and librational) intermolecular modes and modes of the polymer-like
anion chains including the three acoustic phonon branches [88, 89]. Indeed,
the room-temperature intraplane conductivity of k-(ET)2Cu(NCS)2, mea-
sured e.g. along the crystallographic b-axis, o, = 16.7 (Qcm) ™!, is several
orders of magnitude smaller than that of Cu, ocy = 6 x 10° (Qcm) .
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3.2 Crystal Structures

3.2.1 Quasi-One-Dimensional Compounds

As mentioned above, TTF-TCNQ is the prototype organic charge-transfer
salt. It shows a relatively large conductivity down to about 60K where a
sharp transition into an insulating charge-density-wave ground state occurs,
see e.g. [90] for a recent review. Figure 3.2 shows the crystal structure of this
compound. Donor (TTF) and acceptor (TCNQ) molecules form homologous
columnar stacks with interplanar (intrastack) spacings of 3.47 A and 3.17 A,
respectively [91], so the overlap of the molecular orbitals is largest along the
stacking b direction resulting in a one-dimensional electron dispersion. TTF
and TCNQ molecular planes are set at an angle of 58.5° to one another. They
are oppositely directed by 24.5° and 34.0°, respectively, relative to the axis
c¢* =a x b, see Fig.3.2.

Fig. 3.2. Left: Crystal structure of TTF-TCNQ showing the angular relation be-
tween TTF and TCNQ molecules. Right: Top view of the layered structure. For
the lattice parameters, see Table 3.1. Courtesy of J.A. Schlueter, Argonne National
Laboratory.

In (TMTSF)2X the charge carriers are generated by electron transfer be-
tween two donor molecules TMTSF and an anion X~ , whereas in TTF-TCNQ
free carriers are generated in both columns by partial charge transfer between
TTF and TCNQ. TMTSF provides the basis for the so-called Bechgaard salts
(TMTSF)2X which form with a variety of inorganic monovalent octahedral
or tetrahedral acceptor molecules X. Indeed, it was (TMTSF);PFg where in
1980 superconductivity had been observed for the first time in an organic
compound [33]. At ambient-pressure conditions, the material was found to
undergo a metal-insulator transition around 12 K which had been identified as
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a spin-density-wave (SDW) ordering [92]. By the application of hydrostatic
pressure of 12kbar, the SDW instability can be suppressed and supercon-
ductivity forms below T. = 0.9K [34, 33]. A replacement of PFg by ClO4
has resulted in the first and — till now — only member of the quasi-1D
salts which becomes superconducting at ambient pressure [36]. Figure 3.3 ex-
emplarily shows the crystal structure of (TMTSF);PFs. The lower part of
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ww :ﬁt % Fig. 3.3. Crystal struc-

ture of (TMTSF)2PFs
viewed from somewhat
tilted angle relative to
the b direction (top) and
schematics showing the
m-molecular orbitals of
TMTSF (bottom, after
[93]). The axis of high-
est conductivity is the
a-direction, where the
molecular orbital’s over-
lap is largest, and c, the
least-conducting direc-
tion, respectively. Cour-
tesy of J.A. Schlueter,
Argonne National Labo-
ratory.

Fig. 3.3 schematically shows the molecular orbitals of the TMTSF molecules.
As described in Sect. 2.2, m-molecular orbitals, formed from p,-atomic or-
bitals extending perpendicularly to the planes of the donor molecules, have
low binding energies — much lower than those of the o-electrons. Hence,
they can easily be excited, as can be seen in the charge-transfer process. Ac-
cordingly, the charge carriers thus created have a m-electron (hole) character.
Prerequisites for high metallic conductivity are both the creation of a suffi-
ciently large number of carriers by charge transfer and their delocalization
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throughout the crystal, i.e. a sufficiently high mobility. When the crystal is
formed, the latter criterion may be fulfilled by a dense packing of the donor
molecules in segregated molecular stacks. The most advantageous features of
TTF-type donor molecules are that the HOMO has a large amplitude and
the same sign on every chalcogen atom, see Fig. 2.1. The spacing between the
molecules along the stacking direction is shorter than the sum of the van der
Waals radii of the Se atoms having large electron clouds, hence the m-orbitals
of the partially-filled outer molecular shells overlap and an electronic band
structure is formed. As these bands are formed by the overlap of molecular
orbitals of adjacent, more or less flat molecules, it is obvious that their rela-
tive angle and overall spatial arrangement give rise to directional dependent
electronic properties which can lead to quasi-1D and quasi-2D conductivity
behavior.

All members of the (TM)2X family, where TM stands for TMTSF and
TMTTEF, are isostructural with triclinic symmetry. From Fig. 3.3, it is clear
that the most-conducting direction is along the stacking a-axis and the least-
conducting direction the c-axis, where the anions, which are located at in-
version centers of the lattice, separate the conducting stacks in the ab-plane.
The donor molecules, which are nearly planar and almost perpendicular to
the chain axis, are arranged in a zigzag-type manner along the chains with
two slightly different intrachain distances corresponding to a weak dimer-
ization. The fairly close Se---Se distance of 3.87 A along the b-axis, being
smaller than the sum of the van der Waals radii of 4 A, results in a weak
inter-chain overlap [92, 90] and thus a weakly 2D electronic character. An
important structural aspect of the (TM)2X compounds is related to the sym-
metry of the anion X. Where these anions are centrosymmetric, such as the
octahedral X = PFg, AsFg, SbFg or TaFg complexes, their orientation is fixed
in the structure. In contrast, (TM)2X salts formed with non-centrosymmetric
tetrahedral anions such as ClO4, ReOy, and BF4 or triangular NO3 undergo a
structural transition from a disordered high-temperature state to an ordered
low-temperature phase [94]. High-pressure experiments on the isostructural
family based on the sulfur molecule TMTTF with the same series of an-
ions showed that (TMTSF)2X and (TMTTF)2X salts both belong to the
same (TM)2X family, the properties of which can be summarized in a generic
phase diagram [90], see Sect. 4.6.

As will be discussed in detail in Sect. 7.1, one way of designing highly
conducting magnetic salts is to incorporate transition-metal ions or complexes
into the crystal structure. This enables the study of the interactions between
conducting m-electrons and those localized magnetic moments resulting from
partially-filled d-shells of the transition metals. In 1986 S. Hiinig and his
collaborators synthesized (DCNQI)2Cu, the first quasi-1D metal with 7-d
interactions (Fig.7.1), see e.g. [39] for a recent review.
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3.2.2 Quasi-Two-Dimensional Compounds

Apparently, the strong tendency of the Bechgaards salts to undergo a metal-
insulator transition, inherent to quasi-1D electron systems, counteracts with
their ability to become superconducting. In order to achieve ambient-pressure
superconductivity in these organic complexes with potentially high transition
temperatures, it is necessary to increase their dimensionality. According to
this strategy, in 1982 the first metallic compound based on the new electron
donor molecule ET [87], cf. Fig. 3.1, was synthesized by G. Saito et al. [95].
The underlying idea was to enhance the overlap between w-orbitals of adja-
cent molecules by enlarging the m-electron system on each molecule. This has
been accomplished by adding rings of carbon and sulfur atoms at the outer
ends of the TTF skeleton.

The electronic interactions in the present materials are determined not
only by the distance between adjacent molecules but also by their spatial
arrangement. In contrast to the Bechgaard salts, where the donor molecules
form infinite stacks, steric effects specific to the ET molecules prevent such an
infinite face-to-face stacking in the (ET)2X salts. As a consequence, the side-
by-side overlap between m-orbitals of adjacent molecules becomes stronger
and, in some cases, comparable to the face-to-face interaction resulting in a
quasi-2D electronic structure of the ET-based salts, see Sect. 2.2. The inter-
molecular electronic interactions are mostly determined by the hetero-atoms’
S or Se contacts, both due to their larger size compared to the C atoms and
their location at the periphery of the molecule [28]. The combination of ET
with the monovalent anion X = Cu(NCS)y achieved in 1988 led to the dis-
covery of an ambient-pressure superconductor with a transition temperature
in the range of 10K [96].!

While all members of the (TM)2X family share the same crystal structure,
the rather loose intra-stack coupling of the (ET)2X salts gives rise to a variety
of polymorphic phases (packing motifs) which are distinguished by Greek
characters; the most important amongst them are the a-, -, k-, 8-, and A-
phases, cf. Fig. 3.4. For a comprehensive review of the structural properties
of these salts, see, e.g. [98, 99, 100]. In some cases, as for instance realized in
the compound with the linear anion X = I3, various structural modifications
exist even for the same anion, i.e. a-, 8-, k-, 0-(ET)2l3, see [101] for a recent
discussion of (ET)2X systems based on these trihalide anions. The a-type
structure consists of stacks arranged in a herring-bone pattern. In a-(ET).Is,
the ET molecules are connected via S---S contacts being shorter than the
sum of the van der Waals radii of 3.6 A. The 6-type structure also consists
of linear stacks of ET molecules. The §-type packing is reminiscent of the
stacking arrangement found in the Bechgaard salts. However, the smaller
inter-stack distances in 5-(ET)2I3, lead to a more two-dimensional electronic

! The first ambient-pressure superconductor in this class of materials — the second
generation of organic superconductors — was [-(ET)21s [97].
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Fig. 3.4. Schematic packing mo-
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structure. The x-phase is unique in that it does not consist of interacting
stacks but rather of interacting dimers formed by two face-to-face aligned
ET molecules. Adjacent dimers are arranged almost orthogonal to each other
so that the intra- and inter-dimer interactions are of the same size. This
results in a quasi-2D electronic structure with a small in-plane anisotropy.
The k-type compounds with polymere-like anions are of particular interest
with respect to their superconducting properties as they exhibit the highest
transition temperatures.

The neutral ET molecule CgSs[(CHz)z2]2 [102] is slightly distorted from
planar geometry. However, in forming the crystal, apart from the ethylene
[(CHg)2] groups at the outer ends of the molecules (see Sect. 3.3), the charged
ET molecules untwist at their center and become more planar. The planar
CgSs skeleton of the ET molecules permits a rather dense packing with a
variety of possible packing arrangements. As a result, the interdimer inter-
action becomes comparable to that within the dimers giving rise to a quasi-
2D electronic structure. Besides the intermolecular S---S contacts, i.e. the
donor-donor interaction, the donor-acceptor couplings also play an impor-
tant role for the physical properties of these multilayer systems. The latter
interaction is provided by electrostatic forces as a consequence of the charged
molecules and the hydrogen bonds joining between the carbon atoms at the
donor site and the sulfur, carbon or nitrogen atoms being located at the
acceptor site. The relative strength of these different interactions, the confor-
mational degrees of freedom of the ethylene groups (see Fig. 3.12) along with
the flexibility of the molecular framework give rise to a variety of different
ET complexes [86, 98, 99, 100].

Kk-(BEDT-TTF);X with Polymeric Anions

Despite their complex crystal structure with rather low symmetry, it is conve-
nient to think of the (ET)2X compounds as layered systems consisting of con-
ducting sheets formed by the ET molecules, which are intersected by more or
less thick insulating anion layers, see Fig. 3.5. Prime examples are the x-phase
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(ET)2X salts with X=Cu(NCS)3, Cu[N(CN)2|Br and Cu[N(CN)3]Cl which
are the most intensively studied and best characterized members of this class
of materials. These compounds are of particular interest, not only because of
their relatively high superconducting transition temperatures but also owing
to certain similarities in their normal- and superconducting-state proper-
ties with those of the high-temperature cuprate superconductors [103, 104].
Figures 3.5 and 3.6 display the crystal structures of x-(ET);Cu(NCS), and
k-(ET)2Cu[N(CN)2]Z, respectively. In both cases, the layered structure con-

ET
layer
(conducting)

Fig. 3.5. (a): Crystal structure of k-(ET)2Cu(NCS);. The unit cell is indicated by
dashed lines. (b): The conducting ET layers are separated by thin insulting anion
layers, schematically shown on the right side. (c): Arrangement of the ET molecules,
and (d): the anion layer of x-(ET)2Cu(NCS), viewed along the a*-direction, i.e.
perpendicular to the conducting planes. The a-axis is slightly tilted from the a*-
axis which is normal to the conducting bc-plane. The short distances between the
sulfur atoms of different ET molecules result in a good conductivity within the ET
layers. Courtesy of J.A. Schlueter, Argonne National Laboratory.

sists of conducting planes with the characteristic xk-type arrangement of the
ET molecules (see Fig. 3.5) separated by insulating anion layers. While the
crystal structure of k-(ET)2Cu(NCS)2 has monoclinic symmetry with two
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Fig. 3.6. Crys-

tal structure of k-
(ET)2Cu[N(CN)2]Z
with Z = Br and
Cl. The direction
perpendicular to the
conducting plane is
the crystallographic
b-axis. The anion
layers are parallel
to the ac-plane. The
polymeric-like anion
chains are running
along the a-direction.
Courtesy of J.A.
Schlueter, Argonne
National Laboratory.

dimers, i.e. two formula units per unit cell, the x-(ET)3Cu[N(CN)2]|Z salts
are orthorhombic with a unit cell containing four dimers, see Table 3.1. Due
to the particular polymeric arrangement, the anions lack a center of inversion
symmetry. Subtle changes in the intermolecular spacing or relative orienta-
tion of the ET molecules, as e.g. induced by either external pressure or anion
substitution, may significantly alter the 7-electron overlap between adjacent
molecules. This can have a severe influence on the electronic properties as
demonstrated for the x-(ET)2Cu[N(CN)3]Z system for various Z: while the
compound with Z = Br is a superconductor with T, = 11.6 K [46], replace-
ment of Br by the slightly smaller Cl results in an antiferromagnetic insulating
ground state. On the other hand, the application of hydrostatic pressure of
only about 300 bar drives the latter system to a superconductor with a T, of
12.8 K [105, 106, 107], the highest transition temperature found among this
class of materials so far.

a-(BEDT-TTF),MHg(SCN),

The isostructural systems a-(ET)sMHg(SCN),4, with M = K [108], Rb [109],
Tl [110], and NHy4 [111] are strongly two-dimensional systems due to the
thick anion layer which consists of three sub-layers. This is reflected in a
large ratio of the electrical conductivity parallel and perpendicular to the
layers, o /o, of about 10° — 108 [112]. The thickness of the anion layer of
about 7 A is almost comparable to the length of the donor ET molecules of
11.8 A measured between the carbon atoms of the ethylene endgroups [86].
The anion layer exhibits a complex structure itself, whereas M and Hg?"
ions are embedded between layers of SCN™ units, see Fig. 3.7. This leads to
a strong decoupling of the conducting layers.
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Fig. 3.7. Crystal structure of a-(ET)2MHg(SCN)4, with M = K, Rb, T1, and NH4
(left, note the thick anion layer) and top view on the molecular arrangement of the
anion layer (right). Courtesy of J.A. Schlueter, Argonne National Laboratory.

The systems with M = K, Rb, and Tl show a magnetic transition around
8 — 10K which has been discussed in terms of a spin- or charge-density-
wave transition, see Sects.4.4 and 5.3.2. The system M = NHy becomes
superconducting below about 1K [111, 113]. Uniaxial stress perpendicular
to highly conducting layers, i.e. along the b*-axis induces superconductivity
in the density-wave compound M = K and increases T, in the NHy system
[114, 115]. This behavior is in line with a pressure-induced increase in the
interlayer coupling strength, although an exact explanation for the effect
might be more complicated.

B"-(BEDT-TTF),SF5sCH,;CF2SO3

In the systems discussed so far, the radical anions are generated oxidatively
in situ during the electrochemical crystallization process which is difficult
to control in all details (see below). New possibilities arise from counterions
which are introduced already in the form of anions with a well-defined charge
state. Such anions can be relatively large and have a discrete rather than a
polymeric structure. It is possible to synthesize families of isostructural salts
whose structure/physical-properties correlations can be investigated. First
promising candidates were systems with organometallic anions M(CF3)s~
with M = Cu, Ag, Au [116, 117] which crystallize in the k-phase and show
relatively high T, values up to 10K [86]. A problem in studying these sys-
tems is that the anion contains solvent molecules whose volatility gives rise
to undesirable time dependencies. A further step towards new materials was
taken with the discovery of 3”-(ET)3SF5;CHoCF2SO3. This system is unique
as it is the first superconducting charge-transfer salt (T, ~ 5K) which is com-
pletely organic, i.e. even the anion layer does not contain any metal atoms
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Fig. 3.8. Crystal structure of 3”-(ET)2SF5CH2CF2SO03 (left), structure of the
discrete anions (top right), and packing of the electron-donor radical cations within
the conducting layer (bottom right, inter-molecular contacts shorter than the sum
of the van der Waals radii are indicated by dashed lines). Boxes indicate the unit
cell. Courtesy of J.A. Schlueter, Argonne National Laboratory.

[118, 117, 119]. The system is of particular interest as it is a text-book exam-
ple for a two-dimensional metal, whose physical properties have been studied
extensively via transport, magnetic, and thermodynamic measurements [119],
see also Sect. 5.3.3. Its layered crystal structure [118] contains tilted stacks
of formally +1/2-charged cations of the electron donor in a typical 3”-type
packing ? except for a doubling of the transverse axis due to the space re-
quirements of the large anion, see Fig. 3.8. The anion layer is relatively thick
and consists of discrete complexes SF5CHCF2SO3.

A- (BETS)zFem Gal_w Cl4

A new class of materials which has recently gained much interest is based on
the donor molecule BETS and its combination with the discrete anions MX}
(M = Fe, Ga, In, Co, Ni, Mn, ...; X = Cl, Br). The idea behind the examina-
tion of BETS conductors was to develop quasi-2D systems where the 7-type
carriers can interact with 3d magnetic moments localized on the anion site
as in FeX, and to compare such systems with isostructural materials con-
taining non-magnetic anions such as GaX, [67]. As described in Sect.7.2.1,
two structural modifications have been found: the orthorhombic x-type struc-
ture (Pnma) which results in plate-like crystals and the triclinic (P1) A-type

2 The B”-packing differs from the 3-type structure (Fig.3.4) in a slight tilting of
each ET molecule within the stacks.
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variant which grows in a needle-like manner [120, 121, 122, 67], see Figs. 7.5
and 7.6. The A-(BETS),GaCly salt is a superconductor with T, = 6 K [123].
Upon substituting Ga by Fe in A-(BETS)sFe, Gaj_,Cly, superconductivity
becomes continuously suppressed with increasing x [123, 124, 125] and, for
x > 0.5, replaced by an antiferromagnetic insulating ground state. In \-
(BETS)2FeCly and k-(BETS);FeBry field-induced superconductivity at high
magnetic fields has been observed, see Sect. 7.2.6.

3.2.3 Three-dimensional Compounds

Prototypes of molecular compounds with a 3D electronic structure are the
alkali-metal-doped fullerenes A3Cgg, where e.g. K3Cgg and Rb3Cgg are super-
conductors with T, values of about 20 K and 30 K, respectively. The discussion
of fullerenes is beyond the scope of this monograph. However, similar to the
materials discussed so far are single-component molecular metals which also
exhibit 3D intermolecular interactions.

Single-Component Molecular Metals

The materials discussed above are based on the intermolecular charge trans-
fer between the donor molecules forming the conduction band and the charge
compensating, ”electrically inert” anions. In TTF-TCNQ), both the donor and
acceptor form conduction bands. One important target in the field of molec-
ular conductors is the realization of a single-component molecular metal,

(@) a

F i

Sf335A N/

Fig. 3.9. (a) Crystal structure of [Ni(tmdt)s] viewed along the perpendicular axis
of the molecular plane and intermolecular S---S short contacts along the a-axis
(3.35 — 3.67 A). (b) Side view of the molecular stacking and interplanar distances
with S---S short contacts. There are two types of overlap modes, and in both cases
almost half of the molecules are overlapped. (¢) End-on projection of [Ni(tmdt)2].
After [72].
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see [72, 134] for a review. Recently, a first example of a crystal containing
a neutral transition metal complex and extended-TTF ligands, [Ni(tmdt)s]
(tmdt denotes trimethylenetetrathiafulvalenedithiolate), exhibiting metallic
behavior down to very low temperatures (see Fig.1.1) has been prepared
[70, 71]. Here, the carriers are generated by intramolecular electron trans-
fer between HOMO and LUMO bands of the same molecule. This requires
a very small HOMO-LUMO gap AF, i.e. small compared with the band-
width 1/2- (Whomo + Wrumo ), and sufficiently large intermolecular interac-
tions (especially transverse interactions). These two conditions are satisfied
by transition metal dithiolate complexes with extended-TTF ligands. Fig-
ure 3.9 shows the crystal structure of [Ni(tmdt)s] which is the first 3D metal
composed of single-component planar molecules as revealed by the crystal
and band structure analysis, as well as resistivity [70, 71] and dHvA [135]
measurements. The resistivity measured along the a-axis revealed metallic
behavior down to 0.6 K and a room-temperature conductivity of 400 Scm ™!
has been found, the latter value being almost a factor of 10 bigger than those
for typical ET-based superconductors.

Crystal Growth by Electrochemical Crystallization

The quasi-1D and -2D systems tend to grow in needle- and plate-like shapes,
respectively, although the morphology is not an indicator of the dimension-
ality of the system. For example, crystals of £-(ET)2Cu[N(CN)2|Br can grow
as either blocky crystals or rods, depending on crystallization conditions. The
crystallization of organic molecular conductors can be divided into two steps:
(1) the organic synthesis of the neutral donor molecules and the preparation
of suitable electrolytes containing the desired charge compensating compo-
nents and (2) the oxidation of the electron donor molecules in the presence of
charge compensating anions resulting in the crystallization of cation-radical
salts. For step (1) several independent methods have been used for the synthe-
sis of electron-donor molecules, see e.g. [87]. Conversely, to perform step (2),
the electrocrystallization technique has proven to be the method of choice
for synthesizing high-quality crystals because the crystal growth rate can
be controlled. In the following, we will briefly describe a common growth
method for the -(ET)2Cu(NCS), system. For details on the chemical syn-
thesis and crystal growth techniques, the reader is referred to [136, 28, 87, 80]
and references cited therein. During the electrocrystallization process, the
neutral donor molecules are oxidized to radical cations at a controlled rate.
Figure 3.10 shows a schematic sketch and a photograph of a glass cell used to
grow the organic superconductor x-(ET)3Cu(NCS)z. The anode and cathode
chambers are separated by an ultra-fine porosity glass frit. Platinum-wire
electrodes are inserted into each chamber. An electrolyte solution, containing
the desired-charge compensating anion in about a ten-fold excess, is added to
each chamber. A neutral donor molecule, such as ET, is added to the anode
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solution. Typically, the anode solution is saturated with the neutral electron-
donor molecule, with some undissolved donor remaining on the anode cell
floor. The cell is then sealed under inert-gas atmosphere, such as nitrogen
or argon. The platinum electrodes are then connected to a power supply.
Generally, the cation-radical salts are grown under constant current condi-
tions, but recent results have indicated that in certain cases, constant voltage
can produce superior quality crystals. Crystals are typically grown in a dark,
vibration- free environment at constant temperature. Ambient temperature is
suitable for the growth of many crystals. However, elevated temperatures are
sometimes required to achieve a sufficient concentration of donor molecules
in solution. In general, lower crystallization temperatures will grow higher
quality crystals, but the temperature must be high enough to achieve a min-
imum concentration of both electrolyte and neutral donor molecules at the
electrode surface. When the radical cations, which are generated at the an-
ode surface, combine with the dissolved counterions, the charge-transfer salts
begin to crystallize (because of their lower solubility product) and black crys-
tals begin to grow. Typically, these crystals grow on the anode surface, but
it is not uncommon for these crystals to grow on the cell walls. The glass frit
serves as a filter preventing the diffusion of the reduction products generated
at the cathode to the working electrode. During a constant-current experi-
ment, the voltage between the electrodes remains relatively stable. Crystals
are harvested when either the voltage starts to change significantly, the color
of the electrolyte changes, or the neutral donor molecules are used up. This
process usually takes several days, weeks, or even a few months. Although
electrocrystallization is a self-purifying process, clean electrochemical cells

glass flit platinum electrode

single crystal

Fig. 3.10. Schematic sketch and photograph of an electrocrystallization cell. As a
different design, H-type cells are often used. Single crystals of x-(ET)2Cu(NCS)2
are formed at the anode (right electrode). Note the change in color of the solution
between the cathode (left) and anode side (right) after growth time of several weeks.
The glass frit serves as a filter which prevents the chemical reaction products on
the cathode side from diffusing to the anode side.
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and electrodes, high-purity inert gases and starting reagents are required to
produce the highest-quality crystals. Other factors influencing crystal growth
are the identity and concentration of the electrolyte, the surface roughness
and type of electrode, as well as the temperature and current density. The
optimal conditions can vary from system to system. To grow, for example,
high-quality single-crystals of &-(ET)2Cu(NCS)2, the following starting ma-
terial can be used: pre-synthesized ET, KSCN, CuSCN, and 18-crown-6 ether
(molar ratio 1 : 4 : 4 : 4 in a 90% 1,1,2 trichloroethane/10% ethanol solu-
tion). A possible anodal chemical reaction is:

ET?® — ET* + e~

ET* + ET — ETS

KSCN + CuSCN + 18-crown-6 ether — (K™ 18-crown-6 ether)[Cu(NCS)s]
ETS + [Cu(NCS)y] — #-(ET)oCu(NCS)s.

The advantage of the electrocrystallization method compared to a direct mix-
ing of the starting material is a ”clean” redox reaction where the growth rate
of the crystals can be controlled within certain limits by adjusting external
parameters such as temperature and current density. However, the reaction
of the supporting electrolyte is often difficult to predict.

3.3 Anion Ordering and Glassy Phenomena

In discussing molecular conductors and superconductors, an important issue
which should not be overlooked is disorder and its possible implications on
the electronic properties, see Sect.6.3.3 below. In this respect, we have to
distinguish between different kinds of imperfections. The extrinsic disorder,
i.e. impurity concentrations, contaminations or crystal defects can be vastly
controlled in the preparation process although some aspects remain puzzling,
see e.g. the discussion on the resistivity maximum in Sect. 4.3.1. In a study of
the alloy series §-(ET)2X with X = (I3)1_5(IBr2), (0 <z < 1) — where the
salts with the two limiting compositions with z = 0 and « = 1 are supercon-
ductors — a clear correlation between the residual-resistivity ratio (RRR)
and T, was found [137]. These experiments show that superconductivity is
very sensitive to the induced random potentials which lead to electron local-
ization. The effect of random potentials created by radiation damage effects
— resulting in a suppression of superconductivity — has been studied for
the Bechgaard salts, 5-(ET)2I3, and very recently, for the x-(ET)2;Cu(NCS),
[138]. For more details, the reader is referred to [86] and references therein.
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(TM)2X Salts

However, certain kinds of intrinsic disorder are unavoidable and can be of par-
ticular importance for experiments attempting to explore superconducting-
state properties. The latter type of imperfections concern materials where,
by symmetry, certain structural elements can adopt one of two possible ori-
entations which are almost degenerate in energy [139, 140] and correspond
to short and long contacts between the Se (S) atoms of the donor TMTSF
(TMTTF) molecule and a peripheral electronegative atom of the anion [90].
This can be seen in the (TM)2X salts with non-centrosymmetric anions such
as tetrahedral ClO4, ReOy4, NOg3, SCN, and FSOj3. As a result, these an-
ions are disordered at room temperature with an equal occupation for both
orientations. Upon cooling, entropy is gained by a more or less perfect or-
dering of the anions, depending on how fast the system is cooled through
the ordering temperature T4o. A perfect long-range anion ordering, realized
to a good approximation when cooled sufficiently slowly, then introduces a
new periodicity of the lattice. Depending on the anion, this can have quite
different implications on the electronic properties: for the (TMTSF);ClO4
salt, for example, the anion ordering below 24 K is accompanied by a dou-
bling of the periodicity along the b-axis, i.e. perpendicular to the stacking
axis which leaves the conducting properties almost unaffected. In contrast,
the anion ordering for (TMTSF)2ReO,4 opens up a large gap at the Fermi
level leading to an insulating ground state. If the compound had been cooled
quickly through T'ap, a disordered quenched state is adopted at low temper-
atures whose properties are quite different from the relaxed state obtained
after slow cooling.

The left panel of Fig. 3.11 shows the effect of anion ordering on the salt
(TMTSF)2ClOy. For a slowly-cooled system, the anion-ordering phase transi-
tion occurs at Tyo = 24 K. This is accompanied by a decrease of the resistiv-
ity due to the reduction of scattering by randomly distributed anion poten-
tials. Upon further cooling, superconductivity sets in with T, = (1.2+0.2) K.
In contrast, for a crystal cooled rapidly, the high-temperature disordered
state becomes quenched and the system undergoes a metal-insulator transi-
tion at Thsr = 6.05 K. The insulating quenched state has been identified via
NMR and ESR measurements [143, 144] as a SDW state with an energy gap,
Ag/kpTspw = 3.64 close to the mean-field value of 3.52 [142]. The phase
transition at Tspy has been explored more recently by specific heat mea-
surements [145]. Also from these measurements, a value of AS = R1n(4/3)
has been estimated for the entropy released at the anion-ordering transition,
where R = 8.314 J/(molK) denotes the gas constant, which is below the value
of RIn2 expected for an order-disorder transition with two possible configu-
rations for the ClOy4 tetrahedron in the high-temperature disordered state.
This has been interpreted as a generally incomplete ordering at the transition
[145]. The right panel of Fig. 3.11 shows that the low-temperature resistivity
may change over several orders of magnitude depending on the thermal his-
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Fig. 3.11. Left panel: Effects of anion ordering in (TMTSF)2ClO4 at Tao = 24K,
on the resistivity, from [141]. Right panel: Semilogarithmic plot of the resistance
vs. temperature in states with various degrees of disorder characterized by Tq
numbered from 1 to 9 (see text), with 1: T = 0 (relaxed state), 2: To = 22K to
9: T = 35K; after [142].

tory of the sample. Intermediate states with various degrees of frozen anion
disorder have been produced by warming the sample up to 40K where the
high-temperature disorder is fully developed, then slowly cooling to Ty and
later quench cooling from T to liquid-helium temperature. When Tp > Ts0,
the degree of disorder increases with Tiy: an intermediate state with only a
partial degree of anion ordering is produced where superconducting and SDW
domains coexist in the sample [142]. Specific heat measurements showed that
there is no difference between the specific heat anomalies at Tap of slowly-
cooled and those of quenched-cooled samples, i.e. the structural transition is
independent of the kinetic conditions. From these results, the authors con-
cluded that the reordering transition of the anions is of second order and
occurs within the experimental timescales [145]. This is contrary to what
would be expected for a glass-like transition. Such a glassy behavior, how-
ever, has been observed at the ordering temperatures of the compounds with
X = ReOy4 (Tao = 180K) and FSO3 (Tapo = 86K). For more details see
[146, 86] and references therein.

k-(ET)2X Salts

Indications for frozen-in disorder have been also reported for the quasi-2D
salts of the k-(ET)2X family. In an ac-calorimetry study, a glass-like tran-
sition has been found for x-(ET)2Cu[N(CN)2|Br and x-(ET)2Cu[N(CN)3]Cl
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[147, 148, 149]. The authors observed step-like anomalies in the heat capacity
around 100 K, which have been attributed to a freezing out of the intramolec-
ular motions of the ET molecule’s ethylene endgroups which represent the
most deformable parts of the ET molecules [150]. As shown schematically
in Fig.3.12, the relative orientation of the outer C—C bonds can either be
parallel (eclipsed) or canted (staggered). At high temperatures, the ethylene
endgroups become disordered due to the strong thermal vibrations. Upon
cooling to low temperatures, the endgroups adopt one of the two possible
conformations, depending on the anion and the crystal structure, see [86].

staggered “

Fig. 3.12. Schematic view of the relative orientations of the ethylene endgroups
[(CHz2)2] of the ET molecule: eclipsed (top) and staggered (bottom) conformation.
Right side shows the view along the long axis of the molecule. Courtesy of J.A.
Schlueter, Argonne National Laboratory.

In contrast to thermodynamic phase transitions, the systems which un-
dergo a glass transition are in a metastable state, away from thermodynamic
equilibrium. When approaching the glass-transition temperature T from
above, the dynamics of certain processes (e.g. molecular motions or rotations)
slow down so rapidly that thermodynamic equilibrium cannot be reached in
these motional or rotational degrees of freedom and a short-range structural
order, characteristic for T, becomes frozen in. ”Classic” glass-forming sys-
tems are undercooled liquids like e.g. glucose: when cooled down carefully,
the temperature of liquids with a melting temperature T;, can be lowered
to about 2/3 of T}, before the liquid then suddenly freezes. At the freezing
temperature, the specific heat and volume thermal expansion show abrupt
jumps, reminiscent of a continuous phase transition. However, the transition
in such undercooled liquids is caused by relaxation phenomena and is called a
glass transition. The mechanisms of relaxation processes in glasses are rather
general in nature so that the basic concepts apply e.g. also for spin-glass
systems where below the spin-glass temperature a certain magnetic disorder
becomes frozen in. Likewise, these basic concepts apply for the crystalline,
glass-like solids discussed here, where only for certain molecular entities of
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the compound, the thermodynamic equilibrium state cannot be established
below Tj,.

The heat capacity, Cp, and volume thermal expansion coefficient, 3, of a
system are ideal to study glass (or glass-like) transitions, since they allow to
distinguish between mere excitations of lattice vibrations and actual changes
in the structural order. There are three important features which characterize
a glass or glass-like transition: (1) Cp(T) and B(T') increase substantially
above T, due to the additional excitation of structural degrees of freedom.
(2) T, depends on the cooling/warming rate ¢ = dI'/dt, where one possible
definition for the glass temperature is

dr
—lg| - == 1
lal - =7 _—

1%

(3.2)

with 7 the relaxation time of the corresponding molecular entities which,
in turn, is proportional to the system’s viscosity 1.2 It is easy to see that
the higher the cooling rate ¢, the higher the glass-transition temperature Tj.
(3) The shape of the glass-transition anomaly in C,(T") or 5(T") depends on
the thermal history, i.e. a distinct hysteresis is observed: the warming curves
show a relatively sharp discontinuity with characteristic under- and overshoot
behavior, see Fig. 3.13, whereas the cooling curves are more broadened and
lack the under- and overshoot behavior. For details regarding thermodynamic
aspects, see e.g. [152, 153] and references therein.

Clear evidence for a glass-like transition in the x-(ET)2X systems with
polymeric anions X = Cu[N(CN)2|Cl, Cu[N(CN);3]Br, and Cu(NCS); have
been derived from thermal expansion measurements [155, 115, 154]. The out-
come of this study confirmed, on the one hand, the above-mentioned spe-
cific heat results and clarified on the other hand the nature of the thermal
expansion anomalies reported previously [156, 157]. In addition, this study
showed that a more complicated glass-like transition also exists for the k-
(ET)2Cu(NCS), salt. Figure3.13 shows the linear thermal expansion coef-
ficients, «;(T), for the three principal axes of the superconducting system
k-(ET)2Cu[N(CN)2]Br in the vicinity of the glass-like transition (cf. Fig.4.19
for a wider temperature range). The transition shows all the characteris-
tics expected for a glassy transition discussed above. At T, ~ 75K step-like
anomalies with hysteresis and the characteristic under- and overshoot be-
havior in the warming curves are observed. The analysis, briefly described
below, shows that indeed the conformational degrees of freedom in the ethy-
lene endgroups of the ET molecule cause the observed relaxation phenomena:

3 We note that a definition of Ty is arbitrary [151] and depends on the measured
quantity and measuring technique. The given expression defines T, as the tem-
perature where the cooling and warming curves, taken at the same |q|, in Cp (7))
or B(T) measurements intersect. It is also important to note that experimen-
tally a transition region (i.e. a transformation interval) is observed rather than
a well-defined sharp transition.
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Fig. 3.13. Linear coefficients of thermal expansion, «;(T), of &-
(ET)2Cu[N(CN)2]Br along the three principal crystal axes in the vicinity of
Ty. Solid and open symbols represent data taken while warming up and cooling
down the sample, respectively. After [154].

for kinetic reasons, the ordering process of the [(CHz)z] moieties cannot be
completed on lowering the temperature below T,; instead a characteristic
disorder in the orientational degrees of freedom of the ethylene endgroups
becomes frozen in. The degree of frozen disorder depends on the transition
temperature T, which in turn depends on the cooling rate |g|.

For x-(ET)2Cu[N(CN)2|Br, in early X-ray studies the terminal ethylene
moieties have been found to be thermally disordered at room temperature
and to prefer the eclipsed conformation at 127 K. At 20 K, the ordering in the
eclipsed orientation has been confirmed [158, 159]. In recent high-resolution
X-ray experiments, at room temperature, the occupation factor of the eclipsed
form refines to 69 +2 %. At 100K, i.e. slightly above the glass transition, the
disorder is already considerably reduced as indicated by an occupation factor
of 92+2 % of the eclipsed form [160]. That means at T, the frozen-in disorder
amounts to less than about 8 %.

Figure 3.14 shows in more detail the linear coefficient of thermal expan-
sion for k-(ET)2Cu[N(CN)2]Br measured along an in-plane crystallographic
direction at temperatures near T,. The inset on the right side of Fig.3.14
shows the inverse of the glass-transition temperatures, T, L vs. the cooling
rate |g.| in an Arrhenius plot. The data nicely follow a linear behavior as
expected for a thermally activated relaxation time [161, 162]:

(T) =y, ' - exp <I£—T) : (3.3)
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Fig. 3.14. Linear thermal expansion coefficient, «, vs. T' measured parallel to the
conducting planes of k-(ET)2Cu[N(CN)]Br in the vicinity of the glass transition
defined as the midpoint of the step-like change in « for varying cooling rates q..
Insets: hysteresis between heating and cooling curves around T, (left side) and
Arrhenius plot of T; ' vs. |gc| and 7 (right side), where |gc| is the cooling rate and
T the relaxation time. After [155].

where FE, denotes the activation energy barrier. The prefactor represents
an attempt frequency vy. A linear fit to the data of Fig.3.14 yields F, =
(3200 = 300) K [155].

The characteristic activation energy of the [(CHz)sz] conformational mo-
tion (cf. Fig.3.12) was determined to E, = 2650K by 'H-NMR measure-
ments [163]. These values have to be compared to 2400K as estimated from
resistivity and ac-calorimetric measurements [164, 148], (2000 £ 500) K from
resistivity measurements of structural relaxation kinetics [165], and 2600 K
also from resistivity-relaxation measurements [166]. F, = 2660 K has been
found in magnetization measurements for k-(Dg-ET);Cu[N(CN)z|Br [167].
A similar size of the activation energy derived from Fig.3.14 along with the
observation of a mass-isotope shift when replacing the hydrogen atoms in
[(CHz)2] by deuterium* provide clear evidence that the ethylene endgroups
are the relevant entities involved in the relaxation process [155, 115]. For -
(ET)2Cu|N(CN)2]Cl, a similar analysis of T, vs. ¢ from thermal expansion
data yields E, = (26504+300) K for x-(ET)2Cu[N(CN)2]Cl [155] which agrees

4 T, shifts to higher temperatures in the deuterated system in good agreement
with the larger mass (i.e. larger relaxation time) of the [(CDz2)2] compared to

[((CH2)2].
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well with (2600+100) K from 'H-NMR, [168] and 2700 K from ac-calorimetry
[148].

Further information comes from the distinct anisotropy of the glassy fea-
tures as observed in Fig. 3.13 (note the different scales). The additional contri-
bution to the volume thermal expansion above T, 3885(T) = 3. aB1(T)
where (i = a,b,c), caused by the excitation of the [(CHgz)z2] group’s mo-
tional/rotational degrees of freedom, is a measure for the pressure dependence
of the entropy related to the ethylene endgroup’s ordering process, whereas
Sethy in turn is a measure of the degree of frozen disorder,

Sethy glass
0 = Vo - a5 (T). 4
Op; mol i ( ) (3 )

From Fig. 3.13 one reads for T = 90K (where thermal equilibrium can just
be established), 0Sethy/0pi = —1J/(molKkbar), +2.6J/(molKkbar), and
—1.1J/(molKkbar) for i = b- (perpendicular to the planes), a-, and c-axes,
respectively. Consequently, pressure along the b- and c-axes should increase
the degree of [(CHz)2] order, whereas for uniaxial stress along the a-axis the
opposite effect is expected. On combining the uniaxial-pressure coefficients,
one finds OSetny/Opnyar = +0.5J/(molKkbar), i.e. a substantial reduction of
the degree of ethylene order upon the application of hydrostatic pressure.’?

Thus, k-(ET)2Cu[N(CN)2|Br is an ideal system to study the influence of
intrinsic disorder on the superconducting properties as the degree of disorder
can be varied on the same sample by applying different cooling rates or pres-
sure conditions. The influence of frozen disorder on the electronic properties
will be discussed in more detail in Sect. 6.3.3.

5 In the two-state model, the difference in entropy between the totally ordered and
disordered state amounts to Sgijy = Nkpln2 = 2RIn2 = 11.53 J/(molK) with
N = 2N4 as the number of relevant ethylene units per mole. N4 is Avogadro’s
number and R the gas constant.
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4.1 Tight-Binding Model

As discussed in Chapt. 2, weakly overlapping w-molecular orbitals provide a
useful starting point for estimating the electronic states for molecular ma-
terials. As an input for such tight-binding band-structure calculations, the
molecular orbitals are usually calculated within the extended-Hiickel approxi-
mation which uses some empirical molecular parameters [169, 170, 82, 79, 81].
As has been discussed in more detail in [86], the extended-Hiickel approxima-
tion enables the calculation of the overlap integrals S and the corresponding
transfer energies ¢t between the m-orbitals of adjacent molecules. The latter
quantity is a measure of the probability for an electron to hop from one
molecule to the next. The so-derived extended-Hiickel tight-binding bands
have the usual cosine energy-dispersion relation

E(k) = 2t, cos(kqa) + 2ty cos(kpb) + 2t. cos(k.c), (4.1)

where a, b, and ¢ denote the intermolecular distances along the a-, b- and
c- axes, k = (kq, kp, k) the wave vector of the electron and t,, t, and ¢,
the directional-dependent transfer energies. For simplicity, a lattice with or-
thorhombic symmetry has been assumed. This semi-empirical method has
been very successfully applied in the case of the present molecular metals,
see, e.g. [80, 82, 171, 96, 109, 172, 173, 174].

As the transfer energies are a direct measure of the overlap of the molec-
ular orbitals between neighboring molecules, they strongly depend on the ar-
rangement of the molecules in the crystal structure, i.e. their packing motif.
In the case of the (TM)2X salts, where the flat TM (= TMTSF or TMTTF)
molecules form segregated infinite stacks, the overlap of m-orbitals along the
stacking axis (a-axis) predominates which results in a quasi-1D conductor.
Applying an extended-Hiickel tight-binding calculation to the (TMTSF),X
salts, P.M. Grant estimated the transfer energies t, = 0.25eV, ¢, = 0.025eV
and t. = 0.0015eV [175], corresponding to a ratio t, : tp : t. of 1: 0.1 : 0.006.
Table 4.1 compiles the transfer energies obtained from quantum chemical cal-
culations for various (TM)2X salts. As a consequence of a structural dimer-
ization, the intra-stack transfer energy alternates between adjacent molecules
by an amount Atg/ts.
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Table 4.1. Intra- (ts) and inter-stack (¢7) transfer energies of selected (TM)2X
salts taken from [146]. The ratio Ats/ts indicates the structural dimerization.

ts (eV) tr (eV) Ats/ts

(TMTSF),PF 0.365 0.0262 0.16
(TMTSF)2Cl0,4 0.366 0.0216 0.14
(TMTTF),Br 0.240 0.01 0.13
(TMTTF),PFg 0.115 0.0123 0.38

In the vast majority of D,,X,, salts, the donor-acceptor molecular ratio
m :n is fixed to 2 : 1, i.e., two donor molecules transfer one electron (6 = 1)
in (2.1) to the acceptor X.! In terms of a simple single-electron picture which
neglects electron-electron interactions, a partially-filled conduction band and
thus metallic behavior is expected. The degree of band filling is determined
by the stoichiometry. The conduction band, formed by the donor’s HOMO
which can accommodate two electrons, is three-quarter-filled by electrons (or
quarter-filled by holes) in the above 2 : 1 compounds with the donor carrying
half a hole on average. Due to a structural dimerization in the TMTTF com-
pounds (where it is more pronounced compared to the TMTSF salts) and the
k- and A-phase (ET)2X and (BETS)2X compounds, cf. Fig. 4.2, a dimeriza-
tion gap may open thereby splitting the conduction band into two parts. The
larger the dimerization, the more the two bands split, which is accompanied
by a gradual crossover from a three-quarter-filled to an effectively half-filled
situation. The effect of strong dimerization on a one-dimensional band struc-
ture is visualized in Fig.4.1. Consequently, according to the above single-
particle band picture, metallic behavior is expected for the whole (TM)2X
series. This is, however, in contrast to the observations, yielding a variety
of different ground states, dependent on the donor and acceptor molecule.

1
1/2-filling
3/4-filling

!

dimerization gap
dimerization

Fig. 4.1. Schematic representation of a one-dimensional band structure without
(a) and with (b) dimerization, after [176].

1 As exceptions to the usual 2 : 1 stoichiometry we mention the quasi-1D 1 : 1
compound TTF-TCNQ and (ET)4[Ni(dto)z], a 2D metal with a 4 : 1 composition
[177]. For a review on organic conductors with unusual band fillings we refer to
the recent publication by T. Mori [178].
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To understand the diversity of behaviors in this class of materials, the joint
effects of strong electron-electron repulsion and low dimensionality have to
be taken into account.

(® (b)

Fig. 4.2. (a) Crystal structure of s-(ET)2X viewed along the long axes of the
ET molecules with the definition of the transfer integrals. (b) For a predominant
intradimer hopping ¢p1, pairs of ET molecules represent dimer units (black dots)
which form an anisotropic triangular lattice with ¢’ ~ ty2/2 and t ~ (|tp| + |tq])/2,
after [179].

Figure 4.2 shows the spatial k-type arrangement of the ET molecules, in-
cluding the definition of the nearest-neighbor interactions (a) and the result-
ing effective triangular lattice structure for the dimer model as the effective
model (b) [180]. According to various quantum chemical calculations for dif-
ferent anions [96, 181, 182, 183, 150], see Table4.2, the intradimer-transfer
integrals t;1 are more than twice as large as the other interdimer integrals ¢z,
[tp| and |t4]. As a result, the band structures can be thought of as being com-
posed of bonding and antibonding orbitals of the dimers [180]. Since these
bonding and antibonding orbitals are separated by an energy approximately
twice this intradimer transfer energy 1, a mixing between these orbitals can
be neglected and the interdimer interaction can be treated as a perturbation
[180]. In the further treatment, only the antibonding orbitals on the dimers
are considered. Each dimer has two nearest neighbors with interaction energy
t' ~ tp2/2, and four next-nearest neighbors along the diagonal directions in
the unit cell with ¢ ~ (|t,| + |t4])/2. Because of the much larger distance be-
tween dimers in the vertical direction in Fig. 4.2, hopping along this path can
be neglected. The so-derived effective-dimer model has the same co-ordination



40 4 Normal-State Properties

Table 4.2. Values of the transfer (hopping) integrals between the ET molecules in
k~(ET)2X for different X as defined in Fig. 4.2. Each dimer has two nearest neighbors
with interaction energies ¢’ ~ tp2/2 and four next-nearest neighbors with ¢ ~ (|t,|+
[tq])/2, cf. Fig. 4.2(b). Values are based on quantum chemical calculations using the
extended-Hiickel approximation and the ambient-pressure crystal structure, unless
denoted otherwise.

|t eV) | eV | Il V) | Hl(ev) | ¢/t | Ret

Iy 0.247 0.088 0.119 0.033 | 0.58 | [181]
Cu(NCS), 0.23 0.113 0.099 0.033 | 0.86 | [181]
Cu(NCS), 0.136 0.05 0.041 0.027 | 0.74 | [150]
Cu(NCS), 0.244 0.026 0.022 002 | 062 | [182]
Cu(NCS)s (7.5kbar)| 0.162 0.054 0.058 003 | 0.61 | [150]
Cu(NCS), (20kbar) | 0.324 0.045 0.027 0.031 | 0.78 | [182]
Cu[N(CN)]Br 0.224 0.071 0.094 004 | 053 | [183]
Cu[N(CN)]Br 0.244 0.092 0.101 0.034 | 0.68 | [181]
Cu[N(CN)2]Cl 0.273 0.104 0.105 0.039 |0.722 |[99, 100]
Cu2(CN)s 0.224 0.115 0.08 0.029 | 1.06 | [181]

as the triangular lattice which implies significant magnetic frustration due to
the competition between the two hopping terms t' and t.2

For some compounds such as (-(ET)qIs [186, 187], s-(ET)2Cu(NCS),
[188], and k-(ET)2Cu[N(CN)2|Br [183], the band structure has been deter-
mined also by first-principles calculations based on the local-density approxi-
mation (LDA). Apart from the first attempts [186], which suffered from some
crude approximations, these calculations were found to be in accordance with
the results of the above semi-empirical approach as regards the overall shape
of the bands and the topology of the Fermi surface, see below. However, as
has been pointed out in [188], significant differences to the extended-Hiickel
calculations have been recognized in some parameters such as the bare band
masses being larger by a factor of about 2 in the LDA calculations, see also
Sect. 4.5.

To understand the diversity in the electronic properties encountered in
molecular solids, the Coulomb repulsion between the electrons can play an
important role and has to be taken into account, see, e.g. [90, 176]. The
basic Hamiltonian to examine such a problem is a tight-binding model based
on either the HOMO or LUMO of the relevant molecules together with the

2 Among the x-(ET)2X family, the X = Cuz2(CN)3 system is unique in showing a
ratio of transfer integrals t'/t close to unity, cf. Table4.2, favorable for a spin-
liquid ground state, cf. [179, 184, 185].



4.1 Tight-Binding Model 41

Coulomb interaction. The latter affects not only electrons staying at the
same site, which requires an on-site energy U. Coulomb interactions are also
of relevance for electrons residing at neighboring sites ¢ and j. This effect is
accounted for by the inter-site interaction V;;. The resulting Hamiltonian is
the extended-Hubbard model

H = Z Z(tijc;[acjg + hC) + Z UniT’l’Lu + Z Vijninj, (42)
<ij> o i <ij>
where < ij > denotes the pair of lattice sites ¢ and j and ¢ the spin index,
which can be either T or |. The simple Hubbard model, i.e. V;; = 0, was first
used by H. Kino and H. Fukuyama [189] in an attempt to describe system-
atically the electronic properties of (ET)2X salts by taking the anisotropic
hopping terms ¢;; into full account. They treated the on-site Coulomb repul-
sion U within the standard mean-field approximation and adopted the t;;
terms from the above-mentioned extended-Hiickel model. It has been argued
that (4.2) can be applied to a broad range of compounds, with the parameter
U varying to some extent depending on the donor and acceptor molecules
involved. For a given molecule, however, it is usually assumed to adopt the
same value which is typically of the order of the width of the conduction band,
i.e., of the order of ~ 0.5 eV. On the other hand, ¢;; is more sensitive to the
molecular arrangement. As for the inter-site Coulomb term V;; a point-charge
relation V;; o< 1/r;; approximately holds, where r;; is the distance between
the centers of the molecules at sites ¢ and j. For some compounds it has
been found that V;; between neighboring molecules can be as large as ~ 50%
of U [190, 191]. This long-range part of the Coulomb interaction has been
shown to be of crucial importance for stabilizing a charge-disproportionated
state [192], cf. Sect.4.4.3. C. Hotta and H. Fukuyama [193] have discussed
another parameter — besides the ratio of the effective on-site Coulomb re-
pulsion and bandwidth U/W — to characterize the x-(ET)2X salts with
quarter-filled hole bands at strong dimerization (the system is simplified to
a triangular lattice at half filling), namely the degree of splitting of the anti-
bonding HOMO bands which determines the shape of the Fermi surface. In
their model, the degree of band splitting turns out to be the key param-
eter determining the ground states. The possible importance of nesting is
pointed out which leads to the stability of the different (Mott-insulating or
spin-density-wave) ground states [193]. In an attempt to provide a unified
theoretical picture for the quasi-2D organic conductors with different pack-
ing motifs (see Fig. 3.4), a new minimal model based on an anisotropic lattice
has been proposed in [194].
At this point, it is instructive to discuss briefly two limiting cases implied
n (4.2) for the D2+1A_1 compounds, i.e. an average valence of the donor
molecule of +1/2 resulting in a quarter-filled band, cf. Fig.4.3. Given that
the electron-electron interaction is larger than the kinetic energy, i.e. for a
strongly correlated system, the electrons will favor a situation where they stay
apart from each other to reduce their potential energy. At a quarter filling,
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Fig. 4.3. (a) Schematic representation of two limiting cases in a one-dimensional
quarter-filled system with strong electron-electron interactions: (a) a charge-ordered
(CO) state in the absence of dimerization and (b) a dimer-Mott state for strong
dimerization A4. Black dots and grey ellipse represent the lattice sites and localized
carriers, respectively. After [176].

the electrons will occupy every other site, as shown in Fig.4.3(a) for a one-
dimensional system, which corresponds to a long-range charged-ordered (CO)
state. For such a CO state to be realized, the inter-site Coulomb interaction
Vi; is of crucial importance [192]. On the other hand, if a lattice dimerization
is present, a single electron will occupy the bonding molecular orbital of each
dimer, cf. Fig4.3(b), giving rise to an effectively half-filled band. As a con-
sequence of the strong on-site Coulomb repulsion U, the electrons will reside
at the dimer sites, resulting in a dimer-Mott-insulating state. In contrast to
the CO state, the dimer-Mott state shows a uniform charge distribution. In
the actual charge-transfer salts discussed in this monograph, the situations
are less clear. Reasons lie in the moderate strength of the Coulomb energy,
being comparable to the kinetic energy, and the actual band structure which
is determined by the anisotropy of the hopping terms ¢;;.

4.2 Fermi Surfaces and Low Dimensionality

Based on the above-mentioned extended-Hiickel tight-binding calculations,
P.M. Grant has calculated a model band structure for the (TMTSF)2X com-
pound, see Fig.4.4. While for an ideal one-dimensional metal the Fermi sur-
face (FS) consists of a pair of parallel sheets at the wave vectors + kp,
where kp is the Fermi wave vector, the FS sheets of (TMTSF)2X are slightly
corrugated. The finite dispersion along k; is due to the non-vanishing inter-
stack electron-transfer energy t;. Since t;, amounts to only about 1/10 of ¢,
the F'S remains open in the Brillouin zone. Of particular importance for the
ground-state properties of low-dimensional metals in general are the topo-
logical aspects of the Fermi surface, i.e., their nesting properties. The latter
refer to the case that a particular translation vector in the k-space — the
so-called nesting vector — can cause large areas of the Fermi surface to map
onto each other. In this case, the system can lower its electronic energy by
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Fig. 4.4. (a) Fermi surface and (b) tight binding band structure calculated by the
extended-Hiickel scheme for (TMTSF)2X, after [195, 175].

introducing a Q = 2kp distortion in k-space. In real space, the 2kr modu-
lation corresponds to an additional periodicity. In analogy to the gaps that
open at the Brillouin-zone boundary at +7/a = £¢,/2 as a consequence of
the lattice periodicity a with ¢, = 27/a, the @ = 2kpr modulation creates
band gaps over parts of the FS at £kp. Since the energy gain scales with
the area of the FS involved, the nesting has to be sufficiently good for this
mechanism to work. Depending on the degree of nesting and the strength
of electron-electron interactions, the charge- or the spin-density can become
modulated and the corresponding states are known as charge- (CDW) or
spin-density-wave (SDW) states. Apparently, an ideal one-dimensional metal
is inherently instable against such a Q = 2kr modulation and the ground
state of such a system is an insulator.

Figure4.5 shows the results of semi-empirical band-structure calculations
and FS topologies projected on the basal plane of the first Brillouin zone
for typical a-, 8-, ", and k-type (ET)2X salts. Since, in these calculations,
any contribution from an interlayer electron transfer has been neglected, the
resulting Fermi surfaces are strictly two-dimensional. For the S-phase salts,
such as (-(ET)slIs, there are two ET molecules per unit cell transferring one
electron to the I3 anion. As Fig. 4.5 indicates, the FS of this compound is very
simple. It is closed within the first Brillouin zone with a shape of a slightly
deformed cylinder, reflecting the almost isotropic in-plane electron transfer
integrals. On the contrary, the FS of the a-(ET):KHg(SCN), salt combines
2D closed parts with open sheets of quasi-1D character. The good nesting
properties of the latter are believed to be responsible for the low-temperature
instability found in the isostructural series a-(ET):MHg(SCN), with M =
K, Rb and TIl. While previous susceptibiliy- [200] and muon-spin-rotation
experiments [201] seemed to indicate a SDW transition, more recent high-
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field results of different groups appear to be inconsistent with the expected
B-T phase diagram for such a SDW state [202, 203]. Their experimental data,
however, were found to be quite consistent with a CDW scenario [204, 205],
see also Sect.5.3.2. For the k-salts, the arrangement of the dimers causes a
doubling of the unit cell resulting in two transferred electrons in two HOMOs.
Again the resulting F'S is very simple resembling a free-electron-like scenario
where intersections of the F'S with the zone boundary give rise to small energy
gaps due to Bragg reflections. The band structures and FS topologies are
similar among the various k-(ET)2X salts [46, 206, 158, 207], except for the
degeneracy of the two upper bands along the Z-M zone boundary for the
X = I3 salt. Due to the lack of a center-of-inversion symmetry in the X =
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Cu(NCS)2 and Cu[N(CN)2|Br salts, this degeneracy is lifted and a gap opens
at the zone boundary. The resulting FS for the x-(ET)2X salts consists of
two parts, a closed hole-like orbit (a-pocket FS, see Fig.5.6(b)) centered at
the Z-point and a pair of corrugated sheets.

The FS topology of the quasi-2D charge-transfer salts has been studied
in great detail employing measurements of the de Haas-van Alphen (dHvA)
and Shubnikov-de Haas (SdH) effect, the angular-dependent magnetoresis-
tance (AMRO) and the cyclotron resonance, see Chapt.5. For comprehen-
sive reviews on the FS studies, we refer to [208, 209, 205]. In general, the
FS topologies determined experimentally are in remarkable agreement with
the predictions of the above-mentioned semi-empirical band-structure calcu-
lations.

4.3 Electronic Properties

4.3.1 Transport and Optical Properties
Electrical Resistivity

The molecular metals discussed here are fairly good conductors at room tem-
perature, with resistivities that vary over wide ranges depending on the par-
ticular compound and on the current direction with respect to the crystal
axes. The pronounced anisotropies in the transport properties, encountered
in these materials, reflect the strongly directional-dependent electron-transfer
integrals. For the (TM)2X series, one typically finds p, : pp : p. of the order
of 1:200 : 30.000, where a denotes the stacking axis. These numbers corre-
spond to a ratio of the overlap integrals t,, t5, and t. of about 10 : 1 : 0.1
with ¢, values in the range 0.1 — 0.24eV for TMTTF and around 0.36 eV
for the TMTSF compounds [210, 146], cf. Table4.1. Owing to these strongly
anisotropic hopping terms, the electronic structure can be viewed at first
glance as one-dimensional. Typical temperature profiles of the resistivity p,
for the (TM)2X compounds are shown in Fig.4.6. Below a temperature T,
where the resistivity shows a minimum, the resistivity of the sulfur-containing
(TMTTF)2X compounds changes from a metallic-like high-temperature into
a thermally-activated low-T behavior.

Such a charge response is well consistent with what one would expect for
a one-dimensional Mott insulator. Owing to the small structural dimerization
of the chains, such a Mott-insulating state could result either from the half-
filled nature of the band (due to the dimerization) or, if the on-site and
nearest-neighbor interaction U and V', respectively, are strong enough, from
the quarter-filled nature of the band. The underlying mechanism is the so-
called Umklapp scattering, where in an interaction process the momentum of
the electrons is conserved only modulo a vector of the reciprocal lattice @ =
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ki + ko — ks — k4.2 For a one-dimensional system at half filling, this process
involves the scattering of two electrons from one side of the Fermi surface —
which for a 1D system consists of only two points at £kr — to the opposite
side with a momentum transfer of 4kr = 27/a, with a the lattice spacing.
To produce such an Umklapp process at quarter filling, four particles have
to be transferred across the Fermi surface in order to accomplish the proper
momentum transfer, i.e. 8krp = 27 /a. While for half filling, an arbitrarily
weak repulsive interaction is enough to turn the system into an insulator,
the interactions have to be strong and of finite range for the quarter-filled
situation. It is a matter of current debate which of these scenarios applies for
the (TM)2X series, see, e.g. [90, 212] for a discussion on this issue.

Upon further cooling through Tsp ~ 20K < T}, (not shown in Fig. 4.6),
the (TMTTF)2PFg salt undergoes a phase transition into a spin-Peierls (SP)-
distorted nonmagnetic ground state; see e.g. [211] and references cited therein.
With the application of moderate pressure, both T, and T'sp were found to
decrease. By increasing the pressure to p > 10kbar, the spin-Peierls ground
state becomes replaced by an antiferromagnetic Néel state similar to the one
found at ambient-pressure conditions for (TMTTF),Br.

In the selenium-containing (TMTSF),PF salt, the metallic range extends
down to lower temperatures until the sudden increase in the resistivity in-

3 Electrons with wave vectors k1 and ko are scattered in states with ks and kq4
with @ being a vector of the reciprocal lattice.
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dicates the transition into an insulating ground state. The magnetic (SDW)
character of the transition was proven by NMR experiments which revealed
a strong broadening in the resonance line due to the occurrence of internal
magnetic fields below the transition temperature Tspyw [213]. Above a critical
pressure of about 6 kbar, the SDW state of (TMTSF)2PFg becomes unstable
giving way to superconductivity at lower temperatures, cf. the phase diagram
in Fig.4.31 in Sect. 4.6.

Interestingly enough, when the spin-Peierls salt (TMTTF),PFg is exposed
to sufficiently high pressure in excess of 43.5 kbar, a superconducting state can
be stabilized [214] which completes the sequence of ground states indicated
in the generic phase diagram proposed by D. Jérome [215].

In their metallic regime, the resistivity of the (TM)2X salts along the most
conducting direction decreases monotonically with a power-law temperature
dependence p o< T'*, where the exponent «, depending on the temperature
interval, varies between 1 and 2, see e.g. [216, 146], and the discussion in
Sec.4.3.1. For (TMTSF)2PFg for example, o ~ 1.8 between 300 and 100K
and approaches approximately 2 at lower temperatures down to the metal-
SDW transition [146]. A T? dependence in the resistivity has been frequently
observed not only in the quasi-1D [216] but also for some (ET)2X salts, see
below.

The resistivity for the various (ET)2X and related compounds can be
roughly classified into two distinct types of temperature dependencies. While
some of the materials show a more or less normal metallic-like behavior, i.e.
a monotonic decrease of p(T") upon cooling, a pronounced p(7') maximum at
several tens of Kelvin has been found for a number of (ET)2X compounds,
cf. Figs.4.7 and 4.8. Among them are the k-(ET)2X salts with polymer-like
anions such as X = Cu(NCS), or Cu[N(CN),|Br [217, 46, 218, 219], the a-
(ET)2NH4Hg(SCN)4 [220] as well as the x- and A-type BETS salts [121]. The
occurrence of the same kind of p(7") anomaly in (DMET )3 AuBrs [221] proves
that (i) this feature is not a property specific to ET- or BETS-based salts and
(ii) does not rely on the presence of Cu ions. Figure4.7 shows the in-plane
resistivity of k-(ET)2Cu(NCS); as a function of temperature at various pres-
sures [217]. With decreasing temperatures, p(T) first increases to a maximum
at around 100K before a metallic behavior sets in at lower temperatures.
Under hydrostatic pressure, the maximum shifts to higher temperatures and
becomes progressively suppressed. This is accompanied by a significant reduc-
tion of T, (see also inset of Fig. 4.30). The origin of the anomalous p(7") hump
has been discussed by many authors and various explanations have been sug-
gested including the formation of small polarons [222], a metal-metal phase
transition [223], a valence instability of Cu [224], an order-disorder transi-
tion of the ethylene endgroups of the ET molecules [225, 156, 165] as well as
a crossover from localized small-polaron to coherent large-polaron behavior
[226]. Alternatively, the anomalous resistivity behavior has been linked to
the strongly correlated nature of the electrons [227, 228]. Within a dynami-
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cal mean-field (DMFT) approach, J. Merino et al. [227] predicted a smooth
crossover from coherent Fermi-liquid excitations with p oc T2 at low temper-
atures to incoherent (bad metal) excitations at higher temperatures. Using
such DMFT calculations for a simple Hubbard model, P. Limelette et al. [228]
recently attempted to provide even a quantitative account for the p(T) be-
havior of pressurized X = Cu[N(CN)2]Cl over an extended temperature range
covering the anomalous resistivity maximum. In this context, it is interesting
to note that for the x-(ET)2Cu[N(CN)2|Br and related systems, the resis-
tivity maximum has been found to be sample dependent: using a different
synthetic route, superconducting crystals have been prepared that lack the
anomalous resistivity hump [229, 230, 231]. These striking sample-to-sample
variations have motivated a comparative investigation of differently prepared
k-(ET)2Cu[N(CN)2]Br crystals in [160]. In Fig.4.8(a), the interlayer resis-
tivity is shown for a collection of such k-(ET)2Cu[N(CN)3]Br single crystals
with different residual resistivity ratios RRR = p(300K)/p(0K), where p(0)
has been determined from an extrapolation of the normal-state resistivity
just above T, to T' = 0 [160]. The salient results of these and related studies
[232] are (i) in the absence of significant differences in the crystals’ structural
parameter and chemical composition, as proved by high-resolution X-ray and
electron-probe microanalysis, the sample-dependent resistivity profiles indi-
cate a significant influence of real structure phenomena, i.e. disorder and/or
defects which affect the inelastic scattering in these systems. (ii) No correla-
tions have been found between the strength of these scattering contributions
and other characteristic properties such as the glass transition at T, = 77
K, the temperature T* ~ 40K, where the temperature dependence of the
resistivity changes rather abruptly, or the superconducting transition tem-
perature T, [232]. As demonstrated in Fig.4.8(b), where the resistivity near
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Fig. 4.8. (a) Interlayer resistivity as a function of temperature for various k-
(ET)2Cu[N(CN)2]Br single crystals. (b) Low-temperature data at various hydro-
static pressure values for the LR- (lower panel) and HR~ (upper panel) crystal of
(a). After [160].

T, is shown for the LR and HR crystal, representing the two extreme cases of
the data sets in Fig. 4.8(a), the markedly different inelastic scattering in those
two crystals has no significant influence on T, and its pressure dependence
[160].

A closer look at the resistivity of k-(ET)3Cu(NCS)y below the maximum
discloses a rapid change in the slope (inflection point) at temperatures T
around 45 — 50K [233], cf. Fig.4.7. A similar behavior is found for -
(ET)2Cu[N(CN)2]Br [234] and pressurized x-(ET)2Cu[N(CN)2]Cl [228]. This
effect has been attributed to a crossover from incoherent bad metal excita-
tions at higher temperatures to coherent Fermi liquid excitations at low tem-
peratures [227, 228]. Alternatively, it has been suggested that the temperature
T* marks a kind of density-wave-type phase transition [155, 235, 236], see also
Sect. 4.3.2 for a detailed discussion. At temperatures T < Tg < T™* below the
inflection point, the resistivity turns into an approximate p(T) = po + AT?
behavior until superconductivity sets in around 10 K. As mentioned above, a
resistivity roughly following a T? law — even at elevated temperatures — is
not an exception in the present molecular conductors, see e.g. [86]. In some
high-quality crystals of 8- and k-type (ET)sI3, it has been observed over an
extraordinarily wide temperature range up to temperatures as high as 100 K
[237]. It has been argued that the T? dependence of the resistivity indicates
a dominant role of electron-electron scattering in the present materials [238].
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Indeed, such a temperature dependence has been observed at low tempera-
tures in materials with strong electron-electron interactions such as transition
metals or heavy-fermion compounds. It has been found that within a given
class of materials, the coefficient A scales with the square of the Sommerfeld
coefficient of the electronic specific heat, v, [239, 240], A « (1/E;)? oc m*?,
where E}, and m™ are the effective Fermi energy and effective quasiparticle
mass, respectively.

The above scaling implies that upon small variations of a control param-
eter x of the system, such as chemical composition or external pressure, the
product A(z) - Th(z)? o< A(z) - Ex(x)? with T5 = E}/kp should stay con-
stant. By identifying the temperature Ty, i.e., the upper limit of the 72 range
in the resistivity, with the effective Fermi energy T}, P. Limelette et al. have
verified this invariance for pressurized x-(ET)2Cu[N(CN)]Cl [228].

This conclusion has been questioned, however, by the above studies on the
differently prepared x-(ET)2Cu[N(CN)2]Br crystals which disclosed striking
sample-dependent coefficients A and upper limits Ty for the T? dependence
[160]. The product A(z) - Tj(x)?, calculated for the various crystals, was
found to differ by a factor up to 3 indicating an origin of the 72 dependence
different from coherent Fermi-liquid excitations.

In line with this interpretation are recent studies of the pressure depen-
dence of superconducting and transport properties of the compound [3”-
(ET)2SF5CH,CF2S03 [241, 242]. The slope A of the T2 dependence, see
Fig.4.9(a), should be proportional to m*?, the square of the effective cy-
clotron mass, that can be extracted from Shubnikov-de Haas experiments.
The authors find that m} decreases approximately linearly with increasing
pressure? from 2mg at ambient conditions to about 1.2mq at 10kbar [243].
T.(p) then can be well described by the modified McMillan equation, see
(6.20), by assuming A = m/my — 1, where X is the superconducting coupling
parameter, see Chapt.6, and m; the band mass. Given an electronic origin
of the T? dependence (Fermi-liquid description), the ratio A/m*? should re-
main constant for all pressures. However, as seen in Fig.4.9(b), A reduces
with pressure much faster than mzz. Indeed, A is roughly proportional to
m?%, see inset of Fig.4.9(b), a dependence that is clearly at odds with a
Fermi-liquid nature of the T behavior [241, 242].

Alternatively, the T2 law has been attributed to the scattering of electrons
by phonons via electron-libron [244] or a novel electron-phonon scattering
mechanism proposed for the high-T, cuprates [237] invoking electron-electron
interactions [245, 246]. For the discussion of the temperature dependence of
the resistivity, it is important to bear in mind, however, that due to the large
pressure coefficients of the resistivity of about dlnp/dp ~ —20%/kbar at
room temperature together with the extraordinarily strong thermal contrac-
tion, it is difficult to make a comparison with theoretical predictions. Since
the theory usually describes the temperature dependence at constant volume,

4 No topological change of the Fermi surface under pressure is observed.
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Fig. 4.9. (a) Resistivity of 8”-(ET)2SF5CH2CF2SO3 for different pressures plotted
vs. T?. The straight lines are low-temperature fits according to p = po + AT2. (b)
Pressure dependence of A/m?. The inset shows A as a function of m}. After [241].

a detailed comparison is meaningful only after transforming the constant-
pressure into constant-volume profiles by taking into account the thermal
expansion of the material.

The Mean Free Path Problem

Similar to the quasi-1D (TM)2X salts, the room-temperature resistivities of
the quasi-2D (ET)2X materials are generally very high. For £-(ET)2Cu(NCS),
for example, one finds for the intraplane resistivities p, &~ 6 - 10* yQcm and
pe = 3-10% uQem [247], which exceed the values found for Cu by more
than a factor of 10%. In accordance with their quasi-2D electronic structure,
a pronounced in-plane vs out-of-plane anisotropy has been observed which
amounts to 1073 ~ 1075 [86, 209]. Remarkably enough, the low-temperature
interlayer resistivity shows unusually high values of up to 1 Qcm — being a
factor of 106 larger than that of Cu at room temperature — which neverthe-
less reveals a metallic temperature dependence. In the frame of a Boltzmann
transport theory, this number would correspond to a mean free path ¢ which
is much shorter than the interatomic distances. The question has thus arisen
as to whether the interlayer transport is coherent or incoherent, i.e. whether
there is a coherent motion of band states associated with well-defined wave
vectors or if the motion from layer to layer is diffusive and a Fermi velocity
perpendicular to the layers cannot be defined [248]. This question has been
addressed in recent magnetoresistance studies on the x-(ET);Cu(NCS); salt
[249]. These experiments are based on the idea that for a Fermi surface which
is extended perpendicular to the conducting planes, a magnetic field applied
exactly parallel to the layers can cause closed orbits on the sides of the Fermi
surface. From a peak in the interlayer resistance, close to the exact 6 = 90°
orientation where the field is aligned parallel to the planes, an interlayer trans-
fer integral ¢ ~ 0.04 meV has been estimated [249]. This has to be compared
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with £ ~ 150meV for the intralayer transfer integral [250]. According to this
work, the Fermi surface of the k-(ET)2Cu(NCS)2 salt is extended along the
interlayer direction corresponding to a coherent transport. The same conclu-
sion has been drawn for the 8-(ET)3IBry system based on the observation
of magnetic quantum oscillations [251, 252]. The authors found nodes in the
de Haas-van Alphen (dHvA) signal for magnetic fields perpendicular to the
planes. This has been attributed to the existence of a corrugated Fermi sur-
face along the interlayer direction with two slightly different extremal orbits,
resulting in beating nodes in the dHvA signal.

However, for the even more anisotropic ﬁ//—(ET)QSF5CHQCF2803 salt,
such evidence is missing. From the absence of beating nodes in dHvA and
Shubnikov-de Haas experiments [253, 254], any possible F'S corrugation must
be extremely small. Furthermore, additional tests for the existence of a 3D FS
failed for this material [255], making it a good candidate for a 2D metal with
incoherent interlayer transport envisioned by R.H. McKenzie and P. Moses
[248].

Dimensional Crossover and Non-Fermi-Liquid Behavior

For three-dimensional metals, Fermi-liquid theory has provided a most ele-
gant and useful tool to treat the problem of electron-electron interactions,
see e.g. [256, 257]. This theory assumes a one-to-one correspondence between
the excitations of the interacting electron liquid and those of a noninteracting
electron gas, where the effects of interactions are cast into a few phenomeno-
logical parameters such as the effective mass, m*, and the so-called Landau
parameters [258]. For some materials, the Fermi-liquid model holds even for
very strong interactions when the effective mass exceeds the free-electron
mass by a factor of several hundred [259].

In recent years, however, a growing number of systems has been stud-
ied intensively which cannot be described by this theory. Prominent exam-
ples for such non-Fermi liquids can be found in the underdoped regime of
high-temperature superconductors [260] or in strongly correlated intermetal-
lic compounds close to a so-called quantum critical point where the transition
into a long-range magnetically-ordered state has been tuned to zero temper-
ature [261]. Another scenario where the Fermi liquid concept fails completely
is when the motion of the electrons is restricted to one dimension, where —
because of the Coulomb interaction — the motion of an electron is tightly
linked to that of the others. As a result, individual excitations are replaced by
collective ones in 1D. Because of such collective phenomena, a single fermionic
excitation splits into one collective excitation carrying charge and another one
carrying spin, both of which propagate at different velocities. This break-up
of an electron into two elementary excitations represents one of the funda-
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mental properties of a so-called Luttinger-liquid, the concept which replaces
the Fermi liquid in 1D, see, e.g. [262, 263]. °

A question which has been of general interest for the quasi-1D molec-
ular conductors is whether these materials represent realizations of such a
Luttinger-liquid or whether a Fermi-liquid description is still adequate. Ar-
guments in favor of a Luttinger-liquid behavior have been derived from var-
ious observations, not all of which have been generally accepted. Owing to
the strongly anisotropic hopping integrals of the (TM)2X salts of typically
to, = 0.25eV, t, = 0.025eV and t. = 0.0015eV [175], cf. Sect.4.1, there
are relatively well-separated energy scales so that one may find a temper-
ature range in which the intrachain hopping dominates, i.e., an effectively
1D regime, and a subsequent crossover to higher dimensions. In the absence
of electron-electron interactions, this crossover will occur at a temperature
where the thermal energy, kgT is of the same order as the interchain hop-
ping energy ¢, . At temperatures kg1 > t,, the warping of the FS caused
by interchain hopping is washed out and the system behaves like one with
a perfectly flat FS. On the contrary, if the temperature is much below the
interchain hopping energy, the warping of the FS affects the motion of the
electrons and the system is now two- or three-dimensional. In the presence
of electron-electron interactions, the interchain hopping is renormalized so
that the crossover temperature becomes reduced compared to that of the
free fermions, see, e.g. [212]. Thus interactions tend to make the system more
one-dimensional.

A peculiarity of the (TM)2X systems is the band filling: owing to the
2 : 1 stoichiometry, there is half a carrier (hole) per TM molecule. Thus for
uniformly spaced molecules, i.e. one formula unit per unit cell, the unit cell
contains half a carrier, corresponding to a quarter-filled conduction band.
However, as mentioned in Sect. 4.1 a dimerization has been found in the var-
ious (TM)2X salts which is more strongly pronounced in the sulfur series
(TMTTF)2X. These commensurate band fillings lead to important modifica-
tions of the Luttinger-liquid scenario as they open a new scattering channel
via Umklapp processes (see above) for carriers between both sides of the
Fermi surface. Instead of the gapless Luttinger-liquid excitations, a gap may
open in the charge sector due to these Umklapp-scattering processes and the
system becomes a Mott-Hubbard-type insulator. Yet, as a consequence of
the one-dimensionality, which requires the separation of spin- and charge-
excitations, the spin sector remains gapless. The size of the charge gap de-
pends strongly on the band filling and the strength of the electron-electron

5 A model for such 1D systems has been proposed by Tomonaga and Luttinger. It
is based on a linearized energy spectrum for excitations close to the Fermi level
and takes into account the relevant Coulomb repulsions which are responsible
for electron scattering with momentum transfer 2kr and 0. This model results
in a power-law decay of all correlation functions (spin susceptibility at 2kr and
4kr, CDW, superconductivity) with a nonuniversal exponent K.



54 4 Normal-State Properties

T

(TMTSF), X
Ela ]

E
Q“* 0.1 ?
) i o
¢ | Fig. 4.10. Optical
e X=PFg (T=20K) conductivity along
—o—X=AsF (T=20K) the chain axis for
a—X=CIO, (T=10K) various members of the
0.01 - o(w) ~ o'’ (TMTSF)2X family. The
data have been scaled

“1 ‘ T ‘10 T to the individual gap
values. After [265].

interaction, see below. The charge gap has been directly seen in optical con-
ductivity measurements [264, 265] which reveal a reduction of the gap from
about 2000cm™! for (TMTTF)2PFg to about 200 cm = for (TMTSF),PFg
with almost all spectral weight residing at frequencies above the gap. For the
metallic compounds, a very narrow Drude peak containing only 1% of the
spectral weight has been observed which is responsible for the dc transport
in this system [266]. The optical conductivity data for frequencies above the
gap were found to follow the power-law dependence predicted for a Luttinger
liquid very well [265], see Fig.4.10. The Luttinger interaction parameter K,
can be determined from a fit of the conductivity along the chain axis, o(w),
to an expression '

o(w) oc Wi Ke=5, (4.3)

This quantity characterizes the strength of the interactions between the
charge carriers with K, < 1 for repulsive interactions. The parameter n in
(4.3) denotes the order of the commensurability with n = 1 for half filling
and n = 2 for a quarter-filled band. The larger the commensurability, the
smaller K, needs to be for the system to become insulating. For half filling,
i.e. n = 1, an infinitesimally small repulsive interaction K, < 1 is suflicient
to turn the system into an insulator.

In contrast, for a quarter-filled band (n = 2), the critical value is
K, = 1/4, meaning that very strong non-local interactions are necessary
for an insulating state to be stabilized. A consistent fit of both the exponent
in o(w) and the gap was possible only by assuming a quarter-filled band, i.e.
n = 2, yielding K, = 0.23. This indicates that the electron-electron interac-
tions are quite strong and that a finite range of the interactions at least to
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nearest neighbors should be taken into account. The optical data are consis-
tent with the interpretation of the insulating state as a quarter-filled Mott
insulator, suggesting that the dimerization plays a minor role at least for
the (TMTSF )X family. As far as dc transport is concerned, one expects for
the electronic contribution to the longitudinal resistivity a power-law depen-
dence,

py oc THKo=3, (4.4)

at temperatures in excess to the charge gap T' > A, [90]. For (TMTSF);PFq
the longitudinal resistivity varies like 709% for temperatures from 300 to
150K, once the constant-volume corrections have been taken into account,
corresponding to n?K, = 0.98, i.e. K, = 0.25 for n = 2. These measurements
of K, are consistent with photoemission data [267, 268, 269, 270].

Optical Measurements

Optical measurements provide a most powerful tool for characterizing the
physical properties of molecular solids. By employing electromagnetic waves
covering wide ranges of energy, various kinds of excitations can be probed.
From these measurements, important information can be derived, not only
on the basic electronic, magnetic and vibrational properties but also on fun-
damental interactions [271].

Optical investigations, by means of infrared and Raman measurements,
provide important information on electronic parameters such as the plasma
frequency, the optical masses and also the bandwidths and collision times of
the carriers. In addition, they permit an investigation of vibrational properties
and their coupling to the charge carriers. Using polarized light, it is also
possible to look for anisotropies in these quantities, as e.g. in the effective
masses. The optical properties of quasi-1D and -2D organic conductors have
been reviewed by several authors [272, 146, 273, 274, 275, 276], see also [86,
277]. For a detailed discussion on the normal- and superconducting-state
optical properties of the quasi-2D (ET)2X salts, see [278, 276]. A summary
of Raman results on these salts is given in [279, 280].

For an ordinary metal, the optical properties consist of contributions from
(i) conduction electrons, (ii) phonons and (iii) electronic interband transi-
tions. These contributions can be satisfactorily described by the phenomeno-
logical models discussed below. Although low-dimensional molecular conduc-
tors, in general, exhibit a more complicated optical response, these models
may serve as a first approximation.

(i) Conduction Electrons
The response of non-interacting electrons to an alternating electrical field

E(t) = Epexp(—iwt) has been described by Drude in his classical approach.
It is based on the assumption that the density of states is constant and that
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the low-frequency conductivity is solely determined by the scattering rate.
The frequency-dependent complex conductivity & = o1 + ios is given by
ne’r 1 —iwr

m 1+ w2r?’

g(w) = (4.5)

with 7 the relaxation or scattering time between two collisions, m the carrier
mass, and n the electron density. The sum rule

e ™me?  wi
= = —_— 4.
/O o1 () = T3 = 4 (4.6)

relates the area under the real part of the conductivity to the plasma fre-

quency
4 2\ 1/2
wy = ( e ) . (4.7)

mp

Usually, the effects of many-body interactions, such as electron-phonon and
electron-electron interactions are treated by introducing a renormalized mass
m*. Hence, for a known charge carrier concentration, the measurement of w,
enables the determination of the effective carrier mass and by this the many-
body effects. Note that (4.7) which links the effective mass m, to the plasma
frequency w, has been derived from Lindhard’s dielectric function. In con-
trast to the cyclotron effective mass, probed, e.g., in a quantum-oscillation
experiment (cf. Sect.4.5) which depends on electronic states at the Fermi
surface, the plasma effective mass m, includes all the occupied states, not
only those close to the Fermi level, see e.g. [281] for a discussion on the differ-
ent effective masses, i.e., band mass (band dispersion of electrons), cyclotron
mass (periodic motion of electrons on the Fermi surface along orbits in po-
sition and momentum space in the presence of an external magnetic field),
and plasma frequencies (associated with collective oscillations of the charged
Fermi liquid).
In the dc limit the real part of the conductivity is

TL€2’T

o1(w=0)=0qc. = (4.8)

m

(ii) Phonons

The absorption of electromagnetic waves by phonons can be described
in a first approach by a Lorentz model for the complex dielectric constant

€ = €1 + 1€g
w?

fw) =1+ 7 w;)’ e (4.9)

which can be expressed in terms of a real and imaginary part of the optical
conductivity:
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w _ w2 w?/T
o1 (w) = Eez(w) = @R (4.10)
and ) ) )
(W) = L —ew)] =~ Wl =wT) (4.11)

A 4 (wd —w?)2 4+ w?/72

Here wy denotes the oscillator frequency, 1/7 the broadening of the oscillator
due to damping, and w,, the oscillator strength also referred to as the plasma
frequency.

(iii) Interband Transitions

Their contributions to the optical conductivity usually manifest them-
selves in broad bands located in the mid- and near-infrared region, but also
all the way up to the visible and above. It is common to model these effects
by a sum of Lorentz oscillators

&(w):zﬁ-, - . (4.12)

Am 1(w0j —w?) +w/Tj
Data Analysis

Figure 4.11 gives a schematic view of the above three contributions to the
reflectivity and optical conductivity. The quantity, which is usually measured
for conducting materials, is the optical reflectivity R(w). If this quantity
has been determined over a sufficiently wide spectral range, the complex
electrodynamic response can be obtained.

The Kramers-Kronig relation gives the phase shift ¢, (w) of the reflected

signal
o) = < / lnR(zz)_l?R(w)dw’, (4.13)
0

0 —w'?

from which the complex conductivity 6 = o1 + ioe and dielectric constant
€ = €1 + ieg can be derived:

_ Y (w )_i 4 R(w)[l_R( )| sin ¢
NG T o 1+ R(w) — 2¢/R(w) cos ¢,]?

yo (4.14)

LY e = [1 - R(w)]” — 4R(w) sin* ¢,
o= [l-aw)]= (1 1T Rlw) 2R con . [ ) (4.15)
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(TM)2X and (ET)2X salts

First extensive optical studies of the electronic properties of (TM)2X by
C.S. Jacobsen et al. [282, 283, 284] provided information on the energy of
charge-transfer processes and on the electron-phonon coupling: the large ab-
sorption features observed in the optical conductivity of the TMTTF salts
have been assigned to intra- and intermolecular vibrations [285]. These stud-
ies have been supplemented by a series of more detailed investigations cover-
ing also the low-frequency range, see [264, 265, 275] and references therein.
In accordance with the expectations for a strongly anisotropic metal with
an open Fermi surface and strong electron-electron interactions, the opti-
cal response of the (TMTTF),X and (TMTSF)2X salts was found to de-
viate markedly from that of an ordinary metal. The main feature is a gap
which decreases from about 2000cm~! for (TMTTF)2PFg to 200cm~* for
(TMTSF)2PFg with 99% of the spectral weight residing in the high-energy
spectrum above the gap structure. For the metallic compounds, there is in
addition a very narrow Drude peak — quite different from an ordinary Fermi
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liquid. As discussed earlier in this section, the data above the gap follow the
expectation for a Luttinger liquid indicating that these compounds are well
described by the Luttinger-liquid theory for not too low temperatures of the
order of 200 K.

Fig. 4.12 shows reflectivity and conductivity data of k-(ET)2Cu(NCS) at
room temperature and 7' = 12 K. Similar to what has been observed for many
other molecular conductors, the room-temperature spectra reveal only a very
small, if any, Drude contribution, although the materials are relatively good
conductors within the planes. A narrow zero-frequency contribution, however,
shows up below 50K, cf. Fig.4.12. The width of the low-temperature con-
ductivity peak is only about 40cm~! for x-(ET)2Cu(NCS)3 and the related
superconducting compounds of the x-(ET)2X family [287]. In these metal-
lic/superconducting compounds, the low-frequency spectral weight grows, to
some extent, on the expense of the mid-infrared spectral weight upon cooling.
This contrasts with the behavior of k-(ET)2Cu[N(CN);3]Cl, where spectral
weight shifts to higher frequencies and an optical gap opens around 900 cm™*
upon cooling below 50K [288], see Fig.4.13. The opening of a gap in the
charge sector of this material has been assigned to the Mott metal-insulator
transition driven by strong Coulomb interactions. Applying dynamical mean
field theory, J. Merino et al. [227] have calculated the optical conductivity
for an on-site Coulomb repulsion U ~ W = 4¢. They found a narrow Drude
peak at low temperatures 7'/t = 0.1 which is already significantly suppressed
for T/t = 0.15. In addition, their calculations revealed a low-temperature
feature at a frequency w = U/2 due to interband transitions from a coherent
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A feature shared by many other quasi-2D molecular conductors is the
existence of a broad mid-infrared band with a maximum centered around
2000 to 3000 cm™!. The dependence of its intensity on the arrangement of the
donor molecules, i.e. the packing pattern, led to the assignment of this feature
to interband transitions across the dimerization gap of the donor molecules
[289]. As Fig. 4.12 exemplifies, this mid-infrared band is particularly strongly
pronounced for the x-phase salts, consistent with the above assignment [290,
287]. Alternatively, an interpretation in terms of photon-assisted hopping of
small polarons has been proposed [226].

Besides the broad electronic contribution, the infrared spectra of molecu-
lar conductors reveal narrow bands at frequencies of the molecular vibrations,
cf. Fig.4.12. These features, which are asymmetric in shape, are caused by
electronic excitations which couple to intramolecular vibrations via the so-
called electron-molecular vibration (EMV) coupling. The characteristic en-
ergies of those modes which couple the strongest are typically between 400
and 1600 cm~!. In addition, a coupling to the low-energy lattice phonons can
be observed. Due to the large molecules involved, their frequencies lie below
approximately 200cm ™!, see the following paragraph for a discussion of the
electron-phonon coupling.
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Electron-Phonon Coupling

Infrared reflectivity measurements can also be used to obtain information on
the electron-phonon interaction. In molecular crystals, the coupling between
the conduction electrons and the phonons is twofold. One kind of interaction,
the so-called electron-molecular-vibration (EMV) coupling, involves the in-
tramolecular vibrations which are characteristic of the molecular structure.
This has to be distinguished from the electron-intermolecular-vibration cou-
pling which refers to the interaction of the charge carriers with motions of
almost rigid molecules around their equilibrium positions and orientations
(translational and librational modes).

Electron-Molecular- Vibration Coupling

It is well known [291] that electrons in the HOMOs of the TTF molecule
and its derivatives couple strongly to the totally symmetric (A44) molecular
vibrations via the modulation of the HOMO energy, Eromo, by the atomic
displacements. The linear EMV coupling constant g; for mode i is defined as:

_ 1 9Enowmo
e i

(4.16)

where @; is an intramolecular normal coordinate and v; the mode frequency.
The effective electron-intramolecular-phonon coupling constant A; can then
be calculated using

i = 292hv;N(Ep), (4.17)

where N(EF) is the density of states at the Fermi level.

The sharp features superimposed on the electronic background in
Figs.4.12 and 4.13 can be attributed to molecular vibrations. An assignment
of these features to the various vibrational modes ([290, 89, 292, 293, 103, 278]
and references therein) is feasible by comparing spectra of different isotopi-
cally labelled salts with calculations based on a valence-force-field model by
M.E. Kozlov et al. [294, 295]. For the ET molecule, the modes with the
strongest coupling constants are those involving the central carbon and sul-
fur atoms [294, 295, 296] at which the HOMOs have the largest amplitudes
[82] (Fig. 2.1). The frequencies of these C=C stretching and ring-breathing
modes are v = 1465cm™! (go = 0.165), v3 = 1427cm ™! (g3 = 0.746) and
vg = 508cm~! (g9 = 0.476), where the calculated coupling constants are
given in the brackets. Despite these sizeable coupling constants, several stud-
ies — especially those of the mass isotope shifts on T, for the ET salts [297]
— indicate that the EMV coupling seems to play only a minor role in me-
diating the attractive electron-electron interaction for the superconductivity,
cf. Sect. 6.6.



62 4 Normal-State Properties
Electron-Intermolecular- Vibration Coupling

While much experimental data are available on the EMV coupling, relatively
little is known about the coupling of the charge carriers to the low-lying
intermolecular phonons. This interaction is provided by the modulation of the
effective charge-transfer integrals tog between neighboring molecules during
their translational or librational motions. Within the Eliashberg theory, the
dimensionless electron-intermolecular-phonon coupling constant A is given by

A= 2/@F(w)dw, (4.18)

where a(w) is the electron-phonon-coupling constant, w the phonon frequency
and F(w) the phonon density of states. The Eliashberg function a?(w)F(w)
can, in principle, be derived from tunneling characteristics of strong-coupling
superconductors or via point-contact measurements. The latter experiments
have been carried out by A. Nowack et al. on the S-type (ET)2X salts with
X =I5 and Aul; [298, 299] yielding A ~ 1. Some of the frequencies of the
intermolecular modes have been determined by employing Raman and far-
infrared measurements [300, 301, 302, 303]. More recent studies including
inelastic-neutron [304] and Raman-scattering [88, 305, 306, 303] have focused
on an investigation of the role of intermolecular phonons for superconduc-
tivity. These experiments yielded quite sizeable superconductivity-induced
phonon-renormalization effects ¢ which clearly indicate a significant coupling
of the superconducting charge carriers to the intermolecular phonons and
suggest an important role of these modes in the pairing interaction.

A strong coupling of the charge carriers to the intermolecular phonons
can be inferred also from temperature-dependent Raman scattering studies
of the phonon dynamics in k-(ET)2Cu(NCS)s and k-(ET)2Cu[N(CN);]|Br
[292, 308, 88, 305, 306, 303]. The observed anomalous temperature depen-
dence of the low—frequency phonons around and below T, were found to be
consistent with an isotropic gap 2 A close to 2.8 meV [306]. From the reported
frequency shifts, the electron—phonon coupling constants A\; have been calcu-
lated yielding a total coupling constant of A, = 0.97 &+ 0.11 [306].

Probing the Charge on the Molecule

As has been shown by various authors, the positions of intramolecular modes
reveal systematic shifts upon changing the oxidation state of the molecule
[309, 310, 311]. It was found that the fully symmetric Raman-active modes
Vo, v3, and vg reveal a significant and linear shift to lower frequencies as the
charge per ET molecule changes from 0 to +e or even +2e. Hence, measure-
ments on the intramolecular vibrations can be used to study the phenomenon

5 In general, the effect of superconductivity on the phonon frequencies is as small
as 2A/W , i.e. of the order of 1072 or less, see e.g. [307], and Sect.6.7
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of charge ordering, i.e. periodic deviations from a homogeneously charged
donor molecule, see Sec. 4.4.3. Information on the charge-ordering pattern is
obtained by employing an analysis of the symmetry of the vibrational bands
[311].

4.3.2 Thermal and Magnetic Properties

For both classes of quasi-1D and -2D charge-transfer salts, a variety of differ-
ent ground states has been found depending on parameters such as chemical
composition, external pressure, or magnetic field. A striking feature common
to both families is a long-range magnetically ordered state which shares a
common phase boundary with the superconducting state.

Quasi-One-Dimensional (TM),X

We start the discussion with the most anisotropic sulfur-based compounds
(TMTTF)2X with X = PFg or Br. As shown in Fig. 4.6, the charge dynamics
of these salts are characterized by a metallic response above a temperature
T, ~ 100 — 250K followed by an activated behavior for T < T),. This indi-
cates an opening of a charge gap A, which has been assigned to the joint
role of Coulomb correlations and low dimensionality. According to transport
measurements, the charge gap, which is related to the minimum in the resis-
tivity at T, by A, =~ T,m, decreases from about 700 K for X = PFg to 300 K
for the Br salt. This is in line with the results from photoemission, optical
and dielectric studies, yielding A, ~ 500 — 1500K (PFs) and 300 — 500 K
(Br) [270, 312]. Remarkably enough, the spin degrees of freedom as probed,
e.g., by magnetic susceptibility or ESR measurements, remain unaffected by
the drastic changes in the transport properties. In addition, these magnetic
studies reveal a phase transition from a paramagnetic high-temperature into
a non-magnetic low-temperature state. For the X = PFg salt, for exam-
ple, the combination of magnetic susceptibility [313], NMR [314] and X-ray
[315] investigations showed that the transition into a non-magnetic state at
Tsp = 19K is accompanied by a periodic lattice modulation, i.e., a tetramer-
ized state. This so-called spin-Peierls transition — the magnetic analogue to
the Peierls instability in quasi-1D conductors — is a consequence of the cou-
pling of the 1D spin system to the 3D phonons: a one-dimensional arrange-
ment of localized spins with uniform antiferromagnetic exchange coupling J
can lower its energy by adopting a modulated structure, see Sect.4.4.2. As a
result, the exchange coupling constant between neighboring spins alternates
between J; and Ja, Ji2 = J[1 £ ] and ¢ the alternation parameter. This
leads to the formation of spin singlet S = 0 pairs and a singlet-triplet gap
A, opens in the magnetic excitation spectrum. Figure 4.14(a) shows the spin
susceptibility s (crosses) for (TMTTF)2PFg as derived from the integrated
ESR absorption [316]. The experiments revealed an isotropic spin suscepti-
bility with a broad maximum around 340 K followed by a rapid drop below
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Tsp = 19K.

To compare the experimental results with theoretical predictions which
usually refer to constant-volume processes, the data have been corrected for
the thermal contraction of the materials. To this end, the susceptibility data
taken at constant pressure (x;), were transformed into susceptibilities at con-
stant volume (x;)y (diamonds) by applying the same temperature-dependent
scaling factor (xs)v/(xs)p derived for (TMTSF);PFg from NMR and X-ray
investigations [211]. This procedure leads to an overall reduction of the sus-
ceptibility at high temperature by about 25% compared to the (xs), data,
cf. Fig.4.14. The high-temperature maximum in (ys)y resembles the suscep-
tibility of a homogeneous antiferromagnetic S = 1/2 Heisenberg chain with
nearest-neighbor exchange coupling J described by the Hamiltonian

H=J> Si-Sit. (4.19)

The thermodynamic and magnetic properties of (4.19) for finite systems
were first studied by J.C. Bonner and M.E. Fisher [317]. Using a numer-
ical expression for the Bonner-Fisher results and employing a g factor of
2.002, M. Dumm et al. were able to fit the high-temperature data around
the maximum reasonably well [316], yielding an antiferromagnetic exchange
coupling constant |J| = 420K, cf. solid line in Fig.4.14(a). From a simi-
lar procedure applied to the constant-volume susceptibilities of the related
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salts (TMTTF);ClO4 and (TMTTF)3Br, cf. Fig. 4.14(b), coupling constants
of |J| = 430K (ClO4) and 500K (Br) have been inferred [316]. According
to these results, the spin degrees of freedom of the (TMTTF),X salts are
well described by uniform antiferromagnetic Heisenberg chains with local-
ized S = 1/2 spins residing on a pair of TMTTF molecules consistent with
the weak structural dimerization of these compounds, cf. Fig. 4.14.

Details of the magnetic susceptibilities near the spin-Peierls transition
are shown in Fig.4.15. The figure shows the isotropic reduction of (xs)v
below Tsp = 19K. At low temperatures, i.e., for T' < 12K, the data can
be described by an expression given by L. Bulaevskii [318] for an alternating
antiferromagnetic S = 1/2 Heisenberg chain

xs(T) = 7 exp <_T> : (4.20)

where o and [ are constants tabulated in [318]. Using the above exchange
constant |J| = 420K results in an alternation parameter v = [1 —d]/[1 +J] =
0.91, corresponding to 6 = 0.0476. According to the mean-field theory by
E. Pytte [319], 0 is related to the magnetic excitation gap by

AT
o(T) = 1.637.J°

yielding A, = 32.3K for (TMTTF);PFg in the T = 0 limit.

The lattice response at the spin-Peierls transition has been measured by
high-resolution thermal expansion measurements. Figure4.16(a) shows the
expansion coefficient along the b-axis, i.e. perpendicular to the stacking axis,
for (TMTTF);PFg [320]. At Tsp = 18K (see inset of Fig. 4.16, left panel), a
pronounced second-order phase transition anomaly has been observed.

The above experimental results demonstrate particularly clearly that for
the present quasi-1D systems, the spins and charges behave independently.

(4.21)
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Indeed, the decoupling of spin-and charge-degrees of freedom is one of the
hallmarks of a so-called Tomonaga-Luttinger liquid — the concept which
describes interacting Fermions in one dimension, cf. Sec.4.3.1.

On going to the selenium analogue (TMTSF)2PFg, the metallic charac-
ter prevails and the system stays conducting down to low temperatures until
at around 12K the resistivity suddenly increases. The 1D-character of the
material, i.e., a Fermi surface consisting of a pair of open sheets exhibit-
ing good nesting properties, cf. Fig. 4.4, suggests that this transition marks
a 2kp density-wave instability. In fact, the anisotropy in the magnetic sus-
ceptibility below the transition temperature, with b the easy and c* the
hard axis [321], the observation of an antiferromagnetic resonance [322] and
the detection of local fields by NMR and pSR [323, 324] clearly proved the
magnetic character of the ground state. Proton NMR, experiments suggested
the formation of a sinusoidal SDW with an incommensurate wave vector
qspw = (0.5,0.2—0.24,0.06) and an amplitude of 0.08 — 0.085 np [325, 326].
By means of detailed X-ray investigations, J.P. Pouget et al. [327] were able
to detect, below Tspw, satellite reflections with ¢; = (0.5,0.25,0.25) and
g, = 2q,, where g, is in accordance with the wave vector seen in the above
NMR measurements. These results indicate a peculiar mixed 2k CDW-SDW
ground state to be realized in this material. A pronounced coupling to the
lattice degree of freedoms has also been inferred from the sizeable anomaly
in the coefficient of thermal expansion at Tspw displayed in Fig. 4.16, right
panel.

Remarkably enough, the high-temperature magnetic susceptibility of the
metallic (TMTSF);PF¢ salt, after correction for the thermal contraction,
shows a similar temperature dependence as the non-metallic sulfur com-
pounds, although the maximum in (x,)y around 350K appears less clearly
pronounced, cf. Fig.4.14(c) [316]. In an attempt to determine the exchange
coupling constant that couples the itinerant spins in this compound, M.
Dumm et al. applied a result derived by W.A. Seitz and D.J. Klein [32§]
for a linear half-filled Hubbard model in the limit of strong Coulomb repul-
sion U, i.e., t,/U = 0.2. As a result of their fitting procedure, which, however,
fails to describe the maximum in (xs)y around 350 K, the authors propose
|J| =~ 1400K for this compound.

On going from (TMTTF);PFg to (TMTSF)3ClOy, the metallic character
becomes reinforced as indicated by the substantial increase in the room-
temperature conductivity from o ~ 30Q tem™! ((TMTTF);PFg) to o) ~
500 tem™! ((TMTSF)2ClO4) and the system undergoes a superconducting
transition at 1.2K [36]. Despite these marked differences in their metallic
properties, the spin susceptibilities behave rather similarly with a monotonic
drop from 300 to 50K by about 40%.

The various above-mentioned symmetry-broken ground states indicate
that at low temperatures, three-dimensional couplings are active. The cross-
over temperatures, where the systems change from predominantly one- over
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Fig. 4.16. Coefficient of thermal expansion along the b-axis for (TMTTF)2PFg
(left) and (TMTSF)2PFg (right). The insets show an expansion of the data around
the spin-Peierls and SDW phase transitions, respectively. After [320].

two- to eventually three-dimensional behavior are of the order of ¢;/kp and
t;/kp, where t; and t; denote the transfer integrals for the intermediate- and
low-conductivity directions, respectively [329]. Thus, at sufficiently high tem-
peratures T' > t;/kp, short-range 1D fluctuations predominate and 1D theory
should be a good starting point for understanding the electronic properties
of these materials.

Quasi-Two-Dimensional (BEDT-TTF),X

For the quasi-2D (ET)2X compounds, the Fermi-surface topologies indicate
that nesting is less favorable and, indeed, in most of the materials the Fermi
surface remains intact and the systems stay conducting down to low tempera-
tures. However, as has been pointed out by C. Hotta et al. [193], see also [194],
nesting might also be of importance for these materials. According to their
work, the key parameter which determines the shape of the Fermi surface,
and by this, the possibility of a nesting-induced SDW instability, is the degree
of splitting of the anti-bonding HOMO bands, cf. Fig. 4.1. Nevertheless, as
for the (TM)2X salts, superconductivity is close to an antiferromagnetically
ordered state, see the pressure-temperature phase diagram for the x-phase
(ET)2X salts in Sect. 4.6. In this respect, the salt with the complex anion X =
Cu[N(CN)2]Cl is of particular interest as it is an antiferromagnetic insulator
which, by the application of a small hydrostatic pressure of only 300 bar, can
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be transformed into a superconductor with the highest 7. of 12.8 K among
this family [105]. For an understanding of the superconducting state and its
interplay with magnetism for this class of materials, an identification of the
nature of the magnetic state is of crucial importance. There has been a de-
bate on whether the magnetic order results from the nesting of the open parts
of the Fermi surface, i.e., an itinerant SDW-type of magnetism, or whether
it is of local character driven by strong electron-electron correlations. First
magnetic measurements aiming at a determination of the spin structure re-
vealed indications for an antiferromagnetic transition at Ty = 45K and a
weak ferromagnetic behavior below 22 K [330]. This interpretation has been
questioned by the results of subsequent susceptibility measurements by K.
Miyagawa et al. [168], yielding a Néel-temperature of Ty = 27K. These
authors assigned the weak ferromagnetic moment below 23 K to the sponta-
neous canting within the ET layers of localized spins having an easy axis per-
pendicular to the layers. Further insight into the low-temperature magnetic
structure has been gained by detailed investigations of the '3C- and 'H-NMR
[331, 332]. From *C-NMR spectra on a powdered sample, an only weakly
temperature-dependent line shape has been observed at high temperatures
T > 60K. Upon approaching the Néel-temperature from above, however,
the spectra broaden significantly which has been attributed to short-range
antiferromagnetic ordering within the ET layers [333].

Supplementary information has been received from 'H-NMR on single-
crystalline material, see Fig.4.17. It has been argued in [333] that because

TH.NMR ‘

) " H L ac-plane |

INTENSITY (arb.unit)

Fig. 4.17. 'H-NMR spectra of single
crystalline &-(ET)2Cu[N(CN)2]Cl at
a field of 3.7T perpendicular to the
conducting ac-plane at different
temperatures. After [168].
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of the large hyperfine fields acting on the '>C nuclei as a consequence of the
magnetic ordering, the spectra spread over a wide frequency range and cannot
be detected by the applied radio frequency pulse. Therefore, the 'H-nuclear
probe is superior in this case because its hyperfine coupling to the conduc-
tion electrons is much smaller. Below T, the broadened line splits into three
distinct lines, indicating the presence of inhomogeneous local fields at the
nuclear site, consistent with the antiferromagnetic nature of the transition.
Although the site assignment of the split lines was not possible due to the
complexity that comes from the presence of eight inequivalent 'H sites, two
fundamental conclusions have been drawn from these observations. First, the
discrete number of lines indicates that the ordering wave vector is commen-
surate with the lattice. Second, from the size of the line splitting, an ordered
moment of (0.4 — 1.0) up has been estimated [168]. From these measure-
ments, it has been determined that the easy magnetization direction of the
ordered spins is perpendicular to the conducting layers and that a small cant-
ing of the spins below 23 K causes a weak ferromagnetic moment parallel to
the layers. More recent *C-NMR experiments confirmed the commensurate
structure and yielded a moment of 0.45 ug/(ET)2 [334].7 The commensurate
magnetic structure along with a relatively large moment are at variance to
what is expected for a conventional SDW scenario, which suggests that the
magnetic ordering is of local character, i.e., driven by strong electron-electron
correlations.

It is instructive to compare the magnetic susceptibility of the insulat-
ing antiferromagnet x-(ET)2X, X = Cu[N(CN)2]Cl with that of the re-
lated metallic x-phase salts with X = Cu[N(CN)z]Br and Cu(NCS)2, see
Fig.4.18(a). While at high temperatures, the susceptibilities of the various
salts are only weakly temperature dependent, a rather steep decrease is found
below about 50 — 60 K. Upon further cooling, the drop in x(T") for the X =
Cu[N(CN)2]Br and Cu(NCS); salts indicates the onset of superconductivity
while the sharp increase below about 30K for the X = Cu[N(CN)2|Cl re-
flects the magnetic transition discussed above. These data can be compared
with the results of the spin-lattice relaxation rate T: 1_1 divided by tempera-
ture as derived from *C-NMR measurements [332, 331, 333, 336, 163], see
Fig.4.18(b). The data in Fig.4.18(b) were found to differ markedly from
what is expected for a simple metal. First, (717)~! for the s-phase com-
pounds reveals an overall enhancement by a factor 5 — 10 compared to the
usual Korringa-type behavior of uncorrelated electrons, as realized to a good
approximation in the a-(ET):NH4Hg(SCN), salt [337]. Second, upon cool-
ing, (T13T)~! for the metallic salts with X = Cu(NCS)z and Cu[N(CN)3|Br
gradually increases down to a temperature T* ~ 50 K, below which a steep
decrease sets in. Apparently, this anomalous feature has its correspondence

" The magnetic moment of deuterated #-(Ds-ET)2Cu[N(CN)2|Br showing
an antiferromagnetic insulating ground state (see Sect.4.6) similar to x-
(ET)2Cu[N(CN)2]Cl has been found to be 0.26 — 0.3 up/(ET)2 [334, 335].
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Fig. 4.18. Temperature dependence of (a) the static spin susceptibility of
k-(ET)2X salts (a diamagnetic core contribution of —4.7 x 10~*emu/mol has
been subtracted) and (b) the '*C-nuclear spin-lattice-relaxation rate divided by
temperature for various k-(ET)2X salts. After [332].

in the drop of the static susceptibility, see Fig.4.18(a). For the non-metallic
k-(ET)2Cu[N(CN)2]Cl, (T4T)~! continues to increase upon cooling with a
divergent peak around 27 K indicative of a magnetic ordering. The tempera-
ture dependence of (T1T)~! above 27 K has been assigned to critical magnetic
fluctuations [332, 331].

The unusual temperature dependence of (T3T)~! and its significant en-
hancement around 50 K have been assigned to the effect of strong antiferro-
magnetic spin fluctuations with a finite wave vector @ [332, 333, 336, 163].
The latter might be related to the ordering wave vector that characterizes the
antiferromagnetic state in £-(ET)2Cu[N(CN)2]Cl. It has been emphasized by
A. Kawamoto et al. [332] and K. Kanoda [333] that, despite the rapid drop
below T* ~ 50K, the overall enhancement of (737)~! persists down to low
temperature until the onset of superconductivity reflecting the highly corre-
lated nature of the metallic state in these compounds. NMR investigations
at various pressures revealed that with increasing the pressure, the maxi-
mum at T shifts to higher temperatures while its size becomes progressively
reduced [336]. At pressures above 4kbar the peak is replaced by a normal
Korringa-type behavior, i.e., (TyT)~! = const. In [333, 338] the abrupt re-
duction in (T17)~! below T* ~ 50K has been linked phenomenologically to
a pseudo-gap behavior as has been discussed also for the normal state of the
high-T, cuprates, see, e.g. [339] for a review. Actually, the formation of a
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pseudo-gap for the k-phase (ET)2X salts was first proposed by V. Kataev et
al. [340] based on their ESR results yielding a reduction of the spin suscep-
tibility around 50 K. The same conclusion has been drawn from the above
static magnetic susceptibility measurements [332] and investigations of the
Knight-shift, K [336].

Cooling through T* ~ 50 K does not only cause anomalies in the above
magnetic properties but also leads to clear signatures in transport, acous-
tic, optical and thermodynamic quantities. As mentioned above, for both
superconducting compounds a distinct peak shows up in the temperature
derivative of the electrical resistivity dp/0T [233, 234, 160] indicating a
change in the charge dynamics. A pronounced softening of the longitudi-
nal ultrasound velocity for x-(ET)3Cu[N(CN)q|Br and x-(ET)2Cu(NCS),
with distinct minima at 7" ~ 38K and 46K, respectively, has been at-
tributed to a coupling between acoustic phonons and antiferromagnetic fluc-
tuations [341, 342]. An even more strongly pronounced dip was found in
the ultrasound velocity for pressurized k-(ET);Cu[N(CN)2]Cl [343]. This
feature reaches its maximum amplitude near 34 K and p ~ 210bar, which
lies close to the critical end-point of the first-order metal-insulator tran-
sition in the temperature-pressure phase diagram, see Fig.4.34. Most re-
markably, the ultrasound velocity anomaly remains visible also for pressures
much below 210bar, i.e. in the insulating regime. It was argued in [343]
that the growth of the ultrasound velocity anomaly seen upon approaching
the critical point reflects a diverging compressibility of the electronic de-
grees of freedom, consistent with the predictions by dynamical mean-field
theory (DMFT) [344]. More recently, S. Hassan et al. [345] have calculated
the lattice response and the accompanied ultrasound velocity anomaly at
the Mott transition by considering the compressible Hubbard model and
treating the electron correlations within DMFT. Their calculations revealed,
indeed, a pronounced ultrasound velocity anomaly which is largest along
the crossover line continuing smoothly the first-order phase-transition above
the critical endpoint, cf. phase diagram in Sec.4.6. No explanation, how-
ever, could be given for the strong bending of this line and its continua-
tion into the insulating range observed in the experiments by D. Fournier
et al. [343].

Alternatively, an interaction between the phonon system and magnetism
has been suggested by Y. Lin et al. based on their Raman scattering exper-
iments [346, 280]. Theoretical studies have attempted to explain both the
acoustic and Raman experiments by a correlation-induced crossover from a
coherent Fermi liquid at low temperatures to an incoherent bad metal at
high temperatures [347, 227]. According to this work, pronounced phonon
anomalies as well as anomalous transport and thermodynamic properties are
expected to occur at the crossover temperature T™.

More insight into the nature of the anomaly at T and its interrelation
with superconductivity can be obtained by directly probing the lattice re-
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Fig. 4.19. Linear thermal expansion coefficient perpendicular to the planes
of highest conductivity, a;, as a function of temperature for superconducting
k-(ET)2Cu[N(CN)2]Br (left panel) and insulating -(ET)2Cu[N(CN)2]Cl (right
panel). The inset shows details of a; for both salts as a1 /T vs T at the super-
conducting (X=Cu[N(CN)2]Br) and antiferromagnetic (X=Cu[N(CN)2]Cl) phase
transition. Arrows indicate different kinds of anomalies as explained in the text.
After [155]

sponse using high-resolution thermal expansion measurements [156, 157, 155].
Figure4.19 compares the linear coefficient of thermal expansion, o(T) =
OInl(T)/0T, where I(T) is the sample length, measured perpendicular to
the planes for the superconducting x-(ET)2Cu[N(CN)2]|Br (left panel) with
that of the non-metallic x-(ET)2Cu[N(CN);]Cl salt (right panel). For both
compounds, various anomalies have been observed as indicated by the arrows
[155, 348]. These are (i) large step-like anomalies at T, = 70 ~ 80 K which are
due to a kinetic, glass-like transition associated with the ethylene endgroups,
cf. Sect.3.3 and (ii) a distinct peak in a(T") at T*. The latter feature, also
observed for the superconductor x-(ET)2Cu(NCS)s (not shown) is absent in
the non-metallic k-(ET)2Cu[N(CN);]Cl salt, cf. right panel of Fig.4.19 [155].
As demonstrated in the insets of Fig. 4.19, the transitions into the supercon-
ducting (T, = 11.8 K) and antiferromagnetic (T = 27.8 K) ground states for
the X=Cu[N(CN)2|Br and X=Cu[N(CN);]Cl salts, respectively, are accom-
panied by distinct second-order phase transition anomalies in the coefficient
of thermal expansion.

Figure 4.20 shows the anomalous contribution, da; (T) = a;(T) — aip(T),
to the uniaxial thermal expansion coefficients along the principal axes, «; (7)),
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at T, and T* for the superconducting salts X=Cu[N(CN);z|Br (left panel)
and X=Cu(NCS). (right panel) obtained after subtracting a smooth back-
ground a;, (dotted line in the left panel of Fig.4.19) [235]. Judging from
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Fig. 4.20. Anomalous contributions, da;(T) = a;(T) — aip(T) to the uniaxial
thermal expansion coefficients «;(7"), obtained by subtracting a smooth background
contribution a;,(T"), along the three principal axes for the superconducting salts k-
(ET)2Cu[N(CN)2|Br (left panel) and k-(ET)2Cu(NCS)2 (right panel). After [235].

the shape of the anomalies at T, i.e. their sharpness and magnitude, it has
been suggested that this feature is reminiscent of a second-order phase transi-
tion [235]. Moreover, Fig. 4.20 uncovers an intimate interrelation between the
phase-transition anomalies at T, and T™*: while both features are correlated
in size, i.e. a large (small) anomaly at T, complies with a large (small) one at
T*, they are anticorrelated in sign. A positive peak at T, goes along with a
negative anomaly at 7™ and vice versa. According to the Ehrenfest relation

oT* Aq;
= Vo - T - 24 4.22
(apl )piHO : AC ( )

which relates the uniaxial-pressure dependence of a second-order phase-tran-
sition temperature T* to the discontinuities in «;, Ac;, and that of the spe-
cific heat, AC, the opposite signs of the discontinuities A«; at T, and T*
imply that the uniaxial-pressure coefficients of these two critical tempera-
tures are strictly anticorrelated. In [155, 235], it has been argued that the
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transition at T* is of electronic origin and most likely related to the Fermi-
surface topology. Based on the above uniaxial-pressure results, it has been
proposed that T, and T* mark competing instabilities on disjunct parts of
the Fermi surface [155, 235]: while the instability at 7* most likely involves
only the minor quasi-1D fractions (see Fig. 4.4 and [336]), the major quasi-2D
parts are subject to the superconducting instability at lower temperatures.
As a result, these studies hint at the opening of a real gap associated with
T* on the small 1D-parts of the F'S as opposed to a pseudo-gap on the major
quasi-2D fractions. The condensation of parts of the FS into a density-wave
below T would imply the onset of anisotropies in magnetic and transport
properties. In fact, this has been found in recent orientational-dependent
studies on both compounds [236]: cooling through T* is accompanied by the
onset of a small but distinct anisotropy in the magnetic susceptibility. As
can be seen in Fig. 4.21, T™ affects also the charge degrees of freedom where
below T the b-axis transport becomes more resistive compared to that along
the c-axis [236]. These authors proposed that below T a static or fluctuat-
ing charge-density-wave (CDW) on minor parts of the FS coexists with the
metallic phase on the remaining quasi-2D fractions. In [349], it has been ar-
gued that such an interpretation could not explain the smooth evolution with
field of the magnetic breakdown oscillations observed in x-(ET)3Cu(NCS),
[350]. Instead, based on their findings of a spatially inhomogeneous metallic
state, they suggested that two distinct types of domain exist below the glassy
transition at T, ~ 70 K. These two domains are characterized by slightly dif-
ferent Fermi-surface topologies. While one type of domain may have a Fermi
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surface prone to nest (probably at 7' ~ T*), the remaining Fermi surface
remains unnested down to low temperature [349)].

It is fair to say that an understanding of the origin of the T anomaly has
not been achieved yet. However, the position of the T* line in the generalized
temperature-pressure phase diagram, cf. Sect.4.6, indicates that it is inti-
mately related to the critical point (Teyit, Perit) Which marks the endpoint of
the first-order metal-insulator transition: 7*(p) either meets with or evolves
into the first-order metal-insulator transition.

4.4 Instabilities Involving Spin- and Charge-Degrees
of Freedom

Fermi surface instabilities leading to CDW-, SDW-, and spin-Peierls tran-
sitions, as well as charge ordering have been introduced in the preceding
sections. Since all these instabilities involving spin- and charge-degrees of
freedom are intertwined with each other, we will recapitulate here the con-
ceptual backgrounds and phenomena from a more general point of view.

4.4.1 Charge- and Spin-Density-Waves

As introduced in Sect. 4.2, the density-wave condensates such as CDW and
SDW are commonly induced when a nesting condition E(k) = E(k + Q) is
satisfied sufficiently well for the underlying Fermi surface (FS). For simplicity,
consider a quasi-1D tight-binding band with a small but finite interchain
transfer integral ¢y,

E(ky, ky) = hop(|ks| — kp) — 2t cos(kyb). (4.23)

The FS is shown in Fig.4.22(a), where a pair of open sheets perfectly nest
onto each other by the nesting vector Q = (2kp, w/b,0). This nesting makes
the electronic response function

fIE(k +q)] — f[E(K)]
Z E(k+q) — E(k)

(4.24)

divergent at ¢ = @Q, turning a metal into an insulator with an energy gap
E¢ = 2Apw opening at Ep, see Fig.4.22(b). Two different metal-insulator
(MI) transitions to either a CDW or SDW ground state are well known:
first, a CDW, which is a hybridized compressional wave of both the electron
density and the lattice distortion induced by the electron-phonon interaction,
see Fig. 4.22(c). In this CDW condensate, which was predicted in 1955 by R
Peierls [32],% a spontaneous breakdown of translational symmetry induces a

8 The terminology Peierls-instability or -transition is often used for a CDW in a
quasi-1D system.
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lattice modulation with a periodicity corresponding to the nesting vector Q.
Second, a SDW condensate, Fig. 4.22(d), which is a compressional wave made
of the electron spin-densities with up and down spins staying away from each
other due to the Coulomb repulsion. The SDW transition which is induced
by electron-electron interaction is not necessarily accompanied by a periodic
lattice distortion.® A. Overhauser [355, 356, 357] predicted a SDW ground
state in 1960 for isotropic metals like alkaline metals.'®

We introduce the electron number- and spin-densities; p(r) = py(r) +
p—o(r) and o(r) = po(r) — p—o(7), respectively, where o =7, |. Here p,(r)
and p_,(r) are spin-dependent number-densities expressed as

polr) = pol1 — Asin (Q -7~ 6) (4.25)
and 1
p—o(r) = Epo[l + Asin (Q - r + 0)], (4.26)

where pg is a constant background density. The CDW condensate with o = 0,
Fig.4.22(c), is obtained at 6 = 7/2:
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Fig. 4.22. (a) Quasi-1D FS in the k;-k, space for the tight-binding band (4.23).
Arrows show the nesting vector @ = (2kr,7/b,0). (b) The energy band in a DW
state. Spin-dependent number-density-waves: (c) in-phase for CDW and (d) anti-
phase for SDW, both having the wave length A = 27 /2kp.

9 In Cr metal, a second harmonic CDW (4kr) accompanies the incommensurate
SDW through the electron-phonon interaction [351, 352, 353, 354].

19 Since the first observations of a CDW in TTF-TCNQ and of a SDW in Cr,
a number of experimental and theoretical studies have been devoted to this
subject so far yielding evidence for a CDW in transition-metal chalcogenides
such as NbSes and the blue bronzes like Ko.3MoOs [358, 359, 360, 361] and
a SDW in Cr alloys and compounds [353, 354]. Following the investigations on
the prototype TTF-TCNQ, many low-dimensional molecular metals have served
as model systems for studying both types of condensates [359, 362, 361, 363, 86].
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p(r) = poll — Acos(Q - 7)), (1.27)

while an SDW with p = pg, Fig.4.22(d), at § = 0:
o(r) = poAsin(Q - ). (4.28)

Both condensates with electron-hole pairing with momentum 2hkr due to
nesting can be treated within a mean-field theoretical framework. From a
mathematical point of view this is equivalent to the BCS weak-coupling the-
ory [364, 365] for superconductivity due to electron-electron pairing (k 1
,—k |) with zero momentum. As a consequence, one finds a second-order
phase transition at Tpy from a high-temperature metallic state to a low-
temperature DW ground state with an order parameter Apyy:

2Apw = 3.52kpTpw (4.29)

kBTDW = 114EF exp <—L) . (430)
Apw
Here Apw is a dimensionless coupling constant, Aecpw = gN(Er) and
Aspw = UN(EF), where g and U are the electron-phonon coupling constant
and the electron-electron Coulomb repulsion, respectively. The condensation
energy is given by —(1/2)N(Er)A%,, and the amplitude A in (4.25) and
(4.26) is expressed as A = Apw /hvpkpApw .

In the following, we will discuss TTF-TCNQ and (TMTSF)2PF¢ as canon-

ical systems for a CDW and SDW instability, respectively.

CDW in TTF-TCNQ

As noted in Chap. 1, the first molecule-based metal was the quasi-1D system
TTF-TCNQ [30, 31, 210, 90]. The crystal has a monoclinic structure with
the space group P2;/c¢ in which both donor (TTF) and acceptor (TCNQ)
molecules uniformly stack along the b-axis in a segregated way forming a
column or chain (see Fig. 3.2 in Sect. 3.2). The average valence state TTF*+°-
TCNQ % with § = 0.56 — 0.67 was determined from X-ray photoelectron
spectroscopy [366]. This indicates that both the hole and electron bands are
responsible for the metallic conduction. The conductivity o along the most
conducting b-axis increases with decreasing temperature, followed by an MI
transition around 50 — 60K [31, 367, 368, 369, 370, 371].1! The conductivity
is highly anisotropic: o3 is about two orders of magnitude higher than the

" The divergently increasing conductivity [31, 367] in approaching the transition
temperature led to a great deal of turmoil in the field placing hopes on possible
superconducting fluctuations associated with the Peierls instability. The conduc-
tivity, however, was proved to be caused at least partly by the inhomogeneous
current paths depending on the sample and the electrical contacts [367].
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interchain conductivities o, and o, consistent with the results of optical
reflectance measurements [372].

X-ray [373, 374, 375] and neutron-scattering [376, 377] measurements pro-
vided structural evidence for the Peierls instability. Figure4.23(a) shows X-
ray diffuse scattering intensities around the Bragg reflection (021) as a func-
tion of the wave number @ along the b*-axis [374, 375]. Two distinct peaks
are seen at Q = 0.295b* and 0.41b*, the latter of which is equivalent to
0.59b* (= b* — 0.41b*). These signatures of diffuse scattering were identi-
fied as occurring at 2k and 4kr, since 2kp = (6/2) b* ~ 0.3b*.12 Both 2kp
and 4kpr peaks grow with decreasing temperature, indicating the existence
of strong fluctuations preceding the Peierls instability in the metallic state.
Figure 4.23(b) shows the dispersion of the transverse acoustic phonon propa-
gating along the b-axis and polarized along ¢ [378, 379]. A dip appears around
0.3 b* corresponding to the 2kp diffuse scattering in Fig. 4.23(a) and becomes
deeper at lower temperatures. This is a manifestation of the so-called Kohn
anomaly indicating a phonon softening, i.e., a phonon mode whose frequency
approaches zero toward the structural phase transition where the lattice loses
the restoring force against the relevant distortion (schematically illustrated
by the dashed curve).
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Fig. 4.23. (a) X-ray diffuse scattering intensities as a function of Q(b*) near the
(021) Bragg reflection in TTF-TCNQ), after [374, 375]. (b) The phonon dispersion
of the transverse acoustic mode propagating along the b*-axis with the polarization
along ¢, after [378, 379]. The dashed curve schematically represents the phonon
quenching at @ = 0.295b" expected for the lattice displacement.

12° As described in Chap. 2, the experimental observations of a superstructure turned
out to be a powerful tool in determining precisely the charge transfer 4.
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A comparison of X-ray and neutron data suggested that the 2kr and 4kp
modulations occur on the TCNQ and TTF chains, respectively. These pre-
cursory fluctuations in the metallic state result in a formation of 3D ordering
of 2kp- and 4kp-CDWs below 53K and 49 K, respectively, and eventually
a superlattice with @ = (0.25a*,0.295b*, ¢*) is formed below 38 K. These
superlattice formations were visualized in a real-space picture and its Fourier
transform by scanning tunneling spectroscopy [380]. Since a purely 1D system
(without any interchain couplings) cannot undergo an ordering transition at
finite temperatures, these successive transitions were discussed theoretically
in terms of phase couplings between the chains [381, 382, 383].

The application of pressure changes this incommensurate superlattice into
a commensurate one with @ = (1/3)b* [384], where the conductivity oy
sharply decreases [385]. This can be ascribed to the so-called phase locking
due to the commensurability with the lattice [386, 387], which can impede
the sliding motion of the fluctuating CDW carrying an electric current under
the influence of an electric field [362, 361].13

SDW in (TMTSF),PF¢

As described above, this quarter-filled quasi-1D metal exhibits a MI tran-
sition around 12K (= Tspw) into a SDW ground state [390, 391]. The
single-particle gap 2Agpw of 30 — 40K estimated from the dc conduc-
tivity agrees with equation (4.29). Other parameters are obtained within
a weak-coupling framework (4.30); Aspw = 0.26, the coherence length
& = hvp/mAspw = 320 A, and U = 2.0eV [363]. However, the experi-
mentally observed SDW moment of y = 0.08 up is much larger than the
theoretical value (4Aspw /U) up = 0.01 pp. Moreover, the order parameter
evaluated from NMR and muon spin rotation measurements [323] shows a
sharp upturn just below Tspw, which deviates significantly from the BCS-
type temperature dependence, [1 — (T/Tspw )]~ '/2. For the mean-field the-
ories based on the quasi-1D Hubbard model, refer to [392, 393].

For this SDW condensate, a number of studies have been carried out,
including the nonlinear transport [394, 395] and high-frequency conductivity
[396], to explore the dynamics of the SDW. Figure 4.24 shows the fractional
change of the nonlinear conductivity as a function of pulsed electric fields
applied along the chain axis [394]. The data indicate an Ohmic behavior at low

13 Since the energy of an incommensurate DW condensate is independent of the
phase [388], a translational motion of sliding DWs is possible when an electric
field is applied [386]. Theoretically this sliding motion is a gapless Goldstone
mode, i.e., a recovery of the broken translational symmetry, so that no energy
is necessary to excite the collective motions of the amplitude and phase. In a
real crystal, however, DWs are pinned at defects in a crystal via the electrostatic
interaction. In the absence of defects, they would carry a super-current. This
was proposed in 1954 by H. Frohlich [389] as a mechanism of superconductivity
before the BCS theory [364] came out in 1957.
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fields, followed by a field-dependent conductivity above the threshold field Er
that increases with decreasing temperatures. This nonlinear transport in the
SDW state is quite similar — not only qualitatively but even quantitatively —
to those in CDW condensates [362, 363, 361] with Er being of the same order
of magnitude. This can be interpreted as depinning of the CDW condensate.
However, this similarity has remained enigmatic for reasons described below.

In general, at low electric fields both condensates remain pinned at de-
fects in the crystal. At sufficiently high fields they can overcome the pinning
potential, becoming depinned, and start to carry a collective current. The dif-
ference between the two types of DWs is that the pinning interaction (usually
nonmagnetic) for p,(r) and p_,(r) works collaboratively for the CDW, but
not for the SDW, i.e., the SDW pinning can be expected to be an effect of
higher-order perturbation and thus should be much smaller than the CDW
pinning. For details refer to [397] and references therein. Moreover, the high-
frequency conductivity spectrum indicates a prominent oscillator strength
at several GHz due to pinned SDWs [361, 363, 396]. This suggests that the
pinning frequency is also quite similar to those observed in CDW conden-
sates. This again is puzzling because the oscillator strength of a SDW with
an effective mass, expected to be the band mass, should be much smaller
than that of a CDW with much larger mass of about 100 or more times the
band mass as a consequence of the concomitant lattice displacement. The
optical conductivity issue was readdressed theoretically with a random phase
approximation for the extended Hubbard model by taking into account the
collective mode relevant charge fluctuations [398].

For the problem of the mixed CDW-SDW in (TMTSF),PFg as mentioned
above, the 2kp diffuse scattering indicates fluctuation effects of the lattice
distortion similar to TTF-TCNQ below 200 K which surprisingly disappear
near Tspw [327]. This behavior is in contrast to that in (TMTTF)2PFg in
which the fluctuations diverge at the spin-Peierls (SP) transition tempera-
ture Tsp = 15K. From these facts it was taken that the mixed state is of
purely electronic origin without any accompanying lattice distortions. The co-
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existence was discussed in connection with the charge-ordering phenomenon,
which will be addressed later. Another puzzling observation was that the
CDW fades out at lower temperatures below 3 — 4K [399], just where suc-
cessive SDW subphases appear which are associated with anomalies in NMR.
[400, 401], specific heat [402], dielectric properties [403], magnetic suscepti-
bility [404] and magnetotransport [405, 406].

4.4.2 Spin-Peierls State

The spin-Peierls ground state was first discovered in 1:1 TTF salts with
bisthiolene metal complexes as an acceptor [407]. These materials, which are
Mott-Hubbard insulators at half filling with one electron per TTF-site, have
served as a model system for a 1D magnetic Heisenberg chain. Instead of
the Hamiltonian (4.19) for the homogeneous chain, an inhomogeneous case
of alternating exchange interactions J; and J; has been considered [319]:

N/2

H= Z(Jls% - S9i1 + J289 - Sa2it1). (4.31)
i=0

Here the alternation parameter, ve, = Ja2/J1 is introduced. A particularly in-
teresting situation arises for uniform antiferromagnetic S = 1/2 Heisenberg
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Fig. 4.25. Schematic illustration of the dispersion of low-lying magnetic excita-
tions. (a) Homogeneous case (Yee = 1, i.e. uniform exchange coupling constant .J)
with a 1D periodicity of a. Note that for quantum spins S = 1/2, the dispersion
relation shown corresponds to the lower boundary of the two-spinon continuum.
(b) Inhomogeneous case (Ve < 1) with alternating Ji and J> and dimerization
a1 + a2 = 2a. Here the singlet ground state is separated by an energy gap As from
the lowest-lying band of triplet excited states.
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chains (yez = 1), where the excitations are so-called spinons with S = 1/2 (in
contrast to spin-1 magnons) and thus are fermions. These spinons are created
as pairs giving rise to the two-spinon continuum. The lower bound of this con-
tinuum has the dispersion E, ~ (J/27)|sin(kza)|, shown in Fig.4.25, which
is gapless. In the limit of large U/t in the Hubbard model (V;; = 0 in (4.2),
Ji = Jo = 2t?/U [408], and the gapless nature of the excitation spectrum
gives a non-zero susceptibility ys at 7' = 0. In contrast, for the alternating
case Yer < 1 with a doubling of the unit cell (a; +a2 = 2a), a gap A4 opens up
in the spin excitation spectrum and the ground state becomes nonmagnetic.
This is the case in the spin-Peierls (SP) state.'* The driving force of the SP
transition is the magneto-elastic coupling between the one-dimensional spin
system and the three-dimensional phonons. Upon cooling through Tsp, there
is an elastic distortion which transforms the uniform chain at 7' > Tsp to a
dimerized chain with two, unequal alternating exchange coupling constants
for T < Tsp. This T-dependent dimerization is accompanied by the opening
of a spin gap between a nonmagnetic singlet (S = 0) ground state and the
lowest-lying band of triplet (S = 1) excitations. The size of the gap is related
to the degree of dimerization. Thus in a SP system, the cost of elastic energy
due to the dimerization is overcompensated by the magnetic energy gain due
to the opening of the singlet-triplet excitation gap [319, 411].
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In contrast to the above half-filled case, (TMTTF),PFg at quarter fill-
ing shows a characteristic interplay between AF and SP states. Figure 4.26
demonstrates the pressure dependence of Tgp and Ty determined by 'H-
NMR measurements [412]. These ground states appear in the Mott-Hubbard

4 A SP ground state was also observed in inorganic CuGeOs with Cu?t (S =
1/2) [409]. Here, direct measurements of the spin excitations on sizeable single
crystals have been made by inelastic neutron scattering. A review is available
given in [410].
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insulator below T, > 100 K (Sect.4.3.1, Fig.4.6). The low-temperature SP
state at ambient pressure forms out of the high-temperature charge-ordered
state [413], as will be described below. Of particular importance is that both
phase boundaries are sharply suppressed to less than 9 K around the critical
pressure 0.9 GPa. This is reminiscent of a quantum critical point [414], i.e. a
phase transition at T = 0, which can divide the dimerized SP and uniform
AF states in a 1D system.

Another typical example for a SP state was found in MEM-(TCNQ)a2,
where MEM is N-methyl, N-ethyl-morpholinium, which is a Mott-Hubbard
insulator below 335K [415]. The system exhibits a temperature-dependent
magnetic susceptibility of 1D Bonner-Fisher type [317] with an AF exchange
interaction, followed by a sharp decrease below 19 K indicating a spin-singlet
state. The latter was identified as a SP ground state associated with dimer-
ization within the TCNQ chains [416].

4.4.3 Charge-Ordering Phenomena

In addition to FS instabilities leading to DW condensates, electron correlation
effects can be the source for another type of MI transition in low-dimensional
systems. In particular, the long-range inter-site Coulomb repulsion can play
a decisive role in the charge-ordering (CO) phenomena. This has been the
subject of theoretical investigations in quarter-filled 1D metals, see [176] for
a recent review. The model which has been used is an extended Hubbard
Hamiltonian,

H = Z Z (i[]. + (—1)iAd}CI’aCi+1’J + hC) + Z UniTnii + Z Vnmiﬂ,

(4.32)
where Ay measures the degree of dimerization. Equation (4.2) corresponds
to the homogeneous case, Ay = 0, without dimerization. Although the

mean-field calculations [192, 417, 418] ignore any quantum fluctuations
of charges and spins which are expressed by space-time correlations as
< p(ra,t2)p(ri,t1) > and < (6(ra,t2)d(r1,t1) >, respectively, they may
provide a physical insight into the ground states, as schematically illustrated
in Fig.4.27.

In case (a) with Ay = 0 and V < V. (= 0.34t) [419], where the on-
site Coulomb repulsion U dominates the uniform-transfer band, a 2kp-SDW
with the charge-spin sequence of (0.5;,0.5;,0.51,0.51) can be stabilized as
illustrated in Fig.4.22(d) [420]. At large V' (> V.), however, electrons tend
to stay away from each other. As a consequence they form a charge-density
pattern (6,1 — 4,0,1 — §) which corresponds to a 4kp-CDW with a 2-fold
periodicity compared to the lattice. In this case, a 2kp-SDW and a 4kp-
CDW can coexist either coherently with the sequence (0,1},0,14) for Ag =0
(case (b)), or incoherently. The latter state with a charge-spin modulation
of (§;,1 —6;,81,1 — 4d7) occurs for finite dimerization Ag # 0 (case (c))
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(a) Ad:O, V<Ve (b) Ad: 0, V> Ve (C) Ad?& 0, V>Ve

2ke-SDW 2kg-SDW + 4kp-CDW 2ke-SDW + 4kp-CDW

Fig. 4.27. Schematic illustrations for a quarter-filled 1D chain with alternating
transfer integrals (top), and the charge- and spin-arrangements expected from a
mean-field approximation. Dotted and solid lines represent the charge- and spin-
density patterns, respectively.

[192, 421] and is called a charge disproportionation (CD). By further taking
into account the next-nearest neighbor Coulomb repulsion, a 2kp-CDW can
coexist with both 2kp- and 4kp-SDWs as (1 — §;,d;,d1,1 — d7) [417, 418]
which was proposed for the mixed state in (TMTSF);PFg [327] mentioned
above.

So far a few prototype materials showing the above-mentioned CO phe-
nomena at quarter filling have been found. The first example is the quasi-1D
metal (DI-DCNQI);Ag with Ay = 0 [422] (R1 = R2 = Iodine, see Fig. 7.1 for
the crystal structure). For CO in (DCNQI)2Cu, see Sect. 7.1.2. This material
is a semiconductor, even at room temperature, and undergoes an AF order-
ing at 5.5K [423]. The *C-NMR measurements on the Ag-salt, in which the
cyano-groups are enriched with '3C and where strong hyperfine coupling to
m-electrons can be expected, showed that below 220 K the single line becomes
split into broad and sharp peaks with comparable intensities [424]. The split-
ting develops with decreasing temperature, followed by a broad single peak
due to 2kr AF fluctuations. These findings were ascribed to the formation of
a 4kp-CD (4kp-CDW) with a density ratio of 3:1, the latter being consistent
with the 4kp diffuse scattering observed in X-ray diffraction [425]. Therefore,
case (b) in Fig.4.27 may explain this CD and the low-temperature AF order.

The second example is the (TMTTF)2X salt with the centrosymmetric
anion X = AsFg and finite dimerization (Aq = 0.01 — 0.005) [426]. This
material undergoes a MI transition with a sharp increase of the resistivity
below Tco = 100K, where the "*C-NMR line (here enriched at the cen-
tral double bond) becomes split into two subpeaks [413]. The CD, with a
ratio of 3:1 evaluated from T, ' measurements, agrees with the theoretical
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prediction (case (c) in Fig.4.27) for the CD and spin-density modulation
[192]. Below 10K at ambient pressure, this CD state allows a coexistence
with a SP state [413, 427]. Under pressure, the CD is suppressed and a pure
SP phase is induced [428]. Moreover, the CD at ambient pressure is associ-
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ated with a ferroelectric ordering as observed in the low-frequency dielectric
constant [430, 431, 429]. Figure 4.28 shows the real part ; of the complex di-
electric constant as a function of temperature for pristine (TMTTF-H15)2X
and deuterated (TMTTF-D12)2X (X = AsFg, SbFg). The data indicate a
Curie law, ¢1 o< (T — Tco) ™! below and above Tco and a Debye relaxation
time diverging at Tco as usual in ferroelectric materials. This ordering was
interpreted as follows. At high temperatures, the unit cell with inversion sym-
metry consists of two equivalent TMTTF molecules. The symmetry breaking
within the unit cell in the CD state may induce permanent electric dipoles
and, if the interchain interactions are ferroelectric and the dipole arrange-
ments on neighboring chains are phase-coherent, a 3D ferroelectric ordering
may occur. It is noticeable that the charge ordering and associated ferroelec-
tric transitions observed in X = AsFg and SbFg exhibit a large isotope shift
of Teo(= Te): upon deuteration Teo shifts to higher temperatures by 16 K
and 13K, respectively. From ESR-, NMR- and X-ray measurements [432] it
has been inferred that the deuteration enhances the ratio of the intra- to
inter-dimer distance by about 0.2 % and that this ratio, which is a measure
of the degree of uniform stacking, increases with decreasing temperature.
Therefore the deuterated salt may arrive at some critical ratio, triggering
the CO transition at higher temperatures. Similar behaviors are found in the
non-centrosymmetric ReO4 salt with Tco = 230K and an anion-ordering
temperature of 156 K [433].
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T> Ty

Fig. 4.29. Charge-density patterns in the ac-plane of -(ET)2RbZn(SCN)4: (left)
metallic state above Thrr = 200 K and (right) charge-ordered insulating state below
Thr. After [84]

For prototype quasi-2D systems, we mention 6-(ET)2RbZn(SCN), yield-
ing a uniform stacking with no dimerization. This quarter-filled quasi-2D
compound exhibits a MI transition at Ty = 200 K accompanied by a struc-
tural phase transition, i.e. a doubling of the ET-stacking c-axis [133]. From
I3C-NMR [434, 435], Raman and infrared spectroscopies [436, 311], and X-
ray diffraction measurements [84], the low-temperature phase called 84-phase
was identified to be in the CD state with horizontal stripes in the 2D basal
plane, consistent with mean-field theory [437]. Figure 4.29 illustrates the pat-
terns with the transfer integrals for both phases 6 (left) and 64 (right) [84].
These charge distributions were determined from X-ray structural analysis by
taking advantage of the fact that the intramolecular bonding lengths of the
ET molecule sensitively depend on the valence state as described in Sect. 2.2,
Fig.2.3. While all the ET sites in Fig.4.29 (left panel) are covered with
grey ellipsoids indicating an average valence of 0.5 in the high-temperature
O-phase, the low-temperature §4-phase (right panel of Fig. 4.29) is character-
ized by a horizontal stripe pattern of alternating open and shaded ellipsoids
corresponding to quasi-neutral (6 = 0 — 0.2) and quasi-ionic (6 = 0.8 — 1.0)
ET states, respectively. In this CO state, a zig-zag chain of localized spins
running along the a-axis is expected. These spin chains may be responsible for
the Bonner-Fisher-type [317] broad peak in the magnetic susceptibility [133]
suggesting an AF exchange coupling along the p4 transfer route (Fig.4.29
(right panel)). In fact, the magnetic properties can be understood within
a 1D Heisenberg model for zig-zag spin chains along the stripes [176]. At
temperatures below 25K, the system turns into a SP state just as predicted
[437].

For CD phenomena in general, polarized Raman and infrared spectro-
scopies are complementary to conventional NMR and X-ray tools. These op-
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tical measurements evaluate both the degree of CD from the ring-stretching
mode of the central carbon double bond with a weak EMV coupling (4.16)
and the symmetry of CD from another stretching mode with a strong EMV
effect [311]. This technique [438] was also applied to other CO phenomena as
e.g. in a-(ET)2I3 with a horizontal stripe pattern [189, 439).

4.5 Many-Body Effects

The simple tight-binding band-structure calculations, discussed in Sec. 4.1,
are based on the assumption of a periodic potential set up by the ions or
molecules which are rigidly fixed in a perfect periodic arrangement. This
approach neglects all the interactions an electron may have with its sur-
rounding. However, since the ions or molecules can be charged, an electron
passing through the crystal will tend to distort the lattice on its way due
to the Coulomb force that acts between these charged objects. This leads to
a strain field which accompanies the electrons’ motion. Likewise, electrons
interact with each other, i.e., they repel one another, due to the Coulomb re-
pulsive force between them. In usual three-dimensional metallic compounds
with a relatively high density of conduction electrons, the Coulomb poten-
tial is screened by these electrons and becomes effectively short ranged. The
screening is characterized by the Thomas-Fermi screening length q}ll? defined
by

¢ = 4me*N(Er), (4.33)

where N (EF) is the density of states at the Fermi energy. For a normal metal
such as copper with a charge carrier density of about n = 8.5-10%? cm ™3, q}ll?
is usually less than 0.5 A. An efficient screening, i.e., a strong suppression of
Coulomb interactions, is the justification for the above band-structure calcu-
lations to provide a reasonable description of the electronic properties of sim-
ple metals. The effects of many-body interactions such as electron-phonon and
electron-electron interactions, neglected in the simple tight-binding scheme,
can be accounted for by considering the electrons as quasiparticles, i.e., non-
interacting objects with spin S = 1/2, which obey Fermi-Dirac statistics, but
whose properties are renormalized. This quasiparticle concept, proposed by
L.D. Landau in the 1950s, enabled the treating of the electrons as indepen-
dent particles to be continued, even in the presence of considerably strong
interactions. It forms the foundation of the Landau Fermi-liquid theory which
has become what is called the standard model of metals. The quantity which
reflects these renormalization effects in a most direct way is the effective mass
m™*. As the electron moves through the crystal, it produces other quasiparticle
excitations which move along with it, thereby changing its mass. For the ET-
based materials, typical values of the cyclotron effective mass, obtained from
fitting the temperature dependence of the amplitude of magnetic quantum
oscillations to the Lifshitz-Kosevich formula (cf. Sec.5.2.1), are in the range
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Table 4.3. Fermi surface parameters determined from quantum-oscillation studies
on various quasi-2D (ET)2X and (BETS)2X salts including the cyclotron effective
masses in units of the free electron mass mg, the oscillation frequency as well as
the oscillation orbit.

my (mo) frequency (Tesla) orbit Ref.

a-(ET),KHg(SCN)4 2 570 o [443]
B-(ET)sIs 4.7 3730 [444]
k-(ET)213 1.9+ 0.1 570 o [445]
k-(ET)213 3.9+ 0.1 3880 B [445, 446]
k-(ET)2Cu(NCS)2 3.5+ 0.1 598 o [96, 447]
k-(ET)2Cu(NCS), 6.9+08 3800 B [447]
k-(ET)2Cu[N(CN)2|Br 54401 3798 3 [448]
k-(ET)2Cu[N(CN)2|Br 6.7 + 0.2 3810 3 [449]
k-(ET)2Cu[N(CN)]Cl (at 2kbar) 1.7 577 o [450, 451]
k-(ET)2Cu[N(CN)]Cl (at 2kbar) 3.5 3880 B [450, 451]
3"-(ET)2SF5CH,CF2S03 2 199 (253, 254]
A-(BETS),GaCly 3.6 650 o [452]
A-(BETS)2GaCly 6.3 4030 B [452]

me/mo ~ 1 — T (where myg is the free-electron mass), suggesting a significant
role of many-body effects.

In fact, for the present materials, there are several reasons why screening is
less effective and electron-electron interaction effects may become important.
First, the low dimensionality, i.e., the confinement of the electron motion to
one or two dimensions, strongly hampers the electron’s ability to screen the
Coulomb potential. Similarly, the rather low density of conduction electrons
or holes of ny ~ 102'em™3, which is about two orders of magnitude lower
than in ordinary metals, causes a less effective screening. Moreover, in [440,
441], it has been pointed out, that in materials with a large ionic dielectric
constant g, the screening length can substantially increase as q}% X €.
For the insulating a-phase of (ET)sI3, a background dielectric constant of
€0 ~ 15 — 20 has been reported [442].

The knowledge of the effective cyclotron mass is, however, not sufficient
to determine the size of the many-body effects unless the band mass, my, is
known precisely [453]. Estimates for the latter quantity, which accounts for
the motion of the electron in the periodic potential of the underlying crystal
lattice, can vary by as much as a factor of 2 — 3 depending on the method
used for calculating the band structure: For the x-(ET)2Cu(NCS), system,
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for example, semi-empirical band-structure calculation based on the effective-
dimer model revealed m;* = 0.64 mg and m’g = 1.27 my for the a- and [-orbits
[250], cf. Sect. 5.2.1. Employing the generally accepted experimental cyclotron
masses of m& = 3.5mg and m? = 6.5mg [96, 447, 250], these numbers predict
a mass renormalization greater than a factor 4. On the other hand, consider-
ably enhanced band masses of mj = (1.724+0.1) mo and mf = (3.054+0.1) mo
have been derived from first-principle self-consistent local-density calculations
[188], which would correspond to a many-body mass-enhancement factor of
about 2. The cyclotron effective masses, determined from quantum-oscillation
experiments for various quasi-2D salts, are collected in Table 4.3.

The mass renormalization leads to a compression of the spacing between
the Fermion energy levels, thereby increasing the number of quasiparticles
that are excited at a given temperature, corresponding to an increase of
the density of states by a factor m*/my. This can be probed directly by
measurements of the specific heat, for example. In magnetic fields sufficiently
high to suppress superconductivity, the specific heat at low temperatures
(T < 3 —4K) for the various (ET)2X salts were found to follow a C(T') =
T + BT? dependence, where yT is the electronic contribution (v is the
Sommerfeld coefficient) and B3T3  (T'/6p)? the specific heat of the phonons
at low temperatures (6p denotes the Debye temperature).

For a quasi-2D metal consisting of stacks of metallic layers with interlayer
spacing s, the Sommerfeld coefficient v2” = C/T is related to the thermo-
dynamic effective mass mj;, by [461]

Table 4.4. Sommerfeld coefficient v and corresponding thermodynamic effective
mass myj, in units of the free-electron mass mg calculated by using (4.34) for various
quasi-2D (ET)2X salts and A-(BETS)2GaCls. The Debye temperature is calculated
via ©p = (15—27T4Rn/[3)1/3 with R the gas constant and n the number of atoms per
formula unit. 8 is the cubic term in C(T) = T + ﬁT3, The molar volume Vi, is
also given. For the values of the interlayer distance s, see Table 3.1.

|’Y molK | Op (K) | Ref. |Vm01 (cm?®) | m}, /mo

a-(ET)2NH4Hg(SCN)4 25 — 26 221 [112] 601 5.3+0.4
B-(ET)2ls 2443 | 19745 | [454] 515 44406
k- (BET)o I3 189+15| 218+7 | [455] 508 3.740.3
#-(ET)2Cu(NCS)2 23+1 |205 —230|[456, 457]|  490.5 |4.7+0.2
#-(ET)2Cu[N(CN)3Br 2542 [200410| [458] 499 47404
B"-(ET)2SFsCHoCF2S03| 18741 | 22147 | [459] 539 3.840.2
A-(BETS)2GaCly 14.4+3.4 (197 +0.4| [460] 533.5  [3.140.7
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2D k% Vot mj, 1

= 3 T (4.34)
where Vi1 is the molar volume. For the interlayer spacings s ranging from
about 15 to 18 A for s-(ET)2X (see Table3.1), and using the Sommerfeld
coefficients and molar volumes given in Table4.4, Eq.(4.34) yields values
for the thermodynamic effective mass of these k-phase salts ranging from
myy, = 3.7my for k-(ET)2I5 to mj;, = 4.7mg for k-(ET)2Cu(NCS),. Slightly
lower values for mj; can be obtained from the relation for an electron gas in

three dimensions 2/332
7 k Lm 1 my 1/3
3D _ —32];"3 o . _t2h . n3/D , (4.35)

where ngp is the carrier concentration. Since the thermodynamic mass mea-
sures the integral density of states at the Fermi level, these numbers agree
reasonably well with the cyclotron masses listed in Table4.3. As mentioned
in Sect.4.3.1, there is also a significant coupling of the m-electrons to the
phonons. In the present molecular materials, this interaction involves the
coupling both to the high-frequency intramolecular vibrations (EMV) as
well as to the low-frequency intermolecular modes. From Raman scatter-
ing studies of the phonon dynamics around 7T, of x-(ET)2X salts with X =
Cu[N(CN)3z]Br and Cu(NCS),, a total electron-phonon coupling constant of
AeLPh — 0,97 £ 0.11 has been estimated [306].

Thus, the experimental observation of a significant mass renormalization
clearly indicates that both electron-electron and electron-phonon interactions
are of importance in these quasi-2D molecular conductors.

Pressure Dependence of the Effective Mass

The pressure dependence of the cyclotron effective masses has been examined
for various k-(ET)2X salts with X = Cu(NCS)y [250, 462], Cu[N(CN)3]|Br
[463, 449] and Cu[N(CN)2|Cl [450, 451]. The results follow the same general
trend, a decrease of the effective masses with increasing pressure. Qualita-
tively, this is in accordance with the expectation: with increasing pressure,
the donor molecules are pushed closer together so that the overlap integrals
increase. This results in an increase of the bandwidths and a reduction of
the effective masses. By means of pressure-dependent Shubnikov-de Haas ex-
periments on k-(ET)2Cu(NCS)z, J. Caulfield et al. [250] inferred a striking
interrelation between changes in the effective masses and the suppression of
superconductivity. Figure 4.30 shows the hydrostatic-pressure dependence of
the effective masses for x-(ET)2Cu(NCS)2 [250]. As the pressure increases,
m& rapidly decreases. Above some critical pressure of about 4 — 5 kbar, the
rate of suppression of m& becomes much weaker. Since this is about the same
pressure above which superconductivity becomes completely suppressed (see
inset of Fig.4.30), an intimate interrelation between mass enhancement and
superconductivity has been suggested [250]. (For a discussion of the pressure
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dependence of the Dingle temperature, see Sect.5.2.1.) This is consistent
with recent results of reflectivity measurements which showed that the pres-
sure dependence of the ’optical masses’, thought to be strongly influenced by
interband processes and thus closely related to the bare band masses, do not
show such a crossover behavior [464]. Consequently, the pressure-induced re-
duction of the effective cyclotron masses has to be associated with a decrease
in the strength of the electron-electron and/or electron-phonon interactions.

4.6 Phase Diagrams

As discussed in the previous sections, the ground-state properties of the or-
ganic charge-transfer salts can be tuned by variations of the chemical compo-
sition or external parameters such as pressure or magnetic field. It has been
suggested that for the x-(ET)2X compounds — in analogy to the (TM)oX
family — changes in the anion X correspond to discrete pressure shifts on
the pressure scale.

(TM)2X Salts

Figure4.31 comprises in a pressure-temperature plane results of various ex-
periments on the quasi-1D charge-transfer salts (TMTTF)2X and their sele-
nium analogues (TMTSF)2X. The arrows labelled a — d indicate the position
of the various salts at ambient pressure. The generic character of the phase
diagram — first proposed by D. Jérome et al. [215] — has been demonstrated
by pressure studies on the (TMTTF)PFg salt [465, 466, 214], for which the
ambient-pressure ground state is a dimerized spin-Peierls state, cf. Fig. 4.26.
With increasing pressure, the system was found to pass through the whole
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sequence of ground states, as shown in Fig.4.31, and eventually becoming
superconducting at high pressures above 43.5kbar [466, 214].

On the low-pressure (left) side of the phase diagram in Fig.4.31, the
molecular stacks can be considered as only weakly-coupled chains, i.e., the
system is close to be truly 1D. In fact upon cooling, the (TMTTF);PFg
compound behaves very much like a canonical 1D conductor where spin- and
charge-degrees of freedom are decoupled: below 7, = 250K the resistivity
increases by several orders of magnitude due to charge localization while the
spin susceptibility remains unaffected [210, 146, 467]. The phase below T}, has
been assigned to a Mott insulating state. Upon further cooling to Tsp = 19K,
a spin gap opens and the system enters a distorted spin-Peierls ground state.
More recently, another phase transition (not included in Fig.4.31) has been
discovered in this salt at Tcp = 70K, accompanied by a huge anomaly in
the dielectric constant [430] and identified as a charge-ordering transition
dividing the TMTTF molecules in two non-equivalent species with unequal
electron densities [413].
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Fig. 4.31. Temperature-hydrostatic-pressure phase diagram for (TMTTF),PF.
The following abbreviations have been used: Mott-Hubbard insulating state (M-
H), metallic (M) and superconducting (SC) state, spin-Peierls (SP), commensurate
(AF) and incommensurate (SDW) antiferromagnetic spin-density-wave state. Ar-
rows indicate positions of salts with various anions X at ambient pressure: (a)
(TMTTF)2BF4, (b) (TMTTF)2Br, (c) (TMTSF)2PFs and (d) (TMTSF)2ClOy4.
After [214].
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In (TMTTF)2Br, a long-range magnetic order is established below the
spin-density-wave transition at Tspw =~ 13K. Upon moving toward the
right side of the phase diagram, which can be achieved either by varying
the anion or by the application of hydrostatic pressure, inter-stack inter-
actions become more important. In this region of the phase diagram the
electron-phonon interaction is less dominant and electron-electron interac-
tions along with the good nesting properties of the Fermi surface (cf. Fig. 4.4)
lead to a spin-density-wave ground state as observed, e.g. in the Bechgaard
salt (TMTSF),PFg at ambient pressure. After suppression of the SP phase in
(TMTTF);PFg with increasing pressure, a commensurate antiferromagnetic
state is adopted before an incommensurate SDW phase is stabilized. With
increasing pressure, Tspw becomes progressively reduced until, above some
critical pressure, the systems remain metallic and superconductivity replaces
the SDW ground state. The effect of pressure is to increase the m-orbital
overlap also in the transverse direction, i.e. perpendicular to the stacking
axis. As a result, the good nesting properties are destroyed and the systems
become more 3D in character. According to NMR experiments [146, 211] and
recent transport measurements under hydrostatic pressure [466, 214], strong
SDW correlations are still active in the metallic state even when the SDW
instability is replaced by superconductivity in (TMTSF)3ClO4. The range of
strong SDW correlations for pressurized (TMTTF);PFg derived from these
experiments is indicated in Fig.4.31 by the shaded region above the SDW
and SC phase boundaries.

k-(BEDT-TTF),X Salts

Figure4.32 shows a conceptual phase diagram proposed by K. Kanoda for
the strongly dimerized (ET)2X salts [338, 337]. It is based on the strongly
correlated nature of the m-electrons and assumes that the ground state is
controlled by a single parameter Ueg/W, i.e. the strength of the effective
on-site (dimer) Coulomb repulsion Ueg relative to the width of the conduc-
tion band W [333, 338]. The dotted lines indicate the positions of the var-
ious compounds at ambient pressure. According to this phase diagram, the
antiferromagnetic insulator X = Cu[N(CN)3|Cl and the correlated metal x-
(Hg-ET)2Cu[N(CN)]Br lie on opposite sites of a bandwidth-controlled Mott
transition. The deuterated x-(Dg-ET)3Cu[N(CN)3]Br salt is situated right at
the antiferromagnetic insulator (AFI) to superconductor (SC) phase bound-
ary [335]. It has been proposed that a partial substitution of the 2 x 4 H-
atoms in the ethylene endgroups of the ET molecule by D-atoms permits the
k-(ET)2Cu[N(CN)2]Br system to be finely-tuned across the AFI/SC border
[472, 473, 474, 475]. The close proximity of an antiferromagnetic insulating
to a superconducting phase has been considered — in analogy to the high-T,
cuprates — as an indication that both phenomena are closely connected to
each other, see e.g. [104].
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Fig. 4.32. Conceptual phase diagram for (ET)2X as proposed by Kanoda [338].
Note that hydrostatic pressure decreases the ratio Usg /W, i.e. the low-pressure side
is on the right end of the phase diagram. The positions of the various salts with
their packing type and anion X at ambient pressure are indicated in the upper part
of the diagram. After [337].

Figure4.33 summarizes experimental data of a thermal expansion study
on the various k-(ET)2X compounds in a pressure-temperature phase dia-
gram [155]. The positions of the various salts at ambient pressure are in-
dicated by the arrows.'® Particular attention was paid to the pronounced
anomalies at elevated temperatures. At T, ~ 70 — 80K (dotted line), a
glass-like transition has been identified. It marks the boundary between an
ethylene-liquid at 7' > T, and a glassy state at T' < T,. At temperatures
above T}, a certain fraction of the ethylene endgroups is thermally excited, i.e.
there is a fluctuation between two possible conformations, with a preferential

15 Note that hydrostatic pressure has been used as an abscissa for the purpose
of compatibility with the conceptual phase diagram in Fig.4.32. It has been
pointed out, however, that the uniaxial-pressure dependencies for the various
phase boundaries are strongly anisotropic [348, 155, 235] with a non-uniform
behavior for the uniaxial-pressure coefficients of both the instability at 7™ and
that at T, cf. Fig. 4.20.
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Fig. 4.33. Temperature-pressure phase diagram for x-(ET)2X. Arrows indicate
the positions of various compounds at ambient pressure. The transitions into the
superconducting and antiferromagnetic states are represented by closed and open
symbols, respectively. Crosses denote the glass-like freezing of ethylene disorder
(see Sect.3.3) and dark-grey diamonds a phase-transition-like anomaly at 7™ as
derived from thermal expansion measurements, see Figs.4.19 and 4.20 and [468].
The position of this feature coincides with anomalies in various thermal, magnetic,
elastic and optical properties (thick shaded line), see Sect.4.3.2. The solid lines
representing the phase boundaries between the paramagnetic metallic PMM and
the superconducting SC or (antiferromagnetic) insulating (AFI) states refer to the
results of hydrostatic-pressure studies of T, and Tn [469, 470, 219]. Also shown
is the MI phase transition line (dark grey) and literature results for the critical
endpoint (Terit, peris) Of the first-order MI transition (open up triangles), see text
below and [471]. After [155, 468].

occupancy of one of these orientations depending on the anion. Upon cooling
through Ty, however, these orientational degrees of freedom freeze in within
a narrow temperature interval which is accompanied by a certain amount of
disorder in the ethylene endgroups. The glass-like transition, which is struc-
tural in nature, has been shown to cause time dependencies in electronic
properties and may have severe implications on the ground-state properties
of the k-(ET)2Cu[N(CN)2]Br salt depending on the cooling rate employed at
T, (see Sect. 3.3).

At intermediate temperatures T, pronounced anomalies in the coefficient
of thermal expansion have been found reminiscent of broadened second-order
phase transition. These anomalies coincide with features in various thermal
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[233, 476, 477, 236], magnetic [340, 336, 331, 478, 163], acoustic [341, 343]
and optical properties [479], see Chapt. 4.3.2. Various explanations have been
proposed as to the nature of the anomaly at T, including the formation of
a pseudo-gap in the density of states [340, 336, 331, 478], a crossover from a
coherent Fermi liquid at low temperatures into a regime with incoherent exci-
tations at high temperatures [228, 227], a density-wave-type instability [155,
236, 235], as well as an incipient divergence of the electronic compressibility
caused by the proximity to the Mott transition [343]. Recent thermal ex-
pansion studies of a deuterated crystal, situated close to the critical pressure
marking the end point of the first-order metal-insulator transition in the gen-
eralized phase diagram (see below), reveal a distinct anomaly at around 30 K
which is attributed to the anomalous lattice response upon approaching the
first-order MI transition [468]. This feature is shown to be intimately related
to the T* anomaly at around 40 K for the hydrogenated salt, see also Fig. 4.33.

The Insulator-to-Metal/Superconductor Transition

Of particular interest, for an understanding of the unusual "normal” state
properties and the conditions leading to superconductivity in the x-phase
(ET)2X salts, is the nature of the insulator-to-metal/superconductor tran-
sition. The latter can be studied either by hydrostatic or chemical pres-
sure experiments. By chemical means, substitutions on the anion site X al-
lows only discrete shifts on the pressure scale of the order of a few hun-
dred bars. A partial substitution of the 2 x 4 H-atoms by deuterium in x-
(ET)2Cu[N(CN)2|Br, however, was found to substantially reduce the pressure
steps enabling a fine-tuning across the insulator-to-metal/superconductor
transition [472, 473, 474, 475]. From the separation of *C-NMR spectra
at low temperatures in the fully deuterated compound, the existence of in-
homogeneous electronic states has been suggested originating from a phase
separation [335]. According to this study the fully deuterated system is lo-
cated right at the metal-insulator (Mott) transition, which is of first order,
between a metallic state (bearing indications for a pseudo-gap in the den-
sity of states) and a commensurate antiferromagnet. The electronic phase
separation has been investigated in more detail by T. Sasaki et al. using
scanning microregion infrared spectroscopy [480, 471]. In real-space imaging,
metallic and insulating domains of size 50 — 100 um are found in partially
deuterated samples of k-(ET);Cu[N(CN)z|Br below the critical end temper-
ature (30 — 40K) of the first-order Mott transition (see below). It has been
pointed out in [480, 471] that the macroscopic electronic phase separation
near the metal-insulator transition, observed for the present molecular mate-
rials, is different from the nano-scale inhomogeneities reported for inorganic
correlated electron systems. The latter include, among others, the spatial
variations in the superconducting gap in BisSroCaCusQOgys [481], the stripe
formation in the normal state in some other copper oxides [482], or the phase
separation seen in the doped manganese oxides [483].
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The transition from the insulating state to the metallic/superconducting
state can be studied in a particularly clean fashion by applying He-gas pres-
sure to the k-(ET)2Cu[N(CN);]Cl salt. In this way the pressure-temperature
phase diagram close to the metal-insulator transition of the system k-
(ET)2Cu|[N(CN)2]Cl has been explored in great detail by many authors
[485, 219, 486, 487, 488, 484, 228, 343, 489, 490] employing a variety of
experimental techniques such as resistivity, ac-susceptibility, 'H-NMR and
ultrasound velocity. By simultaneous measurements of the H-NMR and ac-
susceptibility, S. Lefebvre et al. have shown that superconducting and antifer-
romagnetic phases overlap through a first-order boundary that separates two
regions of an inhomogeneous phase coexistence (shaded region in Fig. 4.34)
[484], in accordance with previous resistivity studies by H. Ito et al. [487]. It
has been argued that this boundary curve merges at a point (282 bar, 13.1K)
with the first-order line (open circles in Fig.4.34) of the metal-insulator tran-
sition at intermediate temperatures. The phase diagram in Fig. 4.34 implies
that the first-order metal-insulator (MI) phase boundary ends at a critical
point (Perit, Terit)- An extension of this phase diagram has been presented
by the same group [228] where, in the normal state, four different transport
regimes as a function of pressure and temperature, corresponding to insulat-
ing, semiconducting, bad metal, and strongly correlated Fermi-liquid behav-
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Fig. 4.34. Pressure-temperature phase diagram for x-(ET)2Cu[N(CN)2]Cl. The
antiferromagnetic (AF) transition temperature Tn(p) (closed circles) was deter-
mined from the NMR relaxation rate while T.(p) (closed squares) and Tharr(p)
(open circles) were obtained from ac-susceptibility measurements. U-SC denotes
unconventional superconductivity; the AF/SC boundary line separates two regions
of inhomogeneous phase coexistence (shaded area). After [484].
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iors, have been identified. Hysteresis experiments have confirmed the first-
order nature of the MI transition. The complex physics in this region of the
phase diagram has been attributed to strong spatial inhomogeneities [228].

The critical behavior around (peris, Terit) has been recently explored in
detail by F. Kagawa et al. [489, 490] by employing conductivity studies both
as a function of temperature and pressure. In this study, a huge discontinuous
resistance jump and sharp criticality of the end point (pcrit = 230 — 250 bar,
Terit = 38 — 40K) have been observed as signatures of the first-order Mott
transition. The critical exponents, derived from these measurements, how-
ever, were found to be inconsistent with known universality classes and it has
been proposed that this might reflect an unconventional critical behavior for
the Mott transition in two dimensions [490]; see also [491] for a recent review
comparing the MI transition in x-(ET)2X and (DCNQI)2M (cf. Sect.7.1). A
feature not discussed in these studies, and also not included in the phase dia-
gram in Fig.4.34, is the existence of the T*(p) line, cf. Fig. 4.33. According to
the results of ultrasonic measurements by D. Fournier et al. [343], the T*(p)
line intersects the first-order metal-insulator transition right at (perit, Terit),
cf. Fig.4.35, with a distinctly different slope. In addition, another anomaly
was observed by these authors which was seen to continue the T* line to
the low-pressure side, i.e. into the insulating regime. These observations are
difficult to reconcile with the notion that the T™ line marks a crossover line
which continues smoothly the first-order M-I line for T > T¢,it..
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Fig. 4.35. Pressure-temperature phase diagram for x-(ET)2Cu[N(CN)2]Cl as de-
termined from ultrasonic investigations, after [343]. Different symbols denote dif-
ferent anomalies collected on three different crystals. The upper curve indicates
the T* anomaly which, at the critical point (perit, Terit) = (210 bar, 34K) (gray
circle), merges with the first-order metal-insulator transition (open triangles and
open squares). SC-I to -111 indicate different superconducting regions.
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In general, the Fermi surface (FS) and its related properties in metals have
been traditionally studied in detail by investigating magnetic field effects on
the conduction electrons and their dynamics [76, 77, 492, 493]. This is possible
because the electron’s charge and spin can interact with the magnetic field
via the Lorentz force-induced orbital motion and the Zeeman interaction,
respectively. Such studies, often called fermiology (or fermiography), have
greatly increased our knowledge of Fermi surfaces and related properties in
metals and semiconductors. The roots can be traced back to 1930 when the
so-called quantum oscillations in the magnetoresistance and magnetic sus-
ceptibility were discovered in the semimetal Bi by L.W. Shubnikov, W.J. de
Haas and P.M. van Alphen in Leiden [494, 495]. Accordingly, these oscillatory
phenomena in the magnetoresistance and magnetization have been labeled,
respectively, Shubnikov-de Haas (SdH) and de Haas-van Alphen (dHvA) ef-
fects.!

Thanks to advanced technologies for magnets, refrigeration, crystal growth
and purification, as well as computational methods for band-structure calcu-
lations, fermiology has continued to play a central role not only in the un-
derstanding of physical properties in metals, but also in exploring the novel
phenomena that an ensemble of electrons display when exposed to high mag-
netic fields and low temperatures. One of the most prominent discoveries
is the quantum Hall effect [502] in semiconductor heterostructures with low
carrier-number densities and extremely high mobilities of the 2D electrons.?
These artificial electron systems provided an ideal and unique opportunity to
study the physics in the extreme 2D limit [503, 504, 505, 506, 507]. In con-
trast, the present low-dimensional molecular metals (LDMM) can be viewed
as really quasi-1D or quasi-2D systems where the interchain or interplane
couplings (3D effects) are so important that they give rise to cooperative

! Several books have been published on this subject by, e.g., LM. Lifshitz, M.Y.
Azbel and M.I. Kaganov [496], D. Shoenberg [497] and A.B. Pippard [498], and
edited by J.F. Cochran and R.R. Haering [499] and M. Springford [500]. For
the experimental techniques, refer to a review paper by J.R. Anderson and D.R.
Stone [501].

2 The mobility exceeds 10° cm?/Vs corresponding to a mean free path £ in the
order of 1072 — 103 cm, which is 10? — 10® longer than in the present molecular
metals.
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phenomena such as superconductivity, metal-insulator (MI) transitions as
well as density-waves or charge ordering. The 3D coupling results in the exis-
tence of a corrugated open F'S in the quasi-1D systems like the TM salts, and
the coexistence of an open FS with a corrugated cylindrical FS in quasi-2D
systems like the ET and BETS salts.

This chapter deals with the intriguing phenomena displayed by elec-
trons orbiting on those FSs and magnetic field-induced electronic transi-
tions and/or collective states. Recent reviews on this topic are given in
[208, 86, 209, 205, 508].

5.1 Electron Motion in Magnetic Fields

5.1.1 Semi-Classical Description in k-Space

An electron with velocity v moving in a magnetic field B follows the semi-
classical equation of motion due to the Lorentz force
dk
h— = —ev x B 5.1
& , (5.1)
where k is the wave vector and —e the electron charge. In this section we
focus on electrons at the F'S which is defined as the equi-energy contour with
the Fermi energy Er. The velocity is given by the gradient of the energy
dispersion E(k) with respect to k,

v = %VkE(k), (5.2)

which is always normal to the FS. The projection of the real space orbit in
a plane perpendicular to the field, r; = r — B(E -7), can be obtained by
taking the vector product of both sides of (5.1) with a unit vector B parallel
to the field B. This gives

Bxhk=—¢B (7‘ ~B(B- 7‘*)) — —eBi,. (5.3)
By integrating (5.3) with respect to time, the following relation is obtained:
ri(t) =71 (0) = Np[k(t) — k(0)] x B. (5.4)

Here
Ap = (h/eB)/? (5.5)

is the so-called magnetic length.? Since (dk/dt)-v = (1/h)dE(k)/dt = 0, the
electron energy is always conserved in a magnetic field and consequently the
electrons move along the k-space orbit on the intersection normal to B. The
electron trajectory can be mapped onto the r-space by rotating the k-space
trajectory by 7/2 around B and then scaling with \%.

3 At B=1 (10)T, A\p = 256 (81) A.
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5.1.2 Angular-Dependent Magnetoresistance Oscillations

Here we describe the phenomena called angular-dependent magnetoresistance
oscillations (AMRO), which were observed in the magnetoresistance as a
function of field orientation with respect to the crystallographic axes.

Quasi-1D Case with a Pair of Corrugated Open FSs

Starting with a quasi-1D tight-binding band with ¢, > t;,t. as expressed
in (4.1), we consider the situation when the field B = (0, Bsin 6, B cosf) is
rotated in the be-plane about the chain a-axis. Here the angle 6 is measured
from the c-axis. From (5.1) we obtain

dkyp e 1
_ = = B = — .
3 — 7l cos @ X Vg €OS 0, (5.6)
and " .
d_tc = —%vaB sinf = —Eva sin 6, (5.7)

where v, is the Fermi velocity along a. The angular frequency, wy), for
electrons traversing the Brillouin zone (27/b(c)) along Ky, is given by

b
Wp = ~5~Va COS 0, (5.8)

B

and .
We = 397V sin 6. (5.9)

B

In general, these two frequencies*, which are cyclotron-resonance frequen-
cies for open orbits, are incommensurate to each other. However, they become
commensurate, wy/w. = ¢/p (p and ¢ are arbitrary integers), when B is ap-
plied just parallel to the lattice vector R,, = pb + qc,

b
tan@:]—3~—.
c

(5.10)

At these so-called magic angles, satisfying the commensurability or resonance
condition, electrons can perform periodic and coherent motions in the first
Brillouin zone if we take a reduced zone scheme.® This commensurability
concept, which originally has been proposed by A.G. Lebed [512] for the

* For the unit cycle, | 2

o ™/ wpe) dt|dke(e)/dt] = 2 /b(c). Exactly the same relations
are obtained for the r-space motion by using (5.4). The magnitudes of wy)
at, e.g., B = 10T are expected to be in the microwave range of 100 GHz since
b(c)ve ~ 1cm?/s.

5 The commensurability resonance effect was revealed in periodically modulated
heterostructures of AlGaAs/GaAs [509, 510, 511].
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Fig. 5.1. Angular-
dependent magne-
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field-induced SDW phenomena (Sect.5.3.1), is crucially important also for
AMRO observed in (TMTSF)2ClO4 with a doubling of the periodicity along
the b-axis [513, 514, 515].5 The same phenomena were confirmed more clearly
in the pressurized PFg salt without such a structural complication [516]. As
described in Sect. 4.3, these materials have a characteristic hierarchy in the
magnitude of the transfer integrals ¢, : ¢, : t. = 1: 0.1 : (0.006 — 0.003).

Figure5.1 shows the angular dependent magnetoresistance R, of pres-
surized (TMTSF)2PFg. On top of a smooth background, sharp minima in
R, are seen at = £90° (the b axis or p/q = 00), 33° (p/q = +1) and —22°
(p/q = —1) for all magnetic fields shown. These angles could be identified
exactly with the magic angles (5.10) by taking into account the triclinic struc-
ture. In the normal metallic state below 5T, a series of magnetoresistance
dips at commensurate magic angles sharpens upon increasing the magnetic
field. In addition to the salient dips, some fine features are seen at —42° and
—8° that can be assigned to p/q = —2 and —1/2. For fields above 5T, the an-
gular dependence is changed by field-induced spin-density-waves (FISDW),
see Sect.5.3.1.

The semiclassical calculations by T. Osada et al. [517] for the conductivity
tensor, using a Boltzmann equation based on a constant relaxation-time ap-
proximation, indicated that the electrons can drift along the direction of B at

5 The sample needs to be cooled down slowly through Tuo = 24K to achieve a
well-developed orientational ordering of the non-centrosymmetric ClO, anions,
see Sect. 3.3.
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the magic angles and consequently the angular dependence of the interchain
conductivity oy, and o, exhibits resonance peaks at the magic angles, see
(5.18). It should be noted here that neither magnetoresistance nor AMRO can
be expected in 0., = p;,! that were measured in experiments with an exter-
nal dc current parallel to the chain axis [513, 514, 515, 516].” The observation
of similar AMRO when B is rotated in the ac-plane is also consistent with
the commensurability effect [519]. Furthermore, a kink structure was found
in the angular-dependent magnetoresistance when B was rotated in the ab-
plane [520]. This effect, which also had been observed in another quasi-1D
salt (DMET)2I3 [521], has been explained in a way that the kink appears just
at the critical angle for a small closed orbit to be formed. This mechanism,
due to the peculiar curvature of the corrugated sheets, is physically similar
to that in the quasi-2D FS of a corrugated cylinder and will be discussed in
the next section.

To note, more detailed measurements have been made for these geo-
metrical effects of electron trajectories on open FSs in (TMTSF)2X salts
(522, 523, 524, 525, 526, 527], in x-(BEDT-TTF),Cu(NCS), [528, 529], and
in (DMET-TSF)2AuCly [530, 531]. An interference effect due to Bragg re-
flection [532, 533] and a dimensional crossover of electron wave functions
[634] have been discussed. Recently T. Osada and his collaborators have
indicated novel aspects concerning quasi-1D AMRO. One is an effect of
strong electric fields applied parallel to the interchain axis which induces
a splitting of the magic-angle resonance into double resonances observed in
a-(ET);KHg(SCN)4 [535]. The other readdresses the incoherent-transport
problem [536, 537, 538, 248, 539] in which AMROs originate from the change
of the electron-tunneling probability between neighboring chains or planes
[540, 541].

Quasi-2D Case with a Corrugated Cylindrical FS

Figure 5.2(a) shows the angular dependence of the interplane resistance R
of B-(ET)2IBry as a function of 6 between the z-axis and the magnetic field
of 15 T. Upon tilting B from the z-axis, several oscillations clearly appear
and the amplitudes tend to fade out upon approaching 90°, followed by an
isolated, sharp single peak just in the vicinity of § = 90°. These novel phe-
nomena were observed in the present salt by M.V. Kartsovnik et al. [542]
and also in the 6-(ET)2I3 by K. Kajita et al. [543]. The oscillations have the
characteristic features that the positions of local maxima in R, which are
independent of both magnetic field and temperature, are periodic in tan 6
(see the inset of Fig.5.2(a)). For these oscillatory phenomena in the magne-
toresistance that cannot be ascribed to a conventional SAH effect, K. Yamaji

7 A possible reason may be found in the experimental fact that the distribution of
in-plane currents is essentially inhomogeneous in highly anisotropic conductors,
often leading to an uncontrollable mixing of p; and p, [205, 518].
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Fig. 5.2. (a) Orientation dependence of the interplane resistance in 3-(ET)2IBr2
at B= 15T and T' = 1.4 K. The angle 6 is measured from the z-axis as shown in
the upper inset. The lower inset shows the resistance as a function of tan . After
[508]. (b) Schematic illustration for the corrugated cylinder projected along the
ky-direction. The point denoted by A is the reflection point at k. = 7/2c.

suggested that, at certain magic angles when B is rotated, all the crosssec-
tional areas (perpendicular to B) of a corrugated cylinder become equal to
each other [544]. Figure5.2(b) shows the projection of the FS to the kyk.-
plane with the first Brillouin zone 7/c > k, > —n/c. The quasi-2D electronic
dispersion is written as

E(k) = m(kfc + k‘i) — 2t, cos(k.c). (5.11)

Here t, is the interplane transfer integral assumed to be much smaller than
Er = th%/Zm”. When B is just parallel to the z-axis, there are two ex-
tremal orbitals on the belly at k, = 0 and the neck at k, = £7/c. The area
Sy, encircled by electrons in the plane perpendicular to B is approximated as

47rmth
2

Sy, cos O = TkF + -cos(kWe¢) - Jo(kpctan ). (5.12)

Here k‘go)(: k. + ky tan0) denotes the intersecting point of the k,-axis with
the orbital plane, and Jy the zero-th order Bessel function. Since Jy(z) =
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(2/72)'/2 cos(z — 7/4) for z > 1, the second term in (5.12) vanishes when 6
satisfies the condition .

kpctand = w(n — Z)’ (5.13)
where n is an integer. All the orbits have then identical S, = wk%/cos®
and thereby, the electronic energy levels become completely discrete Landau
levels. In this situation, electrons cannot perform any drift motions along
the z-direction, resulting in a large (theoretically infinite) resistance that
appears periodically as a function of tanf. While these phenomena were
explained by theoretical calculations [545] for o,,(8) within a relaxation-
time approximation for the Boltzmann equation, a theory [546] within a fully
quantum mechanical framework justified Yamaji’s semiclassical treatment.
Moreover, taking into account the anisotropy in the basal plane, the fine
structure of the FS can be determined in principle [547]. Thus, these new
oscillatory phenomena have provided a new tool as a caliper for corrugated
cylindrical FSs in general.

The isolated single peak near § = 90° in Fig.5.2(a) was discussed
in terms of a non-saturating magnetoresistance due to the open orbits
[548]. A similar peak was reproduced in Sy-(ET)2I3 (under 5kbar) and a-
(ET):NH4Hg(SCN)4 and attributed to the appearance of closed orbits that
are formed around the convex part of the corrugated cylinder when B is close
to the basal plane within 6, (Fig.5.2(b)) [549]. It has been noted that this
geometrical effect can also apply for the kink anomaly in quasi-1D systems
[521, 520] as mentioned in the preceding section. Here we take a cosine band
—2t) cos(kra) instead of the parabolic band in (5.11). The 2- and in-plane-
components of the Fermi velocity vr (5.2) are vp . = (2t.c/h)sin(kr .c) and
vp, = (2tja/h)sin(kpa). Since the former oscillates during the motion on
the closed orbit, the drift velocity is averaged out, resulting in o,, = 0. The
geometrical condition for the critical angle 6. for the closed orbit to appear
is satisfied at k, = 7/2c where B is parallel to vr (Fig.5.2(b));

tangC:M:_.f..—. (5.14)
VR te a sin(kpa)

Using the parameters ¢/a = 2, kr = 7/v/2a, and t, /t, = 1/140, then 6, ~ 1°
which is in good agreement with the data [549]. This successful explanation
has provided another tool to estimate the ratio of the interlayer to intralayer
transfer integrals.

It is noted that these magnetoresistance phenomena, characteristic of a
corrugated cylindrical FS, have been observed also in other quasi-2D ma-
terials like TlyBasCuOgs [550], SraRuOy4 [551, 552, 553, 554], intercalated
graphite [555, 556], and artificially modulated superlattices [557].
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5.1.3 Magneto-Optic Resonances

In addition to the dc (or low frequency) magnetotransport mentioned above,
high-frequency electron dynamics has attracted much attention. In particular,
cyclotron resonance (CR) measurements with electromagnetic waves in the
millimeter-wave frequency range f(= w/2m) of 30 — 100 GHz are powerful
tools for determining the cyclotron mass m,. and the relaxation time 7 directly
[492]. L.P. Gor’kov and A.G. Lebed [558] proposed a mechanism of CR for a
corrugated open FS in a quasi-1D metal. The idea, which is physically similar
to that of the so-called Azbel-Kaner CR. [559] for a closed orbit®, is explained
as follows.

In a quasi-1D system in an applied magnetic field B, e.g., parallel to the
c-axis, electrons moving along the most conducting a-axis with vg follow an
oscillatory path along the b-axis with the amplitude®

2, 2,

X, = A2 (5.15)

evpB ~ hup

skin depth & o~
P E, 1 B//c a
sample surface

Azbel - Kaner CR Gor'kov - Lebed CR

Fig. 5.3. Schematic configurations for Azbel-Kaner and Gor’kov-Lebed cyclotron
resonances

Figure 5.3 illustrates the trajectory and the configuration of the oscillat-
ing electric-field component FE,, parallel to the a-axis which decays within
the skin-depth J assumed to be less than X;. For comparison, the circular
cyclotron orbit in the Azbel-Kaner CR is also shown. Since the electron en-
ters the skin-depth regime periodically with the frequency w.(= vrb/A%)'"

8 This prediction was verified by surface impedance measurements on Cu [560].

® This relation derived from (5.4) and (5.5) means that the electron trajectory
becomes less corrugated (field-induced one-dimensionalization), which is what is
essentially responsible for the field-induced SDW (Sect. 5.3.1) [561].

19 Derived by substituting 8 = 0 in (5.8).
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to absorb the energy from FE,, the resonance occurs when both periodicities

become commensurate,
W= nwe = nqj\if (5.16)
B
To observe the resonance that would be detected by the surface impedance
as in the Azbel-Kaner CR, the condition § < X; < £ must be satisfied. It is
difficult, however, to meet the condition experimentally and the observation
has not been made yet.!!

Alternatively, millimeter-wave measurements on LDMM have played an
important role in investigating the electrodynamics regarding AMRO. Mea-
surements without any electrical contacts usually involve placing a tiny single
crystal at various locations within either rectangular or cylindrical cavities
[563, 271]. The dynamical magnetoconductivity o;;(w) was calculated [517]
by the kinetic form of the Boltzmann equation assuming a constant relaxation
time 7:

—00

043 () = g k (—%((kk))) vi(k, 0) /0 v, (R, £) exp (%-w) tdt. (5.17)

Here the real parts are expressed'? as

2 272
Ty %z _ N(E Etﬂ) (P b quc>. T .
(azy 0’zz> ( F);q:( h pgbe ¢* ) 14 [(w— vpGpg)T]?
(5.18)

Here t,, represents the effective interchain transfer-integral associated with
the lattice vector Ry, = (0, pb, qc) and

1
Gpg = (pbcosf — gcsin 9))\—2 (5.19)
B
The conductivity in the dc limit (w = 0) gives a series of peaks at Gpy =

0 exactly equal to the commensurability condition (5.10), while the high-
frequency conductivity exhibits a series of resonance-like peaks at

w=vpGpq. (5.20)

11 At liquid-helium temperatures, § = (2/ouw)*/? of in-plane currents induced by
millimeter-waves is in the um range, while X} is estimated to be 0.1 um or less
using vy ~ 107 cm/s and B = 1T. The mean free path ¢ in conventional single
crystals of LDMM is in the order of 0.1 um at most. For general considerations
on the experimental configurations for millimeter-wave electrodynamics, refer to
[562].

Other elements like 04y and oy, are zero — no Hall effect —, while 044(=
1/pszz) = N(Er)(evr)*7/(14(wT)?) has no field dependence as already described
in Sect.5.1.1.

12



108 5 Magnetic-Field Effects

@) (b)

72 GHz - i
«  64GHz !
1 143 GHz g

Absorption (normalized)

] 1 2 3 4 105 m/s

Cyclotron mass - m /m
[+ ¢

Fig. 5.4. (a) Millimeter-wave absorption in x-(ET)2I3 as a function of magnetic
field. The horizontal axis corresponds to the cyclotron mass (m. = eB/w). The tilt
angle 0 of the magnetic field is measured from the interlayer direction (a-axis). The
sharp peaks at low fields are due to a Josephson plasma resonance [569], after [570].
(b) Polar plot of v9* and vp in k-(ET)21s; after [571].

This idea for a novel type of cyclotron resonance was extended more generally
to a corrugated F'S, either open or closed. As electrons traverse such a curved
surface, the oscillating velocity component can couple directly to the applied
electromagnetic waves. Thus, S. Hill [564] called it periodic-orbit resonance
or, according to S.J. Blundell, A. Ardavan and J. Singleton [565, 566, 567] it
is also known as FS-traverse resonance. The effects of the higher harmonics
and interlayer coherency were discussed by R.H. McKenzie and P. Moses
[568].

Figure5.4(a) shows the millimeter-wave absorption in &-(ET)2I3 [570]
obtained by S. Hill and his collaborators. The FS is similar to that of k-
(ET)2Cu(NCS); as shown in Fig.4.5(b). The broad resonances, measured at
different frequencies, line up at the same m. and become narrower at higher
frequencies. These resonances appear harmonically, e.g., at m./mo = 2.2, 1.1
and 0.71, and also shift to higher m./mg values following a 1/ cosf depen-
dence expected for a cylinder. These features are consistent with the periodic-
orbit resonance due to a corrugated cylindrical FS. Particularly interesting
is the observation that the peak intensity of the fundamental resonance at
6 = 0 is smaller than that of the second harmonics. It may be consistent
with the numerical simulation [564] based on the two-fold symmetry of the
elliptical corrugated cylinder where the interlayer component of the Fermi
velocity oscillates twice during one cycle of the cyclotron period. For the
same materials, furthermore, A.E. Kovalev et al. [571] mapped vg onto the
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basal plane from millimeter-wave absorption measurements at 54 GHz (cor-
responding to wt ~ 2) with rotating B in the basal bc-plane as shown in
Fig.5.4(b). By applying formula (5.17) for the dynamical conductivity to a
corrugated cylinder, the interlayer conductivity o,,(w) is found to be pre-
dominantly determined by the extremal perpendicular velocity v$**", leading
to a resonance at w = v§Ta/A%. The Fermi velocities along c(z) and b(y)
were obtained as 1.3 and 0.62 x 10°m/s, respectively, and the effective mass
of 2.5my along the c-axis on the (-orbit is consistent with those estimated
from other measurements [570, 572, 573].

The described dynamical phenomena opened the way for angle-resolved
FS spectroscopy of low-dimensional metals and have been extensively stud-
ied for LDMM like (TMTSF)2ClOy4 [574, 575], k-(ET)2Cu(NCS)s [576], a-
(ET)2KHg(SCN)4 [577, 578, 579, 580], a-(ET):NH4Hg(SCN), [581, 582,
583], B”-(ET)2SF5CH2CF2S03 [576] and 6-(ET)2Is [584], as well as for
SI‘QRUO4 [585]

5.2 Magnetic Quantum Oscillations

So far, we have given an overview of magnetic-field effects on electron tra-
jectories and their dynamics on a corrugated open or closed FS. In this sec-
tion, we will focus on the magnetic quantum oscillations and their intriguing
properties caused by magnetic breakdown, dimensionality, superconducting
vortices and localized spins.

5.2.1 Landau Levels and Lifshitz-Kosevich Theory
Landau levels

The Bohr-Sommerfeld quantization rule can be applied to an electron moving
on a topologically closed FS under the influence of a magnetic field

%pdr = %dr(hks —eA) = (n+7)h, (5.21)

where n is an integer and v = % for a free electron.'® The total magnetic
flux @ = BS, penetrating the real space area .S, encircled by electrons is
quantized as

1
¢ =BS, =(n+ E)sﬁo, (5.22)

13 In general the phase constant v departs slightly from 1/2 depending on E and
B [586].
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where &y = h/e = 4.14 x 101! Tem?. ' The corresponding k-space area
Sy = S, /A% derived from (5.4), that is exactly the cross-sectional area of the
underlying F'S perpendicular to B, is also quantized as

Sk=(n+3)(55)B = i—;;(n £ (5.23)

This is known as Onsager’s quantization relation [588].
The orbital quantization leads to the energy quantization,

21.2
z

2m

1 1
E,(k.)=(n+ §)hwc + 59/133 + == (5.24)
z
The third term is the kinetic energy of electrons moving along B || z with
the effective mass m?. The first term represents the energy quantization for
electrons in the plane perpendicular to B. The discrete levels with the quan-
tum number n, as illustrated in Fig. 5.5(a), are called Landau levels'® [589],

being equally separated by hw,., where

2meB eB

@5, /0E)s ~ me (5:25)

We =

is the cyclotron frequency and m. = (27)~(0Skx/OF)r. is the cyclotron
mass. Moreover, as expressed in the second term of (5.24), each Landau level
becomes split into spin-up and spin-down Zeeman levels separated by gup B,
see Fig.5.5(b). In the presence of magnetic exchange interactions, as, e.g.,
due to localized d-spins, these levels are modified as shown in Fig. 5.5(c), and
will be discussed in Sect. 5.2.5.

For simplicity, consider a 2D system with E(k,,k,) = h*(k2 + k2)/2my.
The density of states'® Nop(E) in the absence of B becomes a constant,
independent of F,

Nan(E) = % / &k -5 (E - %@) = (5.26)

- Th?
The factor of 2 in the numerator comes from the spin degeneracy. In a finite
magnetic field at T = 0, the continuous spectrum (occupied up to Ep in
zero field) turns into an equally separated series of delta functions of Landau
levels with the density-of-state spectrum

14 This concept for the magnetic flux quantization is also applied to superconduct-
ing vortex states with a quantum flux ¢o = h/2e = 2.068 x 10~ Tcm? due to
a Cooper pair with 2e, see, e.g. [587, 365].

15 In a 3D k-space each Landau level forms a hollow cylinder called a Landau tube.

16 For 1D, Nip(E) « 1/VE being divergent at the band edges, while, for 3D,
N3D (E) o \/E
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Fig. 5.5. Quantized energy levels in a magnetic field. (a) Landau levels with indices
n—1,n and n+1, (b) spin-splitting Zeeman levels with the energy difference gup B
and (c) the exchange field (B)-induced modification of the Zeeman levels with
AEj; = gupBy.

Non(E) = — S 0(E - ), (5.27)
B p

where E,, = (n+1/2)hw.. Each Landau level accommodates electronic states
within +(1/2)hw,, the number of which is given by

hweNop(E) = eB/mh = 1/7)\%. (5.28)

Here m. = m is assumed. Since 7A% is the real-space area, the magnetic
length Ap (5.5) is exactly the same as the cyclotron radius r.(= vp/w.) =
(2n + 1)1/2\p for n = 0.17

Quantum Oscillations and Lifshitz- Kosevich theory

According to (5.24), for a 3D electronic system, the higher B is, the wider
the separation, and thereby the smaller the number of Landau levels involved
below Er. Since Er (or the chemical potential) is assumed to be constant,
the highest occupied Landau level crosses the Fermi level Er periodically in
1/B. Whenever this crossing occurs, electrons at the outmost Landau level
are forced to redistribute on lower levels. Therefore, the electronic free energy
changes periodically with the inverse magnetic field, resulting in quantum
oscillations in all the quantities concerned with electronic states near Ep.
For a FS of general shape, the phase of oscillations is cancelled out except
those originating from extremal orbits, the periods of which are stationary
with respect to a small change of k.. In particular, the oscillatory behavior of
the magnetization and magnetoresistance are called dHvA and SdH effects,
respectively.

7 For the derivation, use (5.23) and S, = AL Sk = 7mr2.
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With the cross-sectional area Se.4- of extremal orbits, the periodicity of
the quantum oscillations becomes

1 1 2me
- == 5.29
anl Bn hSea:tr ’ ( )
while the frequency F' is given by the inverse,
1 h
F St = St (5.30)

“1/Bn_1—1/B, 2me (2m)2°°

Taking into account effects of finite temperature, electron scattering and the
Zeeman splitting, I.M. Lifshitz and A.M. Kosevich [590] formulated the os-
cillatory magnetization Mg for one extremal FS as follows:

1/2 o .
Moge (%) Tz_:l %RTRDRS - sin |:27T7° (g — %) + %] .
(5.31)
The summation over r accounts for higher harmonic contributions and the
sign +(—) in the argument of the sine function corresponds to the minimum
(maximum) cross-sectional area. From this expression, we can directly de-
termine the cross-sectional area Segs of an extremal orbit by measuring F;
Sextr (in cm™2) = 9.545 x 10! F (in Tesla). The denominator of the prefactor
in (5.31) measures the curvature of the extremal FS, giving an extraordinary
enhancement in the oscillatory amplitude for a weakly corrugated cylinder,
as in the present quasi-2D metals where the curvature is expected to be quite
small.
The reduction factors Ry and Rp describe the phase smearing resulting in
a broadening of the Landau levels. First, a Fermi-Dirac distribution function
near Er at T # 0 gives the temperature reduction factor Rr,

arpT/B 2arpT ox (—ar,ucT>

"~ sinh(arp.T/B) B

5 (5.32)

where a = 2n%kpmo/eh = 14.69T/K and pu. = m./mg is the cyclotron
mass on the extremal orbit in units of the free electron mass mg. To note,
the approximation at the right side of (5.32) holds when the argument is
sufficiently larger than 2. Next, the scattering of electrons by impurities,
which predominates at low temperatures, induces a Landau-level broadening
that is measured by the so-called Dingle temperature Tp [591],

kpTp = ————. (5.33)
™

Here < 7 > is the average of the electron-scattering time on an extremal
orbit. The Dingle reduction factor Rp in (5.31) is given by
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—aru.Tp >

= (5.34)

RD:exp<

As an experimental routine, p. is first determined with (5.32) by measur-
ing the temperature dependence of the oscillatory amplitudes (or the spectral
power of the Fourier transform) and then T is determined from the mag-
netic field dependence (5.34). It is noted that both parameters m. (sometimes
called de-Haas mass) and T, derived from these reduction factors, are renor-
malized by many-body effects in interacting Fermi liquids [497], see Sect. 4.5.

Finally, for the spin reduction factor Rg due to the Zeeman splitting
(Fig.5.5), £(1/2)gupB, one must take into account that the two sets of
spin-dependent Landau levels (tubes) cross Ep at different fields. The effect
is exactly equivalent to a spin-splitting phase,

¢ =2mwgupB/hw, = Tgpc, (5.35)

between the oscillations coming from the spin-up and spin-down electrons (or
r times as much for the r-th harmonic). The superposition of these oscilla-
tions, therefore, provides Rg to the net amplitude of Mose (5.31) [592, 591],

Rg = cos(%r(b) = cos(%rﬂ'g,uc). (5.36)
Here the spin-splitting factor g and the effective cyclotron mass p. are
renormalized in general by many-body effects such as electron-phonon and
electron-electron interactions [497, 256]. In particular, in addition to many-
body interactions, g is considerably modified by spin-orbit coupling. There-
fore, once p. is determined from the temperature dependence of the amplitude
(5.32), g can be evaluated by measuring the spin-splitting zeros (Rg = 0) as
will be described below. Thus, g so obtained is, in general, different from
that determined by electron-spin-resonance measurements which do not de-
tect many-body effects.

The Lifshitz-Kosevich (LK) theory has been successfully used to deter-
mine the FS topology, cyclotron mass, relaxation time and many-body effects.
Basically, the theory equally holds for oscillations in other thermodynamic
quantities such as the electronic specific heat and the elastic constants, the so-
called magnetothermal and magnetoacoustic oscillations, respectively.'® On
the other hand, the transport quantities such as magnetoresistance, ultra-
sonic attenuation, thermopower and so on are, in general, rather difficult to

18 Quantum oscillations in the elastic constants were investigated for a-
(ET)2NH4Hg(SCN)4 by longitudinal ultrasound-velocity measurements [593].
For SroRuOy, refer to [594]. This technique, which requires a sample thickness
of 1 — 2mm at least — a single crystal of this size is exceptionally large in LDMM
— can provide an evaluation of the electron-lattice coupling and its dependence
on acoustic sound modes [595, 596]. Magnetothermal oscillations were observed
in k-(ET)2Cu(NCS)2 [597].
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treat fully quantum-mechanically due to the complicated details of electron-
scattering processes in magnetic fields [598]. A.B. Pippard pointed out [497],
however, that the probability of scattering is proportional to the number of
states into which the electrons can be scattered, and the resistivity deter-
mined by this probability (1/7) should oscillate in harmony with the oscil-
lation of the density-of-states at the Fermi level.'® Therefore the LK theory
has been routinely used for analyzing transport data.

Unlike in semimetals and semiconductors, the SAH effect is often diffi-
cult to observe in ordinary metals. In the present LDMM, however, the SdH
effect in magnetoresistance has been extensively studied, even more widely
than the dHvA effect. This may be partly due to the experimental advantage
that the helium-temperature resistance of tiny single crystals, available in
the form of thin plates or needles, is rather high in the range of 0.01 — 1,
even in the most conducting plane or along the highly conducting chain. To
note, a traditional field-modulation technique [501], with a phase-sensitive
detection to obtain the field-derivatives of the resistance or magnetization,
has been rarely employed. Alternatively, a conventional four-terminal resis-
tance or magnetic-torque measurements (M x B) with a minute mechanical
cantilever [599] have been successfully performed.2°

A case study in k-(ET);Cu(NCS),

Detailed FS parameters of the superconductor £-(ET)2Cu(NCS)y with T, =
9.4 K have been obtained from quantum oscillations [96, 601, 602, 447, 603,
604]. Figure5.6(a) shows the in-plane resistance as a function of B applied
perpendicular to the basal be-plane at T = 0.65K. The superconductivity
starts to be suppressed around 4 T, followed by a sharp recovery of the resis-
tance. The SdH oscillations with F,, = 625 T are clearly superimposed on the
normal-state resistance for B > 6 T. Upon further increase of B, additional
oscillations with a higher frequency Fjg = 3800T are discernible. The inset
shows these periodic oscillations as a function of 1/B. The two oscillations
are identified as coming from a- and [-orbits, as shown in Fig. 5.6(b). These
FSs were calculated by a 2D tight-binding model using an extended Hiickel
method [96]. The o-FS is identified as being an almost perfect cylinder giving

19 An Einstein relation for the conductivity is given by ¢ = 2e?N(Er)D, where
D = (1/3)vrl is the diffusion constant. In a metal, the current J is given by
J = —eDVn + oE, where n is the number of carriers. At equilibrium, n =
no — 2¢VN(Er) where V is the potential; E = VV. Setting J = 0, the above
relation is obtained [587].

For magnetic fields larger than 10 — 15 T available in many laboratories, so-called
hybrid-magnets installed in various facilities in Tallahassee, Grenoble, Nijmegen,
and Sendai have been actively used. Even higher fields are supplied by pulse
magnets generating up to 50 — 60 T and which are installed in combination with
3He refrigerators to cool samples down to 0.3 — 0.4 K. A technique for contactless
resistance measurements in pulsed fields is noticeable [600].

20
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Fig. 5.6. (a) In-plane resistance as a function of B applied perpendicular to the
basal plane in x-(ET)2Cu(NCS)2 with T, = 9.4 K. The inset shows the SdH oscil-
lations periodic in 1/B, after [447]. (b) The FS projected to the kyk.-plane. The
closed and open orbits are designated « and -, respectively. The closed tunneling
orbit § interconnecting between them is called magnetic-breakdown orbit.

a 1/ cos@ dependence [604]. The S-orbit is caused by a magnetic-breakdown
(MB) effect between the a- and «-orbits (a pair of the corrugated open FSs)
[602, 447, 603], see Sect. 5.2.2. The k-space areas encircled by these orbits are
Sa = 5.97 x 10! and Sz = 3.63 x 105 cm ™2, occupying 16.3 % and 100.9 %
of the first Brillouin zone.?!

These observations proved that (1) exactly two carriers exist in the unit
cell accommodating four ET donors — as expected from the stoichiometric
charge-transfer (Sect.2.2) —, leading to a quarter-filled band, and (2) the
band structure based on the tight-binding approximation is highly reliable.
The former conclusion is exactly consistent with the Luttinger theorem [607,
608] stating that the F'S volume is necessarily conserved as far as a Fermi-
liquid picture works, no matter what many-body interactions exist [609].

The cyclotron mass was determined from SdH and dHvA oscillations:
m? = (3.5—3.3) mg and m? = (6.940.8) my for the a- and [-orbits [447, 603,
250, 610, 611], see also Table4.3. The Dingle temperature, which is a sample-
dependent, extrinsic quantity determined by defects in the crystals, was in the
range of 0.4 — 1.0K. J. Caulfield et al. carried out SAH measurements under
pressure which suppresses superconductivity [250, 610]. With pressures up to
16 kbar??, m& decreases sharply from 3.5 down to 1.5mg as shown in Fig. 4.30,

2! Using the lattice parameters at 12 K [605], the 100.9 % occupation, obtained from
the parameters at 104 K in [447], approaches exactly 100 % within an error of +
0.2 %, via a sizable lattice contraction [606].

22 A pressure of 5 — 6 kbar is sufficient to suppress superconductivity completely in
this material [217, 612].



116 5 Magnetic-Field Effects

while Tp increases from 0.57 K up to 1.5 K. Therefore, the product m$Tp is
only weakly dependent on pressure which was ascribed to renormalization due
to many-body effects?3, as discussed for several quasi-2D molecular metals
[609]. For many-body effects, refer to Sect. 4.5.

A different approach to the renormalization effect was taken by J. Wos-
nitza et al. who observed the spin-splitting zeros Rg = 0 in (5.36) from the
angular dependence of the dHvA oscillations [604]. Assuming g = 2, they
obtained for the band mass m;, = 2.6 mg giving the 1/ cosf dependence and
an angular-independent electron-phonon contribution of about 0.7mg and
discussed T, using the BCS formula. It must be noted, however, that, in
the analysis for the product gu. (5.36), some ambiguity may remain in the
separation of the different contributions.

From far-infrared transmission measurements, which suggested the ex-
istence of a much smaller mass of m& = 1.25my, J. Singleton et al. [613]
pointed out that the large discrepancy could be understood by a renormal-
ization effect due to short-range Coulomb interactions, which, according to
Kohn’s theorem [614], does not affect the CR frequency.>* However, those
measurements were later clarified to be more closely related with the AMRO
effect as described above [564, 566].

At this point one may ask about the size of the band mass. In general,
absolute values of band-electron energies in metals are more or less equivocal.
For LDMM, this is partly because the estimation for the ionization energies of
relevant molecular orbitals is empirical at the present state in band-structure
calculations, see Sect. 2.2.

So far we have described magnetic quantum oscillations and then derived
FS parameters for k-ET2Cu(NCS)s. There have been many studies for other
molecular metals?®; see [208, 209, 205]. Hereafter, we will focus on peculiar
phenomena observed in quantum oscillation studies on LDMM.

% With the renormalization constant Z > 1, the bare (band) mass, the relaxation
time and the Fermi velocity are renormalized like Zmgy, Z7 and vr/Z, while
quantities such as resistivity (o< m/7), the mean free path (£ = vp7T = hkp7/m)
and the product m.Tp remain unrenormalized due to the cancellation, see, e.g.
[497, 609].

Kohn’s theorem states that a cyclotron resonance between Landau levels in a
metal irradiated by electromagnetic waves with the electric field perpendicular
to B gives a resonance frequency independent of short-range electron-electron
interactions. To note, Umklapp processes being important for a large FS may
violate this theorem [615]. For CR in metals and semiconductors, refer to [497,
616].

The single-component molecular metal Ni(tmdt)», for example, exhibits a con-
ventional dHvA effect, indicative of a conventional 3D metal [135].

24
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Fig. 5.7. (a) Fourier-transform spectrum of the SdH oscillations in «-
(ET)2Cu(NCS)2 shown in Fig.5.6(a). (b) Schematic illustrations for the typical
orbits corresponding to the spectum’s peaks at Fu, Fj3, Fg_o and Fz_o. After
[447].

5.2.2 Magnetic Breakdown and Quantum Interference

As described in the preceding section, the S-orbit in Fig. 5.6(b) results from
a magnetic breakdown between a- and ~y-orbits. Here the magnetic break-
down is an electron-tunneling phenomenon, i.e. electrons accelerated by the
Lorentz-force (5.1) can tunnel from an orbit on one part of F'S to an orbit on
another part separated from the first one by a small energy gap Fg, see, e.g.
[617, 497].

The tunneling probability P is given by

o ’/TE% - BMB
P = exp < m) = exp < B > ; (537)

where 20 is the Bragg reflection angle and Byp = mm.E%/4ehEF sin 20
is a characteristic field for the phenomenon to be visible. From numerical
simulations with the parameters Fr = h’k%/2m/ = (740 = 100) K xkp and
20 = w/2, Eq/kp and Byp were estimated to be about (54 +10) K and 16 T,
respectively [618].26

Figure5.7(a) shows the power spectrum of the Fourier transform for the
data in Fig.5.6(a) [447]. In addition to the fundamental frequencies F, and
Fj and the higher harmonics 2F,, (r = 2) and 3F, (r = 3), many combina-
tions of these are clearly discernible. T. Sasaki et al. [618] pointed out that

26 The gap is expected to be smeared out for T > Eg/kp via thermally assisted
tunneling, in terms of which an anomalous increase in the Hall coefficient below
60 — 70K [233, 619] was discussed [620].
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B, B+ a and § 4 2« orbits could be allowed by Pippard’s network model
[497, 621, 622, 623], while other orbits labeled 5 — «, 8 — 2a, 25 — 3a would
be forbidden as illustrated in Fig.5.7(b). This semiclassical model assumed
a priori that electrons should traverse along several paths across neighbor-
ing FSs in the definite direction determined by the Lorentz force (5.1). On
the contrary, taking into account the property of coherence of electron wave
functions, W.G. Chambers [624], and H. Shiba and H. Fukuyama [625] pre-
dicted quantum-mechanical interference phenomena between wave functions
on neighboring FSs.2” This quantum interference effect associated with the
magnetic breakdown phenomena, was proved by SdH measurements on Mg
[627, 628, 629]. J. Caulfield et al. [630] pointed out that the above semi-
classically forbidden orbits could be allowed by this effect, which was later
investigated extensively [631, 632, 633].

Figure5.8 shows the k-space geometry for this effect. As described in
the caption, the transmission probability from P; to Ps is proportional to
c08(A\%Sk.a) = cos(2mF,/B). Here Sy, is the k-space area enclosed by the
interference path, consequently oscillating as a function of B~! with a fre-
quency equal to F,,. The double Bragg reflections make such forbidden oscil-
lations like Fjg_, observable, as illustrated using a semiclassical (wave-packet)
picture in Fig. 5.7(b). In contrast to semiclassical breakdown phenomena, this
interference effect has two characteristic features as described below. Firstly,
this interference oscillation, which is not caused by the Landau quantiza-
tion, is expected to be much less sensitive to temperature than SdH (and
dHvA) oscillations. For a semiclassical breakdown orbit, the effective cy-
clotron mass can be expected to be a sum of the mass on relevant orbits, e.g.,
mPte = mf + m? for the (3 + a)-orbit. Indeed, it has been confirmed that
the observed mass 11myg [630] is in agreement with the sum yielding 10 —
11 mg. For the forbidden orbits due to the interference effect, M. Kartsovnik
et al. [632] derived the effective mass from the energy dependence of the os-
cillation phase: m2=" = mf — nm¢ for (8 — na)-orbits, and made a crucial
test for n = 2 by observing SdH oscillations in the inter-plane resistance at
B < 15T. While the F,, oscillations are highly damped at T > 2.4 K, the
rapid oscillations with 2630 T corresponding to Fjg — 2F,, remain observable
at higher temperatures. The mass was evaluated to be (0.9 & 0.1) mo being
consistent with the above derivation for n = 2. Furthermore, a pressure of
8.5 kbar has been applied in order to tune the mass to a value as small as
possible. As shown in Fig.5.9(a), the rapid oscillations continue to be ob-
servable even at 9 K, which was ascribed to the quite small mass of 0.3 mg
from the LK analysis as shown in Fig. 5.9(b). Though there remain some un-
clear points concerning, e.g., the assumption of a temperature-independent
relaxation time at these high temperatures, the quantum interference effect
can be considered responsible for the forbidden magnetic breakdown orbits.

2" This prediction for the k-space interference is essentially the same as the
Aharonov-Bohm effect [626], see Fig. 5.8(b) and the caption.
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Fig. 5.8. (a) The k-space geometry for the quantum interference effect. Consider
an electron with the wave function ¢; of unit amplitude and zero phase starting
from P; on the ~-orbit and passing through two equivalent junctions J; and J2
with breakdown gaps eventually to P2 on the counterpart orbit with the final wave
function 2. The tunneling probability is given by P12 = | < 2|1 > |* and there
are two possible paths a and b on the a-orbit between J; and J2. Transmitted
(to a) and reflected (to b) electrons at J; can be assumed to have wave functions
written as p and (1 —p?)'/2 exp(in/2). (The relative phase difference should be /2
due to an orthogonality relation.) Here the transmission probability p? is given by
(5.37). Those electrons traveling on different paths receive phases from the vector
potential A just before arriving at Jo2; the wave functions are evolved as pexp(if1)
and (1 — p?)'/? expli(7/2 + 62)]. The second tunneling then occurs at Jo, resulting
in o = p®exp(if1) — (1 — p?)exp(if2). Thus Pi» = {p* + (1 — p?)?} — 2p*(1 —
p?) cos(0z — 01), where 02 — 01 = (¢/h)([;” Adra — [} Adry) = (¢/h) § Adra, =
A52Sra = A]Sk.q. (b) This effect is essentially the same as the Aharonov-Bohm
effect [626] which was experimentally proved by magnetoresistance measurements
on a multiply-connected Au wire demonstrating the conductance quantization with
Do. After [634].

Secondly, since the interference is caused by oscillations between the electric
current and the density-of-states, it should not be observed in thermodynamic
quantities which are solely due to density-of-states effects [625]. The dHvA
measurements [635, 611], however, revealed the existence of the forbidden os-
cillations as Fj_,.2® Notably, the power intensity is smaller by a factor of ~ 3

28 The same situation has been found for Mg [636] and recently in SroRuOa
[637, 551, 552, 553], GaAs/AlAs [638], and In,Gai_5As [639], which showed
forbidden-orbit dHvA oscillations. To note, in the field-modulation method con-
ventionally used for dHvA measurements, the induced eddy-current may cause
the interference effect.
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Fig. 5.9. (a) Oscillatory part in the interplane resistance in x-(ET)2Cu(NCS)2 at
temperatures up to 9K, at pressure of 8.5kbar. (b) The temperature dependence
of the 8 — 2a oscillation amplitude. The dashed line represents the theoretical fit
of the reduction factor (5.32) to the amplitude in (a). After [632].

than that of Fjg, which is in strong contrast to the power spectrum as shown
in Fig.5.7; the power intensity of Fj3_, is even larger than that of Fjz. This
has been the subject of controversy in a number of numerical calculations
[633, 640, 641, 642, 643, 644, 645, 646, 647, 648, 649, 650, 651]. Particularly
important among these is a possible chemical-potential oscillation, which is
related to the 2D effect on the waveshape in the oscillatory magnetization
described below.

5.2.3 Two-Dimensionality Effect

In an ideal 2D metal, all the electrons on the perfectly cylindrical FS can
coherently contribute to quantum oscillations. D. Shoenberg derived a 2D
version of the LK theory by assuming a field-independent constant chemi-
cal potential p = EF [652] for a grand canonical ensemble. The oscillatory
magnetization Mg is given by

o0
1 . F 1
Mose x ; ;RT(’I‘)RD(T)Rs(T) - sin [27rr (E - 5)] . (5.38)
The difference to the 3D-LK formula (5.31) is as follows. While the three
reduction factors expressed by (5.32), (5.34), and (5.36) remain unchanged,

the B'/2-dependence in the prefactor and 7/4 in the phase factor in (5.31)
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are omitted, and the harmonic content becomes modified by r~! (instead of
r3/ 2). When the reduction factors are close to unity (guaranteed by very
high B and low T for small T), the waveform in 2D can resemble an inverse
saw-tooth as a function of B due to an increased harmonic content. To note
here, the condition with a fixed chemical potential can be realized, provided
that there exists an electron reservoir as in a multiband system to allow a
change in the number of carriers on the Landau levels near Er.?°

J. Wosnitza and his collaborators [254] measured dHvA oscillations in
B7-(ET)2SF5CH2CF2S0s3. Figure 5.10 shows the data that can be completely
reproduced by the 2D-LK formula (5.38) using m. = 1.9mg, gm./mo = 3.9
and Tp = 0.4K. Since a less-quality sample with Tp = 1.3K and, hence,
higher scattering rates did exhibit less pronounced signals, the authors as-
cribed the observed inverse saw-tooth waveforms as predicted by theory to
the exceptionally high sample quality. This was discussed in terms of a fixed
chemical potential or, equivalently, the existence of an electron reservoir. Ac-
cording to band-structure calculations [653], see Fig. 4.5(d), a pair of quasi-1D
electron sheets exist in addition to the 2D hole pocket that gives rise to the
dHvA signals. This quasi-1D band may act as the charge-carrier reservoir
causing the chemical potential to be pinned. For a single-band 2D system
without any reservoirs, on the other hand, a canonical ensemble where the
number of charge carriers is fixed and hence an oscillation of the chemical
potential should be allowed, may be reasonably adequate. For this case it

T=044K
=-0.7"

0.1+ o dHvA data ]
— 2D formula
" 1 1 1
10 15 0

B (T)
Fig. 5.10. Comparison of the measured dHvA waveforms (open circles) in a high-

quality sample of 37-(ET)2SF5CH2CF2 with the 2D formula (5.38) (solid line) lying
virtually on top of the experimental data. After [254].

29 This is the reason why the LK formula holds quite well in a 3D system.
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Fig. 5.11. (a) An example of a raw voltage signal proportional to the time-
derivative of magnetization in k-(ET)2I3. (b): (i) The calculated magnetization
using the canonical ensemble with the parameters my; = 3.9mo, gu. = 8.63 and
771 = 0.3 x 102571, The vertical dashed lines mark the interval between succes-
sive minima and maxima. (b): (ii) The magnetization obtained by integrating the
induced voltage. (b): (iii) The magnetization calculated by means of the 2D LK
theory using the parameters above. (¢) A comparison of the temperature depen-
dencies of the measured dHvA amplitudes of the fundamental frequency and of the
second harmonic with results using the numerical model (solid lines) and the 2D
LK theory (dashed lines). After [573].

was theoretically predicted that a normal saw-tooth waveform might appear
associating sharp drops of both the magnetization and chemical potential
with B [654, 655].

N. Harrison et al. [573] studied the dHvA oscillations in another highly-
2D material, x-(ET)Is, in high fields up to 60 T. (For the SAH oscillations,
refer to [656, 657].) As described in Sect.5.1.3 above, the overall FS shape
[43] is similar to that in the x-(ET)2Cu(NCS), salt, Fig.5.6(b), except the
magnitude of the magnetic breakdown gap E¢ [658]. In x-(ET).ls with a
centrosymmetric space group, E¢ is much smaller and thereby the magnetic
breakdown B-orbit with m? = (3.9 + 0.1) mq [659, 446] is easily observed
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above 2.5 T being much smaller than 16 T in x-(ET);Cu(NCS), [618]. Fig-
ure5.11(a) shows the dHvA oscillations in the time-derivative of the magne-
tization in pulse-field experiments. In addition to F,, and Fj_, oscillations
with a quite small spectral power occur®?; the spectrum has a clear series of
Fj oscillations of 3875 T with higher harmonics up to » = 9, indicating the
high sample quality with a small value of Tp = (0.26 +0.06) K. The temper-
ature dependence of the amplitudes of both dHvA and SdH oscillations with
Fjg clearly deviates from the 3D LK formula (5.31), suggesting the importance
of strong two-dimensionality at low temperatures and high fields. Taking into
account the double peaks above 45T in Fig.5.11(a) that are induced by the
Zeeman spin-splitting in high fields, the oscillatory waveform of the magneti-
zation was successfully reproduced, as shown in Fig. 5.11(b), by the 2D model
[641] within the framework of a canonical ensemble with a constant number
of carriers. There, the waveform like normal saw-tooth is considered to be
associated with the signature of the spin-splitting into Zeeman levels. These
modifications of the waveform correspond to a change in the relative spectral
weight of the fundamental and its harmonics. Figure5.11(c) compares the
fundamental and the second harmonic data with the numerical calculations.
For the fundamental, the data below 1 K, which show a discernible deviation
from the 2D LK theory within the grand canonical ensemble, agree quite well
with calculations based on the canonical ensemble. Furthermore, the second
harmonics, which, with the use of the 2D LK theory, gives a strikingly small
value for mf = 2.4my, is also well explained by the canonical ensemble. Thus
both the waveform and the amplitude of [-oscillations are highly influenced
by the two-dimensionality effect and the oscillation of the chemical potential.

5.2.4 Superconducting Vortex States

The dHvA effect in the superconducting vortex state has been a subject of
interest since its discovery in NbSes [660] and other type-II superconductors
with high upper critical fields B., such as A15 compounds [661, 662, 663],
borocarbides [664], and some heavy fermion compounds [665]. See, e.g.
[668] for a recent review. The phenomena, commonly associated with a siz-
able damping effect of the vortex state on the oscillatory amplitudes, have
been also studied in &-(ET)2Cu(NCS)y [669, 670, 671, 667, 666] and 37-
(ET)2SF5CH2CF2S03 [253].

Figure 5.12 demonstrates the SAH [666] and dHvA [667] oscillations of F,
in £-(ET)2Cu(NCS)3, both of which are visible above 4T at low tempera-
tures. The field and temperature range was ascribed to quantum vortex liquid
(QVL) states (Sect.6.5) that were distinguished from thermal vortex liquid
(TVL) states [672]. The quasiparticle scattering by the vortex lattice with

30 In the SdH spectrum, the (forbidden) Fjs_, power becomes much more enhanced
[573], which, as described in the preceding section, is similar to the case in k-
(ET)2Cu(NCS)a.
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Fig. 5.12. (a) SdH oscillations in the interlayer resistivity po. Here Ao is the
oscillatory part of the conductivity. The inset shows the overall magnetic-field de-
pendence at 77 = 0.43 K. The dotted line indicates the normal-state resistivity.
After [666]. (b) Oscillatory magnetization in k-(ET)2Cu(NCS)2 as measured by
the second harmonic pick-up, with the magnetic field applied perpendicular to the
be-plane at T' = 33 mK. The dHvA oscillations with F, = 601 T are observed above
4T. The increasing noise below 3.5T is due to flux jumps occurring within the

sample. After [667].
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large superconducting fluctuations near the mean-field B., must be taken
into account. The reduction factor, which should be included in (5.31) as a
fourth damping mechanism, is given [673] by

A2 B 1/2
Rso = exp l—w?’/?: <—) , (5.39)

(hwo)2 \F

where < A? > is the mean square of the fluctuating superconducting order
parameter. The latter is approximated as

< A?>= A(;)Z (1 - Bi;) + \/{A(S)Q (1 - Bli)r +a(T)?, (5.40)

where both A(0) and B, are mean-field values, and a(T") is a temperature-
dependent scaling parameter for the fluctuations [667]. At B,, where < A >=
0, it is a measure for the strength of the fluctuations. As shown in Fig.5.13
where the magnetic field dependencies of Rgc and < A? >1/2 calculated
using the BCS gap of 1.5meV (2A = 3.5kgT,) are plotted, the above model
can reproduce the dHvA data quite well using the parameters given. The
damping observed in SdH oscillations (not shown here), however, is a little
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stronger than in dHvA oscillations. It is noted here that the current depen-
dence due to the nonlinear transport is important [666] and further studies
may shed light on the phase coherence of vortices in the quantum vortex
state.

5.2.5 Magnetic Exchange-Interaction

Quantum oscillations have been extensively studied in magnetic metals, in
which the conduction electrons interact with each other via an exchange
coupling (itinerant magnetism), in systems with diluted magnetic impurities
(Kondo systems), or in materials with periodically localized d- or f-spins. For
these systems, magnetic quantum oscillations have proved to be a powerful
tool for spin-resolved spectroscopy [497, 674, 675].

For conduction electrons exposed to an exchange field B; from localized
moments, the Zeeman levels are modified as illustrated in Fig. 5.5(c). The
up (down)-spin level lowers (rises) by AFE;/2 where AE; = gupBj; and
consequently the Zeeman splitting becomes (1—B;/B)gupB [674]. Therefore
the spin-splitting phase ¢ (5.35) is modified as

gupB(1 - B;y/B) ( BJ)
m = mgpte :

¢ =2 (5.41)

1 =24
hw, B

Placing this equation into (5.36) and (5.31), the oscillatory magnetization
Mse with frequency Fjy is given by the sum of spin-dependent terms with
different amplitudes (A and A;) and phases®!,

Mose o< Aj cos {271' (ﬁ — 1) + ?} + A cos {277 (@ — l) — ?}(5.42)

B 2 2 B 2 2
Fi 1 TGlc
=A 2 —_— — = —_—
iCOS[ﬂ'<B 2>—|— 2}
F 1
+ Ay cos [27r (ET - 5) - Wg;c} , (5.43)
where
1
Fl = F() - ZQMCBJ (544)
1
Py = Fo+ JgpeBy. (5.45)

This well-established formula was applied [677] to the splitting of the dH fre-
quency of the a-orbit in 7-d interacting mixed salts of A-(BETS).Fe,Ga;_,Cly
[125]. Figure 5.14 shows the antiferromagnetic insulator-to-paramagnetic met-
al transitions and SdH-oscillations observed in the interlayer resistance under

31 For simplicity, only the fundamental (r =1) is considered here.
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Fig. 5.14. (a) Interlayer resistance (I, B || b*) in a high magnetic field region for
A-(BETS)2Fe;Gai—;Cly. The antiferromagnetic insulator-to-paramagnetic metal
transitions are indicated by arrows. (b) SdH oscillations as a function of in-
verse magnetic field. Ro(H) is the non-oscillatory background. (c¢) Fast-Fourier-
Transformation spectra calculated by a maximum entropy method. After [676].

magnetic fields perpendicular to the conducting plane. From the above equa-
tions using the observed split frequencies and the cyclotron mass in the SAH
effects, the exchange field By was directly obtained: By = 32, 16 and 10T,
respectively, for x = 1.0, 0.78 and 0.45. As described in Sect.7.2.6, these
systems show field-induced superconductivity due to the Jaccarino-Peter
compensation effect. The superconductivity is most enhanced for B = By
(see Fig. 7.18), which consistently shifts to lower external fields with decreas-
ing Fe concentration.
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5.3 High-Magnetic Field States

5.3.1 Field-Induced Cascade Transitions to SDWs
and Anomalous High-Field States

As described in Sect.4.4.1, the SDW insulator (TMTSF);PFg turns into a
superconductor below 1 K upon applying pressure in excess of 6 kbar. In the
metallic state at B > B.,, J.F. Kwak et al. [678] observed SdH-like oscilla~
tions in the resistance along the most conducting a-axis, followed by quite
similar observations in the ClO4 salt [679, 680]. Since these quasi-1D salts
lack any closed FSs, the results had been quite puzzling before it was proved
by NMR [681, 682], magnetization [683], and specific heat [684] measurements
to be a cascade of thermodynamic phase transitions. In particular, the dis-
appearance of the 7"Se-NMR signals strongly suggested that the transitions
are due to SDW states.

Figure5.15(a) shows the magnetization at 60 mK as a function of mag-
netic field applied nearly parallel to the least-conducting c-axis of relaxed
(TMTSF)2ClOy4 [683]. Successive jumps in the magnetization associated with
hysteresis clearly indicate a cascade of first-order phase transitions. These
anomalies are absent when B | b. The B-T phase diagram is shown in
Fig.5.15(b). The lines correspond to the positions of maxima in the mag-
netization curves. The lower inset indicates that the peak index n — with
n = 1 arbitrarily chosen for the magnetization jump around 8 T — is periodic
in 1/B, while the upper inset shows an enhancement of the amplitude of the
n = 1 phase with decreasing temperature. This phase diagram is consistent
with that obtained from magnetoresistance measurements [679, 680].

This so-called field-induced SDW (FISDW) phenomenon can be concep-
tually understood within a semiclassical picture (Sect. 5.1.3) in which a mag-
netic field enhances the one-dimensionality of the quasi-1D electron orbits
as expressed in (5.15), thereby enhancing the DW instability simply by im-
proving the nesting condition (Sect.4.4.1). Extensive theoretical studies have
been performed on FISDW [561, 685, 686, 687, 688]. (For details, refer to
[86].) Following the model calculations by G. Montambaux et al. [685] who
extended the idea of L.P. Gor’kov and A.G. Lebed [561], we outline the
mechanism explaining how the metallic state becomes periodically unstable
against forming FISDW condensates as a function of 1/B.

Figure5.16(a) illustrates the Zeeman splitting gup B of the linearized 1D
band expressed by the first term in (4.23). The SDW (CDW) correlations
couple the bands with anti-parallel (parallel) spins and hence the nesting
vector Q1) = Q1 (Q11 < Qy). Therefore a magnetic field, which does not
change the B = 0 nesting condition for a SDW, can make the SDW state
more stable via the field-enhanced 1D character of the electron orbits. (For
CDW, the nesting condition in the ground state deteriorates continuously
with magnetic fields, as described in Sect. 5.3.2.) The quasi-1D electron band
(4.23) is extended as
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E(ky, ky) = hop(|ks| — kr) — 2t cos(kyb) — 2t} cos(2k,b). (5.46)

The last term represents an additional corrugation along k,. Figure 5.16(b)
illustrates the FS of this quasi-1D band with the corrugation 4(t, + t})/hvr
along k,, where the best nesting vector is given by @ connecting the inflection
points on the two sheets. The nesting is perfect when t; = 0, as shown
in Fig.4.22. In the case of t; # 0, however, it becomes imperfect leaving
a hatched area Sj between the solid line on the right-hand sheet and the
dotted line obtained by the translation of the left-hand band. The size is
characterized by t, /hvp along k.
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Fig. 5.16. (a) The Zeeman splitting +(1/2)gup B of the linearized 1D band E(k,)
(the first term in (5.46)). The Q1) and Q1 (Q11 and Q) are nesting vectors for
SDW (CDW). (b) The corrugated FS derived by (5.46). At B = 0, the best nesting
vector @ connects the inflection points on the two sheets. After [685].

The electronic response function x(Q(Qz,Qy), B,T), depending on mag-
netic field and temperature, exhibits a series of maxima when Sy = 2mq /b
is quantized; S, = nSy where Sy = 2meB/h = 27/)\% [685]. This Landau

quantization occurs necessarily at
qH’n = Qx — Qkp = ’I’L(b//\QB) (5.47)

This means that the metallic state in magnetic fields becomes unstable
against the formation of a cascade of SDW states periodically in 1/B.

A different theoretical approach was taken with an anisotropic 2D Hub-
bard model by K. Yamaji [686]. The total energy was found to be lowered
when the above quantization occurs; the highest Landau level below Ep is
fully occupied and the next level just above Er is empty. Upon sweeping B,
q),» adjusts itself in order to optimize the energy gain of each SDW subphase.
This self adjustment occurs discontinuously and successively from n to n —1,
and the last SDW state with n = 0 in this model, i.e. Q, = (2kp,7/b) is
reached eventually. The top curve in Fig.5.15(b) should be ascribed to the
most stable SDW phase with n = 0. Thus, the cascade of first-order phase
transitions of FISDW was understood at least qualitatively. With more re-
alistic refined models [689, 690, 691, 692, 693, 694], comparisons with exper-
iments were made in detail. (For reviews, refer to [86, 695] and references
therein.) The experiments on the PFg salt are fairly well explained, while
those on the ClO4 salt are rather complicated due to the anion ordering
responsible for the band folding [693, 694].

To note, a step-wise field dependence of the Hall voltage was observed
in the ClO4 [696, 697] and PFg salts [698, 699, 695, which was reasonably
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attributed to an integer quantum Hall effect, see, e.g. [503, 504, 505, 507];
Ry v=1 = h/2e? = 12.9kQ, where the factor 1/2 is due to the spin degener-
acy. This is because the FISDW subphases contain completely filled Landau
levels.

T (K)
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Fig. 5.17. Temperature-magnetic field phase diagram for (TMTSF)2ClO4. Thin
and heavy lines indicate second- and first-order phase transitions, respectively. After
[700].

For the high-field SDW phase assigned to n = 0 in the ClOy4 salt, McKer-
nan et al. [700] obtained the phase diagram as shown in Fig.5.17 from mag-
netization and resistance measurements at 7' > 0.5 K and B(|| ¢) < 30 T. The
thin line is the second-order phase boundary between the metal and FISDW
phases. The thick line around 7T indicates the first-order transition to the
last SDW-I state with n = 0, where the above-mentioned quantized Hall
resistance appears. In this SDW-I state, another first-order phase boundary
exists, which seems to terminate at a critical point at 20 T and 3.5 K.

From measurements in higher fields up to 45T, S. Uji et al. [701] observed
in the SDW-II state that the Hall resistance oscillates changing its sign with
increasing amplitude as a function of B, as shown in Fig. 5.18. This oscillation
has the same frequency of 260 T that already was known as a rapid oscilla-
tion [405].32 Both R, and R., sharply increase around 26 T accompanying
the rapid oscillations, well consistent with the phase diagram (Fig. 5.17). The
sign-reversal oscillations in R;, in the SDW-II state, which was discussed in
terms of intra-subband nesting vectors, may shed more light on the physi-
cal mechanism both for the rapid oscillations and the nature of the almost
insulating state.

32 The phase diagram and the rapid oscillation have been the subject of theoretical
controversy [694, 702, 703, 704, 705, 706, 707].
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Fig. 5.18. (a) Magnetoresistance R,, and R.. along the a- and c-axis of
(TMTSF)2ClO4, respectively under magnetic fields along ¢*. (b) Hall resistance
Ry at various temperatures. The inset shows the data below 28 T. After [701].
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5.3.2 Field-Induced Destruction of CDW and Anomalous
High-Field States

As well as for the FISDW states in the quasi-1D TMTSF salts, high magnetic
field effects have been extensively studied for quasi-2D a-(ET),MHg(SCN)4
(M = K, T, Rb). (For the crystal structure and electronic states, see
Sects. 3.2.2 and 4.2.)

The debate regarding the ground state in the KHg(SCN), salt is sum-
marized as follows. A scenario of a SDW metal was first proposed by T.
Sasaki et al. from observations of anomalies near 7}, = 8 K, i.e. a hump in the
temperature-dependent resistance [708] and an anisotropic behavior in the
magnetic susceptibility suggesting an antiferromagnetic-like ordering [200].
The SDW scenario was supported by muon-spin-rotation experiments [201]
which detected a magnetic anomaly below T}, associating a small magnetic
moment of about 1073 up. However, ESR [709] and NMR [710] measure-
ments did not detect any anomalies characteristic for a SDW transition, but
indicated a reduction of the density-of-states at the Fermi level. On the other
hand, T. Osada et al. [711] revealed a so-called kink anomaly around By =
23 T in the magnetoresistance accompanying SAdH oscillations for B perpen-
dicular to the basal ac-plane, followed by similar observations for M = TI
(Rb) with T, = 9K (10K) and By, = 25T (32T) [712, 645).

On the other hand, from AMRO studies suggesting that a pair of open
sheets tilts by about 20° from the k. direction, M.V. Kartsovnik [712] pro-
posed a FS reconstruction by the nesting vector @ = (1/8,1/8,1/6) due to
a Peierls instability (CDW)-induced band folding. The CDW ground state,
in contrast to the above SDW, has been considered to be highly plausible,
since it fits better to the experimental fact because a CDW can be easily
suppressed by a magnetic field as described in Sect. 5.3.1, Fig. 5.16. To note,
slightly different tilt angles were pointed out from subsequent AMRO studies
[713, 714]. The associated superlattice formation, which is a crucial test for
this CDW scenario, indeed was observed by X-ray diffraction measurements
[715].33 However, the derived Q@ = (0.13(2),0.1(1),0.42(2)) is inconsistent
with the above nesting vector but highly consistent with Q = (1/5,¢,2/5) (¢
is an unknown interplane component) as proposed by more detailed AMRO
effects observed by N. Harrison et al. [645], see [209] and references cited
therein. Recently K. Maki and his coworkers [716, 717, 718] have discussed
the ground state and the colossal Nernst effect [719] from the theoretical view-
point of an unconventional density-wave with nodal excitations, in analogy
to unconventional superconductivity.

From magnetic torque measurements up to 22T applied nearly parallel
to the planes, P. Christ et al. [721] found that the magnetization simply

33 The superlattice reflections with a factor-of-two lower intensity than that below
T, were observed even above T}, up to room temperature [715]. This is reminiscent
of the strong fluctuations in the 2kr and 4kr Peierls instabilities in the metallic
state of TTF-TCNQ (Sect.4.4.1).
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decreases with decreasing temperature below T}, even at 22T. This is not
what is expected for an antiferromagnetic (SDW) transition which is usu-
ally associated with a spin-flop, metamagnetic transition at some lower field.
Moreover, T, decreases linearly with B2, which is also supported by specific
heat measurements [722]. The field dependence is described as

T,(B) - T,(0) { s B ]

T,(0)

) (5.48)

where A is a band parameter-dependent constant in the order of unity. To
note, the Pauli (Zeeman) splitting-induced quadratic decrease of T}, was first
predicted by W. Dietrich and P. Fulde [723] and then proved in TTF-TCNQ
[724]. Thus, a consensus has been obtained that the metallic ground state is
of CDW nature, not SDW. Hereafter we will focus on the issue of high-field
effects on the metallic state in coexistence with CDW condensates, which
have been extensively studied on the a-(ET);KHg(SCN), salt.

Figure 5.19 shows the isothermal magnetoresistance for B almost perpen-
dicular to the basal plane [720] showing a maximum around 10 T, followed by
the so-called kink transition field By = 23 T, which reproduces earlier results
[711, 200]. At B > By, and T > 3K, the amplitude of the SdH oscillations
grows rapidly, which can be understood as follows. At integral Landau-level
filling, where the chemical potential is pinned in the gap between adjacent
Landau levels, the oscillatory resistance maxima increase with decreasing
temperature in an insulating-like manner. Conversely, at half-integral filling

T ' T T T T T
8=7° . .
200F F _@75T integer filling 4
SaH
—~ half-integer filling
@ |
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0 1 1 1 1
0 10 20 30
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Fig. 5.19. Magnetoresistance of a-(ET)2KHg(SCN)4, with SdH oscillations of Fy
= 675T at 8 = 7°. The phase-inversion effect is pronounced at fields above the
kink transition field (23 T), with the inverted SdH minima having resistivity values
almost 4 times lower than the minimum resistivity at zero field. After [720].
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factors, the resistivity minima behave in a metallic manner [725]. This is to-
tally consistent with the theoretically predicted behavior of a quasi-2D metal
in a magnetic field [641, 726]. The drastic change in the field dependence of
the magnetoresistance at B > By, between above and below 3K was ascribed
to a new metallic phase [727, 728].

Magnetic-torque measurements have been performed using the high-field
facilities at Grenoble [202] and Tallahassee [720]. The results are quite con-
sistent with each other, leading to a very similar B-T phase diagram. The
solid lines in Fig.5.20(a) show the steady part of the isothermal torque, and
the dotted lines the total one at 5 K exhibiting dHvA oscillations in a mag-
netic field slightly tilted from the perpendicular direction. At T'= 10K > T,
an almost temperature-insensitive torque proportional to B? is seen. With
the temperature decreasing below T),, the quadratic term increases at low
B, but above 4T the B dependence becomes subquadratic. At higher fields,
the curves bend to merge with the high-T" quadratic dependence. The field
at which the torque returns to its normal behavior coincides with By, as de-
termined in other experiments [113, 729, 730, 727]. The curve at 3.2K does
not return back to the high-T' part at By but stays below. At T below 3K,
however, the dHvA amplitude becomes so strong that the steady torque can
no longer be reliably extracted. Figure 5.20(b) shows a window of the field
sweep from 18T to 28 T and back at 0.4 K indicating a clear transition from
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Fig. 5.20. Magnetic torque of a-(ET):KHg(SCN)4 as a function of the magnetic
field applied nearly perpendicular to the basal (ac) plane: (a) steady part of the
torque at different temperatures; the dotted curve represents the total signal from
the sample, with the dHvA oscillations at 7' = 5.0 K; (b) up (dotted line) and down
(solid line) field sweeps of the torque at 0.4 K. After [202].
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a low-B state with a double-peak structure®* to a high-B state without any
splitting but with a hysteresis in the field interval indicated by arrows.

Figure5.21 shows the B-T phase diagram [732] with B, almost perpen-
dicular to the basal plane from both groups [720, 202], which agrees with
specific heat data [722] indicating the second-order phase boundary. With
increasing B, T}, decreases continuously down to about 3 K, below which it
becomes so insensitive to B that the critical magnetic field is almost diver-
gently enhanced. Moreover, there is a first-order phase boundary below 4 K.
The kink transition at Bj divides the low-temperature phase into low- and
high-B states, which are named CDW, and CDW,, respectively, after the
theoretical prediction by D. Zanchi, A. Bjelis§ and G. Montambaux [733].
According to the magnetization data, with fields up to 28 T applied almost
parallel to the basal plane, the second-order phase boundary is globally in
coincidence with the perpendicular case, as shown in the figure. This may
indicate that the second-order critical field is rather isotropic, suggesting the
importance of the Zeeman interaction being orientation-independent. In con-
trast, the By, transition inside the low-T phase is quite anisotropic, suggesting
the importance of orbital effects as well, which was inferred from simultane-
ous measurements of the interplane resistance and the magnetic torque by
D. Andres et al. [734].

In the preceding section, we have seen that the orbital effect of a magnetic
field is responsible for the cascade of FISDW. Similarly, it may induce some
CDW subphases, where, in contrast to the orbital effect in FISDW, the Pauli
effect may play an important role [733, 532]. The qualitative discussion [734]

Fig. 5.21. Magnetic field vs
temperature phase diagram
of a-(ET)2KHg(SCN)4. The
thick solid line represents the
second-order transition at 7},
into a CDW ground state
depicted in light grey. The
data from specific heat mea-
surements up to 14 T coincide
with the transition line. The
vertical dotted line represents
the first-order kink transition
cbw, field By between the CDWg
0 : T v T and CDW; regimes, with the
region of hysteresis depicted
B(N in dark grey. After [732].

T, (2nd order)

I

B,_ (1st order)

34 In the SDW scenario, this was erroneously interpreted as an exchange-induced
modification of the spin-splitting factor [200, 731, 729]. An alternative idea was
proposed that a pinned CDW (and also SDW) may induce a frequency doubling
when the chemical potential oscillates [645, 633, 646].
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based on the theory [733] including both CDW and SDW correlations in
quasi-1D systems is summarized as follows.

We take a quasi-1D CDW-system with the corrugated tight-binding band
expressed by (5.46), in which ¢} is assumed to be smaller than some critical
value t;*. From Fig. 5.16(a), we can express the optimal nesting conditions as

2,uBB
ﬁUF ’

Q112(B) = Qo (5.49)
where the sign + (—) stands for the spins antiparallel (parallel) to B. How-
ever, the system tends to maintain the original nesting vector Qo in order
to keep the condensation energy —(1/2)N(Er)AZ y as large as possible
and therefore both subbands may remain fully gapped up to the critical
field By = Acpw /2up. Above By, however, Qg is no longer a good nest-
ing vector since both subbands can be expected to be ungapped. Then, at
low enough temperatures, T' < T*, a CDW, state becomes stable with the
field-dependent nesting vector,

Q+(B) = Qus + gL (B), (5.50)

where ¢f’*u!'(B) asymptotically approaches the value 2upB/hvr (5.49). Tt

is noted that the nesting condition may be improved for one of the spin-
down subbands at the cost of an additional unnesting of the other spin-up
subband. This marginal state may be possibly stabilized just as in FISDW by
the orbital quantization of the small pocket FS due to the unnested subband,
see (5.47). The nesting vector is then expressed as

2upB  nb
hUF /\23

Qun = Qoz — (5.51)

This predicts a new quantum phase combining both spin and orbital in-
teractions, which is called a FICDW state. So far, no cascades of FICDW
transitions have been observed for an almost perpendicular magnetic field
except the kink transition asserted to the CDW-CDW, transition. D. An-
dres et al. discussed the rather complicated B vs 6 phase diagram in terms
of this model [734].

As mentioned above, the magnetic-field effect on CDW states is closely
reminiscent of that of a type-II superconductor with the orbital effect-induced
vortex state and the Pauli limiting field. In particular, a Fulde-Ferrell-
Larkin-Ovchinnikov state [735, 736] is a theoretical analogue to CDW,. The
highly conducting state above By, as shown in Fig.5.19, has been discussed
in relation to superconductivity [720, 737, 738|, the quantum Hall effect
[725, 739, 740, 741, 742], and unconventional quantum liquid [743]. It is
interesting to note that the CDW metal turns into a superconductor with
T, = 0.1K under pressures of about 2.5 kbar [744].
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5.3.3 Approaching the Quantum Limit

With a further increase of the magnetic field B, the system can eventually en-
ter the so-called quantum limit; then the Landau filling factor v = F/B =1,
corresponding to n = 0, where B = (hk%/2e¢) if Sk cxtr = 7k%. As is well
known, this condition is easily satisfied at conventional fields in the order of
several Tesla for a 2D electron gas in artificial semiconductor heterostruc-
tures like GaAs/GaAlAs where the low carrier density is responsible for an
extremely small FS.?> In contrast, the present LDMM with F in the order
of 102-103T or kp in the order of 10" cm™"! as described in this chapter,
cannot satisfy the condition, even with pulse magnets providing fields up to
about 60T [746].6 However, some peculiar situations can place the system
close to the quantum limit, as demonstrated, for example, in Fig. 5.18, for the
FISDW caused by an imperfect nesting and its anomalous high-field states in
TMTSF salts. So far, several experimental groups have tried to explore novel
quantum-limit phenomena in quasi-2D salts, which also have rather small
FSs.

At around B = 20T and T = 0.48K, T. Konoike et al. [747] found SdH
oscillations of F' = 50 T with quite large amplitudes due to the n = 2 Landau
level in the interplane resistance of a quasi-2D metal 7-(EDO-S,S-DMEDT-
TTF)2(AuBr2)144(y ~ 0.75) [748]. (Here EDO represents the ethylenedioxy
group.) To note, this phenomenon was observed in the semiconducting-like
state with a resistance upturn of a factor of ~ 2 below 50 K. In other salts
[749, 750, 751] with the pyradio group instead of EDO, J. Brooks and his
collaborators [752, 753] found field-induced metal-insulator transitions above
35T and below 14K from a combination of resistance, magnetic-torque and
thermopower measurements. These features have been ascribed to a bulk
thermodynamic phase transition of first-order with a slight field-orientation
dependence. This novel phase transition was discussed in terms of a field-
induced change in the electronic structure with a small band width of 10 meV
or less that would open a gap at the Fermi level.

On the other hand, J. Wosnitza et al. [755] pointed out a field-induced-
MI transition in the quasi-2D superconductor 3 -(ET)2SF5CH;CF2SO3. The
SdH oscillations with v > 7 were superimposed on the background inter-plane
resistance p,, (B || # < 30T). In comparison with the dHvA oscillations in
the magnetic torque, they extracted the background resistance not following
Kohler’s rule but some dynamical scaling, suggesting a MI transition.

35 For a-(ET)2I3 under pressure, N. Tajima [745] asserted, on the assumption of a
two-band semimetal, that the temperature-dependent carrier density and mobil-
ity change from 10?' cm™® and 1cm?/Vs, respectively, at room temperature to
10" cm ™ and 10° cm?/Vs at Helium temperature. To note, however, no quan-
tum phenomena such as SAdH or quantum Hall effect have been observed.

36 Destructive magnets installed, for example, at the Institute of Solid State Physics
(University of Tokyo) can produce fields far exceeding 100 T within the extremely
short duration.
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Fig. 5.22. (a)  Temperature-dependent  magnetoresistance  in g -

(ET)2SF5CH2CF2S03 (from the top, 0.59, 0.94, 1.48, 1.58, 1.91, 2.18, 2.68,
3.03, 3.38, 3.80, and 4.00K). The dotted lines and numbers indicate integer
Landau-level filling factors. (b) o.. against 1/T at the magnetoresistance peaks
close to integer filling factors; filled diamond v = 8, open triangle v = 7, filled
triangle v = 6, filled circle v = 5, and open circle v = 4. The lines are fits used
to extract A. The inset shows the magnetic-field dependence of F¢ = 2A. The
dotted line shows E = hw. = ehB/m. for comparison, and the solid line shows
E = hw. — Ey, where Ej is a constant offset energy (see text). (¢) The upper figure
shows the Landau fan diagram with a schematic view of the motion of the chemical
potential p where T' = Tp = 0. The solid line indicates the motion of u when it
is alternately pinned in quasi-1D and quasi-2D states. The dashed line shows p
held constant by, e.g., an incommensurate density wave. The lower part shows the
magnetoconductivity oscillation at 500 mK; the conductivity peaks whenever u is
at the center of a Landau level. After [754].
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Alternatively, from the same experiments up to 60 T, M. Nam et al. [754]
arrived at a different conclusion suggesting that the conductivity minima can
be explained simply by an activation-type mechanism across the Landau gap.
Figure 5.22(a) shows the magnetoresistance curves for temperatures down
to 0.59 K, which associate the SAH oscillations with F' = 196 T for v = 4
—~ 9 (upper horizontal axis). The parameters, such as m, = 1.96mg and
Tp = 0.82K, obtained from the low-field data below 6 T, result in the half-
width Landau level broadening of 0.44meV due to the finite lifetime and the
Landau-level spacing hw. = 2.94meV at 49.85 T (v = 4). At these high fields,
the Landau levels are sharp enough for the energy gap to be well defined.
Figure 5.22(b) shows a logarithmic plot of the peak values in (a) as a function
of 1/T which gives an activation-type dependence, 0,, x exp(—Eq/kgT). As
shown in the inset, E¢ is proportional to B; Fg = hw. — Ey, where Ey =
1.23meV. The Landau-level broadening, caused by both the smearing effect
and the tail of the Fermi-Dirac distribution function (~ 6kgT = 0.3meV),
induces a reduction of the effective energy gap. This result strongly indicates
that Eq(B) is directly related to the gap between the Landau-level centers.
This behavior is explained by the characteristic movement of the Landau
levels with respect to the chemical potential p as a function of magnetic
field, as illustrated in Fig.5.22(c). For simplicity, we assume T' = 0 and that
there is no band smearing (7 = o). With increasing B, p moves up in a
peculiar Landau level until the degeneracy of the levels below has increased
sufficiently for them to accommodate all the quasiparticles, just where p
drops discontinuously into the Landau level which lies below [497]. However,
the presence of quasi-1D FS sheets, which give a continuous dispersion in
a magnetic field, modifies this behavior [641, 209]. There, u is alternately
pinned, as B increases, to a Landau level or to the quasi-1D density-of-state.
While the system acts as a metal if i is pinned to a Landau level (the region of
« in the figure), it behaves as an insulator in the region ¢ when p is located in
between two adjacent Landau levels. The data in (b) suggest that quasi-1D FS
sheets may not contribute to o,, and quasiparticles are expected. The reason
was ascribed to a possible DW formation around 140 K where the resistance
minimum appears. Quantum transport calculations by T. Champel and V.P.
Mineev [756] reproduced the SAH oscillations in the quantum limit such that
the pseudo-gap is centered on the integer v and consequently a thermally
activated behavior of the conductivity minima appears.
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6.1 Occurrence of Superconductivity in
Molecular Metals

About 25 years after the discovery of superconductivity in the Bechgaard
salt (TMTSF);PFg by D. Jérome and coworkers in 1980 [33], a large and
varied family of organic superconductors has been developed due to the con-
tinued efforts from chemists and physicists working in this exciting field.
Among the more than 100 charge-transfer superconductors known until now,
the majority of systems consists of donor molecules which are derivatives of
the prototype TMTSF. This includes the BEDT-TTF (ET) and their sele-
nium and oxygen substituted variants BEDT-TSF (BETS) and BEDO-TTF,
respectively, as well as various combinations of these molecules which form
asymmetric hybrids such as DMET or MDT-TTF, see Fig. 3.1. Table 6.1 gives
a selection of organic superconductors with their transition temperatures. For
some materials the application of pressure is necessary to stabilize the super-
conducting ground state.!

As Table6.1 indicates, superconductivity in these charge-transfer salts
is still a low-temperature phenomenon with T, values of several degrees
Kelvin at maximum. Despite considerable efforts in the last decade the search
for materials with higher transition temperatures has remained unsuccess-
ful leaving the k-(ET)2Cu|N(CN)z]Br salt with a T, value of about 11.5

! In the early stage of ET superconductivity the 8-(ET)2I3 salt (T. = 1.4 — 1.5 K)
was studied extensively because of the occurrence of a pressure-induced ”high-
T.” phase. Upon increasing hydrostatic pressure, which has been applied using
the clamp-cell method, Tt increases discontinuously to 7 — 8 K near 1 kbar before
it starts to decrease again at higher pressures [47, 757]. This observation is re-
lated to a structural phase transition associated with an incommensurate lattice
modulation below 200 K which is due to the interaction of the ET molecules’
ethylene endgroups and the triiodide anion. Upon applying pressure of about
1 kbar the incommensurate lattice modulation disappears and the high-T. state
emerges, which has been discussed in terms of a suppression of superconductiv-
ity by a random scattering potential induced by the lattice distortion due to the
incommensurate structure. A detailed discussion is given in [86].
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Table 6.1. Selection of organic superconductors and their superconducting tran-
sition temperatures T, which may vary depending on the experimental technique
employed. p. denotes the critical pressure necessary to stabilize superconductivity.
See also [758] for a recent compilation of organic superconductors so far discovered.

T. (K) pe (kbar) Reference

(TMTSF)2PFg 0.9 12 [33]
(TMTSF)2AsFg 1.1 12 [759]
(TMTSF)2C10,4 1.4 [759]
(ET)sReO,4 2 45 [313]
Br-(ET)als 1.4 [760]
Bu-(ET)ls 8 0.5 47, 757]
k-(ET)al3 3.6 [42]
B-(ET),IBrs 2.8 [129]
k-(ET)4Hgs 89 Cls 1.8 12 [761]
a-(ET)(NH4)Hg(SCN) 4 1.15 [111]
k- (ET)2Cu(NCS)s 9.4 [45]
k-(ET)2Cu[N(CN)3]Br 115 [46]
#-(ET)2Cu[N(CN)2]Cl 12.8 0.3 [105]
#-(ET)2CuCN[N(CN)5] 11.2 [762]

k-(ET)2Cuz(CN)3 2.8 1.5 [158]
3" -(ET)2SF5CH,CF2S03 5.3 [118]
B -(ET),ICl, 14.2 82 [763]
A-(BEDT-TSF),GaCly 8 [764]
Bm-(BEDO-TSF)3Cuy(NCS)s 1.1 [52]
(BEDO-TSF)2Re04-H, 0 2.5 [53]
(DMET)2Au(CN); 0.8 5 [49]
(DMET)2AuCl, 0.83 [765]
TTF[Ni(dmit)s]s 1.6 7 [54]
(CH3)N[Pd(dmit)s]s 6.2 6.5 [766]

K as the (ambient-pressure) record holder since its discovery in 1990 [46].2

2 The highest transition temperature of 14.2 K (onset) among the present organic

superconductors has been oberved in ﬁ/—(ET)QIClg under a pressure (generated
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This material, together with its isomorphic counterparts x-(ET)2X with X
= Cu|N(CN);]ClI [105] and Cu(NCS), [45], has since then attracted strong
interest not only because of the high transition temperatures but also due to
the quasi-2D character and unusual properties of the normal state above T,
see Chapt.4. Since these x-(BEDT-TTF).X salts represent the best char-
acterized and most intensively studied materials, we will discuss their su-
perconducting properties in detail. Other materials of recent interest which
will be discussed here are the archetype (TMTSF)2X salts as well as the
two-component 7-d materials of the (BEDT-TSF).X family.

6.2 Ginzburg-Landau Theory

Before discussing the superconducting properties of the present molecular
materials, we recall some basic results of the Ginzburg-Landau theory which
examines the problem of superconductivity from the view point of the ther-
modynamics of phase transitions.

Based on L.D. Landau’s theory of second-order phase transitions, see,
e.g., [767], V.L. Ginzburg and L.D. Landau [768] introduced the idea of a
superconducting order parameter ¥(r) = |¥(r)|e?¥, which is a complex and
position-dependent function characterized by a phase ¢(r) and a modulus
|&(r)|. In this formalism the free energy F' of the system is expressed in pow-
ers of the order parameter which measures the extent of macroscopic phase
coherence, or in other words, the difference in the symmetry between the
ordered and non-ordered phases. This order parameter is assumed to gradu-
ally grow upon cooling below the superconducting transition and to vanish
for temperatures above T, which implies that the order parameter is small
near T,.. In their phenomenological description, the local density of supercon-
ducting carriers ny(r) is given by the square of the order parameter |¥(r)|?
indicating that ¥(r) has the character of a wave function. In the absence of
a magnetic field, one then finds for the free energy of the superconductor

hz 2 2 b 4

where F,, is the free energy of the normal state where ¥ = 0 and m is
the electron mass. For a uniform superconductor (where the gradient term
vanishes) of volume V' it follows

bV
F=F,+aV|¥]*+ 7@\4. (6.2)
Minimization of F' yields the equilibrium value for the order parameter.
Choosing ¥ to be a real function, the solutions of the equation OF /0¥ = 0

in a diamond anvil cell) of 8.2 GPa [763]. The system is a Mott insulator under
ambient conditions and becomes superconducting under extreme pressures above
7 GPa.
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are ¥ = 0 and |W|?> = —a/b, corresponding to the normal and supercon-
ducting state, respectively. At a given temperature, the phase with mini-
mal free energy is stabilized. For F' to be a minimum, the second derivative
O?F/0w? = 2aV for the normal state and 9?F/0¥? = —4aV for the super-
conducting state has to be positive. This implies that the coefficient a must
be positive for T' > T, and negative for T' < T,. According to the Landau
theory of second-order phase transitions, the coefficient a can be expanded
near 7. in integral powers of (T — 7). Considering only the first term in the
Taylor expansion, one may write a = a(T'—T,), where « is a positive function
and |T —T.| < T,. For T < T, one gets |¥|*> = a(T. — T)/b. Substituting this
into equation 6.2 yields

2 2

S F, -V (T.-T) (6.3)

E=h=Vay 2

The coefficients a and b can be linked to the thermodynamic critical field,
B.,, by considering the Gibbs free energy GG, which, for superconductors, is
the most convenient thermodynamic potential to work with. From a thermo-
dynamic integration of G along the field axis in the B-T plane one obtains
for the condensation energy

Voo

Gs - G" == Cth’

o (6.4)

with po the magnetic permeability of free space. By expanding the Gibbs
free energy in the same way as done in (6.3), one finds a linear temperature
dependence of B,, close to T: Be,, (T') = B,, (0)-(1—T/T.). Differentiating
(6.4) twice with respect to temperature and using Be,, (T' = T¢) = 0 yields
the jump in the specific heat at T, of

VT. (9B, \*
Cs — Co)rer, = 9Zeu . 6.5
( e, = 2 < D )Hc (6.5)

If we consider a non-uniform configuration with a positional-dependent wave
function ¥(r), (6.1) indicates that a significant change in energy will result
as soon as the gradient term (h*/4m)|V¥|? is of the same order as a|¥|?.
This defines a natural length scale

_ B2
2ma

for = ; (6.6)

the Ginzburg-Landau coherence length which gives the typical distance over
which the wave function may change. By using the temperature dependence
of a one gets

§cr(0)

éar(T) = \/1_:mv

(6.7)
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which diverges for T' — T.

In the presence of a magnetic field, the magnetic energy B?/2p must
be added to the integrand in (6.1). Moreover, since in a superconductor the
particles are charged, the order parameter ¥(r) couples to the vector potential
A(r) in a gauge-invariant way, where A(r) is related to the magnetic field B
via B = V x A. To restore the invariance, the gradient term |V¥|? must be
replaced by |[V — i(2¢/h) AJ¥|*. Minimization of F with respect to variations
in ¥(r) and A(r) then leads to the two well-known Ginzburg-Landau (GL)
equations which can be solved assuming appropriate boundary conditions.
For the simple case of a uniform superconducting carrier density, the second
Ginzburg-Landau equation reduces to the London equation

e2ng

V Xjs=-— - B

: (6.8)

where j is the supercurrent density. Together with the Maxwell equations

V x B = uojs, (6'9)
and
VB =0, (6.10)
this results in )
AB= 4 B. (6.11)
L

Equation 6.11 defines a second length scale, the London penetration depth
AL, which shows the same temperature dependence as the Ginzburg-Landau
coherence length (6.7):

Az(0)

with its T' = 0 limit
m*
AL(0) = . 6.13
L0 =y (613)

Within the framework of the above GL equations, the so-called GL pa-
rameter defined by
AL
k=, (6.14)
13el’
is temperature independent.

J. Bardeen, L.N. Cooper and J.R. Schrieffer (BCS) developed a micro-
scopic description in 1957 which is now considered the standard theory of
superconductivity — the BCS theory [364]. It was soon recognized that this
theory was able to explain a number of important experimental observations.
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Among them are the isotope effect, i.e. the changes of the transition temper-
ature with the mass M of the crystal lattice ions, and the existence of an
energy gap 24 at the Fermi level. In a normal metal, the electronic states
are filled up to the Fermi level, Er, with a finite density of states N(Ep).
The situation is dramatically changed for a superconductor, where below T,
the electron density of states acquires a gap 2A at the Fermi energy.

Shortly after the publication of the BCS theory, L.P. Gor’kov [769] was
able to demonstrate that near T, the phenomenological Ginzburg-Landau
equations can be directly derived from the microscopic BCS theory. By this
he was able to give a microsocopic explanation of the order parameter ¥
introduced by V.L. Ginzburg and L.D. Landau. He not only found that ¥ (r)
can be directly related with the wave function for the Cooper pairs, but that
it is also proportional to the energy gap A. Both quantities thus measure the
degree of long-range phase coherence in the superconducting state.

The BCS theory is based on the following three main insights:

(1) Under certain circumstances there can be an effective attractive interac-
tion between electrons. Such a situation can arise due to the coupling be-
tween the electrons and the phonons of the underlying crystal lattice. (ii)
In the presence of a fully occupied Fermi surface, a pair of electrons form
a stable bound state irrespective of how weak the attractive force is. The
stability of such a Cooper pair is maximum for the electrons having opposite
values of their momenta and spins. (iii) A many-particle wave function can
be constructed in which all electrons near the Fermi surface are paired up.
In this situation an energy of 2A is required for breaking up a Cooper pair
into two "free” electrons.

For the derivation of the BCS theory, which requires advanced techniques
of many-body theory, we refer to, e.g. [770, 771, 365, 772, 773]. Here we will
recall only a few central results which are useful for the general discussion
and for analyzing experimental data.

The BCS theory is a mean-field theory and becomes nearly exact in the
limit of weak coupling. This requires that the dimensionless coupling param-
eter A\, which is defined by

A= gessl* - N(Er), (6.15)

is much less than 1. Here —|ges¢|? = —V* is the effective (attractive) in-
teraction for electrons with energies in the range of +hwp (wp the Debye
frequency) of the Fermi surface, and N(Er) the density of states at the
Fermi level. The central result of the BCS theory is the gap equation

Vet |A|2> , (6.16)

1= de tanh
0 €2 + |A|2 ( 2kpT

th

which implicitly determines the gap A(T) at any temperature 7. The tem-
perature dependence of A(T') is shown in Fig.6.1.
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From (6.16) the transition temperature T, can be obtained in the limit
A — 0, resulting in the well-known BCS formula for T,

1
kpT. = 1.13hwp - exp (_X) . (6.17)

Integration of (6.16) at T'= 0 gives the famous BCS result
2A(0) = 3.52kpT.. (6.18)

The BCS theory has been extended to allow for strong coupling, i.e. for
A ranging from about 0.2 — 0.5. In this parameter range, the effects of the
phonons on the electrons and also the effects of the electrons on the phonons
have to be taken into account self-consistently. An appropriate theoretical
framework has been developed by G.M. Eliashberg (see [771]), where the
coupling to the phonons is characterized by a single function a?(w)F (w), with
F(w) the phonon density of states, and a(w) the effective electron-phonon
matrix element resulting in a mean electron-phonon-coupling constant

A=2 /oo L OLICO (6.19)
0 w

W.L. McMillan derived the following approximate expression for the crit-
ical temperature [775]:

(6.20)

hoT, — 1D [ 1.04(1+ )

T 145 PN o062y

The parameter p* is the Coulomb pseudopotential, which takes into account
the screened Coulomb repulsion between the electrons.

6.3 The Superconducting Phase Transition

The superconductors discussed here are characterized by a highly anisotropic
electronic structure, a low charge-carrier concentration and unusual lattice
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properties. The latter are a result of the molecular nature with rather rigid
molecular units bound together by weak van der Waals bonds. The com-
bination of these unique material parameters gives rise to a variety of un-
usual properties of the superconducting state such as pronounced thermal
and quantum fluctuations of the superconducting order parameter, a variety
of anomalies in the superconducting mixed state as well as an extraordinarily
high sensitivity to external pressure.

6.3.1 Anisotropy and Superconducting Fluctuations

In standard three-dimensional superconductors, the transition into the su-
perconducting state manifests itself in a sharp, step-like disappearance of the
electrical resistivity with the 50 % point usually lying close to the transition
temperature determined by thermodynamic measurements. This holds true
also when a magnetic field B, lower than the upper critical field B.,, is applied
to the superconductor which shifts the transition to lower temperatures while
leaving its widths almost unaffected. The situation is significantly altered for
strongly anisotropic materials, where pronounced effects of fluctuations of the
superconducting order parameter may cause a substantial broadening of the
transition, in particular when exposed to a magnetic field. The field-induced
broadening is illustrated in Fig. 6.2, where the resistive transition on single
crystalline £-(ET)2Cu[N(CN)2|Br is shown for various magnetic fields aligned
parallel and perpendicular to the conducting planes [776].

Similar effects have been observed for the various members of the (TM-
TSF)2X and (ET)2X salts, see, e.g. [777, 35], and also for the high-T. cuprates
[778, 779]. Depending on the actual anisotropy of the material, the resistive
transitions may broaden over a substantial fraction of T,.. In the strongly
anisotropic cases, the comparison with the transition width observed in ther-
modynamic experiments, such as the specific heat, clearly shows that the
R = 0 point in finite fields may lie deep within the superconducting mixed
state and thus is no longer a good measure of the transition temperature, see
also Sect. 6.5. In other words, there is a substantial temperature range below
T. where a dissipative mechanism is active although the material is already
in the superconducting state. A less problematic determination of the tran-
sition temperature, even in magnetic fields, is provided by thermodynamic
measurements such as magnetization, specific heat or thermal expansion.

To account for the effect of moderate anisotropies in the superconducting
state properties, the phenomenological Ginzburg-Landau and London models
have been extended by introducing an effective-mass tensor [780]. For the ex-
treme case of quasi-2D superconductors characterized by a superconducting
coherence length perpendicular to the planes, &, being much shorter than
the spacing between the conducting layers, s, these models are no longer valid.
Instead, the material has to be described by explicitly taking into account the
layered structure. Such a model has been proposed by W.E. Lawrence and S.
Doniach [781] who considered a set of superconducting layers separated by
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thin insulating sheets. According to this work, the three-dimensional phase
coherence is maintained by Josephson currents running across the insulating
layers. In fact, the presence of an intrinsic Josephson effect has been demon-
strated for the present x-(ET)2Cu(NCS)2 superconductor and for the most
anisotropic high-T,. superconductors, see, e.g. [782, 783].

The above models for anisotropic superconductors can be used to deter-
mine the degree of anisotropy for a given material. For layered systems such
as the present (ET)2X compounds, it is customary to use the effective-mass
ratio

I'=m? /mj, (6.21)

where m and mj denote the effective masses for the superconducting carriers
moving perpendicular and parallel to the conducting planes, respectively.
In the London and Ginzburg-Landau model, I" is directly related to the
anisotropies in the magnetic penetration depth A and coherence length ¢ by

_ oS
VI=~= N i (6.22)

3 - is called anisotropy parameter of the system.
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Fig. 6.3. Coefficient of thermal expansion of ﬂ”—(ET)gSF5CHgCFQSOg measured
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varying fields applied along the measuring directions. After [348].

Figure 6.3 shows the results of the uniaxial thermal expansion coefficient
at the superconducting transition in various magnetic fields for the quasi-2D
salt 6”—(ET)QSF5CH2 CF3SOg3, which is one of the most anisotropic materials
in this class of superconductors. While fields aligned parallel to the planes
(left panel) result in an only moderate reduction of T, accompanied by a
slight broadening, a much stronger effect is observed for fields perpendicular
to the planes (right panel). Here the phase-transition anomaly becomes sub-
stantially reduced and rounded already in a small field of only 0.257T. This
broadening can be attributed to a field-induced dimensional crossover: with
increasing fields, the quasiparticles become progressively confined to their
lower Landau levels, this process being accompanied by a reduction of the ef-
fective dimensionality from quasi-2D in small fields to quasi-OD at high fields
[784, 785]. As a result, the order-parameter fluctuations grow with increasing
fields [786] leading to the observed broadening of the transition.

A measure of the strength of thermal order-parameter fluctuations is pro-
vided by the Ginzburg number [787]

2

T,
ks , (6.23)

Gy == | —"Bc
Bz, (0)&rEL

where Be,,(0) is the thermodynamic critical field. G; measures the ra-
tio of thermal energy to the condensation energy per coherence volume.
For classical 3D superconductors, the Ginzburg number amounts to about
G; ~ 1078 — 107" and therefore, deviations from a mean-field behavior
are unimportant. In contrast, for the present (ET)2X compounds and some
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ficient of thermal expansion of 3 -(ET)2SF5CH2CF2SO3 [348] in magnetic fields
applied perpendicular to the planes. The raw data are shown in Figure6.3.

generic high-T,. cuprates such as YBayCusO7_s (YBCO) or the Bi- and TI-
based materials (e.g., BiaSroCaCuz0g45, BSCCO), one finds several orders
of magnitude larger numbers G; ~ 1072 — 1073 [788, 789, 787, 790, 791, 779].
The main reason for this is the short coherence lengths ¢ o« hvp/(kgT.) for
these superconductors as a consequence of the relatively high transition tem-
peratures and the low charge-carrier concentration. The latter results in a
low Fermi velocity vp.

The effect of thermal fluctuations on transport and thermodynamic prop-
erties has been studied by several authors [792, 793], see also [794] for a
recent review. Assuming the lowest-Landau-level approximation and taking
into account only non-interacting Gaussian fluctuations, S. Ullah and A.T.
Dorsey obtained an expression for a scaling function of various thermody-
namic quantities such as the magnetization M or the specific heat C

= =F (A%g;@) , (6.24)

with =; = M/(TB)" or C/T [788]. F; is an unknown scaling function, A a
temperature- and field-independent coefficient characterizing the transition
width and n = 2/3 for anisotropic 3D materials and n = 1/2 for a 2D system.
Thus from a scaling analysis, both the actual dimensionality as well as the
mean-field-transition temperature 7™f(B) can be determined.

Figure 6.4 shows the thermal expansion data of Fig. 6.3 for fields perpen-
dicular to the planes in the scaling form a3¢/T vs (T — T™(B))/(T B)/2,
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where ¢ denotes the superconducting contribution to the coefficient of ther-
mal expansion.* As Fig. 6.4 demonstrates, the various field curves o5¢(T, B)
follow the 2D scaling over a rather wide temperature and field range. A
similar scaling analysis of high-field magnetization [789] and electrical con-
ductivity [795] data on the k-(ET)2Cu(NCS)q revealed that this compound
is at the threshold from being a strongly anisotropic 3D to a 2D supercon-
ductor. On the other hand, a distinct 2D behavior has been claimed from
a scaling analysis of low-field magnetization data by H. Ito et al. [777]. For
k-(ET)2Cu[N(CN)2|Br, the magnetization curves have been found to scale
according to the two-dimensional fluctuation theory in a high magnetic field
[796]. The above scaling analysis can be used to determine the mean-field
phase transition temperatures Tcmf(B) and by that, the upper critical fields.
From the initial slopes parallel, B,U;, and perpendicular, Bct/, to the conduct-
ing planes the anisotropy parameter v can be determined by the following
relations [797, 365]:

dBL
ar

_ b
27r§ﬁTc

Be, _to_1 (6.25)

Bé‘/ = — = T =
2 Bl & ~

where ¢y denotes the flux quantum.® The analysis of the data of Fig.6.3 for
B"-(ET)2SF5CH2CF2S03 reveals & = (144 £ 9) A, ¢, = (7.9+ 1.5) A and
v =~ 18 [348] highlighting the quasi-2D character of the superconducting state
in this material.

For k-(ET)2Cu(NCS)zvalues of v ~ 10 — 50 have been extracted from
the initial slopes of the upper critical fields in resistivity, magnetization, and
specific heat measurements, see, e.g., [799, 217, 800, 801, 802, 789].

Here we note that the anisotropy parameter -y of the present quasi-2D
compounds differs significantly depending on the experimental method em-
ployed to its determination. The values, extracted from measurements of the
upper critical fields, are usually lower than those from magnetic torque mea-
surements which can be considered as a more sensitive probe to estimate
the real anisotropy parameter. For k-(ET)3Cu(INCS), for example, in torque
measurements, -y values of about 200 have been reported [803, 804] which
place this material in the same class of quasi-2D superconductors as the

4 Since the volume coefficient of thermal expansion, 3(T), is related to the specific

heat Cv (T) via the Griineisen relation 3(T) = I'c - 3= - Cv(T), where kr
denotes the isothermal compressibility, Vi,o the molar volume and I'¢ a field-
and temperature-independent Griineisen parameter, the scaling form (6.24) holds
also for a/T.
Alternatively, the value of the upper critical field at zero temperature can be
used to estimate the coherence lengths via B, (0) = ¢0/(27r§ﬁ (0)). Using these
relations — both are based on a mean-field treatment — can lead to different co-
herence lengths. A discussion of the limitations of deriving the coherence lengths
based on conventional mean-field theory is given in [798].

t
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most anisotropic high-T, cuprates with v ~ 140 — 420 for BisSroCaCusOg
[805, 806].

6.3.2 Pressure Dependence of T,

The application of external pressure to a superconductor enables the study
of the volume dependence of the pairing interaction.® At the same time, the
observed pressure shifts of 7T, may serve as a guideline for the search for
new materials with potentially higher transition temperatures. Indeed, the
discovery of YBayCu3zO7 [808], containing the small Y3*-ions compared to
La3*, was initially stimulated by the large enhancement of T, found for the
first La-based high-T, superconductor under hydrostatic pressure [809]. For
the majority of classical superconductors, external pressure causes a reduction
of T, indicating a pressure-induced weakening of their pairing interaction, the
electron-phonon coupling constant Ae—pn o 952, where Op is the Debye
temperature [775]. This has been understood as a pressure-induced stiffening
of the crystal lattice and a corresponding enhancement of Op.

For the molecular superconductors, such as the (TMTSF)3;X and (ET)2X
families, one generally finds also a reduction of T, with pressure but with
an extraordinarily large pressure coefficient. In Fig. 6.5 the pressure depen-
dence of T, is shown for a selection of - and x-type (ET)2X salts under

14 .
(ET),X
12 — Cu[N(CN),]CI N
10 —
. Cu[N(CN),]Br
< 8 *
= 6 Cu(NCS), B

Fig. 6.5. Hydrostatic pressure
Bu-l3 | | dependence of T, for various (-
0 2 4 6 and k-type (ET)2X superconduc-
tors. After [86].

IBr,

Pressure (kbar)

6 See [807] for a recent review of high-pressure studies on organic conductors and
superconductors.
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hydrostatic-pressure conditions.” The initial slope of the pressure dependence
of T., (9T./ 8p)pé0, determined from resistivity measurements ranges from
—0.25K /kbar for a-(ET)oNH4Hg(SCN)4 (T, = 1K) [113] to —3.2 K/kbar for
k-(ET)2Cu[N(CN)3]Cl (T, = 12.8K at 0.3kbar) [219]. For (TMTSF),PFg,
one finds —(0.08 +£0.01) K/kbar (T, = 1.1K at 6.5kbar) [811]. At first glance
a strong pressure dependence of T, appears not surprising in view of the weak
van der Waals bonds between the organic molecules, giving rise to a highly
compressible crystal lattice. In fact, the value of the isothermal compressibil-
ity Kk = —0In V/dp for k-(ET)2Cu(NCS)s, for example of k = (122 kbar)~*
[172, 150], exceeds the values found for ordinary metals by about a factor of
five. To account for this ”lattice effect” one should, therefore, consider the
physically more meaningful volume dependence of T,:

OmT, V ar. 1 oT.
oV —T. 0V  kp-T. Op’

Using the above isothermal compressibility, one finds dInT./dInV = 40
for k-(ET)2Cu(NCS)2[348] which exceeds the values found for a rather soft
ordinary metallic superconductor such as Pb with 0InT,/0InV = 2.4 [812]
by more than one order of magnitude.

For strongly anisotropic superconductors, like the (TMTSF )X or (ET)2X
salts, uniaxial-pressure studies provide supplementary information which may
help to identify the relevant microscopic couplings responsible for supercon-
ductivity in these systems. Different techniques have been employed to deter-
mine the uniaxial-pressure coefficients of T, including measurements under
uniaxial strain or stress 8 [814, 114, 815, 816, 817] or by using a thermody-
namic analysis of ambient-pressure thermal expansion and specific heat data
[818, 819, 348, 155]. The latter approach is based on the Ehrenfest relation
(4.22) which connects the pressure coefficients of T, for uniaxial pressure
along the i-axis (in the limit of vanishing pressure) to the phase-transition
anomalies at T, in the coefficient of thermal expansion, A«;, and specific

heat, AC via
T, AYe
<8 ) = Vit - T - 22 (6.27)
pi—0

(6.26)

Api AC”

with Vo1 being the molar volume. Figure6.6 shows results of the lin-
ear thermal expansion coefficients along the three principal axes of [3”—
(ET)QSF5CH2CF2803, H-(ET)QCU(NCS)Q, and H—(ET)QCU[N(CN)Q]BI‘.

" In [810] it has been demonstrated for the s-(ET)2Cu(NCS)2 compound that
cooling in a frozen pressure medium may cause deviations from hydrostatic con-
ditions due to the strongly anisotropic contraction of the sample.

8 In [813] the uniaxial strain method, where a crystal is compressed along any
direction with no deformation in the transverse directions, and its applica-
tion to many kinds of molecular conductors is reviewed. Besides results on -
(ET)2Cu(NCS)2 and &-(ET)2Cu[N(CN)2]Br, e.g., the band structure control of
a-(ET):MHg(SCN)s (M = K, NH4) by uniaxial strain to induce or enhance
superconducting states is discussed.
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Fig. 6.6. Phase transition anomalies at the superconducting transition in the uniax-
ial coefficients of thermal expansion, «;, for ﬁ”-(ET)QSF5CHQCFQSO3 (left), k-(Ds-
ET)2Cu(NCS)2 (middle) and «-(ET)2Cu[N(CN)2]|Br (right), after [348, 155, 115].
Open squares indicate « data perpendicular to the planes; open and closed circles
correspond to the in-plane expansion coefficients.

These data disclose strong anisotropies in the uniaxial expansion coeffi-
cients for all three superconductors with striking similarities in the «;’s
for the §”-(ET)3SF5CHyCF2S03 and -(ET),Cu(NCS), salts. Table 6.2 col-
lects the uniaxial-pressure coefficients derived from these data using equation
(6.27) [348, 155] and literature results for the specific heat discontinuity, i.e.
[459] for the " -system and [820, 801, 458] for the k-phase compounds. To
check for consistency, the hydrostatic-pressure dependencies can be calcu-
lated by summing up the uniaxial-pressure coefficients, cf. right column in
Table 6.2. These values are found to be in good agreement with the results
obtained from hydrostatic-pressure experiments yielding —1.43 K /kbar for
B"-(ET)ySF5CH,CF2S05 [821], —3 K /kbar for s-(ET)2Cu(NCS), [469] and
—(2.4 ~ 2.8) K/kbar for s-(ET)2Cu[N(CN)2|Br [470, 234].

An obvious step towards a deeper microscopic understanding of supercon-
ductivity in these molecular materials would be to trace out those uniaxial-
pressure effects which are common to a certain class of substances. As
Fig.6.6 demonstrates, all three above-discussed superconductors share an
extraordinarily large negative out-of-plane pressure effect on 7. Apparently,
it is this huge uniaxial-pressure component which predominates the enor-
mously large hydrostatic-pressure effect. At the same time, the above re-
sults clearly demonstrate that even among the two k-phase (ET)2X salts
the systems behave quite non-uniformly concerning the in-plane pressure ef-



156 6 Superconductivity

Table 6.2. Uniaxial-pressure dependencies of T, for various (ET)2X salts, after
[348, 155]. From left to right, the in-plane and out-of-plane axes are the b-, a-,
and c-axis, respectively, for X = SF5CH2CF3SOs3, the c¢-, b-, and a*-axis for X =
Cu(NCS)2, and the a-, ¢-, and b-axis for X = Cu[N(CN)2|Br. Somewhat different
uniaxial-pressure coefficients of 7. for k-(ET)2Cu(NCS)2 have been reported from
tensile- and uniaxial-stress studies [814, 817] as well as earlier thermal expansion
experiments [819]. However, these studies all agree upon a rapid decrease of T
under interplane stress, see [817]. For the calculation of the hydrostatic-pressure

coefficients in the right column (%“)h o= > ‘Z%% has been used.
ydr i

9T, /9p; (K/kbar) (0T./0p) hydr

anion X
in-plane in-plane out-of-plane | (K/kbar)

SF5CH2CF2S03| +(3.9 + 0.15) | +(0.39 +0.1) | —(5.9 £ 0.25) | —(1.6 £ 0.5)

Cu(NCS), +(3.44 £ 0.15)| —(0.14 £ 0.1) | —(6.2 +0.25) | —(2.9 + 0.5)

Cu[N(CN)3|Br || —(1.16 +0.2) |—(0.12 & 0.05) |—(1.26 = 0.25)|—(2.54 + 0.5)

fects. While for x-(ET)2Cu(NCS)y the in-plane pressure coefficients of T,
are either vanishingly small or positive, they are both negative for the re-
lated k-(ET)2Cu[N(CN)2]|Br system [155]. This finding of a large negative
uniaxial-pressure coefficient of T, for pressure perpendicular to the planes, as
the only feature common to the k-(ET)2X family, is supported by results on
the related k-(ET)2l5 salt, see [822].9

A T.(p) dependence, determined solely by in-plane electronic processes,
has been claimed by A.-K. Klehe et al. [810] based on their measurements on
k-(ET)2Cu(NCS)2 using different pressure media. These authors argued that
the pressure-medium-dependent shifts of T can be correlated with the size
of the quasi-2D Fermi surface pockets'® and thus the quasi-2D carrier den-
sity, which have been determined simultaneously. This has been interpreted
to indicate a pressure-induced transfer of charge carriers from the quasi-1D
to the 2D sections of the Fermi surface [810, 823].

? A different situation is encountered for the a-(ET)>MHg(SCN)4 salt, where uni-
axial pressure perpendicular to the planes is found to either induce superconduc-
tivity by suppressing an ambient-pressure density-wave ground state for M = K,
or enhance T. for M = NHy [114, 115, 813]. This behavior is most likely related
to the exceptionally thick anion layers specific to this compound resulting in a
strong decoupling of the conducting layers.

10 For a 2D metal, the area of the 2D Fermi surface, SZ2, is directly proportional
to the 2D carrier density via nop = 1/(27%) - S25.
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Since pressure-induced changes of the interatomic distances may affect
the spectra of both the lattice and the electronic excitations, several factors
have to be considered when interpreting the above uniaxial-pressure results
for the present quasi-2D superconductors. Among them are pressure-induced
changes in the interlayer interactions, i.e. the interlayer electronic coupling
— the degree of two-dimensionality — as well as changes in intermolecular
phonons. Likewise, changes in the lattice degrees of freedom could be of
relevance for the intraplane-pressure effects on T,. In addition, in-plane stress
effectively modifies the electronic properties by changing the various transfer
integrals ¢;; as well as the inter- and on-site Coulomb repulsion, V' and U,
respectively, cf. (4.2) in Chapt.4.1.

The important information contained in the above uniaxial-pressure re-
sults is the large negative out-of-plane pressure effect on 7T, and the nonuni-
form behavior for the in-plane coeflicients. This implies that models consider-
ing pressure-induced T, shifts originating from purely in-plane processes are
inappropriate for these materials, see also [824].

6.3.3 Disorder

As discussed in Sect. 3.3, disorder is an important issue for molecular conduc-
tors and has to be taken into account when discussing their superconducting
properties, see, e.g. [825]. Disorder may arise from various sources such as
impurities, contaminations or crystalline defects which can be influenced to
some extent by the preparation process, cf. Sect.4.3.1. In addition, defects
can be introduced intentionally by alloying or irradiation with fast parti-
cles such as high-energy electrons. Besides these extrinsic factors, many of
the molecular compounds discussed here tend to be intrinsically disordered.
This kind of disorder is a consequence of the materials’ particular crystalline
structure which enables certain atoms or molecules to adopt one of two possi-
ble orientations which are almost degenerate in energy [139, 140]. This refers
to the anion ordering in the (TM)2X salts with non-centrosymmetric anions
and the glass-like transition of the ethylene groups in the k-(ET)2X com-
pounds. It has been demonstrated by a variety of experiments that rapid
cooling through the ordering temperature increases the degree of frozen dis-
order, see e.g. [826, 827, 828, 829]. However, little is known about the residual
disorder in materials which had been cooled ”slowly” on the time scale of a
usual experiment. For the x-(ET)2Cu[N(CN)2|Br compound, a fraction of 5 —
20 % disordered ethylene groups has been proposed even for the slowly cooled
crystals [155, 148]. According to a more recent X-ray study on differently pre-
pared crystals of this compound, the degree of anion ordering at 100 K has
been refined to (92 £ 2)% [160]. Likewise, the nature of imperfections result-
ing from certain preparation parameters — such as the choice of the solvent
which may have a severe influence on the electrical resistivity [160] — has
not been explored in detail so far.
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In Sect.3.3 it has been discussed that for the salts x-(ET)2X with X
= Cu[N(CN);]Br, Cu|N(CN);]Cl, and Cu(NCS)2 a kinetic, glass-like transi-
tion in the conformational degrees of freedom of the ET molecule’s ethylene
endgroups occurs which has been investigated in detail by means of ther-
mal expansion measurements [155, 115, 154]. Below the characteristic glass-
transition temperature T, a certain degree of disorder (in the 8 % range) re-
mains frozen-in depending on the cooling rate and pressure conditions at 7T}.
An influence of the thermal history on the electronic properties of the above
compounds had been realized before by various authors and interpreted in
different ways. A strong depression of T, as large as 1.2 K, when the sam-
ple is rapidly cooled, as well as a pronounced kink in the resistivity at 75 K
accompanied by hysteresis between heating and cooling, had been reported
in early studies on x-(ET)oCu[N(CN)q|Br [776, 606, 218]. Similar behavior
in the vicinity of T; was observed also for k-(ET)2Cu(NCS) [225]. In later
studies, based on resistance measurements of structural relaxation kinetics
on k-(ET)2Cu[N(CN);2]Br, it has been claimed that the ethylene-endgroup
ordering is associated with a sequence of first-order phase transitions around
75K [165]. Besides that, other more recent resistivity measurements on x-
(ET)2Cu[N(CN)2|Br yielded interesting time dependencies affecting not only
the electronic properties around 70 — 80 K but also the properties at lower
temperatures: X. Su et al. reported relaxation effects in R(T") and a separa-
tion of the curves below about 80K as a function of the cooling rate g.. As
shown in the inset of Fig. 6.7 (upper panel), the residual resistivity increases
with increasing |q.| [826, 166]. The inset also shows that the way of cooling
through 70 — 80K does influence the superconducting properties such that
T, decreases on increasing |q.|. In addition, magnetization measurements re-
vealed that with increasing |¢.|, a growing amount of disorder is induced
causing an enlarged penetration depth [828]. In [829] an ac-susceptibility in-
vestigation of the magnetic penetration depths and their dependence on the
cooling-rate-dependent intrinsic disorder has been performed. The authors
found that the superconducting-state properties are critically determined by
the time scale of the experiment around 7.

For the deuterated salt k-(Dg-ET);Cu[N(CN)]Br, it has been reported
that rapid cooling through 80 K drives the superconducting ground state into
an antiferromagnetic insulating state [830, 831]. 11 As shown in the lower
panel of Fig.6.7, the ac-susceptibility data reveal a strong suppression of

' As discussed in Sect.4.6 the ground state of deuterated s-(Ds-
ET)2Cu[N(CN)2]Br is strongly sample dependent, i.e. there are both su-
perconducting as well as non-superconducting samples. In [830] it is suggested
that the crystals always contain superconducting and non-superconducting
components, the latter having a magnetic character possibly similar to that
of k-(ET)2Cu[N(CN)2]Cl. It is thus believed that x-(Ds-ET)2Cu[N(CN)2]Br is
situated in the critical region of the phase diagram just between the antiferro-
magnetic insulating and superconducting phases, see Fig.4.32, and that rapid
cooling drives the system towards the magnetic side.
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Fig. 6.7. Upper panel: resis-
tivity as a function of temper-
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ET)2Cu[N(CN)2]Br cooled
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curve (1), to 60 K/min upper
curve (5). The inset shows an
expansion of the data near
the superconducting transi-
tion. Reproduced from [826].
Lower panel: ac-susceptibility
of k-(Dg-ET)2Cu[N(CN)2|Br
after slow and rapid cooling.
After [830].

the superconducting volume fraction with increasing cooling rate [830]. It is
tempting to assign the apparent deterioration of superconductivity to the
frozen disorder at Tj: besides the possibility of disorder-induced local mo-
ments or localization effects, it is conceivable that via the C-H - - - donor and
C-H - - - anion contact interactions, disorder in the ethylene groups introduces
a random potential that may alter the effective transfer integrals t.g and, by
this, may destroy superconductivity, see also [158, 154].

The effect of disorder, controlled by the cooling process, on the vortex pin-
ning in the superconducting mixed state of k-(Hg-ET)2Cu[N(CN)2|Br (see
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also Sect.6.5) has been discussed by N. Yoneyama et al. [832]. In magne-
tization measurements, the zero-field-cooled (shielding) curves show almost
the full Meissner volume and a negligible cooling-rate dependence indicating
that the superconducting volume fraction is almost unchanged by the cool-
ing process in contrast to the above findings for k-(Dg-ET)2Cu[N(CN)2|Br.
The magnetization hysteresis, however, is found to become smaller with in-
creasing cooling rate [473, 832]. Also the critical current density decreases.
These results indicate a suppression of the effective vortex pinning by in-
creasing cooling rate. This finding is surprising because one would expect an
increase of vortex pinning with increasing disorder. The authors suggest that
in a slowly cooled sample, domains of ordered and disorder-including areas
are formed where the domain boundaries act as extended pinning sites. In
the quenched state on the other hand — although the amount of disordered
ethylene endgroups is larger — many individual ethylene-disordered sites are
randomly distributed leading to a quasi-homogeneous state on the length
scale of the vortex cores 2&(0) ~ 50 A [832] and thus a weaker pinning ef-
fect. The same group reported a partial suppression of superconductivity by
fast cooling measured by magnetic susceptibility and scanning microregion
infrared reflectance spectroscopy [833]. The latter technique revealed macro-
scopic insulating regions in the vicinity of the crystalline surface after fast
cooling with diameters of 50 — 100 ym and depths of a few pm. The existence
of such a shell-type insulating domain can explain the unusual large values of
the in-plane magnetic penetration depth A (0) obtained from measurements
in magnetic fields B < B,, after fast cooling, see discussion in Sect. 6.6.
Similar conclusions as in [832] have been drawn from a recent de-
tailed study of magnetization measurements on fully deuterated k-(Dg-
ET)2Cu[N(CN)2]Br [167]. In this work, the superconducting properties have
been studied as a function of annealing time (¢,) and temperature (7, ) around
T, with subsequent rapid cooling of the sample from T,,. Besides the conse-
quences for the disordered superconducting ground state (diluted point-like
defects vs. granular/cluster-like structure), the results also give additional
insight into the dynamics of the glassy transition. It is found that the mag-
netic susceptibility x reflects a decrease in both the superconducting volume
and T, with decreasing t,, accompanied by a broadening of the transition.
The quenched state exhibits hysteresis for B <« B,,. Also, the (diamagnetic)
peak magnetization M,,, which saturates with increasing t,, increases with Ty,
approaching 7. The relaxation is more rapid for x than for M, see Fig. 6.8.
These observations are explained by a percolation cluster model with two
distinct time scales: at short times, clusters of superconducting regions in the
sample grow with ¢, following a power law (dominant at lower T,) and at
large time scales, the clusters grow towards a thermodynamic state follow-
ing a stretched exponential law (dominant at temperatures T, closer to Tj)
oc {1 —exp[—(t/7)?]} with B~ 1 for T, > 69K and 3 ~ 0.5 at 66 K which is
close to the percolation threshold temperature. Since such a two-regime sce-
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nario is also found in spin glasses, the asymptotic magnetization indeed fits a
scaling law consistent with an Ising spin-glass model [167]. Ty is estimated to
be around 55 K which is considerably lower than T, deduced from thermody-
namic measurements (see Figs. 3.13 and 3.14). The equilibrium grain size has
been determined to vary from ~ 0.1 ym at T, ~ 100K to 10 — 30 yum at 66 K.
These observations are explained by a cluster (or granular) structure which
gives rise to Josephson-like effects characterized by the ratios A/r and £/d
where r and d are the average radius of the grains and the grain boundary
thickness, respectively.

The above remarks indicate that disorder in the present molecular mate-
rials bears some additional aspects which are unknown from inorganic com-
pounds. The high sensitivity of the electronic properties of these materials to
disorder together with their material-specific problems have to be taken into
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account when interpreting experimental data in terms of theoretical models
which consider idealized conditions. We have mentioned the reduction of the
superconducting transition temperature of k-(ET)2Cu[N(CN)2]Br employ-
ing different cooling rates through the glass transition around 80 K. These
measurements revealed an increase of the residual interlayer resistivity, ac-
companied by a reduction of T, upon increasing the cooling rate, indicating a
suppression of superconductivity by the cooling-rate induced disorder. By in-
vestigating the Shubnikov-de Haas effect under controlled cooling conditions,
a rise in the Dingle temperature, T from 2.1 K to 2.4 K upon increasing the
cooling rate has been found [164] indicating that the disorder acts as scatter-
ing centers for the electrons. The Dingle temperature (5.33) can be used to
extract the electronic mean free path ¢ by

FLUF
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(6.28)

where vp is the Fermi velocity. Employing (6.28) yields a decrease of the
in-plane mean free path from 38 nm to about 30 nm on increasing the cooling
rate in the above experiment.

In general, by studying the effect of disorder on T, important information
on the pairing state can be gained. Provided that the character of the disorder
is known, the response of the superconductor to variations in the impurity
concentration may help to distinguish between different pairing states. For
a conventional singlet superconductor, Anderson’s theorem [834] states that
potential scattering by non-magnetic defects do not change the transition
temperature (as far as the electronic structure near Er does not change). The
reason is that Cooper pairs in these s-wave superconductors are formed from
time-reversed states — a symmetry which is conserved also in the presence of
non-magnetic disorder. On the contrary, magnetic impurities strongly reduce
T, in singlet superconductors as they break the time-reversal symmetry [835].
A.A. Abrikosov and L.P. Gor’kov described the scattering of the conduction
electrons by the impurity spin within the first Born approximation, i.e. to
second order in the exchange interaction parameter [836]:

T, 1 h 1 1
1D<TC) _w(2+47rkBTC'TM> ¢(2>’ (6:29)
where T, is the superconducting temperature in the pure system and ()
is the digamma function. 7, is the quasiparticle lifetime due to scattering
from magnetic impurities.

As a matter of fact (6.29) holds true also for the suppression of T, due
to non-magnetic impurities in a non-s-wave superconductor, when 7, is re-
placed by 7n, the corresponding lifetime for non-magnetic impurities [837].
For sufficiently low impurity concentrations, i.e. h/7 < kT, the Abrikosov-
Gor’kov (AG) equation yields a linear reduction of 7, with the scattering
rate 1/7,
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where 7 = 75, for the magnetic impurities in singlet superconductors and
7 = 7N for non-magnetic impurities in non-s-wave pairing states. The sup-
pression of T, upon increasing the cooling rate, reported by X. Su et al.
[826], has been analyzed recently by B.J. Powell and R.H. McKenzie [83§]
and found to be consistent with the above Abrikosov-Gor’kov formula. It has
been argued in [838] that the above cooling-rate dependent 7T, suppression
[826, 164] is a strong indication for a d-wave pairing, provided that the im-
purities can be clearly identified as non-magnetic scattering centers. Given
the proximity of these salts to a magnetic insulator in the anion/pressure
space, cf. the phase diagram in Sect.4.6, however, it seems possible [838]
that the disorder induces local magnetic moments. Indeed, for the nearby
deuterated x-(Dg-ET)2Cu[N(CN)2|Br compound, indications for an inhomo-
geneous phase coexistence between antiferromagnetic and superconducting
regions have been claimed [839, 840]. Thus a careful investigation of the
cooling-rate-induced disorder in terms of having a magnetic or non-magnetic
character is necessary to settle this problem. As will be discussed in more
detail in Sect. 6.6, the effect of disorder on the magnetic penetration depth A
has been investigated [828, 829, 841].

The cooling-rate induced disorder in the ethylene endgroups is rather sim-
ilar to the anion disorder in the Bechgaard salts with non-centrosymmetric
anions (TMTSF)2ClO4 and (TMTSF)2ReOy, where the anions can adopt
two non-equivalent orientations. It has been shown that fast cooling leads
to partially disordered domains [842] and to a reduction or even com-
plete suppression of superconductivity in favor of a spin-density-wave. In
[843], the effect of anion disorder on T, has been studied in the solid so-
lution (TMTSF)2(ClOy4)1—4(ReOy),. Similar to the above results on the k-
(ET)2Cu|N(CN)2|Br salts, these studies revealed a suppression of T, with
increasing the residual resistivity in accordance with the Abrikosov-Gor’kov
formula.

So far we have discussed two possible scenarios how disorder in the present
materials can lead to a suppression of T,: either non-magnetic impurities in
a non-s-wave pairing state or magnetic impurities in a singlet state. In other
words, these interactions can violate the time-reversal symmetry in super-
conductivity. An alternative mechanism has been proposed by Y. Hasegawa
and H. Fukuyama [844]. They argued that a weak localization, due to non-
magnetic disorder, may lead to the suppression of T, in organic superconduc-
tors, in violation of Anderson’s theorem. Their mechanism, however, reveals
a quite different scattering-rate dependence as compared to the Abrikosov-
Gor’kov formula.

T (6.30)

0
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6.4 Superconducting Parameters

In general, applying a magnetic field to a superconductor leads to a sup-
pression of T.. In a conventional superconductor, where the Cooper pairs
are formed by electrons of opposite momentum k and spin s, the magnetic
field B can interact with the superconducting electrons in two ways: via the
Zeeman interaction, i.e. s- B, and via the electromagnetic interaction of the
vector potential A (associated with B) with the momentum k of the electron,
k - A. Since both of these interactions are favorable for one member of the
electron pair (k 7,—k |) and unfavorable for the other, they break up the
Cooper pairs and cause a suppression of T.. The Zeeman interaction of the
applied field with the spin of the electrons leads to the paramagnetic limiting
field or Pauli field Bp e

M} (6.31)
Xn — Xs

where N(EF) is the density of states at the Fermi level Er, and x, and xs
are the normal- and superconducting-state Pauli susceptibilities, respectively
[845, 846]. The Pauli field can be expressed in terms of the zero-temperature

energy gap

B = |

1
V2up’
where pup denotes the Bohr magneton. Assuming a BCS relation for the
energy gap

Bp:Ao

(6.32)

Ay =1.76 kT, (6.33)
and a Pauli susceptibility in the superconducting state xs = 0 then yields

Bp (inTesla) = 1.84 x T, (in Kelvin), (6.34)

the Chandrasekhar-Clogston limiting field [845, 846]. Thus for a singlet su-

perconductor Bp sets a natural upper limit for the upper critical field Beso.
The electromagnetic interaction of the orbital momentum of the Cooper

pairs with an external magnetic field gives rise to the orbital critical field

o

Fo = ae

(6.35)
where ¢g = h/2e is the flux quantum and £ the superconducting coherence
length [847, 848].

All known organic superconductors are strongly type-II superconductors,
ie. k = Ap/€qr > 1, with lower critical fields, B.,, of the order of a few
mT and upper critical fields, B.,, in the Tesla range. In accordance with the
highly anisotropic electronic structure, these critical fields strongly depend on
the direction of the applied field. Due to the pronounced fluctuation effects in
these superconductors of reduced dimensionality, however, the determination
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of the upper critical fields is difficult and in many cases not free of ambiguities.
This holds true in particular for resistivity measurements in finite fields, as
phase fluctuations of the order parameter give rise to a resistive state which
tends to descend far below the mean-field transition temperature, see Fig. 6.2.

6.4.1 (TMTSF),X

The critical fields have been intensively studied first for the ambient-pressure
(TMTSF)2ClOy4 salt and, more recently, also for pressurized (TMTSF);PFg,
see also Sect.6.6 below. For the former system, the Meissner and diamag-
netic shielding effects have been examined for magnetic fields aligned along
the three principal axes [849, 850]. From these experiments, the lower critical
field values B, (at 50mK) have been determined to 0.2, 1 and 10 (in units
of 107%T) along the a-, b- and c-axis, respectively [849]. From the condensa-
tion energy determined by specific heat measurements, the thermodynamic
critical field has been estimated to B.,, = (44 £2)-107*T [851]. Figure 6.9
shows the temperature dependence of the upper critical fields, B, (T), for
(TMTSF)2ClOy4 as determined by early resistivity measurements [852]. Note
that a midpoint criterium had been used to extract T.(B) from the rather
broad resistive transitions, implying a considerable uncertainty, cf. the dis-
cussion in Sect. 6.3.1.
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s . fields determined from re-
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H/ ¢ 2% function of temperature for
0 LN L R R d (TMTSF)ClOy for the three

0 02 04 06 08 1 12 14 principal crystal axes, after
Temperature (K) [852].

For the zero-temperature upper critical fields values of 2.8 T, 2.1 T and
0.16 T for fields along the a-, b- and c-axis, respectively, have been reported
[849, 852]. The so-derived value for the field parallel to the a-axis, where B., is
the largest, is close to the Pauli-limiting field Bp, which for (TMTSF);ClO4
with T, = 1.25K is Bp = 2.3T. The fairly good coincidence with the
experimentally-derived maximum critical field has been taken as an indi-
cation for a spin-singlet pairing state [852, 853, 854]. As will be discussed
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in more detail in Sect. 6.6, more recent resistivity and torque- magnetiza-
tion measurements on pressurized X = PFg and slowly cooled X = ClOy4 at
ambient pressure revealed upper critical field curves which show an upward
curvature for 7' — 0 with no sign of saturation down to 0.1K [35, 855]. It has
been argued in [35, 855] that this unusual enhancement of B.,, exceeding the
Pauli paramagnetic limit by a factor of 2 — 4, indicates a spin-triplet (S = 1)
pairing state.

Yet from the initial slopes of the upper critical field curves in Fig. 6.9,
dB(, /dT, the Ginzburg-Landau (GL) coherence lengths & (0) can be derived
using the following relation [797, 365]:

ng‘2 B b0
AT 2m&;(0)&:(0)T%

(6.36)

where i, j and k can be a, b or ¢, see (6.25). The so-derived £.(0) value
of about 20 A, being much smaller than the numbers for the a- and b-axis
coherence lengths of about 700 A and 335 A, respectively, but comparable
to the lattice parameter ¢ = 13.5 A, indicates that superconductivity has, in
fact, a more quasi-2D character. For the London penetration depth for B
parallel to the a-axis, the axis of highest conductivity, a value of A = 40 um
has been reported [850]. This number exceeds the GL coherence lengths by
orders of magnitude indicating that the present system is an extreme type-I1
superconductor.

6.4.2 (BEDT-TTF),X and (BEDT-TSF),X

Among the (ET)2X superconductors, most data on the critical fields are avail-
able for the k-phase salts. The left panel of Fig. 6.10 shows the upper critical
field curves for k-(ET)2Cu[N(CN)2|Br, as determined from dc-magnetization
measurements [789, 103] and employing a scaling analysis (6.24) to account
for the fluctuation effects, see also [776]. The right panel shows B., for fields
applied parallel to the planes from magnetoresistance and specific heat data
[856, 857]. The B, (T') curve for B aligned parallel to the highly conducting
planes, as determined from resistivity measurements, is shown in the right
panel of Fig. 6.10 over an extended field range. For the layered superconduc-
tors with negligible in-plane anisotropy, the expression (6.25) can be used
to determine the GL coherence lengths perpendicular and parallel to the
conducting planes.

Table 6.3 compiles the B., values together with other superconducting
parameters for the above ET compounds. For comparison, the Table also
contains data for the BETS-based system A-(BETS)2GaCls. As indicated
in the Table, the transition temperatures reported in the literature show a
considerably large variation depending on the method and criterion used to
determine T,. This may partly be related to the fact that the superconducting
transition is usually found to be relatively broad. Even for high-quality single
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Fig. 6.10. Upper critical fields of x-(ET)2Cu[N(CN)2|Br. Left panel: anisotropy
of B¢, as a function of temperature as determined from dc-magnetization mea-
surements [789]. Right panel: B, (T') for fields aligned parallel to the conducting
planes as determined from resistivity measurements using different criteria (closed
and open symbols), after [856].

crystals with an in-plane mean free path of typically £ ~ 2000 A [249], the
transition can be broadened due to internal strain fields as a consequence of
the extraordinarily large pressure dependence of T.. In addition, the quasi-
2D nature of the electronic structure may give rise to pronounced fluctuation
effects [277].

According to recent magnetoresistivity studies, the in-plane Fermi surface
of »-(BETS)2GaCly strongly resembles that of x-(ET)3Cu(NCS)y with the
effective masses being almost identical for both compounds [452]. However,
the interplane-transfer integral of ¢, =~ 0.21 meV for the BETS salt is about
a factor of 5 larger [452], indicating that A-(BETS)2;GaCly is more three-
dimensional. Figure 6.11 compares the magnetic field-temperature phase dia-
grams of the above compounds for fields aligned perpendicular to the planes.
A dimensional crossover has been suggested to account for the unusual tem-
perature dependence of Bz (T) observed for the A-(BETS);GaCly compound
(left panel): Be,(T) shows a 3D-like linear behavior close to T, which turns
into a power-law dependence characteristic for a 2D superconductor with
weakly coupled layers below some crossover temperature [452, 277]. In con-
trast, Be,(T) for the x-(ET)oCu(NCS), salt follows Be,(T) o (T — T.)%*/3
over the whole temperature range. The various crossover and transition lines
in the mixed state below the B, (T') curves, as indicated in Fig.6.11, will
be discussed in Sect.6.5 below. The superconducting phase diagram of a
A-(BETS);GaCly sample with T. = 4.8 K has more recently been deter-
mined from microwave loss [864]. In contrast to Fig.6.11, the authors find
a more normal behavior for B.,(T), i.e., without a crossover behavior, and
a larger initial slope dB,,/dT = —0.82T/K which gives B.,(0) ~ 3T (from
Be,(0) = —0.697,(dB., /dT)|r—1, [847, 877]) and 87 A for the GL coherence
length (6.25) in the a*c-plane [864].
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Fig. 6.11. Left panel: Upper critical field B, (T) (triangles) of A\-(BETS)2GaCly.
Upper solid curve is Be, x (T — T)'/?; the dashed curve B, « (T. — T) (see
text). Diamonds and the lower solid curve indicate the flux-lattice melting line (see
also Sect.6.5). Right panel: B.,(T) for B L to the planes of k-(ET)2Cu(NCS),
as determined from different experimental techniques, see [452]. The solid curve is
Be, o (T. — T)*? (see text). Also shown are transition and crossover lines in the
mixed state, cf. the discussion in Sect.6.5 below. Fields are aligned perpendicular
to the planes. After [452].

Important information on the spin state of the Cooper pairs can be gained
by comparing the experimentally determined B.,(T') for T — 0 with the
Pauli-limiting field as defined in (6.32). Using this formula, which neglects
any orbital effects, and assuming a weak-coupling BCS relation for the gap,
ie. Ag = 1.76 kpT., Bp amounts to ~ 18 T and ~ 21 T for x-(ET)2Cu(NCS),
and £-(ET)2Cu[N(CN)2|Br, respectively. Apparently, these numbers are sig-
nificantly smaller than the B‘CI2 (0) values found experimentally and listed in
Table 6.3. On the other hand, clear evidence for a spin-singlet pairing state
has been inferred from Knight shift measurements on x-(ET)2Cu[N(CN)2|Br
yielding a vanishingly small spin susceptibility at low temperatures [862].
These deviations might find a natural explanation by recalling that (6.32)
is valid only in the weak-coupling limit. For a strong-coupling superconduc-
tor, on the other hand, the density of states is renormalized leading to a
Pauli field which is enhanced by a factor of (1 4+ \)!/2 [845, 797], where A
denotes the interaction parameter. Clear evidence for a strong-coupling type
of superconductivity has been found in specific heat experiments on the k-
(ET)2Cu[N(CN)2]Br and &-(ET)2Cu(NCS), salts [456, 457, 458, 801], see
Sect. 6.6.

As an alternative mechanism to account for a B‘Cl2 (0) value in excess of
the Pauli field, a transition into a Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
state [735, 736] has been proposed [866, 878] and discussed controversially,
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see e.g. [879, 277]. In such a scenario, a superconductor with suitable mate-
rials parameter adopts a new state at sufficiently high fields where the order
parameter is spatially modulated. A more detailed discussion on this issue
will be given in Sect. 6.5 below.

Besides T, and the upper critical fields, Table 6.3 contains further super-
conducting-state parameters such as the lower and the thermodynamic criti-
cal fields B,, and B,,, , respectively, as well as the GL coherence lengths, a1,
and the London penetration depths Ar. B, is usually determined by measur-
ing the magnetization as a function of field under isothermal conditions where
B., corresponds to the field, above which magnetic flux starts to penetrate
the sample. Due to the smallness of B.,, the plate-like shapes of the crys-
tals and the peculiar pinning properties of these layered superconductors, an
accurate determination of B, is difficult. A more reliable way to determine
Bj-l (0) has been proposed by J. Hagel et al. based on a model for thermally
activated flux creep yielding Bz (0) = (3+0.5) mT for x-(ET)2Cu[N(CN);]Br
[860]. The values for the thermodynamic critical fields, B, , in Table6.3 are
estimated from specific heat results using

Be,,(0) =T¢ - /110 7/(2 Vimol), (6.37)

where v is the Sommerfeld coefficient of the electronic specific heat. These
values roughly agree with those calculated from B.,, = B.,/(kV2) =
B, \/Qn/ Ink, where kK = A/€ is the GL parameter. The large numbers of
k reflect the extreme type-II character of these superconductors.

Also listed in Table6.3 are values of the magnetic penetration depth A,
the characteristic length over which magnetic fields are attenuated in the
superconductor. While the absolute values for A, derived from various exper-
imental techniques, are in fair agreement within a factor 4 — 5, no consensus
has yet been achieved concerning its temperature dependence, see Sect. 6.6
below.

6.5 The Superconducting Mixed State

6.5.1 Overview

In 1957 A.A. Abrikosov derived a mean-field version of the B-T phase dia-
gram of type II superconductors characterized by x > 1/4/2 [880]. His solu-
tion of the Ginzburg-Landau (GL) equations corresponds to a regular array
of vortices of current of radius ~ A surrounding a core region of radius ~ &
where the order parameter vanishes. For B;, < B < B, the magnetic field
penetrates the bulk of the superconductor forming a triangular vortex lattice
with nearest neighbor distance an = (2/v/3)'/2 - (¢o/B)'/?. Each unit cell of
the array carries total flux equal to ¢ = h/2e = 2.068 x 10~ Tcm?. This
mean-field B-T phase diagram, comprising a Meissner-Ochsenfeld phase char-
acterized by complete flux repulsion at low magnetic fields B < B,, separated
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from the Shubnikov phase (or mixed state) at higher fields B;, < B < Be,,
has proven to accurately describe the phenomenological behavior of all the
conventional low-temperature superconductors. The fundamentals of type-I1
superconductors are discussed, e.g., in [587, 365]. The physics of vortices as
a new state of matter has been comprehensively reviewed in [881, 787, 882]
and more recently in [883, 790].

For the present low-dimensional systems, however, a mean-field descrip-
tion is no longer appropriate since they are strongly affected by thermal fluc-
tuations, the strength of which is governed by the Ginzburg number G;
[T/ (B2, Veon)]? for layered systems (6.23), see Sect.6.3.1. Compared to 3D
materials, the layered crystal structure of the present quasi-2D compounds re-
duces the coherence volume Vop, by the anisotropy parameter v: Vo, = €3/
with § = ¢ the (in-plane) coherence length and y = (mj_/m’ﬁ)l/z, where m7
and mT‘ denote the effective masses for the superconducting carriers mov-
ing perpendicular and parallel to the conducting planes, respectively. As has
been discussed in Sect. 6.3.1, see (6.22), in the London and Ginzburg-Landau
theories, 7 is directly related to the anisotropies in the magnetic penetra-
tion depths v = AL /A = § /&L, and is strongly enhanced for the present
(ET)2X compounds (p.152). An important consequence from the enhanced
fluctuation effects (G; < 42 = I') is that the vortex matter is melted over
large portions of the B-T phase diagram. In addition to thermal fluctua-
tions, vortex matter is also strongly affected by quenched disorder which can
be quantified by the dimensionless critical current density ratio j./jo which is
a measure of the strength of the pinning force density [790], where jo o< B./A
denotes the depairing current density. Vortex lines are pinned by the disorder
potential transforming the vortex solid into a vortex glass. At low fields, the
glassy state is a quasi-ordered Bragg glass showing no topological disorder
and exhibiting a superconducting response in all directions. At higher fields,
a disorder-driven melting transition into a more disordered glassy or frozen
liquid state occurs, see Fig. 6.12. In the present materials, pinning is usually
weak due to the small coherence length and the absence of generic extended
pinning sites.'? If the pinning is weak enough, the melting transition of the
vortex matter is only weakly influenced by quenched disorder and a generic
melting transition is observed.

The above-mentioned characteristics of strongly anisotropic or layered
materials lead to new phase transitions in the vortex system and a wealth
of novel phenomena, among them a substantial broadening of the resistive

!2 Intrinsic pinning sites like molecular defects, dislocations, grain boundaries, or
twinning planes (individual defects) could serve as strong pinning centers. A
different phase coexisting with the actual crystal phase (e.g., a-phase in a k-
phase crystal) would be another possible pinning site. Weak (collective) pinning
is due to point-like disorder. In [832] also, domain structures of ethylene-ordered
and ethylene-disordered regions are discussed as possible pinning centers, see
Sect. 3.3. Furthermore, the plate-like shape of many quasi-2D organic supercon-
ductors produces strong surface and geometrical barriers.
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Fig. 6.12. Conceptual phase diagram for a strongly fluctuating quasi-2D supercon-
ductor in the presence of disorder (the Meissner-Ochsenfeld phase is not shown),
after [790]. The (first-order) melting line By, at high temperatures smoothly crosses
over into a (first-order) disorder-induced melting/decoupling transition (B, dis)-
The depinning line Bgep denotes a (second-order) phase transition into a more dis-
ordered glassy or frozen liquid state different from the low-field Bragg glass and
the high-temperature (viscous) vortex liquid. The irreversibility line B;-» (see text)
defined as j. = 0 is sensitive to the experimental conditions, while for ideal j.
measurements it matches the melting line.

transition, a dimensional crossover of the vortex structure, an irreversibil-
ity line in the B-T phase diagram possibly associated with a vortex glass
transition, a first-order melting transition of the vortex lattice observed in
samples with a low degree of disorder, a layer decoupling transition, flux creep
phenomena, a rapid decrease of the critical current density with increasing
temperature, and the observation of quantum effects for the temperature
approaching zero. Depending on the interplay between quenched disorder,
thermal fluctuations (which reduce the pinning strength by smoothing the
disorder potential resulting in thermal depinning), and the actual dimension-
ality of the system, the above phenomena lead to a variety of possible B-T
phase diagrams which have been studied extensively both theoretically and
— in the high-T, cuprates — experimentally, see, e.g., [790] and references
therein. In this section we discuss the experimental observations for quasi-2D
organic charge-transfer salts.

6.5.2 Basic Concepts of Vortex Matter
in Quasi-Two-Dimensional Systems

For quasi-2D systems, the theoretical description of the mixed state is based
on the continuous anisotropic Ginzburg-Landau model and — in the extreme
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limit of layered materials consisting of stacks of only electromagnetically cou-
pled superconducting planes — the discrete Lawrence-Doniach model [781]. A
finite coupling of the layers by the Josephson current density then establishes
a bulk superconducting response.

Josephson and Pancake Vortices

The layered crystal structure modifies the structure of the flux lines com-
pared to the Abrikosov vortices in the isotropic 3D case. For fields B > B,
aligned parallel to the layers, in the limiting case of a quasi-2D superconduc-
tor characterized by a cross-plane coherence length £, being smaller than the
interlayer distance s, the vortex cores slip into the insulating layers where the
superconducting order parameter is small. Such Josephson vortices [884] lack
the normal core of the Abrikosov vortices and have an elliptically-deformed
cross section with screening currents extending a distance A = A along the
interlayer axis and Ay = ) along the in-plane axis perpendicular to the
magnetic field direction.'® Since the Josephson screening currents across the
insulating layers are very weak, the material is almost transparent for fields
parallel to the planes corresponding to a large value for the upper critical
field B, cf. Table6.3.

When a layered superconductor is exposed to a magnetic field B > B,
aligned perpendicular to the planes, the confinement of the screening currents
to the superconducting layers results in a segmentation of the flux lines into
two-dimensional objects, the so-called pancake vortices [885]. The coupling
between vortex segments of adjacent layers is provided by their electromag-
netic interaction and the Josephson coupling. The latter interaction drives
tunneling currents when two vortex segments are displaced relative to each
other. As a result of both effects, the vortex pancakes tend to align thereby
forming extended stacks.

Dimensional Crossover For increasing magnetic fields applied perpendic-
ular to the planes of a layered superconductor, a magnetically driven crossover
occurs from 3D vortex lines to 2D vortex points, i.e. from a system where
the lateral position of pancake vortices in successive planes is strongly cor-
related so as to define a continuous vortex line to a system where pancake
vortices in successive planes move essentially independently [886, 887]. This
crossover has consequences for the melting transition of the vortex lattice (see
below). Considering the relative strength of the restoring forces exerted on
a given pancake vortex by adjacent pancake vortices in the same plane and
by pancake vortices in the plane above and below the given one, allows for
the estimation of the crossover field B, ~ ¢o/(s7)?. As will be discussed be-
low, the physical significance is that when B > B.,, the interaction between

13 Note that A\, and A describe the screening by supercurrents flowing perpendic-
ular and parallel to the conducting planes, respectively, and not the screening of
a magnetic field along those directions.
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adjacent pancake vortices in the same layer is stronger than the interaction
between those in adjacent layers but on the same vortex line. This causes the
thermal fluctuations to have a quasi-2D character in the high-field regime
B> B,.

Vortex-Lattice Melting In analogy to crystalline solids, vortex matter
might undergo a melting transition where the long range crystalline order
would eventually be destroyed discontinuously by a first-order transition as
the temperature is raised. The thermal melting transition of the vortex-lattice
has been studied theoretically for continuous anisotropic, electromagnetically-
and Josephson-coupled superconductors. Likewise, disorder induced melt-
ing has been investigated. An elementary analysis of vortex-lattice melt-
ing, based on nearest-neighbor interactions, employs the Lindemann crite-
rion stating that the vortex crystal melts when the mean-squared thermal
displacement of vortex lines becomes comparable to the magnetic lattice
spacing aa = (2/v/3)Y/? - (¢o/B)*/?. Comparison with experiments on high-
T. cuprates show that once the materials’ anisotropy parameter v and the
superfluid density ns(T) = m*/(4me?X\(T)?) — the latter is experimentally
determined via measurements of the magnetic penetration depth A(T') — are
known, the location of the melting line T;,(B) can be accurately predicted.
The predicted T,,(B) in the 3D fluctuation regime below the dimensional
crossover field B, is different from that in the quasi-2D regime above B,,..

Due to the first-order nature of the melting line, a jump AB in the mag-
netic induction occurs at T, which is related via the Clausius-Clapeyron
formalism AS = —1/4x-dB,,/dT - AB to a discontinuity AS in the entropy.
Since the vortex liquid is denser than the vortex solid, the vortex crystal melts
like ice. It is interesting to note that due to strong thermal fluctuations, the
second-order superconducting-normal metal phase transition at B., can be
smeared out to a mere crossover in layered materials so that the true (sym-
metry breaking) superconducting transition is shifted to the vortex melting
transition.

Decoupling Transition An additional thermodynamic transition in lay-
ered systems is the loss of interlayer coherence due to strong thermal fluc-
tuations of pancake vortices within individual layers [888], i.e. the 3D-2D
decoupling transition, which is thermally driven and also can be investigated
by the Lindemann approach [790]. It is often difficult to distinguish between
the melting and the decoupling transition as they both can be experimen-
tally related to the so-called irreversibility line in the B-T phase diagram,
Birr, which separates the B-T plane into an extended range B;, < B < B,
where the magnetization is entirely reversible from a magnetically irreversible
state at B < Bj,. In addition, the temperature dependencies of the melting
and decoupling transitions depend on the actual coupling between the su-
perconducting layers: while for stronger coupling strengths the melting and
decoupling transitions are theoretically expected to be separated, for weak
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interlayer coupling characterized by A < sy the decoupling and melting lines
merge at intermediate temperatures.

6.5.3 Experimental Findings for k-(BEDT-TTF),X

The degree of flexibility of the vortex lines — which together with the degree
of intrinsic and extrinsic disorder determines the various transitions in the
vortex matter — depends on the nature and strength of interlayer coupling,
temperature, and applied magnetic field. The novel aspects of the vortex
phase diagram in quasi-2D systems have been investigated experimentally in
the high-T, cuprates where the high transition temperatures allow for an easy
access to phenomena close to T,. The present organic materials allow for an
investigation of the vortex matter in the whole B-T plane, even when the field
is aligned parallel to the planes. Below we will discuss some of the anomalous
mixed-state properties such as the vortex-lattice melting and layer decoupling
transition, and the irreversibility line found for fields aligned perpendicular
to the planes as well as the lock-in transition and the possible realization of
an anomalous high-field state for fields parallel to the planes.

Vortex Phase Diagram for B | Planes
3D Flux-Line Lattice and Dimensional Crossover

First evidence for the existence of a 3D vortex-line lattice in organic su-
perconductors at low fields and temperatures came from muon spin rota-
tion (uSR) measurements on the k-(ET)2Cu(NCS)q salt [889, 890]. A re-
cent review on pSR studies of molecular conductors and superconductors is
given in [891]. Upon increasing the field to above some dimensional crossover
field, B., = Bsp, the vortex lattices of adjacent layers then become effec-
tively decoupled: the dimensional crossover to a quasi-2D lattice occurs at
Berase ~ 7TmT (magnetic field applied at an 45° angle with respect to the
superconducting planes). Theory predicts that the crossover field is related to
the anisotropy parameter v and the interlayer distance s by Bap = ¢o/(57)?
[787], which for the k-(ET)2Cu(NCS)s salt results in Bop = 7 — 30mT
[889, 892]. In a more recent uSR study where the field has been applied
perpendicular to the planes, the internal field distribution is found to closely
match that expected for a 3D Abrikosov flux line lattice (FLL) at temper-
atures below 5K and magnetic fields below 5mT [890]. Figure6.13 shows
the low-field vortex phase diagram for x-(ET)2Cu(NCS), derived from pSR
studies. A crossover from a 3D FLL to decoupled layers occurs at 5 — 8 mT.
The skewness parameter 3 describes the pSR line shape and takes on a finite
value for a static 3D flux line lattice that is characteristic for the lattice ge-
ometry. Above 4 — 5K, § falls to zero, reflecting a thermally induced breakup
of electromagnetically coupled pancake stacks, i.e. a breakup of vortex lines
and interlayer order between the pancakes. The value of 8 below about 4 mT
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is consistent with the value of 0.6 calculated for a triangular Abrikosov vortex
structure. A plateau at 4 — 5K around the square lattice value (5 = 0.47)
suggests the possibility of an intermediate vortex state before decoupling oc-
curs, although it is difficult to distinguish between a possible change in the
vortex lattice geometry from the onset of the dimensional crossover.

Using a decoration technique with Fe nanoparticle clusters, a slightly
distorted triangular vortex lattice could be imaged for low magnetic fields up
to 23 Oe applied perpendicular to the planes [893, 894].

Melting and Decoupling Transitions

A striking property common to the present quasi-2D superconductors is an
extended vortex-liquid phase above B;... Here the magnetization behaves
entirely reversible upon increasing and decreasing the magnetic field, indi-
cating that in this range flux pinning is ineffective. The abrupt onset of
magnetic hysteresis at B < By, indicates a drastic increase in the pinning
capability. The temperature dependence of the irreversibility field has been
studied in detail for k-(ET)2Cu(NCS); and x-(ET)2Cu[N(CN)2|Br using a
variety of techniques including, e.g., ac-susceptibility [860], dc-magnetization
[789], magnetic torque [892, 670] or Josephson-plasma-resonance experiments
[895]. In [892], B +(T) has been found to follow a power-law behavior
By < (1 =T/T.)*, with a = 1.9 in the 3D regime below Bsp. Following an
analysis similar to the one given for the high-T, compound BisSroCaCusOg
[896], this has been explained by 3D vortex lattice melting in a Lindemann
approach, where B,, ~ ¢jc} [7r4(l<;BTC)2'yQ)\ﬁ] (1 =T/T,)* with a < 2 is
expected with ¢, the Lindemann number in the order of ~ 0.1 [892]. In the
same study, an anomalous second peak in magnetization curves is reported,
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similar to what has been observed for various high-T, cuprates. The peak at
B, =~ 150 Oe for k-(ET)2Cu(NCS)2 indicates enhanced pinning as the field
increases due to a dimensional crossover in the vortex system. The latter
results in a redistribution of pancake vortices at more suitable pinning cen-
ters and has been associated with the crossover field Bap [892, 897, 832].
This behavior is also reflected in the temperature dependence of the irre-
versibility line. In the temperature regime above Bsp, quasi-2D vortex fluc-
tuations become dominant and an exponential temperature dependence of
the irreversibility line Bj,.. o< exp(a/T') is observed, which, in turn, can be
explained by vortex-lattice melting in the quasi-2D fluctuation regime, where
B =~ ¢o/175 - exp[¢(2)c2Ls/(8¢/\ﬁ)kBT} is expected with the Josephson length
r; = 78, see upper panel of Fig. 6.14. Further deviations from this behavior at
higher fields and lower temperatures are believed to be related to quantum
effects on the vortex-lattice-melting transition, see below. By studying the
field dependence of the critical current density j., different pinning regimes
have been found above and below Bsp in agreement with collective pinning
theory in the presence of thermal fluctuations [892].

The lower panel of Fig.6.14 shows a similar behavior also for the com-
pound £-(ET)2Cu[N(CN)q|Br [860]. At T//T. ~ 0.75, a crossover from an
exponential behavior By, x exp(—AT/T,) at low temperatures to a power-
law behavior close to T¢, By x (1 —T/T.)* with 1.3 < @ < 2 is found. This
is again interpreted as a crossover from 2D to 3D vortex pinning behavior,
i.e. the breakdown of the proximity coupling between the superconducting
layers. This is corroborated by measurements of the angular dependence of
B, which shows a 2D behavior at low temperatures and a more 3D behavior
close to T..

According to measurements of the interlayer Josephson-plasma resonance
[895], a long-range quasi-2D order among vortices within the individual layers
characterizes the state above Bop and persists up to the irreversibility line. In
this region of the B-T plane, the pancake vortices of adjacent layers become
effectively decoupled leading to a pinned quasi-2D vortex solid in each layer
with no correlations between the locations of vortices among the layers [898].
A somewhat different point of view is taken in [897, 899], where Bop marks
the crossover from a 3D flux-line lattice below Bap to a state with less strong
interlayer coupling on a long-range scale above, where a coupling between
the layers is, to some extent, still present, see text to Figs.6.16 and 6.17.

Besides the studies of the magnetization behavior, the above described
issues of the mixed state of quasi-2D organic superconductors have been ad-
dressed also by employing electrical-transport measurements, see Fig. 6.15.14

14 Flux-flow effects cause a substantial broadening of the superconducting tran-
sition in resistivity measurements, see, e.g., [776] for an early study on k-
(ET)2Cu[N(CN)2]Br (Sect. 6.3.1, Fig. 6.2). In particular, a comparison with mag-
netization data show that resistivity measurements are ineffective for determining
the onset of superconductivity [776].
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Fig. 6.14. Irreversibility field on a logarithmic scale as a function of temperature
for k-(ET)2Cu(NCS)2 (linear temperature scale, top) and x-(ET)2Cu[N(CN)z]Br
(reduced temperature scale, bottom), after [892] and [860], respectively. The vortex
lattice is melted in the field and temperature region above the irreversibility lines
in each case (see text). In both cases the data can be described by an exponential
dependence B x exp(a/T) in the high-field/low-temperature (quasi-2D) regime
and a power law B < (1—T/Tc)* in the low-field/high-temperature (3D) regime
marking a dimensional crossover in the vortex system. For x-(ET)2Cu(NCS)2 (up-
per panel) the second peak in magnetization B, (or the peak in the magnetic field
derivative B;) mark the almost temperature-independent crossover field. The inset
also shows the upper critical field curve.

In [795], it is argued that the line of approximately vanishing resistivity at
different magnetic fields can be identified as the vortex-melting line. In the
thermally activated flux-flow picture, the temperature- and field-dependent
activation energy can then be deduced from the in-plane resistivity in the
region where the vortex lattice is melted [901]. It is worth noting that the
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so-defined melting line deviates from the irreversibility line determined from
magnetization measurements and — in contrast to these results — can be
described by a 3D Lindemann-criterion scenario in the whole field region up
to 3T [900]. The vortex-liquid phase is described as a rather viscous liquid
with activation barriers arising from disentanglement of vortex lines [902].
However, a 3D to 2D crossover behavior has been suggested based on the
change of the temperature dependence of the characteristic pinning energy
(activation energy) Up: at low fields, the authors find Uy(H) o 1/vH be-
ing a signature of the 3D nature of vortices [901, 900, 902]. At a crossover
field Bsp_op in the order of 1T, a logarithmic decrease of Uy associated
with a two-dimensional system of vortices is observed. This 3D-2D crossover
(see Fig.6.15) occurs when the intraplane interaction between pancake vor-
tices dominates the inter-plane interaction.'® In addition, a second type of
crossover occurs when the Josephson coupling between the planes becomes
dominated by quasiparticle tunneling between the superconducting planes:
upon increasing temperature, the motion of pancake vortices becomes so
intense that the Cooper pair tunneling between the layers is strongly sup-
pressed. This has been argued to result in the distinct peak structure which
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Fig. 6.15. B-T phase diagram of x-(ET)2Cu(NCS)2 as determined from electrical
transport measurements (see text), after [900]. Open and closed circles correspond
to the melting line, the dashed line is a fit using a 3D Lindemann criterion image.
Note that in contrast to Fig. 6.14 the description is valid in the whole field range up
to about 30 kOe. Deviations at low temperatures are attributed to quantum effects,
cf. Fig6.14. The underlined text corresponds to electrical properties, the other text
corresponds to the nature of vortices and their pinning properties.

5 In x-(ET)2Cu[N(CN)2]Br also, at about 1T a crossover in the shape of magne-
toresistance accompanied by an abrupt change in slope of Bj; has been ob-
served [776]. Also from NMR experiments on k-(ET)2Cu[N(CN)2]Br and k-
(ET)2Cu(NCS)2 a 3D-2D crossover at similar fields has been inferred [903, 904].
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is observed in the out-of-plane resistivity, see e.g. [905]. The peak position
has been suggested to correspond to another ”decoupling line” in the vortex-
liquid region of the B-T phase diagram (black squares in Fig. 6.15).

To lift the apparent controversy in terms and concepts, simultaneous
magnetization and transport measurements on the same sample of k-(ET)s-
Cu(NCS); are highly desirable. Such an experiment has been performed for
the compound k-(ET)2Cu[N(CN)2|Br [906]. In this study, high-resolution
resistivity measurements reveal sharp drops in the in-plane resistivity with
decreasing temperature at certain fields before the resistivity becomes un-
measurably small. Remarkably, these anomalies occur at the same tempera-
tures and fields T, (B) as steps in the magnetization indicating the existence
of a first-order phase transition due to either vortex-lattice melting or si-
multaneous melting and decoupling [906]. Here, the step of M (T) occurs in
the reversible region, i.e. above the irreversibility line. Again, comparing the
T (B) determined experimentally from resistivity and magnetization mea-
surements, it is difficult to distinguish between different theoretical models
suggesting the existence of either the 3D melting or the simultaneous melting
and decoupling.

The first indications for a first-order phase transition in organic com-
pounds associated with a melting and/or a decoupling of the quasi-2D vor-
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600 a 0 H,, of sample2 | line for k-(ET)2Cu(NCS)2(open and
4 H;, of samplel closed circles) determined by a
—~ © H, (ref. 9) step in the local induction. Solid
8 v H, (ref.10)
< 400+ P i and dashed curves represent theo-
= retical predictions for the melting
and decoupling transitions, respec-
200 7 tively, see text. Open diamonds in-
v dicate the anomalous second peak
T---O O OB . R . . d with th
0 ) ) ) v N in magnetization associated with the
4 5 6 7 8 9 10 dimensional-crossover field Bap, see
T (K) Fig. 6.14. After [897].
tex lattice near the irreversibility line — similar to the findings in some

high-T. cuprates, see, e.g., [907, 908, 909, 910] — have been reported for
k-(ET)2Cu[N(CN)2]Br [911, 899] and #-(ET)2Cu(NCS), [897, 912]. In mag-
netization studies using SQUID and micro Hall-probe magnetometry — the
latter technique probing the local magnetic induction — step-like changes in
the equilibrium and local magnetization, respectively, as a function of tem-
perature at constant fields, have been observed. The results are interpreted
as signatures of a first-order phase transition in the vortex matter occurring
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along with or close to the irreversibility line. Below the dimensional-crossover
line B, a first-order melting of the 3D FLL occurs, similar to that in the
low-field state of the highly 2D material BizSroCaCuyOg. Above Bsp, the
vortex state becomes a 2D pancake state with a weaker interlayer-coupling
state on a long-range scale. However, the coupling between layers must exist
to some extent. The transition from this state to the liquid phase may occur
as the first-order decoupling transition. According to [897], see Fig.6.16, the
first-order transition line for k-(ET)2Cu(NCS)2 can be fitted equally well by
a melting or a decoupling transition. From the Clausius-Clapeyron relation,
an entropy change of about 0.15 kg per vortex per layer has been deduced.
For k-(ET)2Cu[N(CN)3]Br, a melting line which practically coincides with
the irreversibility line has been reported in [911], based on step-like magne-
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Fig. 6.17. Left: Changes in local magnetic induction AB measured by micro-Hall
probes for k-(ET)2Cu[N(CN)2|Br. The field is applied perpendicular to the planes
and a linear background has been subtracted from the data. Right: First-order
phase transition line determined by AB. The solid line is a fit to the prediction
for a decoupling scenario. The fit for a melting transition works equally well. After
[899].

tization changes using a SQUID magnetometer. For large cooling rates, the
magnetization steps vanish at the higher temperatures indicating a differ-
ent degree of quenched disorder and hence changes in the pinning behavior.
In a micro Hall-probe experiment, corresponding discontinuities AB have
been observed in the local magnetic induction [899], see Fig.6.17. In this
study, as for the resistivity and magnetization experiments in [906], the step
in magnetization occurs in the reversible region above Bj..(T). From the
step height AB, the entropy change per vortex per layer AS ~ 0.1kp is
estimated. Again, the data are equally well described by a melting scenario
(anisotropic 3D case) By = Bmo - (1 — T/T:)* with o« < 2 and a decou-
pling scenario By = By - (I. — T)/T, where By,o = ¢8ci/[7r4(kBTc)272)\ﬁ}
and Bgo = aqdp/[16m%A\2 (kpT,)s] with c;, the Lindemann number in the
order of ~ 0.1, ag = (me)™! ~ 0.12 a constant, and s the interlayer spac-
ing. Remarkably this has been confirmed by complementary studies of the
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Josephson-plasma resonance which measures the interlayer phase coherence.
The latter results reveal independent and direct evidence for the loss of phase
coherence between adjacent layers on crossing the first-order transition line
with increasing field, indicating that the melting and the decoupling occur
simultaneously [899].

Vortex Dynamics Probed by NMR

NMR is a powerful method to study the intrinsic kinetics of the vortex mat-
ter which is due to the NMR time scale of 10~®s not affected by pinning
[903]. The weak coupling of the *H-nuclei, which are part of the ethylene end-
groups with the m-electronic system, allows the protons to be sensitive probes
to other sources of fluctuating magnetic fields such as fluxoids [913]. A pro-
nounced peak in the 'H-NMR spin lattice relaxation rate, Tl_l, has been ob-
served below T, in x-(ET)2Cu(NCS)2 [799, 914] and x-(ET)2Cu[N(CN)2]|Br
[913, 903, 915]. From the magnitude and position of the peak, it soon be-
came clear that it was not the usual coherence peak observed in s-wave su-
perconductors but originated from the motion of the fluxoid system, as first
concluded by S. De Soto et al. from the large anisotropy of the effect [913],
see also Fig.6.21.

Figure 6.18 shows the peak in the 'H-NMR relaxation rate measured in
k-(ET)2Cu[N(CN)2|Br at different magnetic fields [903]. The peak position
lies very close to the irreversibility transition line related to vortex-lattice
melting. The theoretical analysis by H. Mayaffre et al. revealed that only
the 2D regime can provide the observed magnitude of the relaxation peak.
In this model, the enhanced relaxation near T, is explained by Brownian
motion of plastic deformations, interstitials, or vacancies which disappear at
the melting transition [903].

For x-(ET)2Cu(NCS),, K. Kanoda et al. have been able to separate the
contributions to the relaxation rate originating from quasiparticles and vortex
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dynamics by comparative NMR studies on different sites, i.e. the central
double-bonded carbon (13C), ethylene carbon (*C), and ethylene hydrogen
(1H) sites [915], which have different hyperfine couplings to the conduction
holes. A huge enhancement of (737)~! with peak formation at 7' = 2K and
B, = 1.5T is found at the ethylene 3C- and 'H-sites while the central '3C-
site shows only a small peak. From these data a qualitative change in vortex
dynamics such as melting is concluded, not a simple crossover behavior .

By analyzing anomalous NMR line shapes, a metastable solid vortex state,
created by the radiofrequency pulses used in a NMR experiment, has been
identified [904]. This state corresponds to a distorted flux-line lattice. For
the temperature range 1.50 — 4.2K the effects of the radiofrequency pulses
are strongest around 0.8 T. As a possible explanation, this field has been
attributed to a 3D-2D crossover field (see p. 179) or a transition from a weakly
disordered vortex solid to a glassy one in which the susceptibility of the
vortices to the pulses could be maximum at the transition [904].

Quantum Effects

The irreversibility line in the B-T phase diagram of k-(ET)2Cu(NCS)s, de-
duced from torque-magnetometry measurements in fields perpendicular to
the planes [670], has been found to lie well below the upper critical field at
the lowest temperatures. For B;., < B < B,,, a vortex-liquid state exists
even at T ~ 0. Thus, quantum fluctuations of the vortices, as opposed to
thermally driven motions, are responsible for the vortex-liquid state in this
region of the phase diagram [670]. A quantitative analysis in comparison
with various theoretical models for quantum melting using the material pa-
rameters for x-(ET)2Cu(NCS); yielded a value of about 4 T for the quantum
melting transition field, in excellent agreement with the experimental obser-

Fig. 6.19. Vortex phase diagram
showing the quantum (QVL)
and thermal vortex liquid (TVL)
states in k-(ET)2Cu(NCS), as
suggested in [672, 916, 917]. The
broken line B; separates the
vortex liquid in the TVL state
at higher 7' and a non-ohmic
low-resistance state at lower T.
The low-T' and low-H vortex
solid region (S) is characterized
by zero resistance and irreversible
magnetization. After [916].
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vation. The crossover from quantum to thermal fluctuations manifests itself
in the temperature dependence of B;,...(T'). Below T' ~ 1K, where quantum
fluctuations are predominant, B;,..(T") varies linearly with temperature [670],
whereas in the thermal fluctuation regime an exponential behavior has been
observed above the dimensional-crossover field Bsop in contrast to a power-law
behavior in the 3D vortex-line lattice region below Bap [789, 892], see above.
In addition, transport measurements revealed a transition line separating the
thermal vortex-liquid state (TVL) at higher T' from the quantum-vortex lig-
uid (QVL) at lower T, see Fig.6.19 and also Sect.5.2.4. The QVL region
below about 1K is characterized by a non-linear low-resistance state: upon
decreasing the temperature from the TVL region, a characteristic drop in
the in-plane resistivity occurs. This novel low-temperature ”quantum vortex
slush” phase (in analogy to the vortex-slush phase between vortex-liquid and
glass phase of high-T, cuprates) is suggested to be characterized by a short-
range order of vortices and the transition is argued to be a hidden first-order
melting transition obscured by strong quantum fluctuations [672].

Similarly, changes in the stiffness of the vortex system have been inferred
from magnetic-torque measurements in the very low-temperature regime
T./103 [898]. The results are interpreted as a (possibly first-order) quantum
melting transition between a quasi-2D vortex-lattice phase and a quantum-
liquid phase.

Figure 6.20 shows in a semi-logarithmic plot the B-T phase diagram for
k-(ET)2Cu(NCS)2, as proposed in [898] summarizing many of the results
described above. From Josephson-plasma resonance measurements [895], it
has been inferred that in spite of the layer decoupling, a long-range quasi-2D
order among vortices within the individual layers persists over most of the re-
gion in the phase diagram between Bop and B, (shaded region). Note that
here the crossover field Bsp separating the 3D flux-line lattice from the quasi-
2D vortex solid is temperature dependent in contrast to the results shown
in Figs.6.14 and 6.16. Right below B;.. a melting transition of the quasi-
2D vortex lattice occurs. This transition is driven by quantum fluctuations
as temperature approaches zero and is thermally driven at higher temper-
atures. A slightly different scenario suggests that in the regime of thermal
fluctuations close to T., a decoupling of the layers takes place, simultane-
ously with the melting transition, i.e. a transition from a coupled line lattice
to a decoupled pancake liquid, see Fig.6.17 and discussion above. Other re-
searchers in turn suggest that the solid state below the melting line is still a
(disordered) 3D solid formed of entangled flux lines which is ordered only at
very low magnetic fields below the crossover line Bop [902]. This crossover
line is viewed as a transition from a weak-field Bragg glass phase to a disor-
dered state at larger fields. In this picture, the real 3D-2D crossover line is
at larger fields, see Fig.6.15.
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Fig. 6.20. Mixed-state B-T phase diagram of x-(ET)2Cu(NCS); for B L planes
in a semi-logarithmic representation. Open diamonds correspond to the upper crit-
ical field [789]. Birr as determined from magnetic-torque measurements [670] is
indicated by down triangles, the dimensional-crossover field Bap [889, 890] by up
triangles, see also Fig.6.13. Open squares denote a first-order decoupling and/or
melting transition [897], see also Fig. 6.16. The shaded region represents long-range
quasi-2D order among vortices within individual layers. Closed and open circles
refer to thermal melting or depinning [895] and quantum melting transition, re-
spectively, from a quasi-2D vortex lattice to a liquid phase. After [898].

B || Planes

An interesting situation arises when the magnetic field is aligned parallel to
the planes enabling the vortices to slip in between the superconducting layers
where the order parameter is small. For small tilt angles of the field with re-
spect to the exact alignment, the vortex lattice can gain energy by remaining
in this parallel ”lock-in” configuration implying a ”transverse Meissner ef-
fect”, with the component of B perpendicular to the planes being zero [365].
Such a lock-in transition was predicted by M. Tachiki and S. Takahashi for
the high-T, cuprates [918] and later observed in resistivity measurements on
YBayCu3zO7_s by W. Kwok et al. [919]. This new state remains stable until
the perpendicular field component, B, exceeds a threshold field at which
the energy required to expel B, exceeds that associated with the creation of
normal cores in the layers [920, 921]. One expects that the applied field first
penetrates the plane when its perpendicular component exceeds a threshold
value which is of the order of Bﬂl. Upon increasing field, vortices then develop
a kinked structure consisting of pancakes linked by Josephson vortex seg-
ments. Evidence for coreless Josephson vortices parallel to the superconduct-
ing layers and a lock-in state have been reported, e.g., from ac-susceptibility
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measurements for x-(ET)2Cu(NCS)2 [802, 870], from torque magnetometry
on k-(ET)2Cu(NCS)2 and k-(ET)2Cu[N(CN)3]Br [804, 922], and rf suscep-
tibility on k-(ET)2Cu[N(CN)3]Br [923], see also [103]. Figure 6.21 shows the
angular dependence of the 'H-NMR relaxation rate T 1 at a temperature
below T, nearly corresponding to the peak in Tfl (see Fig.6.18) and in the
normal state where fluxoids are not present [913]. The decrease of T, ' by
more than an order of magnitude in a narrow window of only ~ 3° from
the orientation corresponding to the field being parallel to the superconduct-
ing layers is a signature of the lock-in transition with the fluxoids effectively
locked when @ = 90°. The necessary condition £; < s is fulfilled for the
present systems. In the lock-in state the fluxoids are pinned by the crystal
structure itself (intrinsic pinning), as opposed to the normal pinning mech-
anisms.

For vs > )| it is predicted [921] that the lock-in threshold field B is
equal to BCL1 , and marks the transition to a ”combined” lattice of independent
perpendicular Abrikosov vortices and parallel Josephson vortices. In [802] the
threshold field was found to follow the expected dependence By ~ Bsin ©®
and has the same temperature dependence as Bcﬁ but is about a factor of two
smaller. Accurate measurements of BCLI, however, are difficult to make due
to the complications of demagnetization effects, field penetration at corners,
and the partial exclusion of flux above Bj-l due to pinning.

The lock-in transition has also been discussed for A-(BETS)sFe, Gaj_,Cly
(Sect. 7.2.6), see e.g. [924].

Further interest in the behavior of the present quasi-2D organic supercon-
ductors in fields precisely aligned parallel to the planes arose from the pro-
posal that these systems are possible candidates for a Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state [926]. Under suitable conditions, a spin-singlet
superconductor can reduce the pair-breaking effect of a magnetic field by
adopting a spatially modulated order-parameter along the field direction
[735, 736]. The wavelength of the modulation is of the order of the coher-
ence length which results in a periodic array of nodal planes perpendicular
to the vortices [735, 736]. In the case of an anisotropic superconductor, cal-
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culations show that the FFLO state might lead to an enhancement of the
upper critical field to between 1.5 and 2.5 times the Pauli paramagnetic limit

926, 927].

By studying the magnetic behavior and the resistivity of k-(ET)2Cu(NCS),
in high magnetic fields employing a tuned circuit differential susceptometer,
changes in the rigidity of the vortex arrangement at certain fields By, within
the superconducting state have been found for fields precisely aligned parallel
to the planes [866, 878]. These effects have been interpreted as the manifes-
tation of a phase transition from the superconducting mixed state into a
FFLO state.’® (A possible FFLO state in k-(ET)2Cu[N(CN)3]Cl under pres-
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Fig. 6.22. Magnetic field-
temperature phase diagram
of k-(ET)2Cu(NCS)2 for

B aligned parallel to the
planes compared with the
theoretical FFLO phase
diagram discussed in [925].
Bp as defined in the inset
serves as a rough estimate for
B.,. Br indicates changes
in the rigidity of the vortex
arrangement within the
superconducting state. After
(866, 277].

6 According to [735, 736], see also [928, 929], the stabilization of a FFLO state
requires: (i) a large electronic mean free path £ > &, i.e. clean limit, (i) a
Pauli limiting that predominates the orbital pair-breaking effect, (iii) a Zeeman
energy that overcompensates the loss of superconducting condensation energy
and (iv) a short coherence length (or a large GL parameter k = A/§). As already
discussed above, the criteria (i) and (iv) are met for the present s-(ET)2X salts.
Condition (ii) is fulfilled since Bp = $Bc(mxspin) /% ~ 17T is considerably
smaller than the orbital critical field as derived from (6.25) taking the values from
Table 6.3. To check for condition (iii) one has to compare the Zeeman energy with
the condensation energy. Using xspin = 4 - 10™* emu/mol for k-(ET)2Cu(NCS),
[224] and the upper critical field of 35 T yields a Zeeman-energy density of Ez =
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sure is discussed in [798].) Figure 6.22 shows the temperature dependence of
By, and Bp, the latter serves as a rough estimate of B, [866, 878], see inset
of Fig. 6.22. Comparing the results with theoretical calculations, derived for
a generic quasi-2D metal [925] (solid and dotted lines in Fig.6.22) using the
parameter B, (0) = 35T, yielded a fairly good agreement with the predic-
tions of the FFLO model. In particular, the temperature T* below which
the new state is stabilized was found to meet the theoretical predictions of
T* = 0.56 T,. However, recent magnetic torque measurements failed to detect
any indication for such a transition [898]. Also, in studies of the critical field
under pressure using the tunnel diode oscillator technique, no evidence for a
FFLO phase has been seen and the data suggest that x-(ET)2Cu(NCS), is
always Pauli limited [930].

6.6 Superconducting Order-Parameter

Conventional vs Unconventional Pair States

More insight into the nature of the superconducting state can be gained by
considering the symmetry breaking at the phase transition [767, 931]. At the
normal-to-superconducting phase transition — as for any other second-order
phase transition — the occurrence of long-range order is accompanied by a
lowering in symmetry. Since the symmetry breaking across the transition is
continuous, the symmetries above and below the transition temperature are
related to each other. In the language of group theory this means that the
symmetry group, describing the superconducting state, must be a subgroup
of the full symmetry group G describing the normal state at T > Tp:

G=XxRxU(Q)xT, (6.38)

where X denotes the translational symmetry of the crystal lattice, R the
spin-rotation symmetry, U(1) the one-dimensional global gauge symmetry,
and T the time-reversal-symmetry operations.

For conventional superconductors, the only symmetry which is broken
below T is the global gauge symmetry U(1) giving rise to all the well-known
manifestations of the macroscopic phase-coherent quantum phenomena such
as the Meissner effect, the flux quantization or the Josephson effects.

On the other hand, a superconductor is called an unconventional super-
conductor, if one or more symmetries, in addition to U(1), are spontaneously
broken below T,. The symmetry of the resulting superconducting pair state is
reflected in the symmetry of the order parameter or, equivalently, of the gap

ixspinBZ, = 5mJ/cm® (= 5 - 10" erg/cm?®), which exceeds the condensation-
energy density of E. = B2/(87) = 1 +v/Vinol - T2 = 1mJ/em?® (= 10" erg/cm?)
calculated by employing the experimentally determined Sommerfeld coefficient
v = (234 1)mJ/mol K? for s-(ET)2Cu(NCS)2 [456, 457).
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function. Although the knowledge of the symmetry is of crucial importance
in discriminating between conventional and unconventional pairing schemes,
it provides only indirect hints to the kind of interaction which is responsible
for the broken symmetry.

Symmetry Classifications of the Pair State

The Pauli principle requires the pair wave function to be antisymmetric under
particle exchange. As a consequence, spin singlet pairs with a total spin .S = 0

can only be in a pair state with an angular momentum L = 0,2,4,.... This
contrasts with spin triplet (S = 1) pair states, where the angular momentum
must be odd-numbered, i.e. L =1,3,.... Provided the crystal structure pos-

sesses a center of inversion symmetry, the superconductors can be classified
by the parity of the pairing state: while the triplet state has an order parame-
ter (gap function) with odd parity, singlet superconductors are characterized
by an even-parity order parameter, i.e. A(k) = A(—k). For superconductors
where the spin-orbit interaction is small, such as for the present molecular
materials, singlet and triplet states are well-defined and can be used to clas-
sify the pairing state.

Further classifications of the pairing state are possible by including the
symmetry of the underlying lattice. According to the Landau theory of
second-order phase transitions, the corresponding order parameter must
transform according to one of the irreducible representations of the sym-
metry group of the high-temperature phase [767]. Thus, a decomposition of
the irreducible representations of the normal-state symmetry allows the cat-
egorization of possible forms of the order parameter, see e.g. [932, 933, 934]
and [935] for a recent review on the pairing symmetry in the cuprate su-
perconductors. As a result, the gap function can be expressed as a linear
combination of the basis functions Xﬂ of the irreducible representation I'J

L
Alk) =Y nuxd (k) (6.39)

where [; is the dimensionality of I'7, and 7y is a complex number which is in-
variant under all symmetry operations of G in (6.38). For the basis functions
of the irreducible representations for various symmetry groups and various
crystal structures, see [932, 933, 934]. For the present molecular supercon-
ductors, the crystal structures usually have rather low symmetry. In a first
approximation, the systems may be considered as layered materials with the
molecules arranged in a square-lattice configuration with point-group symme-
try Cyy, consisting of the following symmetry operations: mirror reflections
with respect to the principal crystallographic axes and the diagonals as well
as a 4-fold and 2-fold rotation about the tetragonal axis. In Fig. 6.23 we show
a schematic k-space representation for the possible spin-singlet states with
point-group symmetry Cly,.
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Fig. 6.23. k-space representation of allowed symmetry basis functions for the Cly,
point-group symmetry. The corresponding order parameter basis functions (group-
theoretical notations) are from left to right: constant (A1), £* —y* (Bi,), and zy
(B2g)~

Simple superconductors like Al or Zn are well described by the above-
mentioned BCS model [364] which envisages pairing between quasiparticles
with total spin S = 0 (spin singlet) and relative angular momentum L = 0
(s-wave). At T' = 0, all electron pairs are in the same quantum mechanical
state described by a single macroscopic wave function. In the simplest ap-
proximation, the gap is assumed to be isotropic in k-space. Its magnitude at
zero temperature, A(0), is related to the condensation energy, Econd, i-€. the
difference in the free energy between the normal and the superconducting
state, via Eeona = 5 - N(EF) - A(0)?, where N(E) is the density of states
at the Fermi level. For these conventional superconductors the gap function
in k-space, A(k), usually assumes a non-zero value over the entire Fermi
surface. As a consequence, all properties of the superconductor, which are re-
lated to the excitation of electronic quasiparticles, i.e. excitations across the
finite energy gap, exhibit an exponentially-weak temperature dependence at
low temperatures. As an example, we mention the electronic quasiparticle
contribution to the specific heat in the superconducting state C,s, which for
a conventional superconductor at T < T, varies as

Cus(T) x exp (_kBiT) . (6.40)

A possible weak k-dependence of the gap in a conventional superconductor
may have its origin in anisotropies of the Fermi surface, i.e. a k-dependent
strength of the pairing interaction, see e.g. [936].

In contrast to the conventional superconductors where the quasiparticle
density of states N(FE) is zero between Er — A and Er + A, most of the
unconventional pair states are characterized by nodes in the gap function at
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certain regions of the Fermi surface.!” For the axial- and the polar states for
example, the gap function is zero at points or along lines on the Fermi sur-
face, respectively. This is accompanied by a density of states which vanishes
in power-laws of (F — Er) as F — Ep. In the presence of impurity scatter-
ing, however, the regions where the gap function vanishes can be widened
significantly [934].

As a consequence of the gapless regions, quasiparticle excitations are pos-
sible even for T' — 0 and manifest themselves in power-law temperature
dependencies in all the quantities which depend on the number of excited
quasiparticles. Thus, for an unconventional superconductor a quasiparticle
contribution to the specific heat of

Ces(T) o T" (6.41)

is expected, where the exponent n depends on the topology of the gap nodes.

A careful measurement of the temperature dependencies of physical prop-
erties which depend on the quasiparticle density of states such as specific
heat, NMR relaxation rate or penetration depth should, in principle, enable
the identification of an unconventional superconductor. However, as will be
discussed below, the numerous experiments aiming at an identification of the
pairing state for the present molecular superconductors give rather inconsis-
tent results. Besides the above-mentioned differences in the density of states
which manifest themselves only at temperatures far below T, unconventional
superconductors are distinct in lacking the so-called coherence effects close
to T,. The latter are a consequence of the special Cooper pair configuration
considered by BCS which involves quasiparticle states of opposite momenta
and opposite spins. The best-known coherence effect is the so-called coher-
ence peak in the temperature dependence of the NMR relaxation rate directly
below T, [938]. The observation of these coherence effects [938] — besides the
isotope effect [939] — in the classical superconductors was considered to be
a convincing confirmation for the validity of the BCS theory.

Experiments Probing the Gap Anisotropy in k-(ET )X

For measuring the gap anisotropy for the present molecular superconduc-
tors, numerous studies employing a variety of different techniques have been
performed. Most of these investigations have focused on the determina-
tion of the temperature dependence of quantities which provide informa-
tion on the density of states such as the specific heat, the NMR relax-
ation rate or the magnetic penetration depth. More recent developments in-
volve orientational-dependent studies aiming at a direct determination of the
angular-dependence of the gap. These techniques include mm-wave transmis-
sion [940], STM spectroscopy [941] and thermal conductivity [942] studies.

17" A well-known exception is the unconventional wave function of the superfluid B
phase of liquid ®He which has a non-zero gap function at the entire Fermi surface
[937].
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A mm-Wave Magneto-Optical Technique was used to determine the
angular dependence of the high-frequency conductivity of k-(ET)2Cu(NCS)2
[940, 943]. The results have been interpreted to support an anisotropic gap
with ”X shape”, i.e. with nodes along the b- and c-direction [940], consistent
with a d,2_,2-wave symmetry of the order parameter as theoretically sug-
gested by J. Schmalian [944].'® However, these results have been critically
commented upon by other groups [569, 945].

The superconducting gap structure of the same compound has been inves-
tigated using STM Spectroscopy by T. Arai et al. [941], see also [946] for a
recent review. The tunneling curves observed on the be-plane (parallel to the
conducting layers) in the low-energy region could be well fitted by a d-wave
gap model. The corresponding 24¢/(kgT.) ratio was found to be 6.7 which
is smaller than a previously reported value of 9 [947] but substantially larger
than the BCS value of 3.53. In addition, the in-plane gap anisotropy was in-
vestigated, see Fig. 6.24. The dI/dV-V curves observed on the lateral surfaces
were found to be also consistent with a d-wave gap. For this configuration a

18 In the literature different conventions for the definition of the magnetic Brillouin
zone are used. The assignment of the nodal directions in accordance with d 2_, 2
is apparently mistaken in [940]. From STM studies a d,2_,2-wave gap with line
nodes along the directions 7/4 from the k- and kc-axes has been inferred. How-
ever, an identical nodal structure found in thermal conductivity (see below) has
been assigned to a d,y-wave gap.



6.6 Superconducting Order-Parameter 193

very large 2A¢/kpT. ratio of 8.7 ~ 12.9 has been obtained. The analysis of
the angular dependence revealed that the direction of the line nodes of the
gap is 7/4 from the ky- and k.-axes, i.e. the gap has d,2_,> symmetry [941].
It has been noted that these orientations of the gap nodes are at variance
with those inferred from the above mm-wave-transmission experiments (see
above).

The Thermal Conductivity has been used as another directional-
dependent probe. When compared to STM measurements, for example, this
quantity has the advantage that it is free of surface effects. The implications
of the symmetry of gap zeroes on the thermal conductivity in the vortex
state have been theoretically investigated by various authors, see e.g. the
work by H. Won and K. Maki [948]. Measurements have been performed for
the k-(ET)2Cu(NCS)2 salt in a magnetic field rotating within the 2D su-
perconducting plane. Figure 6.25 shows the angular variation of the thermal
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Fig. 6.25. Angular variation of x(B,©) at 2T for different temperatures where ©
denotes the angle between a rotating magnetic field in respect to the heat current
flowing along the b-axis of the k-(ET)2Cu(NCS)2 crystal. The solid lines represent
the results of a fit using the function k(B,0) = Co + Cze cos 260 + Cye cos 46,
where Cp, Cao and Cye are constants. After [942].
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conductivity x at a fixed field of B = 2T. © denotes the angle between the
heat current flowing along the crystallographic b direction and the magnetic
field, i.e. © = 0° for B || b. The salient result of this study is the occurrence
of a k(#) contribution with a four-fold symmetry, K49, at low temperatures
T < 0.52 K that adds to a predominant term with two-fold symmetry. While
the latter has been interpreted as being mainly phononic in origin, it is ar-
gued that the former is of a purely electronic nature and reflects the nodal
gap structure [942]. Their analysis revealed that the gap zeroes are oriented
along the directions rotated by 45° relative to the b- and c-axes. It has been
pointed out in [942] that this nodal structure is inconsistent with the theo-
ries based on antiferromagnetic spin fluctuation where the nodes are expected
to be along the b- and c-directions. Based on this observation, K. Izawa et
al. proposed a dg, symmetry (referring to the magnetic Brillouin zone, see
inset of Fig.1 in [942]) which has been theoretically suggested for a charge-
fluctuation scenario [949, 950].

NMR Measurements

A more indirect information on the symmetry of the superconducting order
parameter is provided by temperature-dependent measurements of quanti-
ties which depend on the quasiparticle excitation spectrum. In this context
NMR experiments, i.e. measurements of the Knight shift Kg and the spin-
lattice relaxation rate 77" ! are of particular interest. While the latter quantity
measures the relaxation of nuclear spins via their interaction with the elec-
tronic quasiparticles, the former probes — via its proportionality to the spin
susceptibility xp of the quasiparticles — the density of states at the Fermi
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Fig. 6.26. Temperature dependence of the normalized Knight shift of *C-NMR
signals in the superconducting state of k-(ET)2Cu[N(CN)2]Br at a field of 7.8 T
perpendicular (black circles) and parallel to the conducting planes (open circles).
After [862).
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Fig. 6.27. Spin-lattice-relaxation rate (71) ' at fields of 5.6 T (open circles), 7.8 T
(black circles) and 7T (open squares) applied parallel to the conducting planes
of k-(ET)2Cu[N(CN);]Br. Black squares correspond to a field of 7T with a small
misalignment. After [862].

energy. For conventional superconductors, the temperature dependence of the
Knight shift in the superconducting state, K(7T') is given by the Yosida func-
tion [951] and simply reflects the T-dependence of the Pauli-type magnetic
susceptibility in the superconducting state, xs(7), given by

. 0
Tk —

where f is the Fermi-Dirac distribution function. While for conventional su-
perconductors with a nodeless gap function A and a spin singlet S = 0 pair
state, xs shows an exponential decrease for T — 0, gap functions with nodes
result in a non-exponential decay of K (T') at low temperatures. In con-
trast, the Knight shift for spin triplet (S = 1) pairing remains unaffected
upon cooling through T, see, e.g., [952]. The 3C spin-lattice relaxation
and Knight shift of k-(ET)2Cu[N(CN)2|Br have been investigated by vari-
ous groups [478, 862, 953] with similar results. In these experiments, single
crystalline material was used where both '2C atoms in the central double
bond of the ET molecule had been replaced by 3C. For the investigation
of electronic properties, these nuclei are superior since their coupling to the
m-electron system is much stronger than that of the protons in the ethylene
endgroups of the ET molecules. The salient results of these studies are: (i)
Knight-shift measurements performed in fields aligned parallel to the con-
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ducting planes reveal a spin susceptibility that tends to zero at low tem-
peratures, cf. Fig.6.26. Since for this field configuration contributions from
the pancake vortices are not expected, the above results have been taken as
evidence for the spin-singlet character of the pairing state.!” (ii) The spin-
lattice relaxation rate, 77 ! measured in the same parallel field configuration
lacks the Hebel-Slichter coherence peak and shows a power-law T behav-
ior at low T', with n being close to 3, see Fig.6.27. For the experimental
conditions chosen, the authors ascribed the dominant source of relaxation to
the quasiparticle excitations in the superconducting state. Consequently, the
power-law temperature dependence in Tfl has been interpreted as indicating
an anisotropic pairing with line nodes in the gap function [478, 862, 953].

Thermal Conductivity
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Investigations of the thermal conductivity, x, on quasi-2D organic supercon-
ductors at low temperatures have been performed first on x-(ET)2Cu(NCS),
[955] and more recently also on k-(ET)Cu[N(CN)g|Br [457]. As shown in

19 This is corroborated by the Pauli paramagnetic-limited upper critical field, e.g.,
in k-(ET)2Cu[N(CN)2|Br [954].
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Fig. 6.28 the onset of superconductivity is associated with a sudden increase
of k(T') which can be suppressed by a moderate magnetic field. The en-
hancement of x(T") at the onset of superconductivity has been attributed
to a strengthening of the phonon heat transport by reducing the scatter-
ing of the phonons by electrons due to the opening of a gap below T,.. The
authors’ argument is based on a quantitative analysis of the data employ-
ing the Wiedemann-Franz law. It showed that just above T, the electronic
contribution amounts to only 5 % of the total thermal conductivity. A lattice-
dominated thermal conductivity above T, is also consistent with the absence
of a magnetic field dependence of x in this temperature range [955]. As for
the question of the gap symmetry, the data at low temperature have been
interpreted as indicating an excitation spectrum with gap zeroes: an extrap-
olation of the data for k-(ET)2Cu(NCS)2 to T' — 0 revealed a finite in-T'
linear term which has been attributed to a residual electronic contribution
[955]. The latter is expected for an unconventional superconductor due to
impurity scattering of residual quasiparticles [956, 957]. For unconventional
superconductors with certain gap topologies — including the one associated
with a dg2_,2» symmetry — theory even predicts a universal transport be-
havior, i.e., a quasiparticle heat transport independent from the scattering
rate at small impurity concentrations, for 7' — 0 [958]. This universal limit is
the consequence of the compensation between the growth of the normal fluid
density (the normal quasiparticles) with increasing impurity concentration
and the concomitant reduction of their mean free path.

On the other hand, recent thermal conductivity measurements on the k-
(ET)2Cu[N(CN)2|Br salt showed that down to the lowest temperatures the
phonon scattering length is strongly influenced by quasiparticle scattering
[457] which renders the analysis of the data on k-(ET)2Cu(NCS)3[955] as
being questionable.

Magnetic Penetration Depth

The quantity, which has been studied most intensively for the x-(ET)2X su-
perconductors with respect to the order-parameter symmetry, is the magnetic
penetration depth. It defines the length scale over which the magnetic field
changes in the superconductor, i.e., the depth it penetrates into the super-
conductor.

According to the London theory, the penetration depth Ay in the limit
T — 0 is directly related to the density of superconducting electrons ng
via Az, (0) = (m*/ponse?)'/? (6.13). Employing a two-fluid model with n, =
ns(T) + nn(T) and n. the number of conduction electrons, the temperature
dependence of Ay, (T') provides information on the normal-conducting compo-
nent n,(T), i.e. the quasiparticle excitation spectrum. Since ns(7" — 0) = n,,
the low-temperature value \(T' — 0) is a measure of the pair condensate, i.e.
A2(0) o< m*/ng(0). For a conventional weak-coupling superconductor, the
BCS theory predicts a mean-field temperature dependence of \; around T,
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and an exponentially small variation at low temperatures T < T, [774]:

14 2w A B A
gl ) P\ kaT

This holds true also for an anisotropic gap function without nodes, where
for kT < Apin the exponential low-temperature behavior is governed by
the minimum value of the gap Ap,. In contrast, an energy gap, which van-
ishes along lines or at points at the Fermi surface, will result in a power-law
dependence of A\, (T) x T" for T <« T..

For the present materials, the magnetic penetration depth has been
determined by a variety of different techniques including ac-susceptibility
[959, 870, 871, 829], muon-spin relaxation [872, 960, 961, 889], magnetization
[873, 874, 828, 841], surface impedance [962, 963, 964, 875, 868], tunnel diode
oscillator [965] and decoration experiments [893, 894]. The results of these
studies, however, were quite inconsistent regarding the temperature depen-
dence. Likewise, the range of absolute values of Az (T" — 0) is within a factor
of 4 — 5 (see Table6.3 in Sect.6.4). In [841] it has been pointed out that the
marked differences in the absolute value of the in-plane penetration depth,
inferred from these studies, can be linked to the strength of the magnetic
field at which the experiment had been performed, see Fig. 6.29: for the mea-
surements with external fields below the lower critical field B < B, (surface
impedance [962, 963, 964, 875, 868], ac inductance [965] and ac-susceptibility
[959, 870, 871, 829]), i.e. in the shielding state, an in-plane penetration depth
Aj(0) ranging from 1.4 — 2pum has been reported for x-(ET)Cu(NCS)s,.
On the other hand, measurements performed in the superconducting mixed
state (uSR [872, 960, 889], magnetization [873, 874, 828, 841] and decoration
[893, 894)), i.e. for fields B,, < B < B,, yield considerably lower values
for A\ (0) with comparable values extracted from the different experiments.
Apparently, measurements performed in the shielding configuration, Fig. 6.29
(a), where the shielding currents flow at the sample surface with A (0) mea-

AL(T) = A(0) . (6.43)

(a) (b)
P sl =
H vortex

Fig. 6.29. Schematic view of the in-plane magnetic penetration depth in (a) the
shielding state for fields B < B, and (b) the mixed state for B > B.,. Bold
arrows indicate the magnetic field perpendicular to the conducting planes. The
grey-shaded regions indicate the area where the magnetic fields penetrate the
sample. After [841].
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suring the field penetration from the sample edge, results in a penetration
depth which is much larger compared to values extracted from mixed-state
experiments, cf. Fig.6.29. It has been suggested in [841] that this may origi-
nate in surface states which are different from those of the bulk. In addition,
damages or degradation of the crystals at the surface may also result in an
enlarged value for | (0) [841].

Not surprisingly, the above-mentioned differing experimental results have
led to quite different conclusions as to the symmetry of the superconduct-
ing order parameter. Interestingly enough, the inconsistencies do not only
involve results from different experimental techniques. Contradictory conclu-
sions have also been drawn on the basis of seemingly identical experiments
performed by different groups. This is the case for surface impedance studies
where the penetration depth can be extracted from the complex conductivity.
The latter is derived from the frequency shifts and variations of the quality
factor of the resonator caused by the sample. While the surface impedance
studies using a microwave perturbation technique on k-(ET),Cu(NCS), and
k-(ET)2Cu[N(CN)2]|Br by O. Klein et al. [963] and M. Dressel et al. [868]
were found to be in good agreement with the BCS predictions, other studies
by D. Achkir et al. [875] on x-(ET)2Cu(NCS); revealed an in-7T" linear be-
havior at low temperatures indicative of an order parameter with zeroes on
the Fermi surface. Deviations from an exponential temperature dependence
of A\ (T) for the above two k-(ET)2X compounds have been observed also
in an experiment by A. Carrington et al. using an rf tunnel diode oscillator
[965]. In contrast to the above measurements by D. Achkir et al., however,
their data of the in-plane penetration depth rather follow a T power law
(see Fig.6.30). As has been argued by the authors, the data would still be
consistent with a quasi-linear variation of the superfluid density as expected
for a d-wave superconductor with impurities or a small residual gap [965]. Al-
ternatively, the authors point out that the exponent 3/2 may arise naturally
in a model proposed for short-coherence-length superconductors exhibiting a
pseudo-gap [966, 967, 968].

An inconsistency exists also for pSR experiments performed by different
groups. Here A\p, can be determined by measuring the field inhomogeneities
in the mixed state, i.e. the spatial variation of the local induction of the
vortex lattice. This technique was first applied to x-(ET)2Cu(NCS)sby D.R.
Harshman et al. [872] who could fit their data by a BCS temperature depen-
dence. Subsequently, L.P. Le et al. [961] carried out similar experiments on
the same system as well as on the x-(ET)3Cu[N(CN)2|Br salt and found an
in-T linear variation for the in-plane penetration depth at low temperatures
AN(T) =1+ a-(T/Te).

A power-law temperature dependence Ay (T)/\(0) — 1 « (T/T.)* con-
sistent with d-wave superconductivity has been observed by ac-susceptibility
measurements performed by different groups [959, 871, 829]. In this context
it has been pointed out by A.F. Hebard et al. that an additional, extrinsic
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Fig. 6.30. Changes of the in-plane penetration depth AN (T) of k-
(ET)2Cu[N(CN)2]Br [two samples (a),(b)] and &k-(ET)2Cu(NCS)2 [(c),(d)]
plotted versus (T/TC)%. The data have been offset. After [965].

contribution to A arising from vortex-core pinning at defects gives a low-
temperature 72 power-law behavior of A(T) which can easily be mistaken
as evidence for nonconventional pairing [969]. This has been corroborated
by ac-screening measurements on k-(ET);Cu(INCS)y which yield the same
quadratic low-temperature power-law dependence of A\(T') independently of
whether the pinned vortices are created by an external field or created as
vortex-antivortex pairs at a defect. Thus, the observed (T/T.)? component
most likely reflects the extrinsic contributions to screening [969].

An alternative method to determine the penetration depth is to make use
of the reversible mixed-state magnetization, a peculiarity of these strongly
anisotropic superconductors with short coherence lengths.

According to the London model, the field dependence of the magnetization
is given by

dM ¢
d(InB)  32m2A%;’

(6.44)

where Agff = )\ﬁ for B perpendicular and )\gﬁ = A|AL for B parallel to the

planes [971]. For superconductors in the clean, local limit, i.e. for A > £ >
§||, with £ the in-plane mean free path, A is given by

A0) = AL(0)4/1+ & /¢, (6.45)



6.6 Superconducting Order-Parameter 201

(b)

~
o
~

1000} g

PENETRATION DEPTH (nm) §
PENETRATION DEPTH (nm) %

S
(=]

T (K) T (K)

Fig. 6.31. In-plane penetration depth for (a) single crystalline x-(ET)2Cu(NCS)2
and (b) k-(ET)2Cu[N(CN)2]Br. The solid lines represent BCS fits. The model
calculations labeled t; and t4 represent those anisotropic states proposed by Y.
Hasegawa et al. [970] and used by L.P. Le et al. to explain their uSR data [961]
which have the weakest and strongest T' dependencies, respectively. After [873, 874].

where A (0) is the London penetration depth for a clean sample as defined in
(6.13) and ¢ the in-plane Ginzburg-Landau coherence length. While for the
k-(ET)2Cu(NCS); salt the mean free path £ = 100 — 240 nm, see, e.g. [841]
and references cited therein, greatly exceeds the in-plane coherence length
§ = 3 — 7nm, cf. Table6.3, a much shorter £ = 26 — 38nm [448, 449, 164]
exceeding | = 2.4 — 3.7nm by a factor 10 has been reported for the r-
(ET)2Cu[N(CN)2|Br salt.

In 3D superconductors, vortex pinning usually gives rise to an inhomo-
geneous distribution of the vortices in the mixed state and thus to an irre-
versible behavior of the magnetization upon increasing and decreasing the
field. This may cause substantial uncertainties in determining the penetra-
tion depth from magnetization data. On the contrary, for quasi-2D super-
conductors with short coherence length, the magnetization is entirely re-
versible over an extended field range, i.e. B., < Biyr < B < B, with By,
being the temperature-dependent irreversibility line (see Sect.6.5). For k-
(ET)2Cu(NCS)zand k-(ET)2Cu[N(CN)2]Br a reversible magnetization has
been observed over an extended range in the B-T plane which thus allows
for a determination of the in-plane penetration depth [873, 874, 841]. From
the slopes dM/d(In B) of the isotherms taken at different temperatures and
using (6.44) the in-plane penetration depths A (7') have been determined,
see Fig. 6.31. The solid line represents a BCS fit [774] to the data. For both
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systems, the data reveal only a weak variation with temperature at low T
consistent with an exponential temperature dependence as expected for a
finite gap.

Specific Heat

The above controversial results on the magnetic penetration depth indicate
an extraordinarily high sensitivity of this quantity to extrinsic effects such
as disorder, pinning-related phenomena and surface properties. A quantity
which is less sensitive to such problems but provides fundamental information
on the gap structure is the specific heat. In case this integral thermodynamic
quantity were to find an electronic quasiparticle contribution in the super-
conducting state, C.s, far below T, that varies exponentially weakly with
the temperature, the existence of gap zeroes on the Fermi surface could be
definitely ruled out. On the other hand, the observation of a non-exponential
temperature dependence does not necessarily prove the existence of gap ze-
roes as this result might originate in extraneous contributions such as impu-
rity phases, normal-conducting regions or pair-breaking effects. First specific
heat measurements were focussing on the determination of the discontinuity
at T, which provides information on the coupling strength. From the results
of B. Andraka et al. [820] and J.E. Graebner et al. [801] on x-(ET)2Cu(NCS),
yielding a ratio of AC/~T. > 2 a strong-coupling behavior has been inferred
for this salt. In a series of subsequent experiments, the temperature depen-
dence of the electronic contribution, C.s, at lower temperatures was at the
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2 3 K-(BEDT-TTF),Cu[N(CN),]Br
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Fig. 6.32. Temperature dependence of the specific heat of k-(ET)2Cu[N(CN)2z]Br
in the superconducting (B = 0) and normal state (B = 14T) over an extended
temperature range (left panel) and in the vicinity of T, = 11.5 K (right panel). The
solid line is a polynomial fit to the 14T data. After [458].
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focus of the investigations. From experiments on x-(ET);Cu[N(CN)z|Br, Y.
Nakazawa and K. Kanoda [972] reported a quadratic temperature dependence
of Ces at low temperatures, which was taken as indication for line nodes in
the gap. However, more recent high-resolution specific heat measurements on
the same compound revealed an exponentially weak low-T electronic contri-
bution to the specific heat implying a finite energy gap [458]. Moreover it
has been shown in the latter study that the T2 dependence of the C., data
in [972] most likely originates in their incorrect determination of the phonon
background.?? Figure 6.32 shows the results of specific heat measurements
performed by H. Elsinger et al. [458]. The phonon contribution, which pre-
dominates the specific heat near T,, has been determined from measurements
in an overcritical field. This procedure, which is usually applied, is valid as
long as there are no magnetic contributions to the specific heat which might
change with the field. From the absence of any measurable field dependence
in the data above T, this assumption appears justified. Figure 6.33 shows the
normalized electronic contribution to the specific heat C,s /7T, as a function
of T,./T in a semi-logarithmic plot. From the exponential decrease of Ces with

20 In [972] the lattice specific heat of a k-(ET)2Cu[N(CN)2]Br crystal was estimated
by measuring a second, deuterated sample which was quench cooled to suppress
superconductivity. The data analysis in [972] is based on the assumption that
by this procedure the lattice specific heat remains unaffected and is identical to
that of the hydrogenated superconducting compound. In [458] it has been shown,
however, that the so-derived phonon background differs substantially from that
determined in an overcritical field. The reason for this might be related to the
glass-like transition at Ty observed in this system [155], see Sect. 3.3.
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temperature, a finite gap everywhere on the Fermi surface has been inferred
[458].

A similar behavior has been observed also for k-(ET)2;Cu(NCS); as well as
other (ET)2X superconductors [456, 457]. Figure 6.34(a) shows the specific
heat difference between the superconducting and normal state AC(T) =
C(T,B=0)-C(T,B=8T > Be,) used to analyze the specific heat data.
The advantage of discussing AC(T) instead of C(T) is that the unknown
phonon contribution drops out. As Fig.6.34 demonstrates, AC(T') deviates
markedly from the weak-coupling BCS behavior in both the jump height at
T, as well as the overall temperature dependence. However, as was found
also for k-(ET)2Cu[N(CN)2]|Br [458], a much better description of the data
is obtained by using the semi-empirical extension of the BCS formalism to
strong-coupling superconductors, the so-called a-model [974], which was first
used to describe conventional superconductors like In, Sn, Zn, and Pb/In
alloys. Assuming that the electronic excitations above the superconducting
ground state are described by non-interacting quasiparticles, the entropy in
the superconducting state is given by

Ses = =2k Y _[frln fu + (1 = fu) In(1 — fx)], (6.46)

where fr = [exp(BEg) + 1]~ with 8 = (kgT)~!. For the quasiparticle ex-
citation spectrum E? = (ei + A?%) with the single-particle energy e and
the temperature dependence of the energy gap, A(T)/A(0), the BCS re-
lations are used, the latter being tabulated in [774]. The model contains
a single free parameter @ = A(0)/kpT. which scales the BCS energy gap
A(T) = (a/apes) - Apcs(T) with apcs = 1.764. Although there is some
sample dependence as shown by the results from different groups, Fig. 6.34
clearly demonstrates that the strong-coupling BCS model with o = 2.4 —2.8
provides an excellent description of the data over the entire temperature
range investigated [456, 457]. From similar experiments on various (ET)2X
superconductors with T, ranging from 1.1 K to 11.5 K, a monotonic increase
of the normalized specific heat discontinuity AC/~4T, « « with T, has been
inferred [975, 457] indicating an increasing coupling strength with T, see Ta-
ble 6.4. Besides the coupling parameter «, which is directly determined from
specific heat measurements, the electron-phonon coupling constant A, can be
indirectly determined based on the Eliashberg theory for strong-coupling su-
perconductors which provides a phenomenological relation between AC /T,
and T,/ where @ denotes the mean phonon energy [976]. For a coupling not
too strong T/ is in turn linked to A, via (6.20), the McMillan relation,
see [775, 977].2" The observation that o and A, increase similarly with 7, as
AC /4T, increases with T, /@ indicates that the characteristic phonon energy

21 The described determination of Aep is only a rough estimate, especially since
(6.20) is not valid for large coupling constants Aep > 1.5. Therefore, in [458]
for k-(ET)2Cu[N(CN)2]Br an empirical relation between T, /@ and A, based on
tunneling experiments on BCS superconductors, see [977], has been used.
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Fig. 6.34. (a) AC of a small k-(ET)2Cu(NCS): single crystal with m = 0.72mg
(main panel). The dotted and solid lines represent the BCS curves for weak
and strong coupling, respectively. The inset shows Ces/vTc vs Tc/T in a semi-
logarithmic representation. Here the solid line represents the strong-coupling BCS
behavior while the dotted line indicates a 72 behavior as expected for a d-wave order
parameter [973]. After [456, 115]. (b) Ces/yTe vs T, /T for different (ET)2X super-
conductors. The solid line shows the exponential vanishing of Ces towards low T (fit
to the k-(ET)2Cu(NCS)2 data). Open circles correspond to k-(ET)2Cu[N(CN)z|Br.
The inset shows AC measured on a large single crystal with m = 3.07 mg. After
[457].
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Table 6.4. Parameters determined from specific heat measurements (for x-
(ET)2Cu(NCS)2 results from three different groups are given). For the ET salts,
note the monotonic increase of the electron-phonon coupling constant A, with 7.

T. (K) v (22%) AC /AT e Aep  Ref.

a-(ET),NH,Hg(NCS)4 1.1 25 — 26 143 176 04  [112]
k-(ET)al5 35 189+15 16+02 1.94 08 [455]
k-(ET)2Cu(NCS)s 9.1 25+ 3 2-28 15 [820]
#-(ET)2Cu(NCS)2 9.3 2341 2.05 24 1.65 [457]
k-(ET)2Cu(NCS)s 9.1 2341 3.6 2.8 [456]
k-(ET)2Cu[N(CN)3]Br 115 2542 3.3 27 25 [458)
B"-(ET)2SF5sCHoCF2S05 4.5 18741 2.1 215 1.1 [459]
A-(BETS)2GaCly 48  144+34 1374032 1.76 [460]

@ is of similar order for all the (ET)2X superconductors discussed here. In
[458] it has been pointed out that using the BCS relation [977]

N(Ep){(I?)

Aew = 12

(6.47)
with (I?) the electron-phonon matrix element averaged over the Fermi
surface, M the atomic mass, and @ the average phonon frequency, gives
Aep o< N(Ep)(I?). T. is mainly controlled by (I?) since according to Ta-
ble 6.4 there is no simple relation between T, and v < N(Ep).

Similar to what has been found for x-(ET)3Cu[N(CN)2|Br (Fig. 6.33), the
data for k-(ET)Cu(NCS), (Fig.6.34) are fully consistent with an exponen-
tially small C.s at low temperatures, i.e. an energy gap without zeroes at
the Fermi surface. The same behavior has been previously observed for other
(ET)2X superconductors, see Fig. 6.34(b) [455, 459, 457]. The above findings
of an exponentially weak specific heat at low temperatures are clearly incom-
patible with the existence of gap zeroes as inferred by various of the above-
mentioned experiments. It remains to be shown by future studies whether or
not this controversy can be removed by considering carefully the influence of
magnetic fields even when applied parallel to the planes and other extrane-
ous effects such as the cooling-rate-dependent disorder associated with the
ethylene groups.

On the Pairing State in (TMTSF), X

As for the ET systems, the nature of superconductivity in the Bechgaard
salts (TMTSF).X is still far from being understood and continues to be a
controversial issue. Early suggestions of a spin-triplet (S = 1) state were
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based on the proximity of superconductivity to a SDW state in the pressure-
temperature phase diagram (cf. Fig.4.31 in Sect. 4.6). This situation resem-
bles the theoretical expectation for an interacting 1D electron gas [978] where
a SDW phase lies next to triplet superconductivity. Further arguments for
a spin-triplet p-wave superconductivity were derived from the observation
that T, is extremely sensitive to the introduction of non-magnetic defects
[979, 980] and substitutional impurities [981, 982], see also [983, 984].

Among the (TMTSF)2X superconductors, the X = PFg [33] and ClO4
[36] salts are the most extensively studied materials, see e.g. [146, 86, 985, 90]
for a review, although the number of experimental investigations of the su-
perconducting properties is much less compared to that of the ET salts
and their derivatives. The reason for this is related to the low T, values of
the (TMTSF)2X systems, requiring extensive low—temperature equipment
and, in the case of X = PFg, external pressure of p > 5.8kbar to sta-
bilize the superconducting state. For the ambient-pressure superconductor
(TMTSF)2ClOy, it is the anion ordering which renders the experimental sit-
uation difficult (see Sect. 3.3). By slowly cooling through the anion-ordering
temperature T4o at around 24 K an ambient pressure superconducting state
below T = (1.2 £ 0.2) K can be stabilized. In this case, the anions are be-
lieved to be well ordered. On the other hand, for samples that have been
cooled rapidly across T 40, an insulating state forms below Ty ~ 6.1 K.

The (TMTSF)2ClOy4 salt is the only member of the (TMTSF);X series
where specific heat [851] or Meissner-effect measurements [849] have been
performed. Figure 6.35 shows the specific heat of (TMTSF),ClO, in a tem-
perature range close to T.. For temperatures above T, the data reveal a
behavior C/T = v+ BT? with a Sommerfeld coefficient of the electronic con-
tribution to the specific heat of v = 10.5mJ mol~'K~2 and the 872 term ac-
counting for the phonons. The discontinuity at T, amounts to AC /T, = 1.67
which is slightly larger than the BCS ratio of 1.43 [851], consistent with a
weak-coupling scenario.

On the other hand, deviations from a BCS-type of superconductivity have
been observed in NMR measurements by M. Takigawa et al. [986]. These au-
thors reported the absence of a Hebel-Schlichter peak and a T2 dependence
in the spin-lattice relaxation rate. This has led to the proposal of a d-wave
order parameter with a gap that vanishes along lines on the Fermi surface
[986]. These results are at variance with more recent thermal conductivity
data on the same salt, showing a rapid decrease of the electronic contribu-
tion to the heat transport below T, which indicates the absence of low-lying
excitations [987]. The latter results provide strong evidence for a nodeless gap
function. However, as pointed out by the authors, this result is not necessarily
associated with an s-wave order parameter.

By enumerating possible gap functions for quasi-1D systems, Y. Hasegawa
and H. Fukuyama [970] showed that besides an anisotropic spin-singlet d-
wave, a spin-triplet p-wave state — in both cases the order parameters vanish
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along lines on the F'S — is also possible. The authors suggested the possibility
of an antiferromagnetic spin-fluctuation pairing mechanism for the Bechgaard
salts.

Arguments in favor of such a spin-fluctuation-mediated superconductiv-
ity with d-wave symmetry have been derived from a resistivity study under
pressure [466, 214]. According to these results, a minimum in the resistivity
pa(T) at Tinin marks the onset of AF fluctuations before, at lower tempera-
tures, an itinerant antiferromagnetic state (SDW) is stabilized. The width of
the region of critical AF fluctuations in the T-p phase diagram (see Fig. 4.31
in Sect.4.6) is enhanced when the SDW ground state is approached from
the high-pressure side, where the system is close to the SDW/SC border,
and largest where T.(p) reaches its optimum value. The correlation between
the spin-fluctuation regime above the onset of superconductivity and the T,
value is taken as a strong argument for a pairing mechanism mediated by
the exchange of these fluctuations [466, 214]. Further arguments supporting
an unconventional gap symmetry has been presented by N. Joo et al. [843]
based on their measurements on the influence of disorder on T, in the solid
solution (TMTSF)2(ClOy4)1—2(ReOy)... They found a strong reduction of 7
with increasing disorder consistent with the Abrikosov-Gor’kov pair break-
ing function (6.29) discussed in Sect.6.3.3. The non-magnetic character of
the disorder has been inferred from EPR measurements showing no traces of
localized spins [843].

In a recent series of papers on the upper critical fields, the discussion
of a possible realization of a triplet-pairing state in the Bechgaard salts has
again been raised [35, 988, 855]. I.J. Lee et al. examined the upper critical
field B, (T) and its directional dependence in (TMTSF);PFg under pressure
via resistivity measurements. More recently, a magnetic determination of B,
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Fig. 6.36. B-T phase diagrams of (a) (TMTSF)2PFs determined from resistivity
measurements at a pressure of 6kbar for magnetic fields aligned along three per-
pendicular axes as defined in the inset, after [35] and (b) (TMTSF)2ClO4 along
the b/-axis7 from resistivity and magnetization measurements. The inset shows the
resistive Bez from the same sample’s initial cooldown, after [855].

under accurate alignment has been carried out also for the ambient-pressure
superconductor (TMTSF),ClO4 by J.I. Oh et al. [855]. The resulting mag-
netic field-temperature phase diagrams are depicted in Fig.6.36. While the
upper-critical-field curves near T, were found to be consistent with earlier re-
sults on these compounds, which indicated a more conventional behavior (see
also Fig. 6.9 in Sect. 6.4) [852, 853, 854], the extension of the measurements to
lower temperatures revealed for some field directions a critical field of a factor
of 2 — 4 larger than the Pauli limiting field [845, 989] of Bp = 1.84 x T, ~ 2.2
and 2.6 T for the X = PFg and ClOy4 salts, respectively.

Various scenarios have been discussed to explain the upturn in the upper
critical field including a strong spin-orbit scattering [990, 991], a magnetic-
field-induced dimensional crossover (FIDC) from 3D to 2D [992, 993], the
formation of a spatially inhomogeneous Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) state [735, 736], and the formation of slabs of superconductor sand-
wiched between insulating regions [994]. The insulator-superconductor slab
model is more consistent with the data for (TMTSF)2PFg at a pressure of
5.7 kbar since a cusp in the angular dependence of the upper critical field, as
expected from the FIDC model, has not been observed [994]. Furthermore, no
indications for a first-order phase transition into the FFLO state have been
observed which points to the possibility of a spin-triplet superconducting
state.

This interpretation has gained further support from recent “"Se-NMR
measurements of the Knight shift Ks in the superconducting state of (TM-
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TSF)2PFg under 7kbar of pressure [996]. Since Kg is proportional to the
spin-susceptibility Xspin, which is different for spin singlet (xspin — 0 for
T — 0) and triplet (xspin remains unchanged on cooling through T.) super-
conductors, measurements of Kg provide a direct probe of the spin parity
of the superconductor. Figure 6.37 shows that in contrast to the expecta-
tions for the various scenarios involving singlet superconductivity there is
no significant change in Kg for B || a on cooling into the superconducting
state. These observations, together with similar results of a previous study
for B || b [997], thus argue for a spin-triplet pairing, see also [998] for a recent
discussion. Besides Kg, the above studies also included measurements on the
spin-lattice relaxation rate 1/7; which exhibits a small peak near T,. In light
of the absence of such a peak in previous reports of zero-field proton-NMR
measurements [986], its identification with a Hebel-Schlichter peak is unclear.

6.7 On the Pairing Mechanism

Understanding the mechanism that gives rise to the formation of Cooper pairs
for the present molecular materials continues to pose a challenging problem.
The excitonic mechanism proposed by W.A. Little [73, 999] for certain quasi-
1D organic polymers was of great importance historically in giving the initial
impetus to the development of the field. From today’s perspective, however, it
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is fair to say that the search for materials with suitable chemical and physical
properties for such a mechanism to work has so far been unsuccessful.

In the discussion of the transport and optical properties in Sect. 4.3.1, it
became clear that there is a substantial coupling of the charge carriers to both
intra- as well as intermolecular phonons. Consequently, some researchers in
the field believe that the conventional electron-phonon coupling provides a
substantial contribution to the pairing interaction. On the other hand, the
fact that for the present materials — as for the cuprates and heavy-fermion
systems — the superconducting region in the phase diagram lies next to a
magnetically ordered state suggests that magnetic interactions are involved
in the pairing mechanism.

Models Considering the Role of Phonons in the
Pairing Mechanism

One example for a conventional electron—phonon pairing scenario has been
discussed by K. Yamaji [1000]. In this model he considers an attractive in-
teraction mediated by several high—frequency internal molecular vibrations,
in addition to low-frequency intermolecular phonons.

A more general account for the complex role of phonons for superconduc-
tivity has been given by A. Girlando et al. [1001, 1002, 303]. By calculating
the lattice phonons for the x-(ET)sls and (-(ET)2I3 superconductors us-
ing the quasi-harmonic-lattice-dynamics method and evaluating the coupling
to the electrons, A, they succeeded in reproducing all available experimen-
tal data related to the phonon dynamics, for example the lattice specific
heat. They showed that a lattice mode that couples particularly strongly to
the electrons is one in which the relative displacement of the ET molecule
is along the long axis of the molecule, i.e. perpendicular to the conducting
planes. As an interesting side result of their study on x-(ET)Is, it is men-
tioned, that the coupling of acoustic phonons is very anisotropic and likely
to cause gap anisotropies, though of a conventional type. In addition, it has
been shown that the lattice phonons alone cannot account for the T, values
in these compounds. High—frequency intramolecular phonons modulating the
on-site electronic energies have to be taken into account to reproduce the
critical temperatures [1001].

Recently, a distinct kind of phonon—mediated pairing has been suggested
for the (ET)2X salts [1003]. It is based on the idea that in a system in which
Coulomb correlations are screened to be short range, i.e. Hubbard type, the
electron-phonon scattering is dominated by forward processes. This results
in an effective small-q pairing potential. Subsequent self-consistent solutions
of the BCS gap equation using a band structure based on the effective-dimer
approximation, lead to a gap structure where d- and anisotropic s-wave states
are nearly degenerate. Furthermore it has been argued that the conflicting ex-
perimental results about the gap symmetry may originate in the decorrelation
of superconductivity on various parts of the Fermi surface — a consequence
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of small-g dominated pairing — and the near degeneracy of s- and d-wave
superconducting gap states [1003].

Models which Consider an Unconventional Pairing Interaction

On the other hand, the rich phase diagram and the anomalous properties
of the metallic state of these materials may suggest that the key elements
dominating the physical behavior are the layered structure and the strong
interactions between the electrons [104]. As a consequence, some researchers
even resign from considering any coupling to the phonons and instead con-
sider mechanisms which are solely based on two-dimensional electronic inter-
actions. Most of these proposals deal with a spin-fluctuation-mediated pairing
mechanism. The latter is motivated by the close proximity of the supercon-
ducting region in the phase diagram to an antiferromagnetic insulating state
which — in analogy to the high-T, cuprates — suggests that both phenomena
are closely connected to each other [189, 104, 944].

An approach in this direction has been proposed by H. Kino and H.
Fukuyama [189] who studied the effects of on-site Coulomb interaction and
dimer structure in a strictly two-dimensional system within the Hartree-
Fock approximation, see also [1004]. In their picture, the antiferromag-
netic insulating state of k-(ET)2X is a Mott insulator which is driven to a
metal /superconductor by increasing the band width. The Mott-Hubbard sce-
nario for the present organic superconductors implies a half-filled conduction
band, together with strong electron correlations. Because of the approximate
square-lattice configuration of the dimers, the authors expect a similar spin-
fluctuation mediated superconductivity with probably d2_,> symmetry as
in the cuprates [189].

Such a possibility has been studied in detail by J. Schmalian [944]. Us-
ing a two-band Hubbard model to describe the antibonding orbitals on the
ET dimer, he succeeded in creating a superconducting state with 7. ~ 10 K
mediated by short-ranged antiferromagnetic spin fluctuations. It has been ar-
gued that despite the frustrating interactions and in-plane anisotropies which
distinguish the organic materials from the high-T, cuprates, the origin of su-
perconductivity is very similar for both material classes [944].

A spin-fluctuation-based superconductivity similar to that of the cuprates
has been claimed also by H. Kondo and T. Moriya [1005, 1006, 1007]. They
investigated the properties of a half-filled Hubbard model in a fluctuation
exchange approximation (FLEX) with a right-angle isosceles triangular lat-
tice with transfer matrices —7’/ and —7. They revealed an energy gap of
dg2_,2 symmetry which upon cooling grows much faster compared to that
expected in the BCS model. In addition, they showed, that the appearance
of d-wave superconductivity near an antiferromagnetic instability requires
a suitable electronic structure, i.e. 7//7 > 0.3 [1005, 1006, 1008]. A spin-
fluctuation mediated d-wave superconducting state has been found also by
several other approaches including FLEX, perturbation theory or quantum
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Monte Carlo simulation applied to x-(ET)X [1009, 1010, 1011, 1012] or the
quasi-1D (TM)2X salts [1011, 1013]. In [1014] and [1013] an explanation for
the pseudo-gap behavior at elevated temperatures T* has been proposed in
terms of strong antiferromagnetic spin-fluctuations.

In [1015] it has been argued that a mean-field treatment of the above-
mentioned Hubbard model, which has been considered a minimal model for
the layered organic superconductors [1016, 189], will not correctly describe
the materials as it neglects important spin correlations arising from superex-
change. Instead, the authors considered the Hubbard-Heisenberg model which
can be derived from the Hubbard model in the limit of large, but finite, on-
site Coulomb repulsion U [1015]. Within a resonating-valence-bond (RVB)
theory they found a first-order transition from a Mott insulator to a d,2_,p
superconductor with a small superfluid stiffness ps )\22 (AL is the London
penetration depth) and a pseudo-gap with d,2_,» symmetry.

A similar two-dimensional Hubbard model, including a spin-exchange cou-
pling term, has been studied by J.Y. Gan et al. [1017] using the Gutzwiller
variational method. They found that the ground state is a Gossamer super-
conductor at small on-site U and an antiferromagnetic Mott insulator at large
U, separated by a first-order phase transition.

While the starting point of the above models is in the limit of strong
correlations, i.e. near the Mott-insulating state, a somewhat different view-
point is taken in the work by R. Louati et al. [1018]. These authors studied
the effect of spin fluctuations in a two—dimensional model in the weak cor-
relation regime by varying the bandwidth and the nesting properties of the
Fermi surface. They argued that spin fluctuations are enhanced by the good
nesting properties which may account for the anomalous NMR relaxation
rate observed at temperatures T* above T. in the x-(ET)2Cu[N(CN);]|Br
salt. Furthermore they found that spin fluctuations can induce a supercon-
ducting coupling with d-wave symmetry that lies next to a spin-density-wave
instability [1018].

The above models address systems at half filling, which is realized in the
dimerized k-phase (ET)2X suggesting spin-fluctuation-mediated supercon-
ductivity with a dg2_,» symmetry. A different scenario has been proposed
for the § and 3" structures [950]. Here the ET molecules are not dimerized
which results in a quarter-filled hole band. In this case, a nearby insulating
phase is believed to be due to a charge ordering, driven by strong inter-site
Coulomb correlations. Applying slave-boson theory to an extended Hubbard
model (4.2) at quarter filling, superconductivity mediated by charge fluctua-
tions has been found. This results in a d, symmetry of the superconducting
state [950] as opposed to the d,2_,2 symmetry for the above spin-fluctuation
mechanism. The effect of charge fluctuations on the superconducting state
has also been estimated by calculating pairing interaction within the random
phase approximation [1019]. The authors found that the obtained SC state
has d;, symmetry in the vicinity of both spin-density-wave (SDW) phase
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(U > V) and charge-density-wave (CDW) phase (U < V) in a phase diagram
of U and V at fixed temperatures.

Experimental Hints to the Pairing Mechanism

On the experimental side, the issue of identifying the mechanism that binds
the electrons into Cooper pairs is even more difficult than the question of
the pairing symmetry. Even under ideal experimental conditions, there is no
decisive probe from which the relevant pairing interaction can be unequivo-
cally determined. There are, however, some crucial experiments which may
help to delineate the various possibilities. One of those key experiments is
the isotope effect which addresses the question whether the lattice degrees of
freedom are involved in the Cooper-pair formation.

Isotope Effect and Phonon Renormalization

Studying the effect of isotope substitutions on the superconducting transition
temperature is one of the key experiments to illuminate the role of phonons
in the pairing mechanism. Since a controlled exchange of isotopes of some
or all the atoms of a material affect only the lattice properties, a finite iso-
tope effect is a clear proof that phonons are involved, to some extent, in the
pairing interaction. For materials consisting of only one atomic species, a T,
dependence of

T.ox M™¢ (6.48)

is expected, where M is the isotopic mass, and o = 1/2 in a first approxima-
tion [1020].

The effect of isotope substitution has been studied for various members
of the (ET)2X superconductors. Isotopes have been substituted in the ET
molecule by replacing 'H by 2D in the ethylene endgroups, by a partial
exchange of 12C by '3C or 32S by 34S atoms in the inner skeleton of the
molecule. In addition, systems have been studied where the acceptor molecule
has been isotopically labelled. First experiments focused on the role of the
electron-molecular-vibration (EMV) coupling by substituting *C for 2C in
the central double bond of the ET molecule. The large decrease of T, of
AT, /T, = —2.5% found for the high-temperature variant (8g) of 5-(ET).I3
by the Orsay group [1021] could not be reproduced by a subsequent study
where no systematic decrease of T, could be detected [1022]. Most intensive
studies on the isotope effect have been carried out on the x-(ET);Cu(NCS),
salt by the Argonne group [297, 1023]. Their investigations include isotope
substitutions on both the ET molecules (all together seven differently labeled
ET derivatives) as well as the anions. In each case, a batch of unlabeled sam-
ples has been synthesized under strictly parallel experimental conditions.
These crystals serve as a reference for comparison. By sampling a large num-
ber of crystals, typically eight or more of both labeled and unlabeled material,
a genuine mass-isotope effect on T, has been found: upon replacing all eight
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sulfur atoms by 2*S and the outer-ring-carbon atoms of the [(CHs)z] end-
groups by '3C, denoted by 3C(4)34S(8), which corresponds to a 5 % increase
of the ET molecule’s mass, a shift of AT, = —(0.12 £ 0.08) K has been ob-
served, see Fig. 6.38. This value was obtained by measuring 19 crystals each of
natural abundance and 3C(4)34S(8)-labeled x-(ET)2Cu(NCS)2. Figure 6.38
shows that each set of curves, despite being spread over AT ~ 0.1 — 0.15K
shows a clean separation. Assuming that the whole ET molecule is the rele-
vant mass entity M, this shift corresponds to a = 0.26 £0.11 in (6.48). This
experiment provides clear evidence that the inter-molecular (lattice) phonon
modes are strongly involved in the pairing mechanism. On the other hand,
the same group demonstrated the absence of a comparable isotope effect on
T, for k-(ET)2Cu(NCS)2 and x-(ET)2Cu[N(CN)2]Br upon a partial substi-
tution of the central C=C and also a simultaneous replacement of both the
central and ring C=C atoms. The same holds true for a substitution of the
eight sulfur atoms, see [297, 1023] and references therein. These results in-
dicate that the intrae-molecular C=C and C—S bond-stretching vibrational
modes of the ET molecule do not provide a substantial contribution to the
Cooper pairing,.

An inverse isotope effect on T, has been observed for x-(ET);Cu(NCS),
where T, of deuterated samples k-(Dg-ET)2Cu(NCS)2 was found to be higher
than that of the hydrogenated salt, see [86]. This effect has been confirmed
and quantified by the above-mentioned study where particular care has been
taken to guarantee comparable quality of both the labelled and unlabelled
crystals [297, 1023]. The physical reason for the inverse isotope effect is still
unclear. Taking into account the results of thermal expansion and X-ray
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studies of the lattice parameters [348, 1024], it has been proposed that the
inverse H-D isotope effect is not directly related to the pairing mechanism.
Instead it has been attributed to a geometrical effect, i.e. changes in the
chemical pressure: as the effectively shorter C—D bond [1025] corresponds
to a higher chemical pressure perpendicular to the planes compared to that
for the hydrogenated system, the negative values of 97./Jp, (Table6.2) re-
sult in a higher T, for the deuterated compound [1026, 1027], see also [115].
A geometric H-D isotope effect has also been found for two other (ET)2X
compounds kz-(ET)2Ag(CF3)4(solvent) and ﬂ”—(ET)QSFsCHgCFQSOg hav-
ing different packing motifs and anion structures. Although the T. values
are considerably different for these salts, the investigations reveal an almost
identical ”universal” shift of T, of AT, = 4(0.26 £ 0.06) K [1026, 1027].

An alternative explanation for the H-D isotope effect has been proposed
recently by T. Biggs et al. based on their measurements of the Shubnikov-
de Haas effect focussing on pressure-induced changes of the Fermi-surface
topology of deuterated and protonated x-(ET)sCu(NCS)s [462]. It has been
suggested that the superconducting mechanism is most sensitively influenced
by the exact topology of the Fermi surface. Since the latter has been found
to change more drastically with pressure in the deuterated salt, this effect
might also be responsible for the inverse isotope effect [462].

Furtherindicationsfor a phononic contribution to the pairing interaction can
be inferred from thermal conductivity measurements on x-(ET)3Cu(NCS),
and #-(ET)2Cu[N(CN)2|Br [955, 942, 457]. As discussed in Sect. 6.6, the sig-
nificant enhancement of the thermal conductivity below T, observed in these
experiments has been assigned to an increase of the lattice thermal conductiv-
ity due to the condensation of the electrons into Cooper pairs. This contrasts
with the situation for (TMTSF)3ClOy4, where the lattice conductivity was
found to remain unchanged by the superconducting transition [987].

A substantial contribution of the intermolecular phonons in the pairing
interaction has been claimed also from the phonon renormalization measured
by inelastic neutron scattering experiments [304]. As a consequence of the
interaction of charge carriers with the phonon system, the opening of a gap
in the electronic density of states below T, induces changes in the phonon
frequencies and linewidths. These effects were first observed in the classical
superconductors NbgSn and Nb [1028, 1029]. The results of these studies sup-
ported the generally accepted picture that superconductivity in these materi-
als is phonon—mediated. Inelastic neutron-scattering experiments have been
performed on single crystals of k-(ET)2Cu(NCS)2 on both hydrogenated and
deuterated crystals [1030, 304]. Due to the extraordinarily large incoherent
cross section of the protons, the study of x-(Hg-ET);Cu(NCS), allows for
a selective investigation of those vibrational modes that involve the hydro-
gen atoms at the ethylene endgroups. The analysis of measurements above
and below T, suggest a substantial coupling of these modes to the super-
conducting charge carriers [1030]. Figure 6.39 shows the results of inelastic
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Fig. 6.39. Temperature dependence of the energy of the transverse acoustic phonon
with wave vector ¢ = (—0.225,0,0.45) derived from inelastic neutron scatter-
ing on two different single crystals (open and closed circles) of deuterated x-
(ET)2Cu(NCS)2. Inset: observed frequency shifts [AE = E(T < T.) — E(T > T¢)]
of transverse acoustic phonons in the [—(, 0,2 (] direction, after [304].

neutron-scattering experiments on deuterated x-(ET)oCu(NCS), carried out
by L. Pintschovius et al. [304]. The data reveal a sudden increase of the
frequencies of transverse acoustic phonons upon cooling through T,. This
phonon hardening was found to be most pronounced for the wave vector
g = (—0.225,0,0.45) and a phonon energy 2.4 meV. As discussed by R. Zey-
her and G. Zwicknagl [1031], significant changes are expected only for those
phonons whose energy hw is close to the gap value 2 A with a softening
(hardening) for iw < 2A (hw > 2 A) [1031]. The above results thus imply
2A ~24meV, ie. 2A/kpT, ~ 3.1, which is close to the BCS ratio of 3.52.
The salient feature of this study is that intermolecular modes strongly couple
to the superconducting charge carriers and may thus provide a substantial
contribution to the pairing interaction [304].

Likewise, a substantial hardening of phonon modes associated with the
opening of the superconducting gap below T, have been identified by a Raman
scattering study on x-(ET)2Cu[N(CN);z]Br [88].

Universal Behavior

Other attempts to uncover the mechanism for superconductivity in the
present class of molecular materials involves searching for universal trends.
Here we mention the linear scaling between T, and the superfluid stiffness
ps = /A2 (AL is the London penetration depth), first identified by Y.J.
Uemura et al. for the underdoped high-T. cuprates [1032]. There p; is di-
rectly proportional to the carrier density n, which is controlled by the doping
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level, and the linear T,.-ps; dependence has been attributed to a Bose-Einstein
condensation of preformed pairs [1033] or to the effect of phase fluctuations
of the superconducting order parameter [1034]. In contrast, for the molecular

superconductors an approximate scaling of T, with p‘g/ % has been reported
[858]. This scaling relation was found to hold for a wide range of molecular su-
perconductors encompassing the quasi-1D (TMTSF)2ClO,, various examples
of the quasi-2D (ET)2X superconductors, and also the three-dimensional ful-
leride superconductors [858]. Moreover, in an attempt to look for correlations
between superconducting parameters and the normal-state conductivity oy,
a marked difference to the cuprates has been observed: while for the molec-
ular superconductors ps decreases with increasing conductivity, the opposite
trend has been reported for the cuprates [1035]. In [858] it has been argued
that the simplicity of the scaling for the molecular superconductors suggests
that this effect is controlled by one dominant parameter. One such possibility
would be the ratio of the electron correlation energy U by the electronic band
width W, cf. the proposed phase diagram for the x-(ET)2X salts in Sect. 4.6.
This interpretation would also be consistent with the effect of hydrostatic
pressure which reduces U/W and which results in a depression of T, and an
increase of the normal state conductivity og, see Sect. 4.3.1. However, as has
been pointed out in [858], this contrasts to theoretical models — attempting
to describe the transition from a Mott insulator to a superconductor — which
predict that an enhanced T, near the insulator state is accompanied by a
depressed ps [1015].



7 Phenomena of Interacting - and d-Electrons

The interplay between magnetism and conductivity has continued to be an
attractive subject in LDMM as it has been in inorganic magnetic materials
with localized d- or f-electrons interacting with conduction electrons. Here
we describe the phenomena of interacting - and d-electrons in (DCNQI)3Cu
with mixed-valent Cu ions and in quasi-2D (BETS)2FeX, (X = Cl, Br) with
localized d-spins.

7.1 (DCNQI),Cu
7.1.1 Crystal Structure and Electrical Conductivity

All the metal salts (2-R1,5-R2-DCNQI)>M (M = Cu, Ag, Li) are isomorphous
with space group I4;/a, with a tetragonal unit cell [1036, 1037]; review ar-
ticles are available in [1038, 1039, 1040, 40, 39]. The crystal structure of
(DMe-DCNQI)2Cu (R1=R2=CHjs;) is illustrated in Fig.7.1. Planar DCNQI
anions, uniformly stacked along the c-axis, form a columnar structure. These
columns are interconnected with each other via Cu ions that are stacked like
a string of pearls along the c-axis, and tetrahedrally coordinated with the
local symmetry of Doy with the N atoms of the terminal cyanoimino (=N—
CN) groups. Thus the DCNQI molecule not only acts as an electron acceptor
but also as a ligand for the metal ions. The bonding angle a = 122° — 127°,
which depends on the combination of the R1 and R2, is a measure for the
degree of distortion from T,; symmetry, and therefore is a crucial parameter
for the electronic states, see below. The overlap of DCNQI molecules within
the stack is of the so-called ring-over-double bond type, resulting in a short
inter-planar distance d of 3.13 — 3.24 A between DCNQIs. The tilting angle
¢ of the molecular plane from the chain axis is 33° — 38° depending on the
ligands. This close stacking is responsible for the large transfer integral of
m-orbitals along the c-axis. On the other hand, the Cu ions are separated
from each other enough to prevent a direct metallic contact.

An extremely high conductivity in the range of 10° Sem~! at low tem-
peratures has been observed in (DMe-DCNQI)2Cu, the first anion radical
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(DMeDCNQI),Cu ( Ri =R2 = Me )

a=21613 A, c=3883 A, d=3.18 A, R=1.986 A
b =338 a=1247 6 =170.6°

Fig. 7.1. Crystal structure projected along the c-axis, local molecule coordinations
and structural parameters in (DMeDCNQI)2Cu. After [40].

quasi-1D metal which is stable down to low temperatures without any metal-
insulator (MI) transition.

Figure 7.2 shows the temperature dependence of the logarithmic conduc-
tivity of the various Cu salts. According to these conductivity behaviors a
variety of salts can be classified into Groups I and IT; DMe- and Mel-DCNQI
salts belonging to Group I exhibit a metallic conductivity down to low tem-
peratures, while the other salts with MeBr, MeCl and BrCl, belonging to
Group II, undergo a first-order MI transition, respectively at 155K, 210K,
and 213 K. The MI transition is sensitively controlled by applying hydrostatic
pressure as well as chemical modifications such as alloying and isotope label-
ing. For example, the metallic state in the DMe salt exhibits not only an insta-
bility against forming an insulating state under small pressures p > 100 bar,
but also a re-stabilization of the metallic state at slightly higher pressures
[1041, 1042, 1043]. This so-called reentrant metallic transition, which is also
observed in partially deuterated DMe salts and others, as e.g., the DMeO
salt [1044], defines Group III.
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7.1.2 Reentrant Metal-Insulator Transition

The above-described three groups are mapped on the schematic pressure-
temperature phase diagram for the Cu salts, as shown in Fig.7.3(a) [40].
Here the horizontal axis measures not only physical but also chemical pres-
sure controlled by substitution, alloying, and isotope labeling. For example,
a selective deuteration R1 = R2= CH,D by R. Kato and his coworkers [1045]
clearly indicates the successive metal-to-insulator-to-metal phase transitions!
as shown in Fig. 7.3(b). This deuteration for the methyl group induces an ef-
fective lattice contraction, in particular, a reduced inter-molecular spacing
due to a steric effect caused by C-D bonds being shorter than C-H. This
selective deuteration, with many different combinations of the sites and the
number of deuterium atoms, made it possible for various measurements to be
carried out on ambient-pressure samples with chemically-controlled electronic
states.

! This reentrant transition was originally found in the methyl and fully deuterated
(DMe-DCNQI-dn)2Cu (n = 3, 6, 8) by K. Sinzger et al. [1046].
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(b) the reentrant metal-insulator transition observed in the selectively deuterated
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The electronic states and relevant physical properties are described within
the p-T phase diagram. Satellite X-ray reflections? at ¢ = (0, 0, ¢*/3), cor-
responding to the three-fold superlattice formation (a x b x 3¢), appear in
the insulator phase of not only Group II [1037, 1047] and III compounds
[1048, 1049] but also for Group I systems under high pressure [425]. This
structural phase transition indicates that a commensurate 2kp-CDW is in-
duced along the c-axis and the one-dimensional band in the high-temperature
metallic phase is 1/3-filled. Therefore, the formal valences of DCNQI and Cu
are —2/3 and +4/3, which is in contrast to that in the non-magnetic Ag salt
(Ag™), as described in Sect. 4.4.3. This unusual valence state of the Cu ions
leads to a mixed-valent (or valence fluctuating) state in the metallic phase
and a charge-ordered state of ~-CutCutCu?* - in the insulating phase. These
valence instabilities, responsible for the prominent magnetic behavior in both
phases, were disclosed experimentally by X-ray photoemission spectroscopy
(XPS) for the Cu 2p and/or N 1s core levels [1050] and were later studied by
'H- [1051, 1052] and 53Cu-NMR. [1053].

Thus, the MI transition can be understood by the interplay between
the m-electrons’ Peierls instability and the 3d-electrons’ charge-ordering,
which is attributed to the location of the 3d-orbitals in the HOMO-LUMO

2 Here, they emerge just at the first-order MI transition temperature without any
diffuse scattering as seen in the metallic state of TTF-TCNQ (Sect.4.4.1).
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gap of about 1.5eV. In particular, the 3d,-orbital can be hybridized with
the LUMO? so that an additional electron transfer of small quantity & to
(DCNQI)~(2/3+9) occurs, since it is separated from other d-orbitals due to
the crystal-field effect which is sensitively tuned by the bonding angle a via
a Jahn-Teller distortion. This MI transition has been discussed theoretically
in terms of electron correlation effects [1056, 1057, 176].
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Figure 7.4 shows the magnetic susceptibility, demonstrating how the mag-
netic properties are directly related to the valence instability. The pristine
(hg) DMe salt (Group I) reveals a temperature-independent Pauli suscepti-
bility (not shown). On the other hand, the fully deuterated (dg) salt (Group
IT) exhibits a spontaneous appearance of the magnetization at Thp;; = 85K
due to the spin 1/2 at the Cu?* sites, which is followed by a Curie-Weiss law
with a Weiss temperature ® = —14 K indicating the existence of an AFM
exchange interaction [1059]. Upon further decreasing the temperature, AFM
order appears at Ty = 7K with a spin easy axis perpendicular to the c-

3 The band structure calculated by the tight-binding approximation [1054] explains
the ellipsoidal Fermi surface and its magnetic breakdown-like orbit with open
sheets that has been observed in dHvA oscillations [1055]. The 3D Fermi surface
was assigned due to the strong hybridization effect of the 3dgy-orbital with the
LUMO. It has been confirmed fairly well by more elaborate calculations based
on local-density approximation for (DMe-DCNQI)2M (M = Cu, Li, Ag) [422],
although a difference in the detailed dispersions of the hybridized bands just
below Er remains between these two calculations. In contrast to the 1D Li and
Ag salts, the Cu salt is the first example with 3D electronic states at the Fermi
level in coexistence with quasi-1D m-electronic states.
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axis, which is the ground state of Group II materials, as shown in Fig. 7.3(a).
For the selectively deuterated salt of Group III, however, the reentrant tran-
sition is seen in Fig. 7.4 [1058], where the susceptibility drops back to the
temperature-independent Pauli paramagnetism. The corresponding hystere-
sis, as observed in the resistivity, Fig. 7.3(b), is seen also in the susceptibility
(not shown in Fig. 7.4).

The reentrant transition in Group III compounds can be phenomenolog-
ically understood from a thermodynamic point of view [1060]. Taking into
account both entropies Sy; = T for the hybridized (itinerant) electrons in
the metallic (M) phase and S; = (1/3)NakpIn2 (= 1.9J/molK) for the
localized spins at Cu?* in the insulating (I) phase, the free-energy difference
AF = F)y; — F; between these phases can be written as

1 1
AF = Ey — §7T2—(E[—S[T):AEM[— 5’)’T2+S[T, (71)

where AF )1 = Fy—Ej is the energy difference between the two phases. Here
Ejyr and Ej stand for the energy gains due to the metallic band formation
and the insulating charge ordering, respectively. AFj,; is assumed to be a
parameter depending on the applied pressure, see Fig. 7.3(a). Since the phase
transition is expected to occur at AF = 0, the materials in Groups I — III
are clearly classified as follows. When AFEyy < —S7/27, the metallic state
is exclusively stable without any transitions as in Group I. Alternatively,
two successive phase transitions in Group III are expected to show up when
—S2/2v < AEpy; < 0, while only one transition occurs in Group II when
AFEyNp > 0. This phenomenological theory, which can reproduce also the
first-order nature of all the transitions with the latent heat AQ = (S —
S1)Ty, - Tar, explains the phase diagram at least semi-quantitatively. A
quantitative comparison was made by specific heat measurements [1061]. The
essential point is that the entropy of the spin degree of freedom in the charge-
ordered insulating phase is almost independent of temperature, while the
electronic entropy in the metallic phase is strongly temperature-dependent.
It is notable that the vertical border line, Fig.7.3(a), between the metallic
and AFM insulating phase at low temperatures is due to a rapid decrease of
the spin entropy in approaching the AFM order.

7.2 (BEDT-TSF),FeX, (X=CI,Br)

The BETS molecule, which is a derivative of ET obtained by substituting
the S atoms in the TTF skeleton by Se (Figs.2.1 and 3.1), had been ex-
pected to be of great promise to bring forth new salts with stable metallic
states because of its potential ability to enhance the intermolecular chalcogen-
chalcogen contact due to the larger extension of the m-orbital wavefunction
in Se. Employing the titanocene-involving synthetic route developed by R.
Kato et al. [1062, 1063], a number of 2:1 BETS salts were synthesized with a
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variety of counter anions, in which quasi-2D metallic states at quarter filling
remain stable. Novel phenomena induced by 7-d interactions have been ob-
served in the magnetic-anion salts with tetrahalometalates FeX4(X=Cl, Br);
review articles are available in [66, 67, 1064, 1065].

7.2.1 Crystal Structures and Transfer Integrals

The two different crystal morphologies called x and A are shown in Figs. 7.5
and 7.6 [121, 1066]. The xk-type salts (X=Cl, Br) have face-to-face coupled
dimers in the most conducting ac-plane, similar to the x-ET salts forming an
orthorhombic structure with the space group Pnma. In the anion layer, the
shortest Fe-Fe distance is about 5.88 A with short contacts of 4.12 — 4.13 A
between chalcogen ions.

The M-type? salt (X = Cl) is quite unique: The crystal symmetry is tri-
clinic with the space group of P1 having only one inversion center except for
the translational symmetry operation. The BETS donors are stacked along
the a-axis, forming a tetradic, zigzag column with two independent BETS
molecules. As seen in Fig.7.6, the tetrahedral FeCly anions are located in
between these columns with a key-to-key hole packing motif. The rather

P B!

Orthorhombic, Pnma
a=11.787 (A), b=36.607 (A), c=8.504 (A)

Fig. 7.5. Crystal structure of k-(BETS)2FeBrs: (a) unit cell projected along the
c-axis and (b) perspective view nearly along the interlayer b-axis (after [1067]). The
tetrahedral FeBrs anions are located alternately along the b-direction. In the most
conducting ac-planes (b) the BETS molecules form dimers overlapping with each
other in a ring-over-double bond manner, and adjacent BETS dimers are arranged
in a roughly orthogonal manner, characteristic of the r-type packing motif. The
overlap integrals (in units of 1073) [1067] are: by = 29.2, by = 18.0, p = 8.1 and
q=—".0.

4 This structure is also seen in ET tetrahalometalates like (ET)aMXy (M = Fe,
Ga; X = CI, Br) [1068, 1069, 1070, 1071].
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Fig. 7.6. (a) Crystal structure (double unit cells) of A-(BETS)2FeCls projected
along the c-axis and (b) the perspective view featuring a well-developed columnar
structure in BETS stacks. Overlap integrals (in units of 1072) [1067] are: A = 33.55,
B=1827,C = 14.83, p = —2.80, ¢ = —9.30, r = 13.00, s = 17.11 and ¢ = 2.56.

strong coupling along the c-axis between columns makes the ac-plane the
most conductive one. The planes are bridged by the anions through several
coupling routes between Se and Cl, shorter than the van der Waals radii.
These characteristic couplings lead to sizable m-d exchange interactions via
the Cl 3p-orbitals, as will be described later. To note, the shortest Fe-Fe dis-
tance is about 6.59 A which is somewhat longer than that of s-type systems
due to the above described characteristic packing.

For the overlap integrals S;; of the m-orbitals [1067] (see the figure captions
of Fig. 7.5), the x-salt exhibits a strong dimerization in the ac-plane such that
the intra dimer b; is larger by a factor of 1.6 than the inter dimer bo, similar to
the k-ET salts. In the A-salt having the tetradic sequence -A-B-A-C- along the
column, the overlap integral A is almost twice as large as B and C'. The reason
is attributed to the peculiar face-to-face configuration of an ideal ring-over-
double bond realized solely for A [1066]. For the intercolumn coupling due to
the side-by-side configuration, the overlap integrals, in particular, along the
routes of r and s are fairly large (comparable to B and C), resulting in a 2D
conducting plane. It is important to note that these coupling routes provide
a bridge across the dimers (A) on neighboring columns. (For a comparison to
other calculations for the transfer integrals [1066, 1072], refer to the appendix

n [1067].)
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7.2.2 Conductivity and Magnetism

The k- and A-salts exhibit common features in transport and magnetic prop-
erties at high temperatures as shown in Figs. 7.7 and 7.8. One is a broad
maximum in the electrical resistance around 70K (x) and 100K (A), similar
to what is observed for the x-ET salts as discussed in Sect.4.3.1. Another is
a paramagnetic metallic (PMM) state following a Curie-Weiss law,

C  Nalgps)*Sa(Sa+1) 1

“T-6 3kp ‘T-© (7.2)

X

where N, is Avogadoro’s constant. A localized spin Sy = 5/2 at Fe3* and
Weiss temperatures of © = —5.5K (k) and —10K (\) have been obtained.
These magnetic properties indicate that the crystal-field effect is strong
enough to stabilize the high-spin state, and that there is an antiferromagnetic
interaction among the spins. These high-temperature properties, independent
of the crystal morphology, however, are followed by quite different properties
at low temperatures.

k-(BETS ), FeBry

In k-(BETS)2FeBry, the susceptibility indicates AFM order at Ty = 2.5K
associated with a slight drop of the resistivity [1073]. The spin easy axis is
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Fig. 7.7. (a) Temperature dependence of the magnetic susceptibility of x-
(BETS)2FeBrs down to 60 mK for fields parallel and perpendicular to the ac con-
duction plane. Both antiferromagnetic and superconducting transitions are seen
around T = 2.5 and T. = 1.1 K. The inset shows the magnetization curve for
the field applied parallel to the spin easy axis and the metamagnetic transition
around 1.6 T. (b) Temperature dependence of the in-plane electrical resistivity p
normalized to the room-temperature value. The inset shows the low-temperature
resistivity behavior with anomalies at Tn and T.. After [1073].
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parallel to the a-axis and the metamagnetic transition (spin-flop) occurs at
Bsy = 1.6T. (In the FeCl4 salts with Ty = 0.45K and T, = 0.1K [1074],
B,y = 0.6 T [1075].) The specific heat exhibits a sharp A-shaped peak at Ty
and the entropy reaches RIn(2S54+ 1) = RIn6, as expected for the high-spin
S =5/2 [1073]. This AFM metal undergoes a superconducting transition at
T. = 1.1 K. Muon spin rotation and relaxation measurements, carried out on
these salts, are reported in [876, 1076].

)\-(BETS)QFGCZ4

In A-(BETS)3FeCly, however, the PMM state turns into an AFM insulating
state (AFMI) at Tn(= Tar) = 8.3K. (Note that the isostructural, non-
magnetic GaCly salt is a superconductor with T, = 4.8 K [121, 1078, 1066]).
At Ty, the localization of the m-electrons manifests itself in the occurrence
of a quantum spin s, = 1/2 which is proved by the magnetization drop just
below Ty7, and thus the MI transition accompanies an s,-S4 coupled AFM
order [1079]. (Note that the ratio of the magnetization contributions from
these spin systems, sr(sr + 1)/S4(Sq + 1) is about 0.086.) Indeed, the two-
sublattice model [1080] for these coupled spins can successfully explain the
AFM resonance [1080, 1081, 1082] that is attributed to the spin waves excited
on the 7-spin sublattice. The spin easy axis tilts from the c-axis by about
30° — 40° [67, 1083] and the metamagnetic transition occurs at By = 1.5 T.

The conducting and magnetic properties in the A-salts are sensitively de-
pendent on pressure and anion alloying, see, e.g. [66, 67]. For example, the
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Fig. 7.8. Temperature dependence of the in-plane electrical resistivity normalized
to its room-temperature value and magnetic susceptibility with the magnetic field
parallel to the ac-plane for A-(BETS)2FeCly. The resistivity for the isostructural,
superconducting GaCly salt with T, = 4.8 K is also shown for comparison. The solid
line for the susceptibility data shows the Curie-Weiss dependence and the inset the
temperature derivative of p. After [1077].
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isostructural mixed salts with 0.35 < x < 0.5 in Fe,Ga;_,Cly undergo succes-
sive transitions such that the PMM state turns into a superconductor around
4K, and then transforms to the AFMI ground state at lower temperatures
[124].% These results clearly indicate that the AFMI state, which is brought
about via magnetic interactions with localized d-spins, is energetically in close
proximity to superconductivity as observed in the nonmagnetic GaCly salt,
see Sect. 7.2.6.

7.2.3 Magnetic Interactions and Mean-Field Theories

Magnetic Exchange Interactions Based on Mori-Katsuhara
Theory

Following the Mori and Katsuhara theory [1067] based on intermolecular
overlap integrals, we first introduce the magnetic exchange interactions re-
sponsible for the AFM ordering transitions mentioned above. Hereafter we
define the spin operators S; and s; for d-and 7-spins at the i-th site, respec-
tively.

Firstly, the exchange-interaction Hamiltonian between neighboring local-
ized d-spins is given by

Haa=—2 > Jaa(i,5)Si - S, (7.3)
<ij>
where the coupling constant Jyq(< 0) = —2t%,/Uqq. Here t44 is the transfer

integral (energy) between magnetic anions via FeXy---X4Fe and Ugq is the
on-site Coulomb energy of d-orbitals assumed to be 1eV. The numerical
values of Jyq/kp are very small: —0.64K for A-(BETS);FeCly and —0.36 K
for k-(BETS)2FeBry. The difference is simply attributed to the closer C1-Cl
contacts (3.56 — 3.75 A) in the A-salt compared to the Br-Br ones (4.14 A) in
the k-salt.

Secondly, the so-called 7-d interaction is expressed by the coupling con-
stant J.q between m- and d-spins as

Hua =—2 Y Jra(i,5)Si - s;, (7.4)
<iyj>
where Jrq = —2t2,/Arq. Here t,4 is the transfer integral and A, is the

energy difference between the donor HOMO and d-like molecular orbitals at
FeXy. Since it is mediated via 3p-orbitals of X~ located about 5eV lower
than the HOMO, this interaction is called a superexchange 7-d interaction.

5 To the authors’ knowledge, among all known superconductors, this is the first
system giving place to an insulating ground state at a lower temperature. An
interplay between superconducting and insulating ground states is found in thin
films of Bi and Pb [1084].
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A strong intra-atomic exchange interaction (Hund coupling) induces a high-
spin configuration (Sq = 5/2) in which the five d-orbitals (3-fold degenerate
tay and 2-fold degenerate e,) are occupied by unpaired electrons. To note,
a4 is located lower than the HOMO by 0.9eV and the average magnitude of
Aq is assumed to be 1.0eV. The total J,4 is obtained by taking into account
all these five d-orbitals, each coupled to neighboring seven (six) different 7-
orbitals for the A-(k-)type systems. An exclusively large J4 = —14.14 K is ob-
tained along the coupling channel Se(7)-C1(2) (3.531 A) for A\-(BETS)2FeCly,
while J;q = —1.22K along S(1)-C1(3) (3.757 A) for x-(BETS)yFeBry. These
comparative results indicate that the A-salt has a much stronger m-d ex-
change than the k-salt. The reason is explained straightforwardly by the
peculiar packing motif of BETS and FeCly anions in the A-salt, as described
in Sect. 7.2.1.

With these exchange couplings, the magnetic structure can be discussed
for both A- and k-salts with a dimer model in which one m-electron with
sz = 1/2 is located at the center of each dimer. For the present case, a third
exchange interaction is introduced between m-spins:

Harw = =2 > Jox(i,5)si - 5;. (7.5)

<i,j>

b 0 . ¢
Jr(C) Il€) gy PO

Fig. 7.9. The dimer model [1067] for the AFM spin arrangement in the ab-
(left) and ac-planes (right), based on interdimer m-7 interactions consisting of the
intra-column Jr(C) and Jx~(B) and the intercolumn Jr(c), Jx=(t) and Jx=(s).
Open and closed arrows represent, respectively, sr = 1/2 localized at the dimer A
(Fig. 7.6) and Sq = 5/2 at Fe®. The solid and dotted lines connecting these spins
indicate the cooperative and frustrated (denoted with prime) exchange couplings
for J:q and Jrr. The symbols B and C' in the parenthesis of Jr correspond to the
transfer integrals as shown in Fig. 7.6.
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Here J.. is given by —2153”r /Urr where t.r is the interdimer transfer in-
tegral and U, is the on-site Coulomb energy of the donor HOMO. In
the strong dimerization limit, the effective U,, can be approximated to
double the intradimer transfer integral® [1085], which is assumed to be
1eV. Since the metallic state remains stable even below T in the x-salt,
we concentrate here on the insulating A-salt with localized m-electrons be-
low Tyn. Figure7.9 illustrates the AFM spin configurations expected from
the dimer model. Three interdimer interactions work cooperatively giving
Jer = J(B) + J(C) + 2J(c) = —622K, while the other two interactions
give the frustrated coupling J.. = J(t) + J(s) = —174K. The effective m-7
exchange, Jrr — J. ., is then —448 K. (Note that for the x-salt with a trian-
gular dimer arrangement, frustration interactions are important and can be
compared with x-ET salts [1086].)

To evaluate Ty for both salts, mean-field approximations were used based
on an itinerant model instead of the dimer model. With the Ginzburg-Landau
free energy, Ty and © were discussed in terms of two independent contribu-
tions from the direct Jyq and indirect J.q. As expected from above estima-
tions for the exchange constants, Ty of \-(BETS)sFeCly with the 7-d-coupled
AFM order is determined almost equally by both interactions, while that of
k-(BETS);FeX, predominantly by the direct interaction. For the latter AFM
order of Sy spins, Jrq plays a role in the interlayer magnetic coupling.

Kondo-Hubbard model

We proceed further to discuss the 7-d interaction-induced phenomena with
a so-called Kondo-Hubbard model [1081, 1087, 677, 1088]. The Hamiltonian,

H= Z(tijc;racjo + hC) + Urr an‘nii —2Jr4 Z S;- S;, (76)

1,J,0 2,]

consists of three terms, the 2D tight-binding hopping, the on-site Coulomb re-
pulsion U, and the 7-d exchange. Although the direct exchange interaction
term between d-spins is absent here, it can be derived as a Ruderman-Kittel-
Kasuya-Yoshida (RKKY) interaction, Jrx iy, mediated by a spin polariza-
tion of m-electrons, see, e.g. [1089]. The magnitude of Jrxky is a rough
measure for Ty, given by

JrkKYy = Jﬁdi(q) ~ kgTy. (7.7)
Here X(q) is the staggered susceptibility renormalized by Uy,

oy xl@)
X( ) N 1 - Uﬂ'TFX(q)7

5 The effective on-site Coulomb energy on the dimer is given by

Udimer = 2tqa+ (U/2) (1 -1+ (4td/U)2>, where tg and U are the intra-dimer

transfer energy and on-site Coulomb energy on each site, respectively.

(7.8)
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where x(q) is the electronic response function (4.24). For both salts the band-
structure calculations give a peak of x(q) around Q4ar = (0,0, 7/c) approx-
imately corresponding to the 2kp vectors spanning two open FS sheets. The
averaged values of x(q) are 2.4states/eV and 1.85 states/eV, respectively for
the A-(BETS)2FeCly and k-(BETS)sFeBry [1067]. Therefore the AFM insta-
bility at Qar = 2kp is found to be more enhanced in A-(BETS)2FeCly than
in k-(BETS)2FeBry. Indeed, Se- and 'H-NMR, measurements [1090, 1091]
on A-(BETS)2GaCly revealed the existence of strong AFM spin fluctuations
in the metallic state.

The mean field calculations for A-(BETS);FeCly are summarized as fol-
lows. With the use of Jrq = 8meV (93K) and X(Qar) = 80states/eV, T
was estimated to be 5meV(~ 60K) [1081], while the AFMI transition was
interpreted as a Mott transition due to the strong dimerization at the criti-
cal Upr ~ 0.27eV [1087]. On the other hand, in order to explain the phase
diagram for A-(BETS)2Fe,Gay_Cly [124], the inherent superconductivity
was discussed by adding an effective BCS Hamiltonian, see e.g. [365] to (7.6)
[1088]. There, the m-d exchange interaction breaks up Copper pairs and hence
could work as a strong pair breaker, reducing T, as strongly as usually found
in the so-called Kondo superconductor [836, 492, 1092, 1093]. The unusual
insensitivity of T, to z, however, was ascribed to a strong reduction of the
effective magnetic-impurity scattering due to the electron correlation effect
with Uy = 43meV and J,;q = 2.5meV.

These so-called m-d exchange interaction-induced phenomena have re-
addressed long-term issues of magnetism and conductivity /superconductivity,
which so far have been extensively studied in s-d or s-f interacting systems
containing transition-metal and rare-earth (RE) ions [1093, 252]. As will be
described next, some phenomena specific to the present low-dimensional,
magnetic molecular metals have been found both in the high-temperature
PMM and low-temperature AFMI states.

7.2.4 Anomalous Metallic States
Microwave Conductivity and ' H-NMR

High frequency conductivity, §(w) = o1 + ioe, measured by a microwave-
cavity perturbation technique, suggested an anomalous metallic state in A-
(BETS),FeCly [1094, 1095]. The resonance width along the c-axis shows a
broad maximum around 100 K, followed by a shallow minimum around 30 K.
While the maximum is in accordance with the broad peak of the dc resis-
tivity pgc, as shown in Fig. 7.8, the latter minimum indicates the existence
of an anomalous microwave loss in the PMM state, which is absent in pg.
monotonously varying with temperature.

Figure 7.10 shows the conductivity o1 and the dielectric constant €, =
1— (47 /w)oq, where w = 27 f, at f = 44.5 GHz as a function of temperature.
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Fig. 7.10. Tempera-
ture dependence of the
microwave conductiv-
ity o1 and the dielectric
constant 1 at 44.5 GHz
‘ along the c-axis in \-
' ' ' ' : (BETS)2FeCly. The dc
0 20 40 60 80 100 120 conductivity og4. along
T (K) the c-axis is plotted by a
solid line. After [1095].

o1 becomes smaller than og4. around Try; ~ 70K and, with further decreas-
ing temperature, it decreases to a value almost as small as 0.01o4.. On the
other hand, the sign of ; changes from negative to positive around Trys. In
particular, the large and positive €1 along the c-axis appears at lower tem-
peratures in the PMM state and shows a sharp peak near Ty, followed by
a steep decrease in the AFMI ground state.

The broad peak around 30K in &1 was speculated [1095] to be caused
by the appearance of some relaxor ferroelectrics domains [1096, 1097] in the
metallic background. It should be pointed out that the analysis, based on the
electromagnetic formulation [1098, 271] standing for a homogeneous state, is
in contradiction to the speculated heterogeneous state. Therefore the results
in Fig.7.10 are questionable. As will be described later, X-ray diffraction
studies [1099] provided evidence for a domain structure above Ths;.

On the other hand, in 'H-NMR [1100] spectra, an anomalous line shape
in the metallic states has been found. Figure 7.11 shows the spin-echo inten-
sity around the resonance field Hy, indicating a clear splitting of the reso-
nance below 70K (~ Trar). The Gaussian deconvolution analysis reproduces
the resonance profiles with three independent components P, Ps; and Pgs.
Asymmetric positions of two side peaks Py and Pgo suggest the existence of
three types of proton sites experiencing different local fields below T y;. Since
the magnetic susceptibility in this temperature range shows a simple Curie-
Weiss behavior without any observable anomalies (Fig.7.8), the anomalous
splitting was attributed not to the local fields produced by the interaction
between the proton nucleus and d-spins on Fe3T ions, but to the hyperfine
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Spin-echo Intensity (a.u.)

Fig. 7.11. Profiles of field-swept
'"H-NMR spectra (94.95 MHz)
in A-(BETS)2FeClsy. The dashed
lines indicate the Gaussian decon-
volution with three components,
Pc, Ps1, and Pg2, the peak po-
H - HO (T) sitions of which are shown by
arrows. After [1100].

field between the proton nucleus and m-electrons. Here a possible change in
the local charge density can be induced by a distribution of local fields. As a
consequence, a charge order (or charge disproportionation) was discussed as
a possible cause for the splitting below Trys. To note, this speculation was
supported by '3C-NMR measurements detecting an anomalous line broad-
ening [1101]. Taking into account the heterogeneous state speculated from
the anomalous microwave conductivity, it may be reasonable to suppose that
a uniform metallic state changes into some phase-separated states in which
a domain pattern, consisting of metallic and dielectric regions, may appear.
There, the metallic region seems to be responsible for the shift of the central
peak, while the dielectric domains with modulated charge densities along the
a-axis may be responsible for the side peaks.

Structural Anomalies

X-ray diffraction measurements of a peak profile of the (007) Bragg reflec-
tion revealed structural anomalies, both in the vicinity of Ths; and in the
anomalous metallic region Thr < T < Tpp [1099, 1102]. Around Ty,
the reflection profile becomes broadened and deformed, clearly followed by
a splitting at lower temperatures. Figure 7.12(a) shows the splitting seen in
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the intensity map obtained by a three-dimensional scan in the reciprocal
space [1099]. The magnitude of the splitting increases with decreasing tem-
perature, and the splitting direction and magnitude were determined to be
0.017 a* — 0.010 b* + 0.002 ¢*. This was assigned to be a change of 0.005 A in
the interplanar d-spacing along the c-axis. The splitting peaks giving different
d* values can be ascribed to a phase-separated, heterogeneous structure. The
domain size was evaluated to be in a mesoscopic scale of about 0.3 — 0.4 pm.

These anomalies are consistent with the scenario for charge-ordered di-
electric domains, as speculated from microwave conductivity [1094, 1095] and
'H-NMR [1100]. Taking into account the relaxation time estimated to be in
the order of 10713 s or less, the shielding length of m-electrons in a unit cycle
of the microwave is estimated to be in the order of 0.01 ym or less which is
much smaller than the domain size. Therefore, the dielectric domain would
absorb the microwave energy, and hence a positive dielectric constant should
be observable, even in such a heterogeneous metallic state.

At Ty a discontinuous structural change in the c*-axis appears, while the
splitting disappears so that the profile with a single peak becomes uniform
again but remains broad. The temperature dependence of the lattice constant
1/c*, calculated from each splitting peak above T, is shown in Fig.7.12(b).
The solid circles are taken from earlier experiments [1102] by the same group
with a lower resolution in which the high-temperature profiles were treated as
a single broad peak. The high-angle data indicate a discontinuous change of

(a) (b)

6.369 P A
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"o 6363 ) .

6.360 B
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6.357 . LK -hlgh angle —
‘ —e— previous result
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0 20 40 60 80 100

Temperature / K

Fig. 7.12. (a) Sectional plane in the reciprocal space around the (007) Bragg reflec-
tion in A-(BETS)2FeCly at 20 K. The data are obtained from a three-dimensional
scan in the reciprocal space. (b) Temperature dependence of the lattice constant
1/c*, interplane (ab) spacing, derived from the high- and low-angle points in the
splitting peaks in (a). The previous data with a lower resolution obtained by the
same group [1102] are plotted by the solid circles for comparison. After [1099].
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1/¢* at Thrr more clearly, providing evidence for a first-order structural phase
transition associated with the PMM-AFMI transition. On the other hand, the
lattice constant, derived from the low-angle data, passes through T;; rather
smoothly within the experimental error, suggesting that the dielectric domain
may have the same structure as that in the low-temperature AFMI state.
Although the structural analysis is not conclusive, a uniform transformation
from P1 to the unique subgroup P1, the most primitive space group without
the inversion symmetry of P1, is most certainly expected to occur [1099].

7.2.5 Antiferromagnetic Insulating States
Nonlinear Transport and Switching Effect

The current-voltage (J-E) characteristics” along the c-axis have been mea-
sured in the well-ordered AFMI state [1103, 1104]. Figure 7.13(a) shows J-E
curves at 4.2K in magnetic fields up to 14T applied along the interlayer
b*-direction normal to the ac-plane [1104]. A so-called negative-resistance
(NR) effect is clearly seen at B < 6T, followed by a monotonous nonlinear
transport without NR at higher B and eventually by a conventional ohmic
transport in the reentrant metallic states at B =12 and 14T > By = 11T
(4.2K). (Here Byyy is the critical field for the AFMI phase to reenter the
PMM phase which will be described in Sect.7.2.6.) The discontinuous drop
of E in the low-J region is a switching phenomenon between low- and high-
conducting states.

The empirical relation for the temperature and current-density dependent
conductivity o(T, J) is expressed as

o(T,J) = 04exp <—A) +oBJ", (7.9)
kgT

where 04 and op are constants. This equation was successfully applied to
similar phenomena in a variety of quasi-1D mixed- or segregated-stack molec-
ular insulators [1105, 1106, 1107]. In (7.9), the total conductivity is given by
an equivalent parallel circuit composed of two different conduction processes.
The first term is a conventional J-independent ohmic conductivity caused by
the thermal activation across an energy gap 2A characterizing the relevant
insulating state. The second term represents a nonlinear conductivity with a
power-law dependence of J. If n > 1, (7.9) is rewritten as

o (T, J) = o(T) {1+ ! (Jﬂ (7.10)

n—1 E

7 Nonlinear-transport measurements have proved an important tool in clarifying
charge dynamics as in neutral-ionic transitions, density-wave and spin-Peierls
states, etc., when localized m-electrons are so soft that even a small perturbation
by electric fields easily drives electric charges into a decondensed state.
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Fig. 7.13. (a) J-E curves at 4.2 K under magnetic fields applied along the interlayer
b*-direction of A-(BETS)2FeCly. Dashed lines and open squares represent the J — F
curves (7.9) and the threshold points (Er, Jr), respectively. (b) Magnetic field
dependence of the parameters oo, Er, Jr, and n at 4.2 K. The dashed lines are for
eye guide. After [1104].

where oo(T) oaexp(—A/kpT) and [Jr(T)™ oo(T)/[(n — 1)opB], a
threshold Jr is defined as (dE/dJ)j—s, = 0, and Er = J; " /nop. This
equation with n > 1 explains the NR quite well, and is appropriate in gen-
eral for a positive feedback system [1106]. The systematic change in the
J-E curves with magnetic fields is clearly seen in the field dependence of
parameters such as og, Er, Jr and n as shown in Fig.7.13(b). The ther-
mally activated conductivity oq(T) increases by seven orders of magnitude at
B < Byr, and enters the metallic state above Bjr. Just above B*(= 6—7T),
a crossover from n > 1 to n < 1 occurs which is associated with dimin-
ishing Ep and divergent Jr. As mentioned above, it is only in the case of
n > 1 that the NR effect can be observed with well-defined Er and Jr. Since
n=(1-o00Er/Jr)~!, the systematic changes in n, Er, and Jr near B* are
consistent with each other. To summarize, the electronic transport phenom-
ena appear differently in three regions: n > 1 with NR at B< B*; 1 >n >0
without NR at B* < B < By, and n = 0 with ohmic conductivity at
B > Byg.

As mentioned above, the NR effect is necessarily induced once the switch-
ing instability is triggered. Quite similar phenomena were observed in the
quasi-1D, half-filled Mott insulator K-TCNQ which undergoes a spin-Peierls
(SP) transition to a spin-singlet ground state [1107]. The optical microscope
observation for the NR state provided a photograph showing a periodic stripe
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pattern of the order of pm running perpendicular to the chain axis parallel
to E. These stripes, which reversibly disappear below Er, were identified to
be a highly conducting pathway, where the localized m-electrons are forced
back to higher conducting states above the SP transition. In analogy to these
observations, it was suggested for the present salt that the switching and
the subsequent NR effect may be, respectively, a local onset and its devel-
opment of 7 charge carriers’ self-decondensation process. Thus the magnetic
and electric fields both make the AFMI ground state increasingly unstable
to facilitate the inherently localized m-electrons to be mobile [1103, 1104].%
These electronic instabilities, which are sensitively controlled by both electric
and magnetic fields, are closely related to the dielectric properties.

D:ielectric Properties and Charge-Ordering-Induced Polarization
Model

We describe low-frequency (101 — 10% Hz) dielectric constants (£(w) = 1 +ies)
along the c-axis, which suggest a ferroelectric-like ordering in the AFMI states
[1108]. These measurements, using a three-terminal method, can only be
performed in the well-ordered AFMI states with a low conductance G less
than 10~*S. The dielectric constant €, as large as 10% at 2.5K, increases
with increasing temperature, amounting to 10* at 6.5 K, the highest measur-
able temperature, above which G recovers abruptly, see Figs. 7.8 and 7.13(b).
(The measurable regime in the B-T phase diagram is hatched in the inset
of Fig.7.15(a).) The bias field (Ejp;qs) dependence of £§ and of is quite non-
linear, where 0§ (= weq/4m) is found to be exclusively determined by mobile
m-electrons responsible for the steady, non-linear transport described in the
preceding section. This means that the dielectric loss of electric polarization,
i.e., the retardation effect is negligibly small.

Figure 7.14 shows the relative change of the electric polarization AP as

-
=)
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ﬁlﬁ4 - e’ 514 L u -
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‘?1 Lﬁ f %300 . ; - ; . ; - o Fig. 7.14. Relative change
Sa2t ll f 4 B(T) Bl of polarization AP in \-
— b 5T (BETS)2FeCly as a function
% 1 -51’ L acaneinn 8N M a0 0 T of Epias at T = 4.2K and
Fge&%if?e;sv.\;:i-f? r=a2k{ B = 0— 7T. The inset
ox s : : . 4 shows the magnetic-field
0 5 150 dependence of the saturation

0 100
Eyiyy (V/em)

value APsa;. After [1108].

8 For the mixed-stack ionic salts, the logarithmic Er is roughly proportional to A
[1106]. The data of the present salt satisfy this relation [1103].
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a function of Epqs, which was evaluated by integrating ef with FEpiqs. At
B < 5T, the saturated polarization APs,; is almost independent of B, while
Eyiqs giving the saturation, decreases with B. At higher B, however, a sharp
increase of AP occurs at low Ej;.s, and, consequently, APy, takes a sharp
upturn as shown in the inset. To note, this crossover behavior in the di-
electric response occurs around B* just as seen in the nonlinear transport,
see Fig.7.13. Furthermore, the data in Fig.7.15 disclose a colossal magne-
todielectricity (CMD) effect. There €, which is insensitive to low B < B*,
exhibits a huge increase by about two orders of magnitude at higher B up to
7.5T, the highest measurable field. The magnetic field, where the diverging
increase occurs, shifts systematically to lower values with increasing temper-
ature. Together with the nonlinear transport, these results suggest that the

Fig. 7.15. Magnetic field dependence of £f and of in A\-(BETS)2FeCly; (a) at
42K and (b) at 2.5 — 6.5K. The inset shows the B-T phase diagram, in which
the solid and dotted lines show a phase boundary Bjsr and upper limiting fields
for three-terminal capacitance measurements with G < 107% S, respectively. The
shaded region represents the measurable regime. After [1108].
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Fig. 7.16. AFM spin arrangement and possible electric dipoles proposed from a
charge-ordering-induced polarization (COP) model for the AFMI ground state in
A-(BETS)2FeCly. After [1108].

origin of CMD can be attributed to 7w charge carriers’ self-decondensation
processes providing a drastic dielectric response as well as a NR effect, which
are triggered by both magnetic and electric fields.

On the basis of the described dielectric dynamics and the Mori-Katsuhara
theory [1067], a charge-ordering-induced polarization model (COP) was pro-
posed as illustrated in Fig.7.16. Due to the exclusively large Jq4 through the
coupling channel Se(7)-Cl1(2) as described in Sect.7.2.3, the charge as well
as the spin of m-electrons is expected to be localized at Se(7) sites, forming
a charge order of —1-0-0—1— sequence along the column. The AFM order be-
tween s, and Sy, which is different from the dimer model (Fig.7.9), is thus
assumed to be realized by the gain in the superexchange energy which may
overcompensate the cost due to the intersite repulsive Coulomb interaction
between localized 7-electrons. In this model, the charge ordering can be con-
sidered as the primary cause — not only magnetically, but also electrically —
for the MI transition. Consequently, as shown in the figure, the charge ordered
m-electrons (holes) are able to form electric dipole moments p; (i = 1—4) with
a negative charge in the center of FeCly anions. Provided that the inversion
symmetry exists, Z?:l pi; = 0, since p1+p3 = p2+p4 = 0. Some finite electric
polarization is expected to emerge, however, since the low-temperature phase
is supposed to lose the inversion symmetry as described in Sect.7.2.4. Fur-
thermore, the dielectric domains in the heterogeneous PMM state, in which
a charge-ordered state may possibly be induced, can be considered to appear
as a precursor of the AFMI ground state.

From the nonlinear transport and dielectric properties in the AFMI state,
we may arrive at a comprehensive picture that the localized m-electrons tend
to be unlocked or melted around B* associated with the sharp upturn of
the polarization, and eventually turn into band electrons in the PMM state
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at B > Bjpsr. Thus the present w-d system is considered to be a novel
ferroelectromagnet in which both magnetic and dielectric order coexist and
interact with each other [1109, 1110, 1111, 1112].

7.2.6 Magnetic Field-Induced Transitions
Reentrant Metallic Transition in \-(BETS).FeCl,

As described in the preceding sections, the AFMI state becomes unstable
against reentering the PMM state with the 3d-spins forced to align along
the magnetic field [1081, 1113]. Figure 7.17 shows the magnetic field (|| b*)
dependence of the in-plane resistance R(|| ¢) [1077]. The critical field By,
defined as the onset of the resistance upturn, shifts to higher fields with
decreasing temperature, approaching about 12T at 1.8 K. These reentrant
transitions are independent on the field orientation. As seen in the figure, the
transition is associated by successive, step-like resistance jumps with hystere-
sis [1082]. This characteristic behavior is noticeable in the transit region of
B* < B < Byp (B*=8—-9T at 1.8K), where the resistance decreases quite
sharply.

In the reentrant metallic state above By, a negative magnetoresistance
is seen as demonstrated in Fig.7.17(b). This phenomenon can be attributed
to a reduction of m-electron scattering by d-spins that continue to be aligned
by magnetic fields.

The reentrant transition also appears in the mixed Fe, Ga;_,Cly salts, in
which Bjpsr(0) can be scaled to Tps; with an empirical relation as Bsr(0) (in
Tesla) = 1.5 Thr (in Kelvin) [1077, 1114, 1115, 1116]. Together with the fact

1.6
1.2
| 10K
;0.8* 7K
0.4+
1.8K
L L 00 L L L L L L
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
B (T) B (T)

Fig. 7.17. Magnetic field (]| b*) dependence of the in-plane resistance of -
(BETS)2FeCly. The onset of the resistance upturn is shown in (b) on an expanded
scale. After [1077].
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that the transition is isotropic with respect to the field orientation, this scal-
ing suggests that the Pauli spin polarization of conducting m-electrons, which
would lower the electronic energy by u% N (Er)B2, may play some important
role in driving the transition [1077].? The mechanism for the transition, how-
ever, is not yet fully understood [1081, 677].

Jaccarino-Peter Effect in \-(BETS)sFe, Ga;_, Cly and
k-(BETS), FeBr,

With further increasing B above Bjr, superconductivity is induced, this
being termed field-induced superconductivity (FISC) [1114, 1115, 1116, 1117,
924], see also [676] for a recent review of the experimental results observed in
the BETS systems and the theoretical model. This phenomenon has also been
observed in metallic k-(BETS)2FeBry [1118, 1119]. Figures 7.18 and 7.19 show
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Fig. 7.18. (a) In-plane resistance as a function of magnetic field applied along the
in-plane c-axis (£0.3°) of A-(BETS)2FeCly for temperature intervals of approxi-
mately 0.25 K between 5.4 and 0.8 K. (b) Magnetic field-temperature phase diagram
showing the AFMI, PMM and FISC. Solid triangles indicate the midpoints of the
resistive transitions from (a), while solid circles indicate the midpoint of the resis-
tive transition as a function of T'. The solid line is a theoretical fit to a second-order
phase transition towards FISC. The dashed line indicates the phase boundary as-
serted from the assumption of an inhomogeneous Fulde-Ferrell-Larkin-Ovchinnikov
state [735, 736] (shaded area). For details see also [1117]. After [1115].

¥ The energy gain is (1/2)xpB?, where the Pauli paramagnetic susceptibility xp =
(1/2)(gue)*N(Er) = 2u5N(Er) (9 = 2).
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the magnetoresistance and the B-T phase diagram. It has been pointed out
that FISC can only be observed when B is exactly parallel to the conducting
plane. In this case superconducting quantum vortices can be hardly induced
in these quasi-2D superconductors with high anisotropy parameter (6.22) -y
of 135 [1120]. At low temperatures, the FISC state in A-(BETS);FeCly (k-
(BETS)2FeBry) is found at ~16 T (10T) < B <~ 45T (16T) centered at
By =33T (13T) with T,o = 4K (0.7K).

These findings are well explained by the so-called Jaccarino-Peter (JP)
effect [1122]. This effect had been predicted in 1962, almost two decades
before it was actually observed in resistance measurements on a Chevrel phase
compound with localized 4 f spins and narrow-d-band electrons [1123, 1124].
The essential point in the JP effect is that, for the case of the present m-d
system, an external magnetic field B, aligning the localized Sy spins can
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Fig. 7.20. Schematic diagram for the Jaccarino-Peter compensation effect. After
[1093].

compensate the 7-d interaction-induced internal field By = (Jrq/guB)Sd
(antiparallel to B, since J;4 < 0) acting on m-electrons’ spins.

Figure 7.20 illustrates the schematic diagram for the JP effect. For simpli-
city, consider a superconductor with localized moments and Bp < Bg.'0
With increasing B., the magnetic moments of localized spins become aligned
along the direction of B, following a Brillouin function and eventually
B, (antiparallel to B,) arrives at the saturation maximum |B7%*| =
(Jra/gpB)Sa = 1.86Jrq/kp. If |By| > Bp, the effective magnetic field
B.ts = B.—|Bj| can be larger than Bp, driving the superconductor into the
normal state. After taking a negative maximum, B,y starts to decrease and
can drive it back to the superconducting state once again at B.yy = —Bp.
With further increase of B., B.ss depends almost linearly on B., eventu-
ally becoming positive through the zero-crossing at the optimal external field
By = |B7'*"| where an exact compensation of the internal field is realized.
At B.yy = Bp + | By, the field-induced superconducting state is driven into
the reentrant normal state again.

10 Apart from polarizing the magnetic moments, an external magnetic field can
interact with conduction-electron spins both via the Zeeman interaction and
the electromagnetic interaction of the vector potential. Both interactions with
a broken time-reversal symmetry suppress superconductivity by breaking up
the Cooper pairs of (k 7, —k |). Hence the former interaction provides the
Chandrasekhar-Clogston limit Bp = 1.84 T, (6.34) [845, 846], while the latter
orbital interaction induces quantum vortices into a type-II superconductor, giv-
ing an upper critical field B, = ¢o/2r€? [847], see Sect. 6.4 and [587, 365].
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Thus FISC can be expected around By, |BT**|-Bp < B. < |B7**|+Bp.
With Jrq = 17.7K (7.9 K) evaluated for \-(BETS)sFeCly (k-(BETS) FeBry),
By = 33T (15T) which are close to the fields giving the optimal Ty in
Figs.7.18 and 7.19 [1067]. It has been pointed out, however, that the low-
temperature field regime (2Bp) occupied by FISC in A-(BETS)2FeCly (k-
(BETS)2FeBry) is about 29 T (6 T) in comparison with 2Bp(= 2x 1.84To) =
18 — 20T (5.5T) expected from Ty = 4.2K (1.5K). The JP compensation
effect is more clearly established [677] by the direct evaluation for By = 32T
(13T) from the observed splitting SAH frequencies [1125] due to the exchange
field-induced modification of the spin splitting factor, see Sect. 5.2.5. To note,
recent 7'Se-NMR measurements suggest B; = 23T [1101].

The above explanation holds for x-(BETS);FeBry with the superconduct-
ing ground state as well as Chevrel phase compounds. A question, however,
arises as to why FISC is observed in A\-(BETS)2FeCly with the AFMI ground
state. The reason may be attributed to the fact that the isostructural, non-
magnetic GaCly salt is a superconductor with T, = 4.8K being close to
T. = 4K at By (Fig.7.18). It is reasonable to suppose that the strength
of an attractive electron-electron interaction mediated by phonons could be
almost the same in both salts, where, except for the presence of localized
spins, any differences in the electronic and phononic properties can hardly be
expected.
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The present monograph is intended to provide an introduction to some ba-
sic concepts of low-dimensional molecular conductors and to review some of
their fascinating properties. Over the years, this field has been subject to
tremendous changes triggered by outstanding discoveries and driven by the
joint efforts from chemistry and physics to create new classes of conducting
materials and to understand their exotic properties.

A first wave of excitement in this research area was generated in 1973 by
the observation of metallic conductivity in the charge-transfer complex TTF-
TCNQ), and speculations were expressed about traces of superconductivity at
elevated temperatures. The latter possibility was particularly exciting in light
of the proposal made by W.A. Little, in 1964, of an excitonic pairing mech-
anism giving rise to high-temperature superconductivity in some properly
designed organic materials. Only a few years later in 1979, organic supercon-
ductivity — though of a different type — became reality in (TMTSF),PF.
This discovery by D. Jérome and collaborators triggered the second wave of
excitement which has spread far beyond the realm of this field — many more
were to follow.

The main strategy in generating these molecular conductors has been
to use molecular building blocks — the archetype TTF molecule and its
derivatives being the most important ones — and their combinations to form
charge-transfer complexes. A feature, tightly bound to the molecular nature
of these substances, and which has played a central role in the field of molec-
ular conductors, is that of the low dimensionality. Owing to the strongly
directional-dependent chemical bonds, significant electronic interactions may
develop only along certain directions. In addition, these interactions can be
modified by chemical means which has stimulated organic chemists to intro-
duce myriads of modifications to tune the systems in various directions.

In fact, molecular materials have provided unprecedented model systems
for exploring the physics of low-dimensional systems, such as the Peierls-
and spin-Peierls-instabilities and charge- or spin-density-wave ordered states.
These studies have offered the exciting possibility for testing fundamental
concepts of theoretical physics which were formerly only considered to be of
academic interest.
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As it has turned out, the low dimensionality was not the only fascinating
property that these compounds show. The combination of low-dimensionality
with other parameters, specific to molecular conductors, set the stage for
Coulomb correlation effects to become relevant and, under certain circum-
stances, to dominate the properties of the m-electron system.

The combined effects of strong electron-electron and electron-phonon in-
teractions — the latter are a consequence of the nature of the electronic states
in these materials — together with the reduced dimensionality, give rise to
the rich phenomenology encountered in these materials. A particularly inter-
esting feature is the proximity to Mott insulating states, which, depending
on the degree of frustrating interactions, may show long-range antiferromag-
netic order or remain a disordered spin liquid down to low temperatures,
correlated metallic phases, charge ordering and superconductivity. The va-
riety of phenomena can be increased even further by the introduction of
localized d-electron spins. Their interactions with the delocalized 7-electrons
can give rise to phenomena such as field-induced superconductivity or the
hitherto unknown metal-superconductor-insulator transition.

As fine tuning the materials through chemical substitutions or physical
pressure can be easily carried out, this has offered unique possibilities for
studying the conditions which stabilize the various phases and for explor-
ing in more detail the transitions between them. Recent achievements from
both the experimental and theoretical sides indicate that indeed these molec-
ular materials provide excellent model systems for exploring the fascinating
physics expected near the Mott transition. These activities, now in motion,
appear to manifest one of the latest waves of excitement generated by the
class of molecular conductors.

The authors of this monograph are thoroughly convinced that molecu-
lar conductors — or, in a wider context, molecular materials — will play
an important role in future research activities from the viewpoint of both
fundamental research as well as applications, and that many more exciting
discoveries will follow. It is our hope that this book will contribute towards
stimulating young scientists to work in this promising field and to join the
multi-facetted community as we have had the pleasure to do.
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2,7,8,10,11, 14, 16,
17,58, 62,78, 115

6,25

intramolecular - 27

charge-density-wave (CDW)

43,75

- coupling constant 77
- energy gap 77,137

ground state/phase
133,134

43, 44, 75,

- induced band folding 133
- instability 75
- metal 137

nesting vector
133,137

42,75, 128, 129,

- pinning 80, 136
- subphase 136

2kp- 53,79, 84,133,222
4kp- 53,79, 83,133
fluctuating - 74,79

in TTF-TCNQ 77
incommensurate-commensurate

transition 79

charge-transfer salts
quasi-1D

(2-R1,5-R2-DCNQI)2M (M = Cu,
Ag, Li) 219

(DCNQD)2Cu 4, 18, 84, 219

(DLDCNQI),Ag 84

(DMe-DCNQI)>Cu 219, 223

(DMe-DCNQI-d,),Cu 221

(TMTSF)2(ClO4)1-2 (ReO4).
163, 208

(TMTSF)2ClO4 4,30, 66, 93, 102,
109, 128, 163, 165, 207, 209, 216,
218

(TMTSF)2FSO3 31

(TMTSF).PFs 4,9, 16,17, 46, 47,
54, 55, 58, 64, 66, 77, 80, 84, 93,
102, 128, 141, 154, 165, 208210

(TMTSF)>ReO4 30,31, 163

(TMTTF),Br 37, 46, 65, 93

(TMTTF)2ClO4 65

(TMTTF)2PFs 37, 46,47, 54, 58,
63, 65, 66, 80, 82, 91-93

(TMTTF)2ReOs 85

(TMTTF-D1,),X 85

(TMTTF-H15),X 85

K-TCNQ 237

M-TCNQ 2

MEM-(TCNQ)2 83

TTF-TCNQ 4,8, 10, 14, 16, 25,
38,76, 77, 134, 222

quasi-2D

Oé-(ET)QI?, 87

a-(ET),KHg(SCN)4
134

a-(ET)2MHg(SCN)4

a-(ET)2NH4Hg(SCN)4
105, 109, 154

ﬁ-(ET)QAuIQ 62

B-(ET)2ls  5,19,29, 40, 43, 49, 62,
88,105, 211, 214

B-(ET)2IBra 52,103

3"-(ET)2SF5CHoCF2S05 23, 50,
52, 88, 109, 121, 123, 138, 150, 152,
154, 155, 216

k-(BETS),FeBry 25, 227, 229,
230, 232, 242, 243, 245

KZ—(BETS)QF@CM 228

/{—(Ds—ET)QCu[N(CN)Q]BI‘ 35,
158, 160

k-(ET)>Cu(NCS), 21,27, 29, 33,
40,47, 49, 51, 52, 59, 62, 71, 72,
74, 88,90, 103, 108, 109, 113, 114,
116, 122, 123, 149, 152, 154156,
158, 168, 169, 175-177, 180184,
186-188, 192, 193, 196202, 204,
206, 214-217

k-(ET)2Cu[N(CN)2|Br 15,27, 31,
33, 34, 36, 48-50, 71, 88, 93, 95,
96, 148, 155-158, 162, 163, 166,
169, 170, 176, 177, 180, 182, 186,
195-197, 199, 201, 204, 206, 215,
217

k-(ET)2Cu[N(CN),]Cl
187

k~-(ET)2Cu(NCS)2 180

#-(ET)2ls 5,49, 88,90, 108, 122,
156, 204, 211

43,103, 109,

43,133
47,69, 89,

32, 35, 59,



k-(Hg-ET)2Cu[N(CN)2]Br 159
kr-(ET)2Ag(CF3)4 (solvent) 216
A-(BETS)2FeCly 228, 241
A-(BETS)2Fe, Ga;—,Cly 25,126,
186, 229, 241, 242
A-(BETS)2FeCly
245
A-(BETS)2GaCly
232, 245
7-(EDO-S,S-DMEDT-
TTF)Q(AuBr2)1+y 138
0-(ET).1s 19,103,109
0-(ET)2RbZn(SCN)s 86
(BEDO-TTF)2ReO4H20 5
BEDO-TTF)5Cu2(SCN)s 5

25, 228-232, 243,

204, 228, 229,

(

(

(DMET-TSF),X 5,103
(ET)3[MnCr(C204)s] 6
(ET)4Ni(dto)s 38

(E ) [Fe(CQO4) ]H30-CGH5CN 6
(MDT-TTF)2X 5

(DMET)2I5 103
(EDT-TTFVO)2FeBrs 6
M(dmit)s (M = Ni, Pd, Pt) 5

Ni(tmdt), 6,8,27,116
chemical bond 1,13
C-D 216
C-H 216
C-S 215

C=C, central double -
hydrogen bond 20
chemical potential 111,120-122, 134,
140

- oscillation

195, 215

121,123, 136
colossal magnetodielectricity 239
commensurability effect/concept 54,
79,101, 103
commensurability resonance
condensation energy
density waves 77,137
superconductivity 144, 150, 165,
187,190
conductivity 13
interchain - 103

101

microwave - 232, 234, 235
nonlinear -  see nonlinear transport
optical - 54, 57,58, 59, 80

conjugated polymer 7

Index 293

contactless resistance measurement
107,114
cooling-rate dependence 33, 30-36,
95, 157-160, 162, 163, 181, 206, 207
Cooper pairing 110, 146, 164, 215, 244
- breaking 146, 164, 186, 187, 202,
208, 232
- mechanism 6,210
exciton 6,210
phonon 6, 50, 62, 146, 147, 211,
214-216, 245
spin-fluctuation 70, 194, 208, 212,
213
- symmetry 189,190, 214
d-wave (pairing) 163,192,197,
199, 207, 208, 212, 213
p-wave (pairing) 166, 206, 207, 209

s-wave (pairing) 162, 182, 190,
207, 211
- tunneling 179
Coulomb interaction 1,41, 52,59, 87

inter-site - 41,42, 83, 157, 240
nearest neighbor - 45
next-nearest neighbor - 84
on-site - 41,42, 45,93, 157, 213, 229,
231
short-range - 116
coupling strength 204
critical fields see superconducting
critical fields
crystal field 223,227
crystal growth 27
crystal morphology 5,6, 27, 225, 227
Curie law 85
Curie-Weiss law 223, 227, 233

cyclotron
- mass 50,88-91,106,110, 112,113,
115,118,127

- orbit 106

- radius 111

- resonance 45, 106, 108
Azbel-Kaner - 106
Gor’kov-Lebed - 106

de Haas-van Alphen (dHvA) ef-
fect/oscillations 27, 45, 52, 99,
111,114-116, 119, 121-123, 126,
135, 138, 223
forbidden - 118,119



294 Index

reduction factor 112
impurity scattering (Dingle)
spin 113,113,116
superconducting vortex
temperature 112

121-123

112
125

waveform
Debye
- frequency 146
- relaxation time 85
- temperature 89,153
density of states at Fermi level 55,61,
87,90, 96, 146, 164, 169, 191, 195,
216
density-wave 66, 74, 75, 96, 100, 156
mixed CDW-SDW 66, 80
unconventional - 133
deuteration 35, 69, 85, 93, 96, 158, 160,
163, 203, 215-217, 220, 221, 223
selective - 221,224
dielectric
- constant
238
- domain
- loss 238
- response
diffuse scattering 11,78,79
diffusion constant 114
dimensional crossover 52,150, 168,
172-177, 181, 184, 209
dimer /dimerization
-gap 38,60
- model 39, 89, 230, 231
arrangement 231
inter- interaction 20, 39, 231
interdimer interaction 231
intra- interaction 39,231

56, 57, 88, 92, 232, 235,
233-236, 240

239, 240

strong - 226, 231, 232
Dingle temperature 91,112,115, 121,
162

Drude model/peak 13,54, 55, 58, 59

dynamical conductivity 55,109

dynamical magnetoconductivity 107

dynamical mean-field theory (DMFT)
48,59, 71

dynamical scaling 138

effective mass model 171
Ehrenfest relation 73,154
Einstein’s relation 114

elastic constant 113

electric polarization/dipole
240

electrical conductivity (definition) 13

electrochemical crystallization see
crystal growth

electromagnetic wave

6, 85, 238,

55, 56, 106, 108,

116
electron
- acceptor 14,219
- affinity 7
- correlation 68, 69, 212, 223
- drift velocity 105

- relaxation time 13,33, 34, 106,
107,112,113, 116, 118, 235
- reservoir
reservoir
- scattering 53,241
- trajectory 103, 105
electron-electron interaction/scattering
41, 49, 50, 52-54, 56, 58, 61, 76, 88,
93,113,116, 245
electron-hole pairing 77
electron-molecular-vibration (EMV)
coupling 61,214
electron-phonon (lattice) interac-
tion/coupling 50, 56, 58, 60-62,
75-77,87,90, 91, 93, 113, 116, 147,
153, 204, 206, 211

see charge carrier

electron-spin-resonance (ESR) 30, 63,
71,85,113,133
electronic response function 75,130,

232
energy dispersion 16, 37, 42,43, 78, 82,
100, 104, 140, 223
energy gap
density-waves 75
magnetic breakdown 117
superconductor 147,164, 190, 198,
203, 204, 206
entropy
electronic 204, 224
local structure 30, 36
224, 228
174,181
ethylene endgroups 22, 32-36, 47, 72,
93-95, 141, 158, 160, 163, 182, 195,
214-216

spin
vortex



- activation energy 35
- eclipsed conformation 32,34
- staggered conformation 32
exchange field 126, 127, 245
exchange interaction/constant
110, 162, 229
m-m 230
m-d 226,229,230-232
- and spin-splitting 126
d-d 229,231
s-d 232
s-f 232
intra-atomic - 230
antiferromagnetic (AFM)
83, 86, 213, 223
ferromagnetic (FM) 2
Hamiltonian 229
excitonic interaction
model
extended Hiickel method 9,10, 37,
40-42, 114

1,81,

63-66,

see Little’s

far-infrared transmission measurement
62,116
Fermi energy/level
Fermi surface (FS)
a-FS/orbit 89,114, 115,117, 118,
126
B-FS/orbit 89,114, 115,117,122
~v-FS/orbit 115,117,118
- reconstruction 133
3D - 52,223
corrugated cylinder
108, 109
corrugated open sheet
223
extremal FS/orbit 52,104, 112,112
topology 40, 45,774,113, 216
volume 115
Fermi surface (FS)-traverse-resonance
see magneto-optic resonance
Fermi velocity 51,100, 101, 105, 108,
116, 151, 162
Fermi-Dirac statistics
195
Fermi-liquid 48, 50, 53, 87,115
ferroelectric 85, 233, 238
ferroelectromagnet 241
field-modulation technique

50, 100

103, 104, 105,

66, 75, 133,

87,112, 140,

114,119

Index 295
flux-line lattice see superconducting
vortex
formal valence 24,222
Frohlich conduction 79
frontier orbital theory 9
Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) state 137,169, 187, 209
fullerene Cgp 5,25

Ginzburg number 150
Ginzburg-Landau
- coherence length see supercon-
ducting coherence length
- equation 145,146, 170
- free energy 143,231
- parameter 145,187
- theory/model 143,148,149, 171,
172
glass transition 32,29-34, 72,94, 95,
157, 158, 160, 162, 203

half filling
Hall effect
Hebel-Slichter coherence peak
191, 196

Heisenberg chain
Heisenberg model
heterogeneous state
high-spin state 227
HOMO-LUMO gap 27,223
Hubbard model 41,48, 66, 71, 82, 213

extended - 41, 80, 83

half-filled - 212

one-dimensional - 2,79

quarter filled - 213

two-band - 212

two-dimensional - 130, 213
Hubbard-Heisenberg model 213
Hund’s coupling 2,230
hybridization effect 223
hydrostatic pressure 4, 17,22, 36, 47,

67,93, 94, 153, 218, 220

hyperfine field 69, 84, 183, 234

see band filling
107, 117, 130, 131, 181
182,

64, 65, 81, 82
1, 64, 86
233-235, 240

impurity 29, 126, 157, 162, 163, 197,
199, 207
incommensurate
- SDW  see spin-density-wave
(SDW)



296 Index

- lattice modulation 141
- superlattice 66, 79, 141
density wave 79
interband transition 55,57
interchain coupling/hopping 53, 99,
107
intercolumn coupling 226
interplane coupling 99, 104, 168
interplane resistance 103, 118, 136,
138
intraplane coupling 179
intraplane resistance 51

inversion center/symmetry 18,22, 44,
85, 189, 225, 236, 240

ionization energy 7,10

irreversibility line/transition 172,

174-177, 179-183, 201
isotope effect 35, 61, 85, 146, 191, 214,
214, 215, 216
isotope labeling 214, 220, 221
itinerant model 66, 126, 208, 231

Jaccarino-Peter (JP) compensation

effect 127,242,244

Jahn-Teller distortion/effect 223

Josephson coupling/effect 149, 173,
179, 188

Josephson plasma resonance 176,177,
182,184

Josephson vortices 173,185, 186

Knight shift 169, 194, 195, 209
Kohler’s rule 138

Kohn anomaly 78

Kohn’s theorem 116

Kondo effect 126

Kondo superconductor 232
Kondo-Hubbard model 231
Korringa behavior 69, 70
Kramers-Kronig relation 57

Landau gap 140

Landau level 105,109, 110-113, 116,
130, 131, 134, 138, 140

Landau tube 110

Landau’s Fermi liquid theory 87

latent heat 224

lattice contraction
221

50, 64, 66, 115, 154,

lattice dimerization 42

Lawrence-Doniach model 173

Lifshitz-Kosevich theory 87,109, 113,
114,118,120, 121, 123

Lindhard’s dielectric function 56

Little’s model 210, 247

local charge density 234

local field 66, 233, 234

local moment/spin 63, 68, 86, 126,
159, 208, 224, 227, 244

local-density approximation 223

lock-in transition 175, 185, 186

London penetration depth see
superconducting penetration
depth

London theory/model
171,197, 200

Longuet-Higgins’s theorem 2

Lorentz force 99,100, 118

Luttinger liquid see Tomonaga-
Luttinger liquid

Luttinger theorem 115

145, 148, 149,

magic angle
magnetic breakdown
-gap 122
- orbit 118,122,223
magnetic field-induced
- charge-density-wave 133,137
- destruction of charge-density-wave
133,133
- metal-insulator transition 138
- one-dimensionalization 106

102, 128, 130,

101, 102, 103
74,117

- spin-density-wave
131, 133, 138
- superconductivity 25, 127, 242,
243-245
magnetic length 100, 111
magnetic molecular metal 232
magnetic sublattice model 228
magneto-optic resonance 106, 108
magnetoacoustic oscillations 113
magnetothermal oscillations 113
magnon See spin wave
many-body effects/interaction 56, 87,
87,88,89,113,115,116, 146
mean free path 51,99, 107, 116, 162,
187,197, 201



mean-field approximation
231
Meissner-Ochsenfeld phase/effect
165, 170, 185, 188, 207
metal-insulator transition 4,6, 16, 19,
30, 75, 220, 222
metamagnetic transition

41, 65, 146,

160,

134, 228
microwave conductivity see conduc-
tivity
microwave-cavity perturbation 232
millimeter wave 106-109
5,222,223
molecular magnet 1,2
molecular orbital 1, 8,9, 16, 18, 37,
223,229, 230
highest occupied molecular orbital
(HOMO) 9, 38,40, 44, 61,
229-231
lowest unoccupied molecular orbital
(LUMO) 9,40, 223
molecular stacks/configuration
face-to-face - 10, 19, 20, 225, 226
mixed - 238
ring-over-double bond 219, 226
segregated - 18,37, 77,236
side-by-side 10, 19, 226
Mori-Katsuhara theory 229,240
Mott transition 42,45, 53, 55,59, 71,
75,81, 83,92, 93, 96-98, 143, 212,
213,218, 232, 237
Mott-Hubbard insulator see Mott
transition and antiferromagnetic
Mott insulator
Mulliken’s charge-transfer theory 2,7
muon spin rotation 66,79, 175

mixed valent states

negative-resistance effect
240
Nernst effect 133
nesting see charge-density-wave and
spin-density-wave
field-dependent - 137
imperfect - 138
neutron scattering 62, 78,79, 82,216,
217
non-centrosymmetric anion
163
non-Fermi liquid 52

236238,

30, 157,

Index 297

nonlinear transport
236, 239, 240
nuclear magnetic resonance (NMR)
13C- 68,69, 84, 86,96
'H- 35,68, 69,82,97, 232
63Cu- 222
"TSe- 209, 232, 245

79, 80, 126, 236,

optical microscope 237

order parameter 77,79, 125, 143, 145,
146, 148, 165, 170, 173, 188, 189,
192,194, 199, 207, 218

order-disorder transition 30, 47

orientational ordering 102

overlap integral see transfer inte-
gral/hopping

see Cooper pairing
227-229,

pair breaking
paramagnetic metallic state
232, 233, 236, 240, 241
Pauli paramagnetism/susceptibility
136, 164, 195, 223, 224, 242
Pauli principle 1,189
Pauli spin polarization 242
Pauli-limiting field 137, 164, 165, 166,
169, 187, 188, 196, 209, 244
Peierls instability /transition 4, 63, 75,
77,78,133, 222
penetration depth
periodic-orbit-resonance
optic resonance
perylene-halide complex 2
phase locking 79
phase separation 96, 234
phase transition
first-order - 71,97,128,130, 131,
136, 138, 158, 172, 174, 180182,
184, 209, 213, 224, 236
second-order - 65, 72,73,77, 95,
131, 136, 143, 144,174, 188, 189
phonon 55, 56, 60, 62, 63, 71, 82, 89,
90, 146, 147, 207, 211, 212, 214, 245
- branch 15
- density-of-state 62, 147
- dispersion 90, 204, 206, 211, 216
- hardening 217
- renormalization
- scattering 197
- softening 78,217

170,191,197, 201
see magneto-

62, 214, 216



298 Index
acoustic - 71,78, 211,217
intermolecular - 62,157,211, 215

intramolecular - 211
photoemission spectroscopy
63, 77,222
pinning
- center/site 160, 171, 177
- interaction/energy 80, 179
- potential 80
CDW - see charge-density-wave
collective - 171,177
intrinsic - 171, 186
SDW - see spin-density-wave
Pippard’s network model 118
polarizable ligand 6
pseudo-gap 70, 71, 74, 96, 140, 199,
213
pyradio group 138

11, 55,

quantization
Bohr-Sommerfeld -
conductance - 119
Landau - 110,118,130
magnetic flux - 110, 188
Onsager’s - 110
orbital - 110, 137
quantum fluctuations see supercon-
ducting fluctuations
quantum flux 110
quantum Hall effect
quantum interference
Bohm effect
quantum limit 138, 140
quantum liquid 137,184
quantum melting 183, 184
quantum Monte Carlo 213
quantum oscillation see de Haas-van
Alphen (dHvA) and Shubnikov-de
Haas (SdH) effect/oscillations
quantum phase 137
quantum spin 228
quantum transport 140
quarter filling see band filling
quasiparticle 87

109

99, 131,137,138
see Aharonov-

Raman scattering
90, 217
rapid oscillation 118, 131
Rb3Ceo (RbCSQCSO) 5,25

11, 55, 62, 71, 86,

reduced zone scheme 101

relaxor ferroelectric 233

renormalization effect see many-body
effects/interaction

resistance jump 98, 241

resonating-valence-bond theory 213

retardation effect 238

Ruderman-Kittel-Kasuya-Yoshida
(RKKY) interaction 231

semiclassical equation of motion 100

semiclassical model 102,105,118

semimetal 99, 114, 138

Shubnikov phase see superconducting
mixed/vortex state

Shubnikov-de Haas (SdH) ef-
fect /oscillations 45, 50, 52, 90,
99,103,111,114, 115,118, 122,
123, 125-128, 133, 134, 138, 140,
245

single-component system see charge
transfer /intramolecular -

skin-depth 106

space group 77,122,219, 225, 236

specific heat 30-33, 50, 73, 81, 89, 113,
128, 134, 136, 148, 151, 152, 154,
155, 165, 166, 169, 170, 190, 191,
202-204, 206, 207, 211, 228

- in superconducting state 190
electronic - 90
spin
- arrangement /structure 68, 231
- canting 69
- degeneracy 110, 131
- degree of freedom 63,65, 66, 75,
92,224
- density 2,85
- easy axis 223,227, 228

- excitation 53, 82

- flop see metamagnetic transition

- fluctuation see antiferromagnetic
(AFM, AF) spin fluctuations

- frustration 40, 231

-gap 82,92

- glass 32,161

- liquid 40

- operator 229

- polarization 231

- singlet 1, 83,237



- singlet pairing 63,165, 169, 186,
189, 190, 195, 196

- splitting factor 245

- splitting zeros 113,116

- susceptibility 53, 63, 66, 71, 92,
169, 194, 196, 210

- triplet 1,63, 81, 82, 166

- triplet pairing 166, 189, 195, 206,
207,209

- wave 228

-splitting factor 113
spin-density-wave (SDW)
69,92, 133, 163

- correlation 93, 128, 137
- coupling constant 77
- energy gap 30
- ground state/phase 41,43, 75, 93,
128, 130, 207, 208, 213
17,67,75,93, 213

17,43, 47,

- instability
- metal 133
- moment 133

- nesting vector 128
- pinning 136

- subphase 130

- transition 30, 43, 47, 66, 93, 133,
134
incommensurate - 66, 93

spin-echo 233

spin-excitation gap 82

spin-lattice relaxation rate 69,
194-196, 210

spin-orbit interaction 113, 189, 209

spin-Peierls (SP) state/transition 46,
47,63-65, 75, 80, 81, 82, 83, 85, 86,
91-93, 236238

spin-resolved spectroscopy 126

spinon 82

SroRuO4 105,109, 113,119

steric effect 19, 221

stripe 86, 87, 96, 238

structural phase transition
141, 222, 236

superconducting coherence length
144,148, 149, 151, 152, 164, 166,
168,170,171, 173, 186, 187, 200,
201

superconducting critical fields

78, 86,

Index 299

lower critical field B,
170, 198
thermodynamic critical field B,
144,150, 165, 170
upper critical field B., 123,148,
152, 164-166, 170, 173, 183, 187,
188, 208, 209, 244
superconducting fluctuations 77,125,
148,150, 151, 164, 165, 168, 171,
174, 218
- of vortices
184
- scaling behavior
superconducting ground state
158, 160, 204, 245
superconducting mixed/vortex state
110, 123, 126, 137, 148, 159, 168,
170,172,176, 177,181, 183, 187,
193, 198, 199, 201
superconducting order-parameter see
order parameter
superconducting penetration depth
149, 158, 160, 163, 166, 174, 191,
198-202, 217
superconducting vortex

164, 165,

Cth

171,172,174, 177, 183,

151, 152, 166
4,141,

- lattice 170, 174,176, 178, 180, 184,
185, 199

- lattice melting 172,174,176, 177,
182

- slush 184

- glass 171,172,183, 184

- liquid
quantum -
thermal - 123,184

pancake - 173,173,174, 175,177,

179,181, 184, 185, 196
superexchange interaction/coupling
213, 229, 240
superlattice 11,79, 105, 133, 222
surface impedance 106, 107, 198, 199
switching effect 236238

174,179, 180, 183
123, 184

thermal activation 34, 140, 236, 237

thermal expansion 32-36, 51, 65-67,
72,95, 148,151, 152, 154, 155, 158,
215

thermal fluctuations see supercon-
ducting fluctuations

thermopower 113,138
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Thomas-Fermi screening length 87
three-dimensional (3D) effect 4, 66
three-terminal method 238
tight-binding approximation/model
8,37,40,42,75,87,101, 114, 115,
137, 223
time-reversal symmetry
TlgBaQCuOG+5 105
Tomonaga-Luttinger liquid 53, 54, 59,
66
topological degeneracy 2
transfer integral/hopping 8, 10, 37,
40, 45, 67, 86, 90, 157, 159, 219,
226, 229
interchain - 75
interdimer - 231

162, 188, 244

interlayer - 51,104, 168

intrachain - 53

intradimer - 39, 231

intralayer - 43, 52, 105
translational symmetry 75,79, 188
transport

coherent - 51,52

incoherent - 51, 52,103
TTF skeleton 11,19,224
two-dimensionality (2D) effect 120,

123

type-1I superconductor 123,137,164,

166, 170, 171, 244

ultrasound attenuation 113
ultrasound velocity 71,97, 98,113
Umklapp scattering/process 45, 53,
116
uniaxial pressure
154-157

23, 36, 73, 74, 94,

valence fluctuating state see mixed
valent states
valence instability
states
valence state
van der Waals
- bonds 148,154
- radii 18,19, 226
vector potential 164, 244

see mixed valent

77,86, 222

wave-packet 118

Weiss temperature 6, 223, 227

X-ray diffraction/reflection 11, 34,
48, 63, 64, 66, 84-86, 133, 157, 216,
222,233,234

Zeeman interaction/energy 99, 136,
164, 187, 244

Zeeman level 110,123,126

Zeeman spin-splitting 112, 113, 123,
126, 128, 134
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