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Abstract

Electron correlation and spin frustration are among the central issues
in condensed matter physics, and their interplay is expected to bring
about exotic phases with both charge and spin fluctuations. Molecu-
lar materials are playgrounds suitable for this study. Fundamentals in
physics of Mott transition and spin frustration on triangular lattices
are seen in the organic materials ET and Pd(dmit), compounds. We
review the experimental studies on the criticality of Mott transition
with a continuously controllable pressure technique and on the
ground state of the quasi-triangular-lattice Mott insulator. Mott crit-
icality is well characterized in both charge and spin channels with
unconventional critical exponents of possibly quantum nature. The
ground state of the triangular-lattice Mott insulator is changed from
antiferromagnet to spin liquid as the triangular lattice becomes more
isotropic. The various experiments probing the nature of spin liquid
are described in the light of proposed mechanisms.
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1. INTRODUCTION

Mutual interaction between electrons is a source that affords various kinds of exotic electronic
phases. In the absence of interaction, electrons propagate freely (but following Fermi-Dirac
statistics) as Bloch waves on a periodic lattice in solid state. They gain more quantum mechan-
ical kinetic energy, W, characterized by electronic bandwidth, compared with the localized
state. In the presence of interaction, however, the free motion of electrons would cost the
Coulomb repulsive energy when they approach each other. Assuming a simple situation of one
electron per lattice site forming a half-filled band, the Coulomb repulsive energy of two elec-
trons accommodated by a site, which is called on-site Coulomb energy U, represents the
correlation energy. For W >> U, electrons keep behaving like Bloch waves with the double
occupation allowed, and they are metallic. For W << U, however, each electron manages to
avoid the double occupation and stay at each site, as with particles rather than waves. This is an
insulator. Therefore, it is expected that a dramatic metal-insulator transition occurs when
W and U are comparable. This is called the Mott transition, which is an interaction-induced
imbalance of the electron’s dual (wave and particle) nature. The interaction effect is not only
restricted to the charge degrees of freedom, but it also gives various emergent phenomena in
spin degrees of freedom. Even in the Mott insulator, spins, which are remaining degrees of
freedom, mutually interact and can form a variety of organizations strongly depending on the
lattice geometry, some of which are argued to give nontrivial organization with quantum
fluctuations highly enhanced.

Organic conductors are suitable for the research of electron correlation in several respects.
First, the electronic band structure, which gives a basis for considering the physics of the
electronic system, is simple and clear because the system is well described by the tight-binding
model of molecular orbitals. Second, owing to a rich variation in molecular arrangements, one
can pursue the lattice geometry-property relation in a systematic way. Third, the van der Waals
nature of molecular packing allows the precise control of the transfer integrals, namely band-
width W, relative to the Coulomb repulsive energy by chemical substitution or physical pres-
sure. In reality, the molecular conductors exhibit a variety of ground states, depending on
dimensionality, lattice topology, band filling, nature, and strength of electron-electron and
electron-phonon couplings (1-3).

This review is devoted to two issues in the physics of correlated electrons, namely Mott
transition and the spin states of Mott insulators, which were revealed in layered organic
systems. The Mott transition has long been studied since Mott’s discussion on the insulating
state of NiO; (4) and is now recognized as a key concept for understanding various emergent
phenomena such as high-T, superconductivity and colossal magnetoresistance (5). However, the
critical characteristics, which tells us what the nature of phase transition is, remained unknown
(Figure 1a). In the Mott-insulating state, spins are usually ordered at low temperatures but can
take nontrivial states on triangular lattices where geometrical frustration against antiparallel
configuration makes the quantum fluctuation remarkable (Figure 15). The quantum spin liquid
on triangular lattices proposed theoretically by Anderson (6) was of keen interest among the
possible spin states (7-9) and long anticipated in real materials. The underlying concept is
the singlet formation of spins (valence bond). The spin liquid is postulated as the quantum-
mechanically fluctuating rearrangement of the singlet pairs called resonating valence bonds,
whereas its order is another possible state called a valence bond solid (VBS).

These charge and spin issues were illuminated by two kinds of organic materials based
on an electron donor molecule ET or an electron acceptor molecule Pd(dmit),, where ET is
bis(ethylenedithio)tetrathiafulvalene and dmit is 1,3-dithiole-2-thione-4,5-dithiolate (Figure 2)
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Two issues discussed in this article. (a) Conceptual phase diagram of Mott transition. In a region of U/W >1
(at low pressures), the majority of particles (electrons or holes) are localized at lattice sites, whereas for
U/W <1 the particles can move with double occupancies and vacancies allowed. The transition between the
two regimes occurs as a metal-insulator transition without symmetry breaking. Its criticality is in question.
(b) Nontrivial spin states in geometrically frustrated lattice. Antiferromagnetically interacting spins on
triangular lattices have difficulty in having an ordered ground state. Spins possibly remain disordered in
the ground state in the quantum-mechanical sense. It is a long-standing question whether the spin liquid
state can be realized and what its nature is.

(10, 11). They are both effectively half-filled band systems with anisotropic triangular lattices.
By pressure, we can access the critical region of the Mott transition (Figure 1a). The triangular
feature of the molecular lattice provides an opportunity to tackle the problem of the spin
frustration. Below, we present the experimental observations of Mott criticality in ET salts and
spin liquid in ET and Pd(dmit), salts.

2. k-(ET),X

2.1. Crystal and Electronic Structures of k-(ET),X

The ET molecule provides many 2:1 compounds, (ET),X, with various kinds of anion, X.
Among them, the materials that we deal with in this section are k-(ET),X. They are layered
materials composed of conducting ET layers with 1/2 hole per ET and insulating X layers,

(L
T =

Pd(dmit),

Figure 2

Two molecules that provide compounds discussed in this review. BEDT-TTF (ET) is an electron donor
and gives salts (ET),X with monovalent anion X!, Pd(dmit), is an electron acceptor and gives salts
A[Pd(dmit),], with monovalent cation, A*'.
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Figure 3

as shown in Figure 3a. The monovalent anion, X', has no contribution to electronic conduc-
tion or magnetism. In the conducting layer, the ET molecules form dimers, which are arranged
in a checkerboard-like pattern (Figure 3b). From the band structure point of view, two ET
highest occupied molecular orbitals (HOMOs) in a dimer are energetically split into bonding
and antibonding orbitals, each of which forms a conduction band due to the interdimer transfer
integrals (12). The two bands are well separated so that the relevant band to the hole filling is
the antibonding band, which is half-filled with one hole accommodated by one antibonding
orbital. The dimer arrangement is modeled to an isosceles-triangular lattice characterized by
two interdimer transfer integrals, ¢ and ¢ (Figure 3c¢) of the order of 50 meV, whose anisotropy,
¢'/t, depends on the anion X.

2.2. Criticality of Mott Transition in ET Compounds

The competition of kinetic energy and correlation energy, which are characterized by band-
width W and on-site Coulomb energy U, gives rise to Mott transition between wave-like
itinerant electrons and particle-like localized electrons. Because the Mott transition is a metal-
insulator transition without symmetry breaking, the first-order transition expected at low tem-
peratures can have a critical endpoint at a finite temperature, as in the gas-liquid transition
(Figure 1a). This feature of the Mott phase diagram was first deduced by the reduction of
Hubbard Hamiltonian to the so-called Blume-Emery-Griffiths model (13) and then extensively
discussed in terms of dynamical mean field theory (DMFT) (14), which showed that the Mott
transition belongs to the Ising universality class (15). It is well established that the x-(ET),X
family is situated in the vicinity of Mott transition (9, 16-24). To explore the phase diagram
beyond the conceptual one, and to uncover the critical behavior of Mott transition, experiments
on a single material under precisely controlled pressure and temperature are required.

The compound studied is k-(ET),Cu[N(CN),]Cl, which is a Mott insulator (25) with a
sizable anisotropy of triangular lattices; the #/¢ value is 0.75 or 0.44, according to the tight-
binding calculation of molecular orbital or first-principles calculation (26), respectively. The
resistivity measurements of k-(ET),Cu[N(CN),]Cl under continuously controllable He-gas
pressure unveiled the Mott phase diagram (27-30), where the first-order transition line dividing
the insulating and metallic phases has an endpoint around 40 K (Figure 4). The presence of
the critical endpoint was proved in spin and lattice degrees of freedom as well; namely,
nuclear magnetic resonance (NMR) (31), ultrasonic velocity (32, 33), and expansivity (34).
The bending shape of the phase boundary reflects the entropy difference between the insulating

Structure of k-(ET),X. (a) Side and (b) top view of the layer and (¢) modeling the in-plane structure into an isosceles-triangular lattice
with two kinds of transfer integrals.
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Figure 4

Pressure-temperature phase diagram of k-(ET),Cu[N(CN),]Cl determined by conductivity measurements.
Abbreviations: AF, antiferromagnet; SC superconductor.

and metallic phases, according to the Clausius-Clapeiron relation; positive (negative) dT/dP at
high (low) temperatures indicates that the entropy of the Mott-insulating phase is larger
(smaller) than that of the metallic phase. The temperature variation of dT/dP is explained by a
rapid decrease in the spin entropy of the insulating phase due to short-range order compared
with the metallic phase with temperature decreased (28, 29). Therefore, the profile of the phase
boundary is affected by the spin frustration, as demonstrated by cluster-DMFT studies of the
Hubbard model (35-37). Although antiferromagnetic ordering and superconductivity occur at
low temperatures, the critical point is far from such symmetry-breaking transitions. The critical
phenomena, which are direct clues to identifying the universality class, appear around the
endpoint, as is well known in the liquid-gas transition. The order parameter characterizing
criticality is density in the gas-liquid transition and magnetization in the ferromagnetic transi-
tion. Mott transition can be viewed as a liquid-gas transition of double occupancies and
vacancies (13), as depicted in Figure 1a. In this picture, their densities are expected to play a
role of order parameter and can be probed by conductivity.

Figure 5a shows the detailed conductance behavior under isothermal pressure sweeps in the
vicinity of the critical point (38). At lower temperatures, the conductance exhibits a clear jump
at a well-defined pressure, indicating the first-order metal-insulator transition. A small but
finite hysteresis, which cannot be resolved in the scale of the figure, is found. At elevated
temperatures, the jump is gradually diminished and vanishes at a critical endpoint, T,, of
39.7 K. Above T, the conductance varies continuously against pressure, pointing to a metal-
insulator crossover. The crossover pressure is defined by the pressure giving a maximum in the
pressure derivative of conductance, G’ (P,T) = G(P,T)/OP (Figure 5b). The first-order transi-
tion line and the crossover line are represented in Figure 4 (29, 30). According to DMFT (14,
15), the order parameter of the Mott transition has a scalar nature and is measured by the
conductance deviation from the value at the critical point in the metallic region, G-G. (39, 40),
which was successfully demonstrated by an experiment on V,0j3 (41). In this context, the
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(a) Conductance, G(P, T), around the critical endpoint for k-(ET),Cu[N(CN),]Cl. The light blue shaded area indicates the conduc-
tance jump. The red and purple lines represent the critical behavior that gives the critical exponents & and B, respectively. (b) Pressure
derivative of conductance, 9G1(P)/OP, as a function of pressure at temperatures above the critical endpoint. The dashed blue curve
represents the critical divergence of the values on the crossover line. This gives the critical exponent, y. (¢) Scaling plot of the whole
data set of G(P,T) in the metallic region. AP is the pressure distance to the first-order line (T < T,) or the crossover line (T > T,). A¢ is
the temperature distance to the critical point. AG is the conductance difference from the critical value, G, (T < T,) or the crossover
value, G(Peross(T)), for T < T..
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temperature dependence of G-G. along the first-order line represented in Figure 5a (purple
curve) gives the critical exponent B of the conductance jump expressed by GpeT)—G. ~
(T.—T)P. The pressure dependence of G-G, at T (red curve) gives the exponent 8 in the form
G1(P)—G. ~ (P—P.)""®. Moreover, the critical exponent of the spin susceptibility equivalence is
extracted from the temperature dependence of the pressure derivative of conductance, dG(P)/
OP|p — peross(Ty ~ (T—T,) "7 along the crossover line (blue dashed line in Figure 5b).

The experimental data are well fitted to the power-law dependence with the exponents
(8, By v) ~ (2, 1, 1). These values are not among established universality classes and are
unconventional in the sense that the widely known universality classes have in common the
features of 8 > 3 and B < 0.5 [ (3, 0.5) are the mean-field values]. However, the (2, 1, 1) satisfies
the scaling relation, 8 = 1 + v/B, and another scaling prerequisite that the temperature and
pressure variation of order parameter should be in a universal form of the equation of states
(39, 42), which follows in the present case:

{GT(P) - GT(PCTDSS)}/(P - Pcross)ué = f+ 7;;_‘_ I;ir(‘);; forT > TC, 1.
(Gr(P) = Ge/(P— P = f (LI ) forr < 7, 2
T = Te|”

where P... and P; represent crossover pressure above T, and transition pressure below T..
Using the present value, (3, B) ~ (2, 1), and the whole data set of Gt (P) in the metallic region

Kanoda < Kato



Annu. Rev. Condens. Matter Phys. 2011.2:167-188. Downloaded from www.annualreviews.org
by 60.238.243.238 on 02/10/11. For personal use only.

[P > Py for T < T, and P > P for T > T,], we plotted in Figure 5¢ {G1(P)—G1{(Pcross)}
(P—P ros6) ® versus (P—Piposo)l|T—=T.* for T > T., and {G(P)—G }/(P—P;)""° versus (P—P;)/
|T—T.|°" for T < T.. All the data fall into the two universal curves over a wide range. The
successful scaling behavior supports the present analysis on the basis of the assumption that the
conductance serves as the Mott order parameter.

Mott transition is a phenomenon occurring in the charge degrees of freedom due to the
Coulomb interaction. How another degree of freedom of electron, namely spin whose fluctua-
tions are ubiquitous in strongly correlated electrons, behave in the critical region is an interest-
ing question. The NMR probes electron spins, whose fluctuations are measured by the nuclear
spin-lattice relaxation rate, 1/T. Figure 6 shows the pressure dependence of the relaxation rate
divided by temperature, 1/T;T, measured under continuously controlled He-gas pressure at
several temperatures (43). A clear jump in 1/TT is emergent on the Mott transition at low
temperatures; however, the jump vanishes around the critical point, followed by smooth cross-
over at higher temperatures. With pressure increased so as to pass through the critical point, a
steep enhancement of conductance at the critical pressure is accompanied by a steep suppres-
sion of spin fluctuations (Figure 7a). Mott criticality obviously manifests itself in magnetism as
well as in charge transport. Note that this magnetic criticality appears as a critical change in
paramagnetic spin fluctuations, not as a precursor to magnetic ordering. The detailed analysis
of the data shows that A1/T{(P)T [= 1/T{(P)T —1/T1(P.)T ] is well fitted to a power form of
|P—P."° with nearly the same critical exponent of &= 2 as observed in conductance
(Figure 7b). Why does the Mott criticality show up in the spin degrees of freedom? The doubly
occupied sites and empty sites (Figure 1a) serve as charge carriers and at the same time act as
spin vacancies. Therefore, the increase in conductivity and the suppression in spin fluctuations
go parallel with an identical exponent reflecting the critical change in the density of doubly
occupied and empty sites, which is the order parameter of the Mott transition.
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Figure 6

13C NMR relaxation rate around the Mott critical endpoint. The pressure dependence of 1/T; T at various
temperatures. The gray shaded areas represent the coexistence of insulating and bad metallic phases.
Abbreviation: NMR, nuclear magnetic resonance.
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(a) Pressure dependence of >C NMR relaxation rate (blue and red circles) and conductance (purple curve)
at the critical temperature. (b) Logarithmic plot of 1/T;T and conductance measured from the endpoint
against |P — P.|. The dashed black line indicates the pressure dependence of |P - P.|">. Regarding the plot of
conductance, the data above P are used. Abbreviation: NMR, nuclear magnetic resonance.

The next issue is how to understand these unconventional critical exponents. Imada and
coworkers theoretically considered the Mott criticality in three different cases of classical (finite
T.), quantum (T, = 0), and marginally quantum (in between) regimes, and showed that the
exponents in the marginally quantum case are (3, B, v) = (2, 1, 1), which are the experimental
values (44, 45). Because the present T, is as low as 40 K, much less than 450 K in the V,03, but
finite, the marginal quantum criticality, if any, should cross over to the classical Ising-like one in
close vicinity (probably inaccessible in the present experiments) to the finite-temperature criti-
cal point, as demonstrated numerically (45). Another scenario is proposed by Papanikolaou
et al., who argued that the conductance exponents (2, 1, 1) are a consequence of nonlinear
relation between the conductance, AG = G — G, and Mott order parameter (46). Assuming a
power relation between them, they reproduced the (2, 1, 1) with the Ising-type of order param-
eter. It is of interest whether this scenario explains the same exponent (8 = 2) in a spin channel
probed by NMR.

As a different probe, expansivity is reported to exhibit an enhancement near the Mott critical
point in an analog, deuterated k-(ET),Cu[N(CN),]|Br (34), and is analyzed in two ways.
Assuming that expansivity is proportional to specific heat (Gruneisen law), the data turn out
to point to an anomalous criticality different from the (2, 1, 1) and any known universalities
(34). Assuming that the system volume is linear to the Mott order parameter, instead, the data
can be consistent with the Ising universality (47). The controversy above is attributed to the
problem of identifying what the Mott order parameter is and how it is probed experimentally.
A consensus on the nature of Mott criticality has yet to be seen.

2.3. Antiferromagnetic Ordering Versus Spin Liquid in ET Compounds

The material x-(ET),Cu[N(CN),]Cl referred to above has anisotropy #/t = 0.75 (0.44) in
triangular lattices, according to quantum chemical (first-principles) calculations (26), and has
an antiferromagnetic ground state in the Mott-insulating phase (25). Another Mott insulator,
k-(ET),Cu,(CN)s3, is intriguing because the dimer triangular lattice is so close to the equilateral
one [i.e., #/t = 1.06 (49) or 0.80 to 0.83 (26, 49)] that the spins are more frustrated and can be
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a real candidate of the quantum liquid state, which has been sought since Anderson’s proposal
more than 35 years ago (6). Figure 8a shows the temperature dependence of the magnetic
susceptibility with the core diamagnetism subtracted (50). In contrast with the magnetic transi-
tion at 27 K in x-(ET),Cu[N(CN),]Cl as evidenced by an anomaly, k-(ET),Cu,(CN)3 has no
anomaly down to the lowest temperature measured, 2 K, but does have a broad peak, which is
well fitted to the triangular-lattice Heisenberg model with an exchange interaction of ] ~ 250 K
(50, 51). The Yspin behavior of k-(ET),Cu[N(CN),|Cl is unlikely fitted to the Heisenberg model,
even if the anisotropy is considered, possibly because it is situated very close to the Mott
transition, where the Hubbard model or higher-order corrections in the Heisenberg model
should work.

The magnetism is further probed by NMR measurements. Figure 85 shows the single-crystal
'"H NMR spectra for k-(ET)>Cu[N(CN),]Cl and k-(ET),Cu,(CN); under the magnetic field
applied perpendicular to the conducting layer (50). The line shape at high temperatures comes
from the nuclear dipole interaction sensitive to the field direction against molecular orientation,
which is different between the two systems. k-(ET),Cu[N(CN),]Cl shows a clear line splitting
below 27 K, indicating a commensurate aniferromagnetic ordering, whose moment is estimated
at 0.45 pg per an ET dimer by separate '*C NMR studies (25, 52, 53). However, the spectra of
K-(ET),Cuy(CN);3 show neither distinct broadening nor splitting, which indicates the absence
of long-range magnetic ordering at least down to 32 mK, 4 orders of magnitude lower than

K-(ET),Cu,(CN), K-(ET),CUIN(CN),]CI
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Figure 8

(a) Temperature dependences of spin susceptibilities of k-(ET),Cu,(CN)3 and k-(ET),Cu[N(CN),]|Cl. The solid lines represent the
results of the series expansion of the triangular-lattice Heisenberg model using [7,7] Pade approximation with | = 240 K and 250 K.
(b) 'H NMR spectra of single crystals of k-(ET),Cu,(CN); (left panel) and r-(ET)>Cu [N(CN),|Cl (right panel) under magnetic fields
applied perpendicular to the conducting layer. Abbreviation: NMR, nuclear magnetic resonance.
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the | value of 250 K. The result points to the realization of a quantum spin liquid in
k-(ET),Cu,(CN);3 due to the strong spin frustration on the nearly equilateral triangular lattice.

Theoretically, it is believed that the ground state of the triangular-lattice Heisenberg model is
the 120° spirally ordered state (54). This model is appropriate for strongly correlated Mott
insulators. However, the present systems are in the intermediately correlated regime because
they undergo Mott transition to metals under low pressures. In this context, the Hubbard
model (55-66), the Heisenberg model with higher-order exchange or ring exchange interactions
(67-71), or related models (72-75) have been investigated extensively to seek possible spin
liquid states without magnetic ordering. Most of them indicated the presence of quantum-
disordered states. Thus, the moderate correlation, as well as the spin frustration, is key to the
realization of the quantum spin liquid.

The nature of spin liquid in k-(ET)>Cu,(CN); was further studied by '*C NMR (76), specific
heat (77), thermal conductivity (78), and expansivity (79) measurements. Common to these
quantities is an anomaly around 5-6 K. Figures 9a and b show *C NMR relaxation rate and
specific heat at low temperatures, respectively. Below 8 K, 1/T; decreases more steeply and C/T
starts to increase, followed by a kink and a peak around 5 to 6 K, respectively, and a sharp peak
in expansivity (not shown). This means that the anomaly is thermodynamic and involves at
least the spin degrees of freedom. This anomaly is accompanied by NMR spectral broadening,
whose field dependence indicates that the broadening is not due to a spontaneous spin ordering
but rather to a field-induced inhomogeneous staggered moment. This can be caused by impuri-
ties or a Dzyaloshinsky-Moriya interaction. Whatever the origin is, that the broadening is
enhanced below 5-6 K implies some change or possible symmetry breaking in the underlying
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(a) 3C NMR relaxation rate of x-(ET),Cu,(CN)s. The nuclear relaxation becomes inhomogeneous at lower temperatures, as depicted
by the graded arrow. (b) Specific heat divided by temperature, C, T, as a function of T ? for r-(ET),Cu,(CN)3 under magnetic fields
of 0 T (red), 2 T (purple), and 8 T (green). The inset shows the difference of the heat capacities of x-(ET),Cu,(CN); and k-(ET),Cu
(NCS),, which is considered to serve as a reference of phonon background. Abbreviation: NMR, nuclear magnetic resonance.
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spin liquid state. The theoretical proposals such as an order of scalar chirality (67), paired
spinon states (58, 59, 71, 80, 81), and Z, vortex transition (82) are among the possible mech-
anisms of the 5-6 K anomaly. Although a steep decrease in 1/T is observed well below 1 K,
there appears no appreciable anomaly in specific heat and thermal conductivity around the
corresponding temperatures.

A key issue on the nature of spin liquid is whether the spin liquid is gapped. The experimen-
tal observations are, however, totally controversial at present. The specific heat points to the
presence of a finite y value comparable to that in the metallic phase down to at least 0.3-0.4 K,
below which the nuclear Schottky contribution becomes overwhelming (77). The thermal
conductivity measurements indicate that the thermal excitation is gapped by 0.46 K (78). The
13C NMR relaxation rate shows a power-law temperature dependence with an exponent of 3/2;
although, the nuclear relaxation is inhomogeneous at low temperatures (76). They are all
inconsistent with each other. From the theoretical point of view, the gapless feature is explained
by the disorder-induced density of states in the nodal paired spinons (71, 80), whereas the
gapped feature may be a consequence of the gapped spinless excitations (called visons), which
are considerably greater than the bosonic spinon excitations (74). The latter may show a power
law, as observed in 1/Ty, in the quantum critical case (74). At present, we cannot assess the
experiments and theories. Many ongoing studies are expected to provide significant information.

3. Pd(dmit), COMPOUNDS

3.1. Crystal and Electronic Structures of Pd(dmit), Compounds

The metal dithiolene complex Pd(dmit), is an acceptor molecule and provides a number of
conducting anion radical salts with monovalent cations, Et,Me,._,Z* (Et = C;Hs—, Me = CH3—,
Z =N, P, As, Sb; x = 0, 1, 2) (11). Metal dithiolene complexes are planar m-conjugated
molecules similar to tetrathiafulvalene (TTF) derivatives including ET. However, the carbon-
carbon double bond in the central core of the TTF skeleton is replaced by the transition metal
ion, which leads to a unique feature of frontier molecular orbitals. The metal d orbital has a
very small overlap with the ligand orbitals in the HOMO owing to its symmetry (Figure 10).
Lack of the metal-ligand interaction raises the HOMO energy level; thus, the HOMO-LUMO
(lowest unoccupied molecular orbital) energy gap A is reduced, which is an important charac-
teristic of metal dithiolene molecules (83, 84). The A value for Pd(dmit), was estimated to be
0.8-0.9 eV by optical studies, whereas A~3 eV for ET (85). It should be noted that the
symmetry of HOMO in Pd(dmit), is similar to that in ET.

The Pd(dmit), salts, (Cation) [Pd(dmit),],, exhibit two-dimensional layer structures that can
be classified into the following types:

1. Single-layer structure (Cation = Et;Me,;N, EtMesN): A unit cell contains one anion
layer (86).
2. Solid crossing column structure: A unit cell contains two anion layers with different stacking
directions of Pd(dmit), units.
a) a-type (Cation = Me4N): Anion layers are crystallographically nonequivalent, and the
anions show a corrugated arrangement along the interlayer direction (87).
b) B-type (Cation = Me4N): Anion layers are crystallographically equivalent, and the anions
show a corrugated arrangement different from that in the a-type (87, 88).
¢) P'-type [Cation = MesZ (Z =P, As, Sb), Et;MeyZ (Z =P, As, Sb), EtMesZ (Z = As, Sb)]:
Very similar to B-type, but cation positions are slightly different (87, 89, 90).
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Dimer [Pd(dmit),],”

Figure 10

HOMO and LUMO of a Pd(dmit), molecule and schematic electronic structure for a dimer unit [Pd(dmit),], .
Abbreviations: HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.

d) y-type (Cation = Me4N): Anion layers are crystallographically equivalent, and the anions
show a corrugated arrangement similar to that in the a-type (A. Nakao, A. Tajima &

R. Kato, unpublished data).
3. Parallel column structure [Cation = EtMe3N, EtMe;P (monoclinic and triclinic forms)]: A
unit cell contains two anion layers and all the anion columns are parallel to each other (90).

They have the following common features:

1. Pd(dmit), units are strongly dimerized with an eclipsed overlapping mode to form a dimer
[Pd(dmit),],~ with one negative charge. The degree of dimerization is stronger than that in
the k-type ET salts.

2. In contrast to the k-type ET salts, the dimer units show face-to-face stacking.

3. Within the two-dimensional conduction layer, the dimer units form a quasi-triangular lattice.

Despite the above-mentioned common features, systematic discussion based on tunable param-
eters (for example, the frustration parameter #/t, as shown later) can be possible only within the
same structural type. Depending on the structural type, various low-temperature phases have
been reported. Among them, the B- and P'-types and the EtMe;P salt (monoclinic) with the
parallel column structure are well studied. The B-MesN salt with antiferromagnetic long-range
order is the first pressure-induced superconductor of the Pd(dmit), salts with closed-shell counter
cations (91). It was revealed first in the '-type salts that the frustration plays an important role in
the Pd(dmit), salts (92). The EtMe;P salt (monoclinic form) shows a second-order transition
toward a VBS state with a spin gap where the lattice distortion forms pairs of the dimer units
and the valence bond (the singlet pair) is formed between the dimer units (93). Under pressure,
this VBS state turns to a superconducting state (90). This is the first example of the VBS state
neighboring the superconducting phase (94-96). However, the EtMesP salt (triclinic form)
shows another type of VBS state coupled with the intradimer charge ordering (T. Yamamoto,
Y. Nakazawa, M. Tamura, A. Nakao, A. Fukaya, R. Kato & K. Yakushi, to be submitted).

In this review, we focus on the B/'-type salts where the crystal system is monoclinic and the
space group is C2/c (Figure 11). The unit cell contains two crystallographically equivalent
conduction layers (Layer 1 and Layer 2) interrelated by a glide plane. They are separated from
each other by the insulating cation layer. Because the cations are located on the twofold axis,
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Figure 11

Crystal structure of the f/-type Pd(dmit), salt.

the cation without the twofold symmetry (EtMe3Z ") shows two possible orientations with an
occupancy of 50% for each one. The dimer units stack along the a+b direction in Layer 1 and
along the a—b direction in Layer 2.

The strong dimerization and the small A value lead to an interesting electronic structure that
has never been observed in other molecular conductors including the ET salts. In the dimer unit,
each HOMO and LUMO in the monomer forms bonding and antibonding pairs with a dimer-
ization gap (Figure 10). The dimerization gap is expressed as 2|ty |, where 74 is an intradimer
transfer integral (Figure 12) and depends on the strength of dimerization. Both pairs have nearly
the same #5 value. A transfer integral between the HOMO and LUMO is zero, because a
difference in symmetry leads to cancellation of an overlap integral in an eclipsed overlapping
mode. In the Pd(dmit), salts, the dimerization gap is large enough, and the bonding LUMO pair
is located below the antibonding HOMO pair. This is HOMO-LUMO level crossing (85, 97).
The antibonding HOMO pair in [Pd(dmit),],” is occupied by one unpaired electron. In a
crystal, each energy level forms an energy band, and the antibonding HOMO pair forms
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Figure 12

Relation between bandwidth (W) and frustration parameter (#/¢) in the B'-type Pd(dmit), salts.

a half-filled two-dimensional conduction band. This means that the conduction band in the
Pd(dmit), salts originates from HOMO in a monomer, in contrast to the conventional acceptor-
based molecular conductors. Because the conduction band is narrow and half-filled, the
B’-Pd(dmit), salts are Mott insulators at ambient pressure. The HOMO-LUMO level crossing
plays an important role in the charge order transition, as described below.

The electronic structure around the Fermi level can be described by the dimer-based tight-
binding approximation. In this model, the on-site Coulomb energy is read as effective Coulomb
repulsive energy between carriers on a dimer (U.g), which is enhanced by dimerization.
Intermolecular HOMO---HOMO transfer integrals can be estimated from the extended Hiickel
molecular orbital calculation based on crystal structure data. Although the intermolecular Cou-
lomb repulsion V in a dimer behaves as U.g when the dimer is regarded as a single site, the
intradimer transfer integral 5 can be used as a measure of U.g, owing to local linearity of #5 and
V versus a parameter that characterizes the dimeric structure (98). To be precise, the dimers form
a scalene-triangular lattice where they are connected by three unequal transfer integrals. A dimer
lattice of the [Pd(dmit),], ™ units, however, is close to an isosceles-triangular lattice in many cases;
thus, we treat it as an isosceles-triangular lattice with two transfer integrals ¢ and # in this review
(Figure 12). The larger interdimer transfer integral # determines the bandwidth W. The ratio z, /W
roughly indicates the strength of the correlation effect in this Mott system. And, the ratio #/¢
indicates deviation from the regular-triangular lattice (anisotropy) and thus the degree of frustra-
tion. These two parameters, t5 /W and ¢/, play important roles in understanding the electronic
state in this Mott system (11). Interdimer transfer integrals (#, #) can be tuned by the choice of
the cation. Depending on the cation, #/t changes together with the bandwidth systematically
(Figure 12). That is, as the system becomes anisotropic, the system has a wider conduction band.

3.2. Spin Liquid in Pd(dmit), Compounds

In the Mott-insulating state, one spin is localized on each dimer. In the high-temperature region,
the B'-Pd(dmit), salts show frustrated paramagnetism that can be described by the model of
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a spin-1/2 Heisenberg antiferromagnet on the triangular lattice (92). With decreasing tempera-
ture, the salts with large deviation from the regular triangular lattice undergo a transition
toward antiferromagnetic long-range order and remove the spin frustration (Figure 13). In this
thermal phase transition, an effect of frustration on the spin dynamics can be observed in uSR
spectra (99). The Néel temperature decreases as the lattice gets close to the regular triangular
lattice (#/t = 1.0). In the region where the system has a nearly regular-triangular lattice (#/¢ ~
1.0) and the frustration strongly operates, the system shows various ground states instead of the
antiferromagnetic long-range order (100). As for the B'-Pd(dmit), salts, EtMesSb (#/t = 0.92)
and Et;Me,Sb (#/¢ = 1.01) salts are situated in this region (Figure 12).

The Et,Me,Sb salt undergoes a first-order transition toward a nonmagnetic state (Figure 13)
(101). Low-temperature X-ray crystal structure analysis and reflectivity spectra revealed that
this is a charge order transition (2[dimer]” — [dimer]® + [dimer]*~), which is accompanied by
significant structural changes. Below the transition temperature, there exist two crystallograph-
ically independent dimers with different interplanar distances (102, 103). The neutral dimer
shows stronger dimerization (shortened interplanar distance), whereas the divalent dimer
shows weaker dimerization (elongated interplanar distance). The charge ordering transition in
the Et,Me,Sb salt is associated with the HOMO-LUMO level crossing (Figure 13). The dimer-
ization gap is enhanced in the neutral dimer with stronger dimerization. Because the bonding
pairs are fully occupied and the antibonding pairs are vacant, the transition leads to the energy
gain in the neutral dimer. However, the divalent dimer, where the antibonding pair is fully
occupied, has the disadvantage of the bonding energy. But, the weaker dimerization that re-
duces the dimerization gap absorbs this energy cost. In the Et;Me,Sb salt, total gain of the
bonding energy outweighs the energy cost of the lattice distortion. It should be emphasized that
the HOMO-LUMO level crossing is indispensable to this mechanism (intradimer valence bond
formation).

However, the EtMe;Sb salt shows a quantum spin liquid state (104). The static magnetic
susceptibility shows frustrated paramagnetism that can be modeled by a spin-1/2 Heisenberg
antiferromagnet on the triangular lattice with | = 220-250 K. There is no indication of the
long-rang magnetic order down to 5 K (Figure 13). >*C NMR spectra for the selectively
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Figure 13

Temperature dependence of static magnetic susceptibility for Me4Sb, EtMe3Sb, and Et;Me,Sb salts. Abbre-
viations: HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.
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enriched sample under 7.65 T do not show significant broadening down to 19.4 mK
(Figure 14a) (105). Although very slight gradual broadening is observed, the width is much
smaller than the scale of the hyperfine coupling constant of the '*C sites. This clearly indicates
that there is no spin ordering or freezing down to the lowest temperature. Because this temper-
ature is smaller than 0.01% of ], thermal fluctuations are completely negligible, and the absence
of spin ordering or freezing should be attributed to quantum fluctuations.

The spin-lattice relaxation rate 1/T curve was fitted by the stretched exponential function.
The stretching exponent f§ indicates homogeneity of the system. The 8 value being smaller than
unity means that the system is inhomogeneous. The temperature dependence of 8 indicates that
inhomogeneity is enhanced from approximately 20 K and reaches maximum around 1 K
(Figure 14b inset). A sharp drop of 1/T below 1 K (Figure 14b) strongly suggests a continuous
phase transition that involves symmetry breaking and/or topological ordering (105). Below 1 K,
the relaxation curves recover the homogeneous single-exponential nature, which is contradic-
tory to the case of k-(ET),Cu,(CN)s. In this region, 1/T; is proportional to the square of the
temperature. This is not the nature of the gapless spin liquid with the spinon Fermi surface, and
this suggests a spin gap formation in the low temperature phase. Because the temperature
dependence of 1/T obeys not an exponential law but a power law, the spin gap may be nodal,
similar to that of anisotropic superconductivity.

However, heat capacity shows a different aspect (106). Compared with the Et;Me,Sb salt,
which shows a nonmagnetic charge-ordered state with an excitation gap, the EtMesSb salt gives
large absolute values of heat capacity (Figure 15). The most important point is that the
EtMe;Shb salt shows a T-linear term in the zero-temperature limit, which means that the excita-
tion from the ground state is gapless. Another important point is that the broad hump structure
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Figure 14

13C NMR for randomly oriented samples of EtMe;Sb salt. (a) 1*C NMR spectra from 272 K to 19.4 mK. (b) Temperature dependence
of 13C nuclear spin-lattice relaxation rate (1/T}). The relaxation of the nuclear magnetization M(t) was analyzed using the stretched
exponential function 1 — M(#)/M(cc) = exp{—(#/T1)’}. The inset shows temperature dependence of the stretching exponent ().
Abbreviation: NMR, nuclear magnetic resonance.
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Figure 15

Low-temperature heat capacity (C,) for EtMe3Sb and Et,Me,Sb salts. The main graph shows C, T ! versus
T? plots of the heat capacity. The inset shows a C, T~ versus T plot around a broad hump structure for the
EtMe;Shb salt.

is observed around 3 K. This corresponds to the kink of 1/T; in '*C NMR in the same temper-
ature region, and indicates a possibility of crossover phenomena to the spin liquid state.

Figure 16a shows temperature dependence of thermal conductivity (107). Compared with
the Et;Me,Sb salt, the EtMe3Sb salt shows enhanced thermal conductivity, which indicates that
spin-mediated contribution is added to the phonon contribution. Temperature dependence of
the thermal conductivity has a peak structure around 1 K (Figure 164 inset). Thermal conduc-
tivity of the EtMe;Sb salt also shows a T-linear term, indicating gapless excitation from the
ground state. This is markedly different from the case of k-(ET),Cu,(CN)s.

Field dependence of thermal conductivity of the EtMe3Sb salt, however, suggests another kind
of excitation (Figure 16b). A steep increase above approximately 2 T is observed below 1 K,
which implies that some spin-gap-like excitations are present at low temperatures, along with the
gapless excitations indicated by the T-linear term. At present, there are two possible scenarios:

1. In terms of coexistence of the gapless and gapped excitations (108), the magnetic excitations are
separated from the ground state by a spin gap, which is filled with nonmagnetic excitations.

2. In terms of a possible nodal gap structure in the spinon Fermi surface, the spin-gap-like
behavior is attributed to the pairing gap formation, and the finite residual T-linear term
stems from the zero-energy density of states similar to the disorder-induced normal fluid in
d-wave superconductors (72).

Although there remain many open questions, the unusual bipartite nature of elementary excita-
tions in the quantum spin liquid state places the EtMe;Sb salt in a key position for understand-
ing Mott physics and quantum magnetism.
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y the zero-field value. The heat current was applied within the two-dimensional plane, and the magnetic
r to the plane.

Finally, it should be mentioned that one can easily obtain mixed crystals (alloys) in an
isostructural series: (EtMe3Sb),(Et;Me,Sb) _.[Pd(dmit),],. This provides a powerful experimental
tuning knob of the interdimer transfer integrals. By increasing the EtMe;3Sb content (x), the #/¢
value decreases continuously, and the charge order transition temperature drops rapidly
(T. Fukunaga, Y. Ishii, A. Tajima & R. Kato, unpublished data). As a consequence, we can
summarize a general phase diagram for the p'-type Pd(dmit), salts, as shown in Figure 17.

4. CONCLUSION

Mott transition was one of the most drastic correlation-induced phenomena proposed more
than a half century ago. Theoretically, it came to be understood as a thermodynamic phase
transition of scalar nature without symmetry breaking, as with the liquid-gas transition. Never-
theless, the critical phenomena, which are the fundamentals of phase transition, had been
unexplored experimentally before the twenty-first century. The first experiment was for V,03,
a three-dimensional system with a critical temperature of 450 K, and indicated the criticality as
expected in the liquid-gas transition; that is, the Ising universality class. The experiment on the
quasi-two-dimensional system, k-(ET),Cu[N(CN),]Cl, described in this review, is the second.
However, the resultant criticality is different from that of V,O3. The unconventional criticality
is possibly a consequence of quantum nature, which comes into Mott transition with a low
critical temperature, as in the present case (T, = 40 K); although, this is not fully agreed upon.
Moreover, the observation of Mott criticality in both spin and charge channels behaving
oppositely but with an identical exponent demonstrates that the order parameter is the density
of spinless charge carriers.
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Phase diagram for the '-Pd(dmit), salts. Abbreviations: FP, frustrated paramagnetic (state); AFLO, antifer-
romagnetic long-range ordered (state); CO, charge-ordered (state); QSL, quantum spin liquid (state).

The issue of spin frustration has long been a central subject in the study of magnetism. In
particular, the possible spin liquid on triangular lattices has been of keen interest as a novel
quantum phase of matter and has become increasingly attractive with the idea that this state is
possibly behind high-T, superconductivity (109). However, the triangular-lattice Heisenberg
model was found to have the 120-degree-oriented Néel ground state instead of any quantum-
disordered state (54). In such a situation, however, it is found that spin states without magnetic
ordering, which should be called spin liquid, were found in the two organic Mott insulators,
k-(ET),Cu,(CN)3 and EtMe;Sb[Pd(dmit),],, which reside near the Mott transition. With the
use of chemical/physical pressure and intense theoretical works, the series of experiments
showed that the spin liquid is realized in a range of anisotropy of triangular lattices and in the
intermediately correlated regime on the verge of Mott transition, not in the strongly correlated
regime; namely, the electron itinerancy in the Mott insulator is key to realizing spin liquid on
quasi-triangular lattices. How the spin liquid connects to the metallic and superconducting
phases is a problem to consider in the future.

The nature of spin liquid in the two materials is mysterious. The excitation gap in
k-(ET),Cu,(CN);3 is controversial; specific heat points to a gapless ground state, whereas
thermal conductivity behaves as though gapped by 0.46 K. The NMR relaxation rate exhibits
a power-law temperature dependence, which is in between the two extreme behaviors. As for
EtMe;3Sb[Pd(dmit),],, both thermodynamic measurements are consistent with gapless excita-
tions, while the NMR relaxation rate may suggest a nodal gap. The result of thermal conduc-
tivity showing a T-linear term with a long mean-free path of pm will strongly constrain
theoretical models. Appearance of anomalies at finite temperatures can be a signature of some
kind of symmetry breaking. In this sense, the 5-6 K anomaly observed in NMR, specific heat,
and thermal conductivity in k-(ET),Cu,(CN); points to this possibility. Interestingly, 1 K is the
characteristic temperature in the NMR relaxation rate for both materials, whereas it is not so
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clear thermodynamically. As far as the present results are concerned, we guess that there is a
variation in the nature of spin liquid, which is dependent on detailed material characteristics.

With organic materials such as model systems of strongly correlated electrons, we have
reached a stage where the criticality of the Mott transition is experimentally assessed. More-
over, we have obtained the long-anticipated quantum spin liquid, which has just begun to be
studied.
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