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Some reasons to study organic molecular materials

Fascinating range of strongly correlated q2d systems - I will limit myself to half 
filled systems, but quarter filled and non-stoichiometric salts also exist

Mott transition driven by bandwidth control & wide range of associated 
phenomena

Clean systems 
Typically stoichiometric
Quantum oscillations are readily seen (simple, well understood Fermi surfaces)

Low energy scales
Tc may only be ~10 K [bad for applications]
But this also means “large” fields only means ~10 T [good for experimentalists]

Chemical control
Organic chemists have can make subtle changes to the molecular structure, 
which allow them to tune the emergent physics
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Overview

Structure and phase diagram

Model Hamiltonian

Metal-insulator transition

Spin liquid

Strongly correlated metal

Nernst effect

Superconductivity

Parameters for the model 
Hamiltonian
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a) BEDT-TTF

b) Pd(dmit)2

κ-(BEDT-TTF)2X

Structure and phase diagram

Model Hamiltonian 

Metal-insulator transition

Spin liquid

Valence bond solid

Charge ordered insulator

Superconductivity
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a) BEDT-TTF

b) Pd(dmit)2β’-Z[Pd(dmit)2]
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κ-(ET)+2 X−

Structure of κ-ET2X (ET=BEDT-TTF)
For a review see BJP and McKenzie, JPCM 18, R827 (2006)

Charge transfer

X is a monovalent anion, 
e.g., I3, so the charge is 
localised in the anion 
layer, but the holes in the 
ET layer are not localised 
at a non-interacting level
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Molecular orbitals

Highest occupied molecular orbital 
(HOMO) of a neutral monomer from 
DFT [Scriven and BJP, J. Chem. Phys. ’09]
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Molecular orbitals

HOMO of ET2+ 
[Scriven and BJP, Phys. Rev. B ’09]

Highest occupied molecular orbital 
(HOMO) of a neutral monomer from 
DFT [Scriven and BJP, J. Chem. Phys. ’09]
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Structure of κ-ET2X (ET=BEDT-TTF)
For a review see BJP and McKenzie, JPCM 18, R827 (2006)
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Experimental phase diagram
For a review see BJP and McKenzie, JPCM 18, R827 (2006)

liquid and thus a constant 1 /T1T; this is clearly not what is
observed.9 This shows that DMFT does not capture all of the
relevant physics below Tcoh.13 It is also interesting to note
that DMFT does describe the observed behavior of probes of
charge degrees of freedom, such as the resistivity, and only
fails for probes of the spin degrees of freedom, such as
1 /T1T. As DMFT is a purely local theory a reasonable hy-
pothesis is that the relevant physics, not described by DMFT,
involves short-range spin correlations. Further, the enhanced
Korringa ratios observed9 at temperatures slightly above Tc
suggest that antiferromagnetic correlations remain important
in the coherent transport regime.13,48

The spin degrees of freedom in the pseudogap regime of
the !-phase organics behave in much the same way as the
spin degrees of freedom in the pseudogap regime of the un-
derdoped cuprates. There has been significant debate as to
whether, and if so how, the pseudogap in the cuprates is
related to the other exotic phenomena seen in the normal
state, such as the linear temperature dependence of the resis-
tivity. In this context it is interesting to note that in the region
of the phase diagram of the organics where the pseudogap is
found, the resistivity varies quadratically with temperature39

and the magnitude of the coefficient of the quadratic
term in the resistivity is as expected from Fermi-liquid
theory given the observed effective mass.49 Further, clear
evidence of quasiparticles is seen via quantum oscillation
experiments.50 Therefore, in !-!ET"2Cu#N!CN"2$Br,
!-!d8"-!ET"2Cu#N!CN"2$Br, and !-!ET"2Cu!NCS"2 the loss
of spectral weight in the pseudogap is not associated with
non-Fermi-liquid behavior.

An important difference between the cuprates and the or-
ganics is that the organics are half filled whereas the cuprates
are more strongly correlated, doped systems. In this context
it is worth noting that a linear resistivity has recently been
reported in an organic charge-transfer salt with an anion
layer that has a lattice constant that is incommensurate with
the lattice constant of the organic layer.51 The authors argued
that this nonstoichiometric organic charge-transfer salt is ef-
fectively doped away from half filling.

IV. HIGH PRESSURES

An important question in understanding the phenomenol-
ogy of the !-!ET"2X salts is: do the two energy scales, Tcoh
and TNMR remain equal as pressure is increased and we move
further from the Mott transition? This question is difficult to
answer at present because there is little experimental data for
high pressures !including high chemical pressure, i.e., mate-
rials with low Tc’s". There is however tantalizing evidence
that something rather interesting happens to the supercon-
ducting state at high pressures.5 In particular, while the ma-
terials near the Mott transition have a superfluid stiffness, ns,
within a factor of 2 or so of the prediction of BCS theory, at
high pressures the superfluid penetration depth, ", increases
as Tc#1 /"3 !Ref. 52". With some materials having superfluid
stiffnesses !ns#1 /"2" that are an order of magnitude smaller
than the prediction of BCS theory.5,52

We are only aware of one NMR experiment at high pres-
sures in these materials. Reference 29 reports data for

!-!ET"2Cu#N!CN"2$Br at 3 kbar !which leads to Tc
%3.8 K" !Ref. 40" and 4 kbar !Tc%1.4 K". At these pres-
sures strong spin fluctuations are not observed and the 1 /T1T
looks quite conventional. Yet for the 3 kbar data there is
small but noticeable decrease in 1 /T1T below &20 K. Is this
the last vestige of the pseudogap? If so, it suggests that at
high pressures the pseudogap and the coherent intralayer
transport energy scales are different. Either way more experi-
ments are clearly required to understand where the
pseudogap vanishes.

On the basis of the above discussion we propose that a
number of new features should be included in the phase dia-
gram of these materials, which we sketch in Fig. 4. We stress
that this phase diagram is relevant to the weakly frustrated
materials for which the chemical pressure hypothesis holds
and therefore does not include !-!ET"2Cu2!CN"3 which
would necessitate an additional axis to include the effects of
frustration. We have included the Nernst region where Nam
et al.7 have observed a large Nernst effect above Tc in
!-!ET"2Cu#N!CN"2$Br at ambient pressure, which they find
to be absent in !-!ET"2Cu!NCS"2 at ambient pressure. Note
that we have drawn the TNMR and the Tc lines both sup-
pressed to zero at the same pressure. This is deliberately
provocative. As we have stressed above there is insufficient
experimental data to determine the relative order in which
the superconductivity and the pseudogap disappear as pres-
sure is increased.

The issue of where the superconductivity and pseudogap
vanish is related to an ongoing debate in the cuprates. A
recent review of a wide range of experimental data in a wide

FIG. 4. !Color online" Schematic phase diagram for weakly
frustrated !-!ET"2X as a function of temperature and pressure. Thin
solid lines represent second-order phase transitions, the thick solid
line is the first-order transition line which ends at a critical point
shown as a filled circle and dashed lines indicate crossovers. The
pseudogap regime is much more complicated than a renormalized
Fermi liquid that has been previously thought to characterize the
paramagnetic metallic phase at low temperatures. It shows a coher-
ent transport character with long-lived quasiparticles, marked by T2

resistivity behavior !Ref. 39" with the coefficient of the quadratic
term as expected from Fermi-liquid theory given the observed ef-
fective mass !Ref. 49", and magnetic quantum oscillations !Ref.
50". But, a loss of spectral weight is clearly observed in the NMR
data. There are not sufficient data at this moment to determine what
happens to the pseudogap regime at high pressures; this uncertainty
is represented by the shaded area with the question mark.

SPIN FLUCTUATIONS AND THE PSEUDOGAP IN… PHYSICAL REVIEW B 80, 054505 !2009"

054505-5

Pseudogap +
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Experimental phase diagram
For a review see BJP and McKenzie, JPCM 18, R827 (2006)

liquid and thus a constant 1 /T1T; this is clearly not what is
observed.9 This shows that DMFT does not capture all of the
relevant physics below Tcoh.13 It is also interesting to note
that DMFT does describe the observed behavior of probes of
charge degrees of freedom, such as the resistivity, and only
fails for probes of the spin degrees of freedom, such as
1 /T1T. As DMFT is a purely local theory a reasonable hy-
pothesis is that the relevant physics, not described by DMFT,
involves short-range spin correlations. Further, the enhanced
Korringa ratios observed9 at temperatures slightly above Tc
suggest that antiferromagnetic correlations remain important
in the coherent transport regime.13,48

The spin degrees of freedom in the pseudogap regime of
the !-phase organics behave in much the same way as the
spin degrees of freedom in the pseudogap regime of the un-
derdoped cuprates. There has been significant debate as to
whether, and if so how, the pseudogap in the cuprates is
related to the other exotic phenomena seen in the normal
state, such as the linear temperature dependence of the resis-
tivity. In this context it is interesting to note that in the region
of the phase diagram of the organics where the pseudogap is
found, the resistivity varies quadratically with temperature39

and the magnitude of the coefficient of the quadratic
term in the resistivity is as expected from Fermi-liquid
theory given the observed effective mass.49 Further, clear
evidence of quasiparticles is seen via quantum oscillation
experiments.50 Therefore, in !-!ET"2Cu#N!CN"2$Br,
!-!d8"-!ET"2Cu#N!CN"2$Br, and !-!ET"2Cu!NCS"2 the loss
of spectral weight in the pseudogap is not associated with
non-Fermi-liquid behavior.

An important difference between the cuprates and the or-
ganics is that the organics are half filled whereas the cuprates
are more strongly correlated, doped systems. In this context
it is worth noting that a linear resistivity has recently been
reported in an organic charge-transfer salt with an anion
layer that has a lattice constant that is incommensurate with
the lattice constant of the organic layer.51 The authors argued
that this nonstoichiometric organic charge-transfer salt is ef-
fectively doped away from half filling.

IV. HIGH PRESSURES

An important question in understanding the phenomenol-
ogy of the !-!ET"2X salts is: do the two energy scales, Tcoh
and TNMR remain equal as pressure is increased and we move
further from the Mott transition? This question is difficult to
answer at present because there is little experimental data for
high pressures !including high chemical pressure, i.e., mate-
rials with low Tc’s". There is however tantalizing evidence
that something rather interesting happens to the supercon-
ducting state at high pressures.5 In particular, while the ma-
terials near the Mott transition have a superfluid stiffness, ns,
within a factor of 2 or so of the prediction of BCS theory, at
high pressures the superfluid penetration depth, ", increases
as Tc#1 /"3 !Ref. 52". With some materials having superfluid
stiffnesses !ns#1 /"2" that are an order of magnitude smaller
than the prediction of BCS theory.5,52

We are only aware of one NMR experiment at high pres-
sures in these materials. Reference 29 reports data for

!-!ET"2Cu#N!CN"2$Br at 3 kbar !which leads to Tc
%3.8 K" !Ref. 40" and 4 kbar !Tc%1.4 K". At these pres-
sures strong spin fluctuations are not observed and the 1 /T1T
looks quite conventional. Yet for the 3 kbar data there is
small but noticeable decrease in 1 /T1T below &20 K. Is this
the last vestige of the pseudogap? If so, it suggests that at
high pressures the pseudogap and the coherent intralayer
transport energy scales are different. Either way more experi-
ments are clearly required to understand where the
pseudogap vanishes.

On the basis of the above discussion we propose that a
number of new features should be included in the phase dia-
gram of these materials, which we sketch in Fig. 4. We stress
that this phase diagram is relevant to the weakly frustrated
materials for which the chemical pressure hypothesis holds
and therefore does not include !-!ET"2Cu2!CN"3 which
would necessitate an additional axis to include the effects of
frustration. We have included the Nernst region where Nam
et al.7 have observed a large Nernst effect above Tc in
!-!ET"2Cu#N!CN"2$Br at ambient pressure, which they find
to be absent in !-!ET"2Cu!NCS"2 at ambient pressure. Note
that we have drawn the TNMR and the Tc lines both sup-
pressed to zero at the same pressure. This is deliberately
provocative. As we have stressed above there is insufficient
experimental data to determine the relative order in which
the superconductivity and the pseudogap disappear as pres-
sure is increased.

The issue of where the superconductivity and pseudogap
vanish is related to an ongoing debate in the cuprates. A
recent review of a wide range of experimental data in a wide

FIG. 4. !Color online" Schematic phase diagram for weakly
frustrated !-!ET"2X as a function of temperature and pressure. Thin
solid lines represent second-order phase transitions, the thick solid
line is the first-order transition line which ends at a critical point
shown as a filled circle and dashed lines indicate crossovers. The
pseudogap regime is much more complicated than a renormalized
Fermi liquid that has been previously thought to characterize the
paramagnetic metallic phase at low temperatures. It shows a coher-
ent transport character with long-lived quasiparticles, marked by T2

resistivity behavior !Ref. 39" with the coefficient of the quadratic
term as expected from Fermi-liquid theory given the observed ef-
fective mass !Ref. 49", and magnetic quantum oscillations !Ref.
50". But, a loss of spectral weight is clearly observed in the NMR
data. There are not sufficient data at this moment to determine what
happens to the pseudogap regime at high pressures; this uncertainty
is represented by the shaded area with the question mark.

SPIN FLUCTUATIONS AND THE PSEUDOGAP IN… PHYSICAL REVIEW B 80, 054505 !2009"
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Experimental phase diagram
For a review see BJP and McKenzie, JPCM 18, R827 (2006)

liquid and thus a constant 1 /T1T; this is clearly not what is
observed.9 This shows that DMFT does not capture all of the
relevant physics below Tcoh.13 It is also interesting to note
that DMFT does describe the observed behavior of probes of
charge degrees of freedom, such as the resistivity, and only
fails for probes of the spin degrees of freedom, such as
1 /T1T. As DMFT is a purely local theory a reasonable hy-
pothesis is that the relevant physics, not described by DMFT,
involves short-range spin correlations. Further, the enhanced
Korringa ratios observed9 at temperatures slightly above Tc
suggest that antiferromagnetic correlations remain important
in the coherent transport regime.13,48

The spin degrees of freedom in the pseudogap regime of
the !-phase organics behave in much the same way as the
spin degrees of freedom in the pseudogap regime of the un-
derdoped cuprates. There has been significant debate as to
whether, and if so how, the pseudogap in the cuprates is
related to the other exotic phenomena seen in the normal
state, such as the linear temperature dependence of the resis-
tivity. In this context it is interesting to note that in the region
of the phase diagram of the organics where the pseudogap is
found, the resistivity varies quadratically with temperature39

and the magnitude of the coefficient of the quadratic
term in the resistivity is as expected from Fermi-liquid
theory given the observed effective mass.49 Further, clear
evidence of quasiparticles is seen via quantum oscillation
experiments.50 Therefore, in !-!ET"2Cu#N!CN"2$Br,
!-!d8"-!ET"2Cu#N!CN"2$Br, and !-!ET"2Cu!NCS"2 the loss
of spectral weight in the pseudogap is not associated with
non-Fermi-liquid behavior.

An important difference between the cuprates and the or-
ganics is that the organics are half filled whereas the cuprates
are more strongly correlated, doped systems. In this context
it is worth noting that a linear resistivity has recently been
reported in an organic charge-transfer salt with an anion
layer that has a lattice constant that is incommensurate with
the lattice constant of the organic layer.51 The authors argued
that this nonstoichiometric organic charge-transfer salt is ef-
fectively doped away from half filling.

IV. HIGH PRESSURES

An important question in understanding the phenomenol-
ogy of the !-!ET"2X salts is: do the two energy scales, Tcoh
and TNMR remain equal as pressure is increased and we move
further from the Mott transition? This question is difficult to
answer at present because there is little experimental data for
high pressures !including high chemical pressure, i.e., mate-
rials with low Tc’s". There is however tantalizing evidence
that something rather interesting happens to the supercon-
ducting state at high pressures.5 In particular, while the ma-
terials near the Mott transition have a superfluid stiffness, ns,
within a factor of 2 or so of the prediction of BCS theory, at
high pressures the superfluid penetration depth, ", increases
as Tc#1 /"3 !Ref. 52". With some materials having superfluid
stiffnesses !ns#1 /"2" that are an order of magnitude smaller
than the prediction of BCS theory.5,52

We are only aware of one NMR experiment at high pres-
sures in these materials. Reference 29 reports data for

!-!ET"2Cu#N!CN"2$Br at 3 kbar !which leads to Tc
%3.8 K" !Ref. 40" and 4 kbar !Tc%1.4 K". At these pres-
sures strong spin fluctuations are not observed and the 1 /T1T
looks quite conventional. Yet for the 3 kbar data there is
small but noticeable decrease in 1 /T1T below &20 K. Is this
the last vestige of the pseudogap? If so, it suggests that at
high pressures the pseudogap and the coherent intralayer
transport energy scales are different. Either way more experi-
ments are clearly required to understand where the
pseudogap vanishes.

On the basis of the above discussion we propose that a
number of new features should be included in the phase dia-
gram of these materials, which we sketch in Fig. 4. We stress
that this phase diagram is relevant to the weakly frustrated
materials for which the chemical pressure hypothesis holds
and therefore does not include !-!ET"2Cu2!CN"3 which
would necessitate an additional axis to include the effects of
frustration. We have included the Nernst region where Nam
et al.7 have observed a large Nernst effect above Tc in
!-!ET"2Cu#N!CN"2$Br at ambient pressure, which they find
to be absent in !-!ET"2Cu!NCS"2 at ambient pressure. Note
that we have drawn the TNMR and the Tc lines both sup-
pressed to zero at the same pressure. This is deliberately
provocative. As we have stressed above there is insufficient
experimental data to determine the relative order in which
the superconductivity and the pseudogap disappear as pres-
sure is increased.

The issue of where the superconductivity and pseudogap
vanish is related to an ongoing debate in the cuprates. A
recent review of a wide range of experimental data in a wide

FIG. 4. !Color online" Schematic phase diagram for weakly
frustrated !-!ET"2X as a function of temperature and pressure. Thin
solid lines represent second-order phase transitions, the thick solid
line is the first-order transition line which ends at a critical point
shown as a filled circle and dashed lines indicate crossovers. The
pseudogap regime is much more complicated than a renormalized
Fermi liquid that has been previously thought to characterize the
paramagnetic metallic phase at low temperatures. It shows a coher-
ent transport character with long-lived quasiparticles, marked by T2

resistivity behavior !Ref. 39" with the coefficient of the quadratic
term as expected from Fermi-liquid theory given the observed ef-
fective mass !Ref. 49", and magnetic quantum oscillations !Ref.
50". But, a loss of spectral weight is clearly observed in the NMR
data. There are not sufficient data at this moment to determine what
happens to the pseudogap regime at high pressures; this uncertainty
is represented by the shaded area with the question mark.
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Mott transition 
driven by deuteration
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Metal insulator transition driven by deuteration!
Taniguchi et al. PRB ’03

This shows that molecular 
crystals can be controlled by 
subtle changes in the 
molecular chemistry

This gives experimentalists 
an extra “dial” 
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III. RESULTS

A. Phase control

Figure 1 shows the temperature dependence of the elec-
trical resistance of the Cu!N(CN)2"Br single crystals with
different degrees of deuteration and cooled at different
speeds. All the samples were cooled down to 4.2 K at several
speeds in a range of 0.018 K/min to 27–39 K/min, and then
the resistance was measured with temperature elevated
slowly. In a high-temperature range, all of the samples
showed nonmetallic behavior. Depending on the cooling rate
and the degree of deuteration, the data start to show system-
atic variations. As for the cooling rate dependence, the varia-
tion appears around 80 K. The less deuterated and/or slowly
cooled salts show nonmetal-to-metal crossover and usual
metal-to-superconductor transition at low temperatures. The

crossover is shifted to the lower-temperature side with in-

crease of deuterium and/or cooling rate. Further increase of

them causes reentrant metal-insulator transition just before

the superconducting transition. Finally, the insulating behav-

ior is seen in the whole temperature range for the fully deu-

terated d!4,4" salt. In this way, a systematic variation from
the superconducting ground state to the insulating ground

state was brought about by combination of the chemical and

physical methods.

B. Field-induced metal-insulator transition

We performed the transport measurements under mag-

netic fields for all of the salts cooled down at various speeds

to pursue field-induced phases or phenomena in the vicinity

of the SI boundary. A peculiar field-induced phenomenon

was observed in the d!1,1" , d!2,2" , and d!3,3" salts, de-
pending on the cooling rate. The representative result #for
d!2,2" salt$ among them is shown in Fig. 2. The resistance of
d!2,2" salt cooled down at a rate of 9.6 K/min is shown in
the upper panel as functions of magnetic field and tempera-

ture. The magnetic field was applied normal to the conduct-

ing plane throughout the present experiments. Superconduct-

ing state is, in general, changed into the metallic state by

application of magnetic fields in excess of upper critical

field. Indeed this behavior was observed in the extremely

slow cooling case #0.018 K/min$, as seen in the lower panel.
In the case of the 9.6 K/min cooling, however, application of

an even low magnetic field of 1 T does not only suppress the

superconducting transition to the lower-temperature side but

generates a transition to a highly resistive state with large

hysteresis between the processes of ascending and descend-

ing temperature. With further increase of magnetic field, the

resistive state grows up with the hysteresis kept clear. Fi-

nally, under a high field of 14 T, the low-temperature resis-

FIG. 1. Temperature dependence of resistance of

%-(BEDT-TTF)2Cu!N(CN)2"Br salts at a zero magnetic field as
functions of d!n ,n" , and cooling rate. The data are all normalized
to the values at 140 K. The cooling rates are 0.018, 0.089, 0.61, 1.9,

3.3, 9.7, and 34 K/min for d!0,0" salt; 0.018, 0.091, 0.56, 1.68, 3.3,
11, and 39 K/min for d!1,1" salt; 0.018, 0.089, 0.65, 1.9, 3.3, 9.6,
and 34 K/min for d!2,2" salt; 0.018, 0.090, 0.52, 1.8, 3.0, 11, and
27 K/min for d!3,3" salt; and 0.018, 0.091, 0.56, 1.7, 3.3, and 39
K/min for d!4,4" salt. The alphabets A–C correspond to the ones in
Fig. 4.

FIG. 2. Upper panel: The normalized resistance of d!2,2" salt
cooled at a rate of 9.6 K/min as functions of temperature and mag-

netic field. The data are plotted in logarithmic scale. The magnetic

fields were applied normal to the conducting plane. Inset shows the

static susceptibility of d!2,2" salt cooled at a rate of 10 K/min as
functions of temperature and magnetic field normal to the conduct-

ing plane. Lower panel: The cooling rate dependence of resistive

curves of d!2,2" salt under 14 T. The data are plotted in linear scale.
The alphabets C–F correspond to ones in Fig. 4. The closed and

open symbols distinguish between the processes of ascending and

descending temperature.

H. TANIGUCHI, K. KANODA, AND A. KAWAMOTO PHYSICAL REVIEW B 67, 014510 #2003$

014510-2
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Metal insulator transition driven by pressure
Kagawa et al. Nature ‘05; Nature Phys. ‘09

The observed critical exponents are not Ising like as in V2O3 and DMFT [cf. 
Limelette et al. Science ’03]

Various theoretical proposals [e.g., Misawa et al. JPSJ ’06 - proximity to QCP; 
Papanikolaou et al. PRL ’08 - not deep enough into critical region]

Same δ exponent seen in NMR experiments [Kagawa et al. Nature Phys. ‘09]

Unconventional critical behaviour in a quasi-two-
dimensional organic conductor
F. Kagawa1, K. Miyagawa1,2 & K. Kanoda1,2

Changing the interactions between particles in an ensemble—by
varying the temperature or pressure, for example—can lead to
phase transitions whose critical behaviour depends on the collec-
tive nature of the many-body system. Despite the diversity of
ingredients, which include atoms, molecules, electrons and their
spins, the collective behaviour can be grouped into several families
(called ‘universality classes’) represented by canonical spin
models1. One kind of transition, the Mott transition2, occurs
when the repulsive Coulomb interaction between electrons is
increased, causing wave-like electrons to behave as particles. In
two dimensions, the attractive behaviour responsible for the
superconductivity in high-transition temperature copper oxide3,4

and organic5–7 compounds appears near theMott transition, but the
universality class to which two-dimensional, repulsive electronic
systems belongs remains unknown.Here we present an observation
of the critical phenomena at the pressure-induced Mott transition
in a quasi-two-dimensional organic conductor using conductance
measurements as a probe. We find that the Mott transition in two
dimensions is not consistent with known universality classes, as
the observed collective behaviour has previously not been seen.
This peculiarity must be involved in any emergent behaviour near
the Mott transition in two dimensions.

Using the pressure-sweep technique to vary the effective electronic
interactions in ðV12xCrxÞ2O3, Limelette et al. successfully revealed
the critical phenomena of the Mott transition in three dimensions
(3D; ref. 8). The critical exponents are consistent with those found
using mean-field theory. For the study of the Mott transition in two
dimensions (2D), organic conductors, which are low-dimensional
and highly compressible, are suitable. The organic family with a
half-filled band9, k-(BEDT-TTF)2X, are good candidates, where
BEDT-TTF is bis(ethylenedithio)tetrathiafulvalene and X stands
for various kinds of anions. The k-(BEDT-TTF)2X family has a
quasi-2D layered structure (Fig. 1a) and shows similar behaviour
to high-transition temperature (high-T c) copper oxides10. In the
conceptual phase diagram of the family11 (Fig. 1b), unconventional
superconductivity appears in the marginal metallic phase near the
antiferromagnetic insulator, like high-T c copper oxides

3,4, although
the Mott transition is induced by pressure in the organics but by
carrier doping in the copper oxides. Furthermore, the exotic pseu-
dogap behaviour is emergent near the Mott transition in both the
organics12 and copper oxides3,4. These similarities suggest that they
share common physics—the Mott transition in 2D correlated
electrons.
The Mott insulator k-(BEDT-TTF)2Cu[N(CN)2]Cl (denoted by

LETTERS

Figure 1 | Crystal structure and conductance
profile around the critical endpoint of a Mott
transition. a, Crystal structure of
k-(BEDT-TTF)2Cu[N(CN)2]Cl. 2D conducting
layers of BEDT-TTF dimers are separated by
insulating anion layers, like high-T c copper oxides.
The dimer has one hole, and thus the band is half-
filled. b, Generic pressure–temperature phase
diagram of k-(BEDT-TTF)2X, of which three
members (X ¼ Cu[N(CN)2]Cl, Cu[N(CN)2]Br
and Cu(NCS)2) are indicated along the pressure
axis. The red line represents the first-order
transition, which terminates at a finite-
temperature critical endpoint (filled circle).
c, Pressure dependence of conductance GT(P)
around the critical endpoint (filled circle). The
shaded area indicates the conductance jump. The
red and green curves represent the critical
behaviour at T ¼ T c < 39.7 K and T , T c, which
give the critical exponents d and b, respectively
(see Fig. 2b and c). The hysteresis of the
conductance jump (for example, ,0.2MPa at
,32K) is not appreciable at this scale. d, Pressure
derivative of conductance G 0

T(P) ; ›GT(P)/›P as
a function of pressure at temperatures above
T c < 39.7 K. The black curve shows the data at
T ¼ T c. The red curve represents the critical
divergence of the pressure derivative, which gives
the critical exponent g (see Fig. 2d).

1Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan. 2CREST, Japan Science and Technology Corporation, Kawaguchi 332-0012, Japan.

Vol 436|28 July 2005|doi:10.1038/nature03806

534
©!!""#!Nature Publishing Group!

!

k-Cl hereafter) undergoes an insulator to metal transition when
pressure is applied and thus allows us to approach the critical
endpoint of the first-order Mott transition13–16 (Fig. 1b). This feature
provides the foundation of our research because the critical phenom-
ena, which are direct clues to identifying the universality class, are
generally found around the endpoint, in analogy to the liquid–gas
transition. In the Mott transition, the conductance in the metallic
region was found to describe the critical phenomena very well by
Limelette et al.8. To characterize the Mott critical phenomena of k-Cl
in detail, we measured the in-plane conductance G around
the endpoint with the standard d.c. four-probe method under
isothermal pressure sweep (,3MPa h21 in ascending and
descending processes) using helium gas as a pressure medium.
Throughout the experiment, the conductance was independent
of the applied current within two orders of magnitude. The experi-
ments were performed on three single crystals of k-Cl, which
were grown by the conventional electrochemical oxidation of
BEDT-TTF17.
Figure 1c shows the conductance profile as a function of tempera-

ture T and pressure P. Below the critical temperature T c, the
conductance jump (shaded area) is seen at well-defined pressures,
where the first-order metal–insulator transition occurs. Above T c,
however, the pressure dependence of conductance GT(P) at a given
temperature is continuous, corresponding to the metal–insulator
crossover. The characteristic ‘crossover pressure’ P cross(T) is defined
as that giving the peak in the pressure derivative of conductance,
G 0
TðPÞ; ›GTðPÞ=›P (Fig. 1d). The first-order transition line and the

crossover line are represented in the pressure–temperature phase
diagram (Fig. 2a).
Around the critical endpoint, we found three regions of critical

behaviour in the conductance, which we call regions (1)–(3). Two of

them are visible in Fig. 1c: in region (1) at T ¼ T c, the GT¼TcðPÞ
curve is continuous but has a vertical gradient at the critical pressure
P c (see the red curve in Fig. 1c); and in region (2) below T c, the
conductance jump continuously vanishes as T ! T c from below (see
the green curve in Fig. 1c). Region (3) of critical behaviour is found in
Fig. 1d, where the peak value in the G 0

T(P) curve grows continuously
and diverges as T ! T c from above (see the red curve in Fig. 1d). The
fixed parameters of the critical endpoint are T c < 39.7 ^ 0.1 K and
P c < 24.8 ^ 0.1MPa, which are sample-independent.
Generally, the critical phenomena show power-law behaviour and

are characterized quantitatively by the exponents of the power laws
(called ‘critical exponents’). As phase transitions belonging to the
same universality class are characterized by the same set of critical
exponents, we can identify the universality class from the values of
the exponents. Below we present the results of the k-Cl crystal
investigated in the greatest detail. As seen in Fig. 2b–d (see
also Methods), the conductance behaviour of regions (1)–(3)
follows power laws around the critical endpoint. From the slopes
in the logarithmic plots, we determined that the critical exponents
(d, b, g) are nearly equal to (2, 1, 1). In the data analysis, we avoided
the region very close to the endpoint, jT2Tcj=Tc ,, 2£ 1022

and P 2 P c , ,0.2MPa, because the analysis in this region is
easily affected by ambiguities in the determination of T c and
G c ; GT¼Tc(P c), the pressure accuracy (^0.05MPa) and the sample
quality. The reproducibility of the power-law behaviour was ensured
for two other crystals (,1.9 , d , ,2, ,0.9 , b , ,1 and
,0.9 , g , ,1) over the wide pressure–temperature range except
in the close vicinity of the endpoint, although the prefactor of each
power law (normalized by the value of G c) showed some sample
dependence (^30%).
It is surprising that the observed exponents, (d, b, g)< (2, 1, 1), are

not only previously unknown but also far from any existing values
(Fig. 3). The widely known universality classes have in common
d $ 3 and b # 0.5 (note that (d, b) ¼ (3, 0.5) are the mean-field
values). This is a natural consequence of collective (non-local)
fluctuation effects, which generally cause more rapid ordering than
themean-field scheme dealing with the single-site (local) problem. In
the present case, however, the deviation of d and b from the mean-
field values is in the opposite direction (that is d , 3 and b . 0.5) to
the conventional cases, that is, the ordering is more moderate than
the mean-field scheme. This feature is obviously anomalous,
suggesting the discovery of novel critical behaviour out of the
conventional framework.

Figure 2 | Critical exponents of the Mott transition in k-(BEDT-
TTF)2Cu[N(CN)2]Cl. a, Pressure–temperature phase diagram of k-(BEDT-
TTF)2Cu[N(CN)2]Cl around the critical endpoint. Filled and open circles
represent the first-order Mott transition points where the conductance
jumps and the crossover points (P cross(T),T) defined in the text, respectively.
Three arrows stand for the direction along which we evaluated the critical
exponents d, b and g, as shown in b–d, respectively. b–d, Power-law fittings
(blue lines) of the critical phenomena of conductance (see Fig. 1c and d) on
logarithmic scales, where the critical values (G c, P c, T c) < (0.77Q21,
24.8MPa, 39.7 K) are used for the analysis (Supplementary Fig. 1). The
fittings give the critical exponents, (d, b, g) < (2, 1, 1).

Figure 3 | Comparison of the critical exponents (d, b, g) of the present case
with those of the known universality classes (mean-field, Ising model, XY
model and Heisenberg model). The examples of phase transitions
belonging to each universality class are tabulated in Supplementary Table 1.
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Spin liquid

κ-(ET)2Cu[N(CN)2]Cl (henceforth κ-Cl) 
has a antiferromagnetic ground state - 
there is a slight canting of the 
moments leading to a large effect in 
the static susceptibility

κ-(ET)2Cu(CN)3 (henceforth κ-CN3) has 
a spin-liquid ground state [Shimizu et 
al. PRL ’03] – no long range order in 
magnetic ground state 

A splitting is observed in the NMR 
below TN in κ-Cl - no such splitting is 
seen in κ-CN3.

[The line in the figure is a fit to high-T 
series expansions for the isotropic 
(J=J’) triangular lattice Heisenberg 
model, which give J~250 K]

The single crystals of !-!ET"2Cu2!CN"3 were prepared
by the standard electrochemical method [4,5]. The mag-
netic susceptibility was measured for a polycrystalline
sample in a temperature range from 1.9 to 298 K at 0.32 T.
The 1H NMR experiments were performed for a poly-
crystalline sample in a temperature range of 1.4–200 K at
a field of 3.9 T and for a single crystal weighing 76 "g in
a range of 32 mK–36 K at 2.2 T applied normal to the
conducting plane. The latter measurements were per-
formed using the dilution refrigerator of the top-loading
type with the crystal soaked to the 3He-4He mixture. The
absence of Cu2# impurity (< 0:01%) was confirmed by
EPR before the 1H NMR measurement. The NMR spectra
were obtained by the fast Fourier transformation of the
quadrature-detected echo signals. The relaxation curves
of nuclear magnetization were obtained from the recov-
ery of the echo intensity following saturation comb pulses
and the solid-echo pulse sequence, !#=2"x $ !#=2"y.

Temperature dependence of the static susceptibility, $,
of !-!ET"2Cu2!CN"3 is shown in Fig. 2, where the core
diamagnetic contribution of $4:37% 10$4 emu=mol is
already subtracted. With decreasing temperature, $ in-
creases slightly and shows a very broad maximum around

70 K (5:4% 10$4 emu=mol). Below 50 K, $ starts to
decrease rapidly, but remains to be paramagnetic even
at 1.9 K (2:9% 10$4 emu=mol). The behavior is quite
different from that of !-!ET"2Cu&N!CN"2'Cl which shows
a monotonous decrease with temperature and the weak
ferromagnetism below 27 K due to canting of the AF
ordered spins [9]. The temperature dependence of $ for
!-!ET"2Cu2!CN"3 is fitted to the high-temperature series
expansion of spin S ( 1=2 triangular-lattice Heisenberg
model [11] as shown in Fig. 2, where the &6=6' and &7=7'
Padé approximants are adopted with J ( 250 K. This
model was successful in explaining $ of another or-
ganic triangular-lattice system [12]. The peak tempera-
ture is much lower than the J value, suggesting that the
strong spin frustration suppresses the development of
the short-range spin correlations. The difference between
the experimental result and the Heisenberg model may
be partially attributed to the weak spin localization in
the present system situated in the vicinity of the Mott
transition.

Figure 3 shows the temperature dependence of the 1H
NMR spectra of a single crystal of !-!ET"2Cu2!CN"3
along with the previous result of !-!ET"2Cu&N!CN"2'Cl
for comparison [9]. The width and the shape of the spectra
of both salts above 30 K represent typical nuclear dipole
interactions between the protons in the ethylene groups of
ET molecules. Since the shape of the spectra is sensitive
to the direction of the external static magnetic field, the
difference of the spectra between the two salts at high
temperatures is explained by the difference in the orien-
tation of ET molecules against the applied field and does
not matter. A remarkable difference in the shape of the

FIG. 2. Temperature dependence of the magnetic susceptibil-
ity of the randomly orientated polycrystalline samples of
!-!ET"2Cu2!CN"3 and !-!ET"2Cu&N!CN"2'Cl [9]. The core dia-
magnetic susceptibility is already subtracted. The solid and
dotted lines represent the result of the series expansion of the
triangular-lattice Heisenberg model using &6=6' and &7=7'
Padé approximants, respectively, with J ( 250 K. The low-
temperature data of !-!ET"2Cu2!CN"3 below 30 K are ex-
panded in the inset.

FIG. 3. (a) 1H NMR absorption spectra for single crystals of
!-!ET"2Cu2!CN"3 and !-!ET"2Cu&N!CN"2'Cl [9] under the
magnetic field perpendicular to the conducting planes.
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Figure 2 Low-temperature heat capacities of κ-(BEDT-TTF)2Cu2(CN)3. a,b, Data obtained for two samples under magnetic fields up to 8 T in CpT−1 versus T 2 plots.
b contains the data of the typical antiferromagnetic insulators κ-(BEDT-TTF)2Cu[N(CN)2]Cl, deuterated κ-(BEDT-TTF)2Cu[N(CN)2]Br and β′-(BEDT-TTF)2ICl2 for comparison.
The existence of a T-linear contribution even in the insulating state of κ-(BEDT-TTF)2Cu2(CN)3 is clearly observed.

magnetic resonance (NMR) and static susceptibility measurements,
they observed no static order down to 30 mK and concluded that
the spins form a kind of liquid state. The likelihood that a spin-
liquid model is appropriate is strengthened by the prediction of
the resonating-valence-bond (RVB) model of large entropy at low
temperatures and a possible temperature- (T-) linear term due
to the spinon density of states in the heat capacity3,4. The heat
capacity is considered as a very sensitive low-energy spectroscopic
method for investigating the low-energy excitations from the
ground state. We can explore a reliable discussion on what kind of
ground state is realized through the entropy with absolute precision
and without any external fields. In this respect, thermodynamic
studies at temperatures as low as possible are necessary and
required for demonstrating the quantum spin-liquid character for
this material.

In Fig. 1, we show the temperature dependence of
the heat capacity of κ-(BEDT-TTF)2Cu2(CN)3 and other
κ-type BEDT-TTF salts. κ-(BEDT-TTF)2Cu(NCS)2 is a
superconductor with a transition temperature (Tc) of 9.4 K.
κ-(BEDT-TTF)2Cu[N(CN)2]Cl is a Mott insulator with an
antiferromagnetically ordered ground state below the Néel
temperature TN = 27 K. Reflecting the same type of donor
arrangement, the temperature dependencies of the lattice heat
capacities of the samples are similar. The data for another
Mott insulating compound, β′-(BEDT-TTF)2ICl2, which gives
the highest Tc of 14.2 K among organic superconductors under
an applied pressure of 8.2 GPa (ref. 14), are also shown for
comparison. A slight difference in the lattice contribution
is observed, attributable to the difference of crystal packing,
but the overall temperature dependence resembles that of
the κ-type compounds. Although the overall tendency of the
lattice heat capacity is similar, it should be emphasized that
κ-(BEDT-TTF)2Cu2(CN)3 shows large heat capacities at low
temperatures as compared with typical Mott-insulating samples.
This fact demonstrates that the spin system retains large entropy
even at low temperatures and is free from ordering owing to the
existence of the frustration.

The temperature dependence of the heat capacity of
κ-(BEDT-TTF)2Cu2(CN)3 is shown in a Cp T−1 versus T plot
in the inset of Fig. 1. We also show data obtained under an

external magnetic field of 8 T applied perpendicular to the plane,
demonstrating no drastic difference from the 0 T data over the
whole temperature range in the figure. There is no sharp thermal
anomaly indicative of long-range magnetic ordering. This is
consistent with previous NMR experiments13. The data at low
temperatures below 2.5 K, shown in Fig. 2, clearly verify the
existence of a linearly temperature-dependent term (the γ term),
even in the insulating salt. The magnitude of γ is estimated at
20 ± 5 mJ K−2 mol−1 from the linear extrapolation of the Cp T−1

versus T 2 plot down to T =0 K. However, the low-temperature data
show an appreciable sample dependence. Figure 2a,b shows data for
different samples, (a) and (b), respectively. In the low-temperature
region, sample (a) shows a curious structure in addition to the
finite γ term, which is somewhat field dependent. However, Fig. 2b
does not show such behaviour. The magnetic field dependence seen
in sample (a) is attributable to a possible paramagnetic impurity
and seems to be extrinsic. In fact, the application of a magnetic
field induces a kind of Schottky contribution, which is attributed
to a magnetic impurity of less than 0.5%. The origin of this
contribution is considered to be Cu2+ contamination in the sample
preparation, as reported by Komatsu et al.15. We measured several
other samples and found that the data of the better-quality samples
converge to those shown in Fig. 2b, with a small field-dependent
contribution. It should be noted that these samples still possess
a finite Cp T−1 value of about 15 mJ K−2 mol−1, as shown by the
extrapolation of the data down to T = 0 K. The existence of the γ
term in the present insulating state is intrinsic.

The well known Mott insulators κ-(BEDT-TTF)2X
(X = Cu[N(CN)2]Cl, deuterated Cu[N(CN)2]Br) and
β′-(BEDT-TTF)2ICl2 with three-dimensional antiferromagnetic
ordering show a vanishing γ value, as shown in Fig. 2b
(ref. 16). It is evident that the low-temperature heat capacity of
κ-(BEDT-TTF)2Cu2(CN)3 is extraordinarily large for an insulating
system. A γ value of the present order (101–1.5 mJ K−2 mol−1) is
expected, for example, in spin-wave excitations in one-dimensional
antiferromagnetic spin systems with intra-chain couplings of
J/kB = 100–200 K or metallic systems with continuous excitations
around the Fermi surface. However, these are obviously very
different systems from the present two-dimensional insulating
materials. Gapless excitations giving a T-linear contribution to the
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Figure 2 Low-temperature heat capacities of κ-(BEDT-TTF)2Cu2(CN)3. a,b, Data obtained for two samples under magnetic fields up to 8 T in CpT−1 versus T 2 plots.
b contains the data of the typical antiferromagnetic insulators κ-(BEDT-TTF)2Cu[N(CN)2]Cl, deuterated κ-(BEDT-TTF)2Cu[N(CN)2]Br and β′-(BEDT-TTF)2ICl2 for comparison.
The existence of a T-linear contribution even in the insulating state of κ-(BEDT-TTF)2Cu2(CN)3 is clearly observed.

magnetic resonance (NMR) and static susceptibility measurements,
they observed no static order down to 30 mK and concluded that
the spins form a kind of liquid state. The likelihood that a spin-
liquid model is appropriate is strengthened by the prediction of
the resonating-valence-bond (RVB) model of large entropy at low
temperatures and a possible temperature- (T-) linear term due
to the spinon density of states in the heat capacity3,4. The heat
capacity is considered as a very sensitive low-energy spectroscopic
method for investigating the low-energy excitations from the
ground state. We can explore a reliable discussion on what kind of
ground state is realized through the entropy with absolute precision
and without any external fields. In this respect, thermodynamic
studies at temperatures as low as possible are necessary and
required for demonstrating the quantum spin-liquid character for
this material.

In Fig. 1, we show the temperature dependence of
the heat capacity of κ-(BEDT-TTF)2Cu2(CN)3 and other
κ-type BEDT-TTF salts. κ-(BEDT-TTF)2Cu(NCS)2 is a
superconductor with a transition temperature (Tc) of 9.4 K.
κ-(BEDT-TTF)2Cu[N(CN)2]Cl is a Mott insulator with an
antiferromagnetically ordered ground state below the Néel
temperature TN = 27 K. Reflecting the same type of donor
arrangement, the temperature dependencies of the lattice heat
capacities of the samples are similar. The data for another
Mott insulating compound, β′-(BEDT-TTF)2ICl2, which gives
the highest Tc of 14.2 K among organic superconductors under
an applied pressure of 8.2 GPa (ref. 14), are also shown for
comparison. A slight difference in the lattice contribution
is observed, attributable to the difference of crystal packing,
but the overall temperature dependence resembles that of
the κ-type compounds. Although the overall tendency of the
lattice heat capacity is similar, it should be emphasized that
κ-(BEDT-TTF)2Cu2(CN)3 shows large heat capacities at low
temperatures as compared with typical Mott-insulating samples.
This fact demonstrates that the spin system retains large entropy
even at low temperatures and is free from ordering owing to the
existence of the frustration.

The temperature dependence of the heat capacity of
κ-(BEDT-TTF)2Cu2(CN)3 is shown in a Cp T−1 versus T plot
in the inset of Fig. 1. We also show data obtained under an

external magnetic field of 8 T applied perpendicular to the plane,
demonstrating no drastic difference from the 0 T data over the
whole temperature range in the figure. There is no sharp thermal
anomaly indicative of long-range magnetic ordering. This is
consistent with previous NMR experiments13. The data at low
temperatures below 2.5 K, shown in Fig. 2, clearly verify the
existence of a linearly temperature-dependent term (the γ term),
even in the insulating salt. The magnitude of γ is estimated at
20 ± 5 mJ K−2 mol−1 from the linear extrapolation of the Cp T−1

versus T 2 plot down to T =0 K. However, the low-temperature data
show an appreciable sample dependence. Figure 2a,b shows data for
different samples, (a) and (b), respectively. In the low-temperature
region, sample (a) shows a curious structure in addition to the
finite γ term, which is somewhat field dependent. However, Fig. 2b
does not show such behaviour. The magnetic field dependence seen
in sample (a) is attributable to a possible paramagnetic impurity
and seems to be extrinsic. In fact, the application of a magnetic
field induces a kind of Schottky contribution, which is attributed
to a magnetic impurity of less than 0.5%. The origin of this
contribution is considered to be Cu2+ contamination in the sample
preparation, as reported by Komatsu et al.15. We measured several
other samples and found that the data of the better-quality samples
converge to those shown in Fig. 2b, with a small field-dependent
contribution. It should be noted that these samples still possess
a finite Cp T−1 value of about 15 mJ K−2 mol−1, as shown by the
extrapolation of the data down to T = 0 K. The existence of the γ
term in the present insulating state is intrinsic.

The well known Mott insulators κ-(BEDT-TTF)2X
(X = Cu[N(CN)2]Cl, deuterated Cu[N(CN)2]Br) and
β′-(BEDT-TTF)2ICl2 with three-dimensional antiferromagnetic
ordering show a vanishing γ value, as shown in Fig. 2b
(ref. 16). It is evident that the low-temperature heat capacity of
κ-(BEDT-TTF)2Cu2(CN)3 is extraordinarily large for an insulating
system. A γ value of the present order (101–1.5 mJ K−2 mol−1) is
expected, for example, in spin-wave excitations in one-dimensional
antiferromagnetic spin systems with intra-chain couplings of
J/kB = 100–200 K or metallic systems with continuous excitations
around the Fermi surface. However, these are obviously very
different systems from the present two-dimensional insulating
materials. Gapless excitations giving a T-linear contribution to the
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Figure 2 Low-temperature heat capacities of κ-(BEDT-TTF)2Cu2(CN)3. a,b, Data obtained for two samples under magnetic fields up to 8 T in CpT−1 versus T 2 plots.
b contains the data of the typical antiferromagnetic insulators κ-(BEDT-TTF)2Cu[N(CN)2]Cl, deuterated κ-(BEDT-TTF)2Cu[N(CN)2]Br and β′-(BEDT-TTF)2ICl2 for comparison.
The existence of a T-linear contribution even in the insulating state of κ-(BEDT-TTF)2Cu2(CN)3 is clearly observed.

magnetic resonance (NMR) and static susceptibility measurements,
they observed no static order down to 30 mK and concluded that
the spins form a kind of liquid state. The likelihood that a spin-
liquid model is appropriate is strengthened by the prediction of
the resonating-valence-bond (RVB) model of large entropy at low
temperatures and a possible temperature- (T-) linear term due
to the spinon density of states in the heat capacity3,4. The heat
capacity is considered as a very sensitive low-energy spectroscopic
method for investigating the low-energy excitations from the
ground state. We can explore a reliable discussion on what kind of
ground state is realized through the entropy with absolute precision
and without any external fields. In this respect, thermodynamic
studies at temperatures as low as possible are necessary and
required for demonstrating the quantum spin-liquid character for
this material.

In Fig. 1, we show the temperature dependence of
the heat capacity of κ-(BEDT-TTF)2Cu2(CN)3 and other
κ-type BEDT-TTF salts. κ-(BEDT-TTF)2Cu(NCS)2 is a
superconductor with a transition temperature (Tc) of 9.4 K.
κ-(BEDT-TTF)2Cu[N(CN)2]Cl is a Mott insulator with an
antiferromagnetically ordered ground state below the Néel
temperature TN = 27 K. Reflecting the same type of donor
arrangement, the temperature dependencies of the lattice heat
capacities of the samples are similar. The data for another
Mott insulating compound, β′-(BEDT-TTF)2ICl2, which gives
the highest Tc of 14.2 K among organic superconductors under
an applied pressure of 8.2 GPa (ref. 14), are also shown for
comparison. A slight difference in the lattice contribution
is observed, attributable to the difference of crystal packing,
but the overall temperature dependence resembles that of
the κ-type compounds. Although the overall tendency of the
lattice heat capacity is similar, it should be emphasized that
κ-(BEDT-TTF)2Cu2(CN)3 shows large heat capacities at low
temperatures as compared with typical Mott-insulating samples.
This fact demonstrates that the spin system retains large entropy
even at low temperatures and is free from ordering owing to the
existence of the frustration.

The temperature dependence of the heat capacity of
κ-(BEDT-TTF)2Cu2(CN)3 is shown in a Cp T−1 versus T plot
in the inset of Fig. 1. We also show data obtained under an

external magnetic field of 8 T applied perpendicular to the plane,
demonstrating no drastic difference from the 0 T data over the
whole temperature range in the figure. There is no sharp thermal
anomaly indicative of long-range magnetic ordering. This is
consistent with previous NMR experiments13. The data at low
temperatures below 2.5 K, shown in Fig. 2, clearly verify the
existence of a linearly temperature-dependent term (the γ term),
even in the insulating salt. The magnitude of γ is estimated at
20 ± 5 mJ K−2 mol−1 from the linear extrapolation of the Cp T−1

versus T 2 plot down to T =0 K. However, the low-temperature data
show an appreciable sample dependence. Figure 2a,b shows data for
different samples, (a) and (b), respectively. In the low-temperature
region, sample (a) shows a curious structure in addition to the
finite γ term, which is somewhat field dependent. However, Fig. 2b
does not show such behaviour. The magnetic field dependence seen
in sample (a) is attributable to a possible paramagnetic impurity
and seems to be extrinsic. In fact, the application of a magnetic
field induces a kind of Schottky contribution, which is attributed
to a magnetic impurity of less than 0.5%. The origin of this
contribution is considered to be Cu2+ contamination in the sample
preparation, as reported by Komatsu et al.15. We measured several
other samples and found that the data of the better-quality samples
converge to those shown in Fig. 2b, with a small field-dependent
contribution. It should be noted that these samples still possess
a finite Cp T−1 value of about 15 mJ K−2 mol−1, as shown by the
extrapolation of the data down to T = 0 K. The existence of the γ
term in the present insulating state is intrinsic.

The well known Mott insulators κ-(BEDT-TTF)2X
(X = Cu[N(CN)2]Cl, deuterated Cu[N(CN)2]Br) and
β′-(BEDT-TTF)2ICl2 with three-dimensional antiferromagnetic
ordering show a vanishing γ value, as shown in Fig. 2b
(ref. 16). It is evident that the low-temperature heat capacity of
κ-(BEDT-TTF)2Cu2(CN)3 is extraordinarily large for an insulating
system. A γ value of the present order (101–1.5 mJ K−2 mol−1) is
expected, for example, in spin-wave excitations in one-dimensional
antiferromagnetic spin systems with intra-chain couplings of
J/kB = 100–200 K or metallic systems with continuous excitations
around the Fermi surface. However, these are obviously very
different systems from the present two-dimensional insulating
materials. Gapless excitations giving a T-linear contribution to the
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Figure 2 | Thermal conductivity in the low-temperature region. Thermal
conductivity divided by temperature plotted as a function of T2 below
300mK in zero field (blue for sample A and green for sample B) and at
µ0H= 10 T (red, sample A) applied perpendicular to the basal plane.
Convex and non-T2 dependent κ/T is observed for both crystals. κ/T of
sample A at 10 T shows a nearly parallel shift from that in zero field. It is
immediately obvious that κ/T for all data vanishes as extrapolating to
T→0K, indicating the absence of the gapless fermionic excitations. This is
in sharp contrast to the specific-heat measurements, which claim the
presence of gapless excitations4.

As it is not possible to directly probe the microscopic spin
structure using neutron scattering owing to the compound’s
organic nature, thermodynamic measurements must be adopted to
unveil the low-lying excitation of κ-(BEDT-TTF)2Cu2(CN)3. Very
recent specific-heat measurements of κ-(BEDT-TTF)2Cu2(CN)3
show a large linear temperature-dependent contribution,
γ ∼ 15mJK−2 mol−1 (ref. 4), which suggests the presence of
gapless excitations, similar to the electronic specific heat in metals.
This observation provides strong support for several theoretical
models, including a QSL with gapless ‘spinons’, which, like its
1D predecessors are (fermionic) elementary excitations that carry
spin-1/2 and zero charge2,3, which are to be compared with
conventional (bosonic) magnons that carry spin-1. However, it is
premature to conclude that the QSL in κ-(BEDT-TTF)2Cu2(CN)3
is gapless from these measurements because the specific-heat data
are plagued by a very large nuclear Schottky contribution below 1K
(ref. 4), whichwould necessarily lead to ambiguity. Incorporation of
a probe that is free from such a contamination is strongly required22.

As pointed out in ref. 3, thermal conductivity (κ) measurements
are highly advantageous as probes of elementary excitations in
QSLs, because κ is sensitive exclusively to itinerant excitations and
is totally insensitive to localized entities such as are responsible
for Schottky contributions. The heat is carried primarily by
acoustic phonons (κph) and magnetic contributions (κmag). Indeed,
a large magnetic contribution to the heat current is observed in
low-dimensional spin systems23,24.

As shown in Fig. 1, the thermal conductivity exhibits an
unusual behaviour characterized by a hump structure around
T ∗ % 6K. A similar hump is observed in the magnetic part of the
specific heat4 and NMR relaxation rate1,10 around T ∗, although
no structural transition has been detected. These results obviously
indicate that κmag occupies a substantial portion in κ . Various
scenarios, such as a crossover to a QSL state4, a phase transition
associated with the pairing of spinons2, spin-chirality ordering25,
Z2 vortex formation26 and exciton condensation27, have been
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Figure 3 | Comparison between the data and the theory based on the
gapless QSL with a spinon Fermi surface. κ/T data (sample A) in zero
field (blue) plotted together with expected dependence of equation (1). The
green line is for the clean limit (1/τ =0) and brown for a dirty case with the
mean free path as short as 10a, where a(%0.8 nm) is the lattice parameter
of the triangular lattice.

suggested as a possible source of the anomaly at T ∗ and warrant
further studies.

The thermal conductivity at µ0H = 0 and 10 T in the
low-temperature regime (T < 300mK) is shown in Fig. 2. A
striking deviation of κ/T from a T 2 dependence is observed for
both samples; both curves exhibit a convex trend. At such low
temperatures, the mean free path of phonons is as long as the
crystal size and κph/T has a T 2 dependence, which has indeed
been reported in a similar compound κ-(BEDT-TTF)2Cu(NCS)2
(ref. 28). Therefore, the observed non-T 2 dependence, together
with the fact that κ is enhanced by magnetic field, definitely
indicates the substantial contribution of κmag in κ even in this
T range.

The results shown in Fig. 2 provide key information on the
elementary excitations from the QSL state of κ-(BEDT-TTF)2Cu2
(CN)3. Most importantly, it is extremely improbable from the
experimental data that κ/T in the T → 0K regime has a finite
residual value for data of both samples in zero field and that
of sample A under 10 T. (Indeed, a simple extrapolation of both
data in zero field even gives a negative intersect.) These results
lead us to conclude that κ/T vanishes at T = 0K. It should be
stressed that the vanishing κ/T immediately indicates the absence
of low-lying fermionic excitations, in sharp contrast to the finite γ
term reported in the heat capacity measurements4. We believe that
the heat capacity measurements incorrectly suggest the presence of
gapless excitation, possibly owing to the large Schottky contribution
at low temperatures.

The present conclusion is reinforced by comparing the data with
the thermal conductivity calculated by assuming a spinon Fermi
surface with gapless excitations3, which is given as

κ

T
=

[
!
k2B

(
kBT
εF

)2/3

+ mA
k2B

1
τ

]−1
1
d

, (1)

where εF is the Fermi energy, m is the electron mass, A is the
unit cell area of the layer, d is the interlayer distance and τ is the
impurity scattering time. Estimating εF = J as in 1D spin systems29,
we compare our result with equation (1) as shown in Fig. 3. It is
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γ~0; no spinons - but a 
tiny gap ~ J/500 ~ 0.5 K

Why the difference?

M. Yamashita et al. argue it is because of the Schottky anomaly (from the Cu spins 
in the anion) in the anion affecting Cp

Also see discussion (particularly the coments) at 
http://condensedconcepts.blogspot.com/2009/08/can-we-see-visons.html
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6 K anomaly

A “bump” is seen below ~6 K in the heat capacity, thermal conductivity, and 
spin-lattice relaxation rate

Many possible explanations have been proposed including: visons (vortices in a 
Z2 spin liquid) [Qi et al. PRL ‘09], crossover to spin liquid [Yamashita et al. NP 
‘08], “Amperean pairing of spinons [Lee et al. PRL ‘07], spin-chirality ordering 
[Baskaran PRL ‘89], excition condensation [Qi & Sachdev PRB ‘08],...
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Thermal-transport measurements in a quantum
spin-liquid state of the frustrated triangular
magnet κ-(BEDT-TTF)2Cu2(CN)3
Minoru Yamashita1*, Norihito Nakata1, Yuichi Kasahara1,2, Takahiko Sasaki2, Naoki Yoneyama2,
Norio Kobayashi2, Satoshi Fujimoto1, Takasada Shibauchi1 and Yuji Matsuda1

The notion of quantum spin-liquids (QSLs), antiferromagnets
with quantum fluctuation-driven disordered ground states, is
now firmly established in one-dimensional (1D) spin systems
as well as in their ladder cousins. The spin-1/2 organic
insulator κ-(bis(ethylenedithio)-tetrathiafulvalene)2Cu2(CN)3
(κ-(BEDT-TTF)2Cu2(CN)3; ref. 1) with a 2D triangular lattice
structure is very likely to be the first experimental realization
of this exotic state in D≥ 2. Of crucial importance is to unveil
the nature of the low-lying elementary spin excitations2,3,
particularly the presence/absence of a ‘spin gap’, which
will provide vital information on the universality class of
this putative QSL. Here, we report on our thermal-transport
measurements carried out down to 80mK. We find, rather
unexpectedly, unambiguous evidence for the absence of a
gapless excitation, which sharply contradicts recent reports of
heat capacity measurements4. The low-energy physics of this
intriguing system needs be reinterpreted in light of the present
results indicating a spin-gapped QSL phase.

In antiferromagnetically coupled spin systems, geometrical
frustrations enhance quantum fluctuations. Largely triggered
by the proposal of the resonating-valence-bond theory for
S = 1/2 degrees of freedom residing on a frustrated two-
dimensional (2D) triangular lattice5–7 and its possible appli-
cation to high-Tc cuprates with a doped 2D square lattice8,9,
realizing/detecting QSLs in 2D systems has been a long-
sought goal. Recently, discoveries of QSL states on S = 1/2
triangular lattices have been reported in organic compounds,
κ-(BEDT-TTF)2Cu2(CN)3 (Fig. 1, inset)1,10,11, C2H5(CH3)3Sb
[Pd(1,3-dithiole-2-thione-4,5-dithiolate)2]2 (ref. 12) and 3He thin
film on graphite13. In particular, the NMR spectrum of
κ-(BEDT-TTF)2Cu2(CN)3 exhibits no signs of magnetic ordering
down to ∼30mK, which is some four orders of magnitude below
the exchange coupling J ∼250K (refs 1,11). These findings aroused
great interest because it is generally believed that whereas a QSL
state is realized in the strongly frustrated S = 1/2 2D kagome
lattice14, which can be viewed as corner-sharing triangles, the
classical magnetically ordered state is stable in the less frustrated
isotropic Heisenberg triangular lattice15,16. Several ideas, such as
a Hubbard model with a moderate onsite repulsion17, a ring
exchangemodel18 and one-dimensionalization by a slight distortion
from the isotropic triangular lattice19,20, have been put forth
to explain the absence of the long-range magnetic ordering in
κ-(BEDT-TTF)2Cu2(CN)3. Nevertheless, the origin for the QSL
state remains unresolved.

1Department of Physics, Kyoto University, Kyoto 606-8502, Japan, 2Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan.
*e-mail: yamashitaminoru@scphys.kyoto-u.ac.jp.
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Figure 1 | Temperature dependence of the in-plane thermal conductivity
below 10K. κ(T) in zero field for two different single crystals of deuterated
κ-(BEDT-TTF)2Cu2(CN)3 (sample A and sample B) measured in a 3He
cryostat (black for sample A and green for sample B) and dilution
refrigerator (blue for sample A and light green for sample B). As the
temperature is lowered, κ(T) decreases and exhibits a broad hump starting
to increase at around T∗ #6K. Inset: The crystal structure of a
two-dimensional BEDT-TTF layer of κ-(BEDT-TTF)2Cu2(CN)3 viewed
along the long axes of BEDT-TTF molecules. Pairs of BEDT-TTF molecules
form dimers arranged in a triangular lattice in terms of transfer integrals t
and t′ between the dimers. The ratio of transfer integrals is nearly unity11

and the spin-1/2 nearly isotropic triangular lattice is realized1.

To understand the nature of novel QSL states, knowledge
on the structure of the low-lying excitation spectrum in the
zero-temperature limit, particularly the absence/presence of a spin
gap, is indispensable, bearing immediate implications on the spin
correlations of the ground state, as well as on the quantum
numbers carried by each elementary excitation. For instance in 1D,
half-integer spin Heisenberg chains feature a massless spectrum,
which enables proliferation of low-energy spinon excitations,
whereas such excitations are suppressed in the integer spin case,
which has a massive spectrum21.
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Figure 3 A CpT−1 versus T plot of the heat capacity for κ-(BEDT-TTF)2
Cu2(CN)3. The solid curve shows the result of fitting to the formula
Cp = A/T 2 + γT+βT 3. The obtained γ is 12mJK−2 mol−1, which demonstrates
the existence of continuous excitations from the ground state. The inset shows
CpT−3 versus T for κ-(BEDT-TTF)2Cu2(CN)3, κ-(BEDT-TTF)2Cu[N(CN)2]Cl and
β′-(BEDT-TTF)2ICl2.

heat capacity are consistent with the RVB model. The coefficient γ
is considered to be proportional to the spinon density of states, as
in the electron density of states at the Fermi surface of a metallic
system. The Wilson ratio giving the relation between γ and finite
susceptibility at low temperatures is of the order of unity17, which
is analogous to the Fermi liquids of band electrons. To verify the
low-temperature nature and determine the exact value of γ , the
measurements were extended down to 75 mK. The results are
shown in Fig. 3. The upturn appearing at the lowest temperatures
may be attributed to a nuclear Schottky contribution of the
copper cations in the counter-anion. Fitting the low-temperature
heat-capacity data to the formula Cp = A/T 2 + γT + βT 3 gives
the values A = 6.6 × 10−2 mJ K mol−1, γ = 12 mJ K−2 mol−1 and
β = 21 mJ K−4 mol−1. An important point is that the γ term is not
affected by the external magnetic field. This result also confirms
that the T-linear term is related to the finite excitation density of
states, as is the case for a metal system. This confirms the spin
excitations postulated by Anderson for the spin-liquid state in two-
dimensional materials. In organic systems, spin–orbit coupling is
very small and the highest occupied molecular orbital is spread over
the molecule. The large triangular unit cells and relatively strong
quantum character prohibit long-range ordering, even though the
triangle is deformed by 6%. A numerical study of the Hubbard
model18 predicts the existence of the spin-liquid state near the Mott
transition, which is precisely the situation of the present salt19.

It is noted that a broad hump structure is observed, instead
of a sharp peak signalling a kind of phase transition, around 6 K
in the Cp T−1 versus T plot, as is shown in Fig. 4. The inset of
Fig. 3 compares the data in a Cp T−3 versus T plot of the present
system with other Mott insulating salts. Organic salts of this kind
have large and complicated lattice heat capacities, even in this
temperature range of several kelvin. Such heat capacities should
yield a moderate temperature dependence below about 10 K, as
seen in the data of the two antiferromagnetic insulators. However,
a hump is visible around 6 K in κ-(BEDT-TTF)2Cu2(CN)3 as
an extra contribution to the natural trend of the lattice heat

C pT
–1

 (m
J 

K–2
 m

ol
–1

)

20 40 60 80

T 2 (K2)

0 100
0

250

500

750

1,000

1,250

1,500
0 T 2 T 8 T

2 4 6 8
T (K)

0 10

50

100

∆C
pT

–1
 (m

J 
K–2

 m
ol

–1
)

0

150

0 T 2 T 8 T

Figure 4 Temperature dependence of the heat capacity around the
anomalous temperature of 6K. CpT−1 versus T 2 plots of the heat capacity of
κ-(BEDT-TTF)2Cu2(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
κ-(BEDT-TTF)2Cu2(CN)3 and κ-(BEDT-TTF)2Cu(NCS)2, which highlights the hump
structure around 6 K.

capacity. This hump is observed at the same temperature in all the
crystals measured. If this is a manifestation of long-range magnetic
order, it should be affected by external magnetic fields. However,
the present hump does not show magnetic field dependence up
to 8 T under external fields perpendicular to the layer. In fact,
earlier NMR and muon spin spectroscopy experiments did not
detect any internal magnetic fields in the limit of zero external
field20,21 and showed a temperature profile of relaxation rate quite
different from the case of spin ordering or freezing. So far, no clear
structural transition has been detected, and a search for possible
sophisticated superstructure with relevance to the spinon physics
mentioned below is underway (Y. S. Lee et al., unpublished).
Considering that the spin degrees of freedom are involved in this
anomaly in a different manner from ordering, as shown by NMR,
we speculate on a crossover of the spin state, namely a kind of
condensation of the spin liquid from the Heisenberg state, where
the nearest-neighbour interaction is dominant. The higher-order
exchange interaction is thermally disturbed at high temperatures.
However, in the low-temperature region under discussion, the
system gradually obtains a quantum character, which cannot be
explained by the Heisenberg model with the nearest-neighbour
interaction alone. Such a crossover would not have a long-range
nature like typical phase transitions. An alternative interpretation
of the hump is given in terms of symmetry breaking of the
pure two-dimensional system. An instability of the Fermi surface
of spinons in the long-ranged RVB state has been proposed by
Lee et al.17. Spin-chirality ordering is also a candidate for the
possible symmetry breaking, although it is originally spin gapped
or induced by a magnetic field22–24.

The slope of Cp T−1 versus T 2 (the β term) of
κ-(BEDT-TTF)2Cu2(CN)3 is twice as large as those of the
other BEDT-TTF-based salts, reported as 10.8 mJ K−2 mol−1

for κ-(BEDT-TTF)2Cu[N(CN)2]Cl, 12.0 mJ K−2 mol−1 for
κ-(BEDT-TTF)2Cu[N(CN)2]Br and 12.5 mJ K−4 mol−1 for
κ-(BEDT-TTF)2Cu(NCS)2. Because the lattice heat capacity of
κ-(BEDT-TTF)2Cu2(CN)3 should not be so different from these κ
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spectra between the two salts was observed at low tem-
peratures. The spectra of !-!ET"2Cu#N!CN"2$Cl clearly
split below 27 K and the splitting width reaches %80 kHz,
reflecting the commensurate AF ordering [9] with a
magnetic moment of 0:45"B per an ET dimer [13]. On
the other hand, the spectra of !-!ET"2Cu2!CN"3 show
neither distinct broadening nor split down to 32 mK.
The result indicates that no LRMO exists in
!-!ET"2Cu2!CN"3 at least down to 32 mK, which is
4 orders of magnitude below the J value of 250 K. The
fact strongly suggests the realization of the quantum-
disordered spin liquid state in !-!ET"2Cu2!CN"3 due to
the strong spin frustration of the nearly isotropic trian-
gular lattice. Taking a closer look at the data, the full
width of the spectra at the half-maximum intensity shows
a slight broadening of %2 kHz with decreasing tempera-
ture from 4 to 1 K. It may originate from the random
dipole field of a small amount of magnetic impurity or the
intrinsic T2 broadening as was observed in the triangular-
lattice compound, LiNiO2 [14], where T2 is the spin-spin
relaxation time. The magnetic moment, if any below
4 K, is estimated as less than 0:01"B per an ET dimer
with reference to the moment/shift ratio observed in
!-!ET"2Cu#N!CN"2$Cl.

The nuclear spin-lattice relaxation rate, T&1
1 , of

!-!ET"2Cu2!CN"3 is shown in Fig. 4 as a function of
temperature together with that of !-!ET"2Cu#N!CN"2$Cl
[9]. An enhancement of T&1

1 above 150 K is a motional
contribution due to the thermally activated vibration of
the ethylene groups. The motional contribution almost
dies away around 150 K, below which the relaxation is
electronic in origin. From 150 to 50 K, T&1

1 behaves
nearly temperature independently. The values of T&1

1 in
this region are more than twice as large as those of
!-!ET"2Cu#N!CN"2$Cl.

Below 50 K, T&1
1 of !-!ET"2Cu2!CN"3 decreases with

temperature down to 4 K in a manner similar to #. It is
seen that there is no difference between the polycrystal-
line and single crystal data in the overlapping tempera-
ture range of 1.4–36 K. This temperature dependence
markedly contrasts with that of !-!ET"2Cu#N!CN"2$Cl
having a sharp peak at 27 K, which is characteristic of
the magnetic transition. Since # and T&1

1 measure the
k ' 0 uniform component and the summation of the
spin fluctuations in the k space, respectively, the results
of # and T&1

1 suggest that the spin excitations are sup-
pressed below 50 K over the k space. Below 4 K, however,
T&1
1 of !-!ET"2Cu2!CN"3 turns to increase and shows a

broad peak around 1 K as shown in the inset of Fig. 4. It
is noted that # has no appreciable anomaly around 4 K,
where T&1

1 shows an upturn. The broad peak is considered
to reflect the characteristic structure in the spin excitation
spectrum of quantum liquid with slow spin dynamics.

Below about 0.4 K the relaxation curve starts to bend
gradually and fits to a sum of two exponential functions
with comparable fractions. The temperature dependences

of the two components of T&1
1 are proportional to (T2

and (T. It means that the two kinds of proton sites with
different T1 are separated in a macroscopic scale but not
in a molecular scale, because the T1 distribution in the
molecular scale would be averaged by the T2 process
during such a slow spin-lattice relaxation as in the present
case (T1 ( 102 and 104 sec at the lowest temperature). It is
unlikely that LRMO or spin glass transition occurs below
0.4 K, since T&1

1 has no critical behavior above 0.4 K and
the NMR spectra show no broadening below 1 K.
Actually, the recent "SR experiment also shows no in-
ternal magnetic field down to 20 mK [15]. Taking into
account that the highly degenerate quantum state on the
triangular lattice is likely sensitive to randomness [16],
crystal imperfections or dilute impurity moments may
induce some secondary phase with different spin dynam-
ics from the primary phase. It is noted that the inhomoge-
neous NMR relaxation like the present observation is also
encountered in an inorganic frustrated spin system with
kagomé lattice [17]. In general, the spin liquid state is
discussed to have a finite spin excitation gap [3]. In such a
case, T&1

1 should fall exponentially with lowering tem-
perature. In the present case, however, T&1

1 ’s follow

FIG. 4. 1H nuclear spin-lattice relaxation rate T&1
1 above 1 K

for a single crystal (open circles) and a polycrystalline sample
(closed circles) of !-!ET"2Cu2!CN"3 and a single crystal of
!-!ET"2Cu#N!CN"2$Cl (open diamonds) [9]. The inset shows
the data down to 32 mK in logarithm scales.
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Bad metal
Merino & McKenzie, PRB 00, Limelette et al. PRL 03, Merino et al. PRL 08

Many of the experiments on the normal state are 
quantitatively consistent with the “bad metal” phase 
predicted by DMFT 

Non-monotonic temperature dependence of 
thermopower, resistivity [top fig.: Limelette et al. 
PRL 03] and Hall coefficient

Resistivity values above the Mott-Ioffe-Regal limit

Absence of Drude peak in the high-T optical 
conductivity [lower figs.: Merino et al. PRL 08]

The high pressure regime above 300 bar is now con-
sidered. As demonstrated in the right inset of Fig. 5, the
resistivity in this regime has a quadratic, Fermi-liquid
dependence upon temperature at low temperatures: ! !
!0"P# $ A"P#T2. The quality of the fit, obtained by re-
plotting the data set of Fig. 2 as a function of T2, illus-
trates the high precision of the variable pressure
technique. The coherence temperature T% above which
this law is no longer valid (of the order of 35 K at
500 bar) defines the onset of a bad metal regime, as
indicated in Fig. 1. The prefactor A"P# of the T2 depen-
dence is found to depend strongly on pressure, as dis-
played in Fig. 5, and the product A"P# & "T%#2 remains
approximately pressure independent. These findings cor-
respond to a strongly correlated Fermi-liquid regime at

low temperature.We note that the residual resistivity has a
weaker pressure dependence than A, but does increase
close to the coexistence region. While A"P# cannot be
determined precisely below 280 bar, the data suggest a
divergency of A at P of order 200 bar, significantly
smaller than the pressure at which the extrapolated insu-
lating gap would vanish (of order 370 bar; see above). This
suggests that the closure of the Mott-Hubbard gap and the
loss of Fermi-liquid coherence are two distinct phenom-
ena, associated with very different energy scales, as is
also clear from the fact that the coherence scale T% (a few
tens of Kelvin) is much smaller than the insulating gap !
(several hundreds Kelvin).

In order to better characterize the crossover into the
bad metal as temperature is increased above T%, we have
performed measurements in a wider temperature range,
up to 300 K, as displayed in Fig. 6.We confirm the general
behavior reported by other authors [3]. At moderate pres-
sures (a few hundred bars), the resistivity changes from a
T2 behavior below T% to a regime characterized by very
large values of the resistivity (exceeding the Ioffe-Regel-
Mott limit by more than an order of magnitude) but still
metalliclike (d!=dT > 0). For pressures in the transition
region, this increase persists until a maximum is reached,
beyond which a semiconducting regime is entered
(d!=dT < 0). This regime is continuously connected to
that found on the insulating side, at temperatures above
50 K. Figure 1 summarizes the four regimes of transport
which we have described so far.

We now compare these experimental findings to the
DMFT description of the Mott transition. Similarities
between DMFT and some physical properties of BEDT
organics have been emphasized previously [7,8]. One of
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ture three features are found: a Drude peak at ! ! 0, a
broad absorption band at ! " 2000 cm#1 $U, and a band
at U=2. The broad band is a result of electronic transitions
between Hubbard bands separated by U ! 10jt2j !
0:3 eV, while the band at U=2 results from transitions
between the quasiparticle peak and Hubbard bands.

Single crystals of !# %BEDT-
TTF&2Cu'N%CN&2(BrxCl1#x are investigated by polarized
reflectivity spectroscopy in a broad frequency and tem-
perature range (for details see Ref. [15]). The optical
response can be separated into contributions from corre-
lated charge carriers, intradimer charge-transfer transi-
tions, and vibronic modes. While the spectra of all the
compounds are similar at high temperatures, a clear dis-
tinction can be made below 50 K. A Drude peak is present
for a Br content of x ! 0:73, 0.85, and 0.9 indicating
metallic behavior. In contrast, no Drude peak is seen in
the materials with x ! 0 and 0.4, consistent with a Mott
insulator [15]. The absence of a splitting of the "4 and "6
vibrational modes [15] indicates no phase separation oc-
curring in our samples.

In order to compare the measurements to DMFT calcu-
lations, we followed the procedure used in Ref. [15] to
subtract the contributions of intradimer electronic transi-
tions (around 3400 cm#1) and vibrational features from
the optical conductivity spectra, since the associated phys-
ics is not incorporated in the model (1).

The optical conductivity, #1%!&, is shown in Fig. 2 for
the compound with 73% Br. We confine ourselves to the
polarization E k c [the crystal c-axis is parallel to the
diagonal ky ! kx in the model (2)]; similar results are
obtained along the second intralayer crystal axis. At T !

150 K, one broad absorption feature is observed centered
around 2000 cm#1. When the sample is cooled down, the
SW shifts towards lower frequencies and below 50 K a
narrow Drude-like component develops. Interestingly, the
overall SW decreases for T > 50 K. The redistribution of
spectral weight with varying temperature, observed in
Fig. 2 is consistent with the calculations shown in Fig. 1.
The agreement is particularly impressive as there are really
only two parameters in the calculation, the magnitude of t2
(which sets the vertical scale) and the ratio U=t2 which
determines the relative weight in the Drude peak. However,
we do note two discrepancies. First, the band at !$U=2
does not appear in the experimental data. Second, the
temperature scale on which the Drude weight collapses is
about a factor of 2 larger in the calculation than in the
experiment. Such discrepancies are not unusual in systems
exhibiting Kondo physics, as occurs in DMFT [14].

The redistribution of spectral weight with varying tem-
perature and correlation strength, is described based on the
restricted f-sum rule [2,20] through the integral

 I#%!& )
Z !

0
#1%!&d! ) $ne2

2m*
sum

; (3)

where ! is a high-frequency cutoff excluding interband
transitions (with ! ! 3500 cm#1), e is the electronic
charge, n is the electron density excluding filled bands,
and the last identity defines an effective mass m*

sum.
Expression (3) can be compared to the full f-sum rule
which is independent of temperature and the strength of
the correlations [1,2]. When the conductivity is integrated
up to infinity, it can be related to the plasma frequency of
an electron gas with total electron density.
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FIG. 1 (color online). Frequency dependence of the optical
conductivity at several temperatures. Calculations are based on
a DMFT treatment of the Hubbard model on the anisotropic
triangular lattice. For U ! 0:3 eV, a gradual suppression of the
Drude peak occurs with increasing temperature. The inset shows
the effective number of charge carriers Neff%!& per lattice site,
calculated from the spectrum using Eqs. (4) and (5).
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Kadowaki-Woods ratio (A/γ2)
Jacko, Fjaerestad, and BJP, Nature Phys. 5, 422 (2009)

ρ(T ) = ρ(0) + AT 2

Cv = γT + βT 3

Dressel, Wosnitza and others have 
noted that A/γ2 is very large in the 
organics 
Miyake et al. [SSC 71, 1149 (‘89)] 
argued that the heavy fermion 
materials have a large KWR because 
∂Σ/∂ω is large (strongly correlated) 
and that the KWR is much smaller in 
the transition metals because ∂Σ/∂ω 
is much smaller. 
Hussey [JPSJ 74, 1107 (‘05)]  
proposed plotting γ in volumetric 
units for oxides etc.
Does the same physics give rise to 
the mass enhancement (γ) and A?

LETTERS
PUBLISHED ONLINE: 19 APRIL 2009 | DOI: 10.1038/NPHYS1249

A unified explanation of the Kadowaki–Woods
ratio in strongly correlated metals
A. C. Jacko1, J. O. Fjærestad2 and B. J. Powell1*
Discoveries of ratios whose values are constant within broad
classes of materials have led to many deep physical insights.
The Kadowaki–Woods ratio (KWR; refs 1, 2) compares the
temperature dependence of a metal’s resistivity to that of its
heat capacity, thereby probing the relationship between the
electron–electron scattering rate and the renormalization of
the electron mass. However, the KWR takes very different
values in different materials3,4. Here we introduce a ratio,
closely related to the KWR, that includes the effects of
carrier density and spatial dimensionality and takes the same
(predicted) value in organic charge-transfer salts, transition-
metal oxides, heavy fermions and transition metals—despite
the numerator and denominator varying by ten orders of
magnitude. Hence, in these materials, the same emergent
physics is responsible for the mass enhancement and the
quadratic temperature dependence of the resistivity, and no
exotic explanations of their KWRs are required.

In a Fermi liquid the electronic contribution to the heat capacity
has a linear temperature dependence, that is, Cel(T )=γT . Another
prediction of Fermi-liquid theory5 is that, at low temperatures,
the resistivity varies as ρ(T ) = ρ0 + AT 2. This is observed
experimentally when electron–electron scattering, which gives rise
to the quadratic term, dominates over electron–phonon scattering.

In a number of transition metals1 A/γ 2 ≈ aTM = 0.4 µ# cm
mol2 K2 J−2 (Fig. 1), even though γ 2 varies by an order ofmagnitude
across the materials studied. Later, it was found2 that in many
heavy-fermion compounds A/γ 2 ≈ aHF = 10 µ# cmmol2 K2 J−2

(Fig. 1), despite the large mass renormalization, which causes γ 2

to vary by more than two orders of magnitude in these materials.
Because of this remarkable behaviour A/γ 2 has become known as
the Kadowaki–Woods ratio. However, it has long been known2,6

that the heavy-fermion material UBe13 has an anomalously large
KWR. More recently, studies of other strongly correlated metals,
such as the transition-metal oxides3,7 and the organic charge-
transfer salts4,8, have found surprisingly large KWRs (Fig. 1). It
is therefore clear that the KWR is not the same in all metals; in
fact, it varies by more than seven orders of magnitude across the
materials shown in Fig. 1.

Several important questions need to be answered about the
KWR. (1) Why is the ratio approximately constant within the
transition metals and within the heavy fermions (even though
many-body effects cause large variations in their effective masses)?
(2) Why is the KWR larger for the heavy fermions than it is
for the transition metals? (3) Why are such large and varied
KWRs observed in layered metals such as the organic charge-
transfer salts and transition-metal oxides? The main aim of
this paper is to resolve question (3). We shall also make
some comments on the first two questions, which have been
extensively studied previously.

1Centre for Organic Photonics and Electronics, School of Physical Sciences, University of Queensland, Brisbane, Queensland 4072, Australia, 2School of
Physical Sciences, University of Queensland, Brisbane, Queensland 4072, Australia. *e-mail: bjpowell@gmail.com.
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Figure 1 | The standard Kadowaki–Woods plot. It can be seen that the
data for the transition metals and heavy fermions (other than UBe13)
fall onto two separate lines. However, a wide range of other strongly
correlated metals do not fall on either line or between the two lines.
aTM =0.4 µ# cmmol2 K2 J−2 is the value of the KWR observed in the
transition metals1 and aHF = 10 µ# cmmol2 K2 J−2 is the value seen
in the heavy fermions2. In labelling the data points we use the following
abbreviations: κ-Br is κ-(BEDT-TTF)2Cu[N(CN)2]Br; κ-NCS is
κ-(BEDT-TTF)2Cu(NCS)2; β-I3 is β-(BEDT-TTF)2I3; and β-IBr2 is
β-(BEDT-TTF)2IBr2. For Sr2RuO4 we show data for Ameasured with the
current both perpendicular and parallel to the basal plane; these data
points are distinguished by the symbols ⊥ and ‖ respectively. Further
details of the data are reported in Supplementary Information.

There have been a number of studies of the KWR based on
specific microscopic Hamiltonians (see, for example, refs 9–13).
However, if the KWR has something general to tell us about
strongly correlated metals, then we would also like to under-
stand which features of the ratio transcend specific microscopic
models. Nevertheless, two important points emerge from these
microscopic treatments of the KWR: (1) if the momentum dep-
endence of the self-energy can be ignored then the many-body
renormalization effects on A and γ 2 cancel, and (2) material-
specific parameters are required to reproduce the experimentally
observed values of the KWR. Below we investigate the KWR
using a phenomenological Fermi-liquid theory; this work builds
on previous studies of related models3,6. Indeed, our calculation
is closely related to that in ref. 6. The main results reported
here are the identification of a ratio (equation (5)) relating A
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Following Miyake, Matsuura, and Varma, [Solid State Commun. 71, 1149 (‘89)], we 
study a phenomenological local Fermi liquid theory where the imaginary part of 
the self energy is given by

F(1)=1, F(∞)=0, F(y) is an unspecified monotonic function.

Relate A to γ via the Kramers-Kronig transform for the self energy 

fdx(n) ≡ nD2
0〈v2

0x〉ξ2

Kadowaki-Woods ratio (A/γ2) 
Jacko, Fjaerestad, and BJP, Nature Phys. 5, 422 (2009)

Σ′′(ω, T ) = − !
2τ0
− 2n

3πD0

ω2+(πkBT )2

ω∗2 for
∣∣ω2 + (πT )2

∣∣ < ω∗2

= −
(

!
2τ0

+ 2n
3πD0

)
F

(√
ω2+(πkBT )2

ω∗2

)
for

∣∣ω2 + (πT )2
∣∣ > ω∗2

A =
16nk2

B

π!e2〈v2
0x〉D2

0ω
∗2 ; γ = γ0
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∂ω

)
$ 8nk2

Bξ

9ω∗
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γ
=
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4π!k2

Be2
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Modified Kadowaki-Woods ratio
Jacko, Fjaerestad, and BJP, Nature Phys. 5, 422 (2009)

This suggests that a more natural ratio is

Assume simple model band structures 
to calculate 

Spherical Fermi surfaces for 3D 
materials

Cylindrical Fermi surfaces for 
quasi-2D materials 

Afdx(n)
γ2 = 81

4π!k2
Be2

fdx ≡ nD2
0〈v2

0x〉ξ2
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A unified explanation of the Kadowaki–Woods
ratio in strongly correlated metals
A. C. Jacko1, J. O. Fjærestad2 and B. J. Powell1*
Discoveries of ratios whose values are constant within broad
classes of materials have led to many deep physical insights.
The Kadowaki–Woods ratio (KWR; refs 1, 2) compares the
temperature dependence of a metal’s resistivity to that of its
heat capacity, thereby probing the relationship between the
electron–electron scattering rate and the renormalization of
the electron mass. However, the KWR takes very different
values in different materials3,4. Here we introduce a ratio,
closely related to the KWR, that includes the effects of
carrier density and spatial dimensionality and takes the same
(predicted) value in organic charge-transfer salts, transition-
metal oxides, heavy fermions and transition metals—despite
the numerator and denominator varying by ten orders of
magnitude. Hence, in these materials, the same emergent
physics is responsible for the mass enhancement and the
quadratic temperature dependence of the resistivity, and no
exotic explanations of their KWRs are required.

In a Fermi liquid the electronic contribution to the heat capacity
has a linear temperature dependence, that is, Cel(T )=γT . Another
prediction of Fermi-liquid theory5 is that, at low temperatures,
the resistivity varies as ρ(T ) = ρ0 + AT 2. This is observed
experimentally when electron–electron scattering, which gives rise
to the quadratic term, dominates over electron–phonon scattering.

In a number of transition metals1 A/γ 2 ≈ aTM = 0.4 µ# cm
mol2 K2 J−2 (Fig. 1), even though γ 2 varies by an order ofmagnitude
across the materials studied. Later, it was found2 that in many
heavy-fermion compounds A/γ 2 ≈ aHF = 10 µ# cmmol2 K2 J−2

(Fig. 1), despite the large mass renormalization, which causes γ 2

to vary by more than two orders of magnitude in these materials.
Because of this remarkable behaviour A/γ 2 has become known as
the Kadowaki–Woods ratio. However, it has long been known2,6

that the heavy-fermion material UBe13 has an anomalously large
KWR. More recently, studies of other strongly correlated metals,
such as the transition-metal oxides3,7 and the organic charge-
transfer salts4,8, have found surprisingly large KWRs (Fig. 1). It
is therefore clear that the KWR is not the same in all metals; in
fact, it varies by more than seven orders of magnitude across the
materials shown in Fig. 1.

Several important questions need to be answered about the
KWR. (1) Why is the ratio approximately constant within the
transition metals and within the heavy fermions (even though
many-body effects cause large variations in their effective masses)?
(2) Why is the KWR larger for the heavy fermions than it is
for the transition metals? (3) Why are such large and varied
KWRs observed in layered metals such as the organic charge-
transfer salts and transition-metal oxides? The main aim of
this paper is to resolve question (3). We shall also make
some comments on the first two questions, which have been
extensively studied previously.

1Centre for Organic Photonics and Electronics, School of Physical Sciences, University of Queensland, Brisbane, Queensland 4072, Australia, 2School of
Physical Sciences, University of Queensland, Brisbane, Queensland 4072, Australia. *e-mail: bjpowell@gmail.com.
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Figure 1 | The standard Kadowaki–Woods plot. It can be seen that the
data for the transition metals and heavy fermions (other than UBe13)
fall onto two separate lines. However, a wide range of other strongly
correlated metals do not fall on either line or between the two lines.
aTM =0.4 µ# cmmol2 K2 J−2 is the value of the KWR observed in the
transition metals1 and aHF = 10 µ# cmmol2 K2 J−2 is the value seen
in the heavy fermions2. In labelling the data points we use the following
abbreviations: κ-Br is κ-(BEDT-TTF)2Cu[N(CN)2]Br; κ-NCS is
κ-(BEDT-TTF)2Cu(NCS)2; β-I3 is β-(BEDT-TTF)2I3; and β-IBr2 is
β-(BEDT-TTF)2IBr2. For Sr2RuO4 we show data for Ameasured with the
current both perpendicular and parallel to the basal plane; these data
points are distinguished by the symbols ⊥ and ‖ respectively. Further
details of the data are reported in Supplementary Information.

There have been a number of studies of the KWR based on
specific microscopic Hamiltonians (see, for example, refs 9–13).
However, if the KWR has something general to tell us about
strongly correlated metals, then we would also like to under-
stand which features of the ratio transcend specific microscopic
models. Nevertheless, two important points emerge from these
microscopic treatments of the KWR: (1) if the momentum dep-
endence of the self-energy can be ignored then the many-body
renormalization effects on A and γ 2 cancel, and (2) material-
specific parameters are required to reproduce the experimentally
observed values of the KWR. Below we investigate the KWR
using a phenomenological Fermi-liquid theory; this work builds
on previous studies of related models3,6. Indeed, our calculation
is closely related to that in ref. 6. The main results reported
here are the identification of a ratio (equation (5)) relating A
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Modified Kadowaki-Woods ratio
Jacko, Fjaerestad, and BJP, Nature Phys. 5, 422 (2009)

This suggests that a more natural ratio is

Assume simple model band structures 
to calculate 

Spherical Fermi surfaces for 3D 
materials

Cylindrical Fermi surfaces for 
quasi-2D materials 

We find excellent agreement with data 
from a broad range of strongly 
correlated materials.

This shows that the main difference 
between the heavy fermions and the 
transition metals are due to band 
structure [fdx(n)], rather than correlations. 

The same correlations cause A and γ in 
the organics 

NATURE PHYSICS DOI: 10.1038/NPHYS1249 LETTERS
and γ 2, which we predict takes a single value in a broad class
of strongly correlated metals, and the demonstration that this
ratio does indeed describe the data for a wide variety of strongly
correlated metals (Fig. 2).

It has been argued that the KWR is larger in the heavy
fermions than the transition metals because the former are
more strongly correlated (in the sense that the self-energy is
more strongly frequency dependent) than the latter6. Several
scenarios have been proposed to account for the large KWRs
observed in UBe13, transition-metal oxides and organic charge-
transfer salts, including impurity scattering6, proximity to a
quantum critical point7 and the suggestion that electron–phonon
scattering in reduced dimensions might give rise to a quadratic
temperature dependence of the resistivity14. It has been previously
observed3 that using volumetric (rather than molar) units for
γ reduces the variation in the KWRs of the transition-metal
oxides. However, even in these units, the organic charge-transfer
salts have KWRs orders of magnitude larger than those of other
strongly correlated metals. We shall argue that the different
KWRs observed across this wide range of materials result from
the simple fact that the KWR contains a number of material-
specific quantities. As a consequence, when we replace the KWR
with a ratio that accounts for these material-specific effects
(equation (5)) the data for all of these materials do indeed lie on
a single line (Fig. 2).

Many properties of strongly correlated Fermi liquids can be
understood in terms of a momentum-independent self-energy15,16.
Therefore, following ref. 6, we assume that the imaginary part of the
self-energy,Σ ′′(ω,T ), at energyω, is given by

Σ ′′(ω,T )= − !
2τ0

− s
ω2 +(πkBT )2

ω∗2 (1)

for |ω2+(πkBT )2|<ω∗2 and

Σ ′′(ω,T )= −[!/2τ0 + s]F([ω2 + (πkBT )2]1/2/ω∗)

for |ω2 + (πkBT )2| > ω∗2, where 2s/! is the scattering rate
due to electron–electron scattering in the absence of quantum
many-body effects, τ−1

0 is the impurity scattering rate, F is
a monotonically decreasing function with boundary conditions
F(1) = 1 and F(∞) = 0 and ω∗ is determined by the strength of
the many-body correlations. (See the Methods section for further
discussion of the self-energy.)

The diagonal part of the conductivity tensormay bewritten as17

σxx(T )= !e2
∫

dk
(2π)3

v20x

∫
dω
2π

A2
s (k,ω)

(−∂f (ω)
∂ω

)
(2)

where k= (kx ,ky ,kz) is the momentum, v0x = !−1∂ε0(k)/∂kx is the
unrenormalized velocity in the x direction, f (ω) is the Fermi–Dirac
distribution, As(k,ω) = −2 Im{[ω − ε0(k) + µ∗ − Σ (ω,T )]−1}
is the spectral density, ε0(k) is the non-interacting dispersion
relation and µ∗ is the chemical potential. Note that equation (2)
does not contain vertex corrections; the absence of vertex
corrections to the conductivity is closely related to the momentum
independence of the self-energy15. Further, the presence of
Umklapp processes, which enable electron–electron scattering to
contribute to the resistivity in the pure limit18, is implicit in
the above formula.

In a strongly correlated metal, s may be approximated by its
value in the unitary scattering limit6,16, su = 2n/3πD0, where n is
the conduction-electron density and D0 is the bare density of states
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Figure 2 | Comparison of the ratio defined in equation (5) with
experimental data. It can be seen that, in all of the materials studied,
the data are in excellent agreement with our prediction (line). The
abbreviations in the data-point labels are the same as in Fig. 1. Further
details of the data are given in Supplementary Information.

(DOS) at the Fermi energy. In the low-temperature, pure limit we
find (see the Methods section) that

A= 16nk2B
π!e2〈v20x〉D2

0ω
∗2 (3)

where 〈···〉 denotes an average over the Fermi surface. Note that
neither the DOS nor the Fermi velocity are renormalized in this
expression. Indeed, all of the many-body effects are encapsulated
byω∗, which determines themagnitude of the frequency-dependent
term inΣ ′′(ω,T ); see equation (1).

The Kramers–Kronig relation for the retarded self-energy19,20
can be used to show (see the Methods section) that, in the
pure limit,

γ = γ0

(
1− ∂Σ ′

∂ω

)
= γ0

(
1+ 4suξ
πω∗

)

where γ0 = π2k2BD0/3 is the linear coefficient of the specific
heat for a gas of non-interacting fermions, Σ ′ is the real part
of the self-energy and ξ ≈ 1 is a pure number defined in the
Methods section. Thus we see that the renormalization of γ is also
controlled by ω∗. For a strongly correlated metal the effective mass,
m∗ (m0, the bare (band) mass of the electron, hence su ( ω∗ and
γ ) (8nk2Bξ)/(9ω∗). The corrections to this approximation are given
in the Methods section.

Combining the above results we see that the KWR is

A
γ 2

= 81
4π!k2Be2

1
ξ 2nD2

0〈v20x〉
(4)

First, we note that in this ratio the dependence of the individual
factors onω∗ has vanished.Hence theKWR is not renormalized.On
the other hand, although the first factor contains only fundamental
constants, the second factor is clearly material dependent as it
depends on the electron density, the DOS and the Fermi velocity
of the non-interacting system. An important corollary to this result
is that band-structure calculations should give accurate predictions

NATURE PHYSICS | VOL 5 | JUNE 2009 | www.nature.com/naturephysics 423
©!2009!Macmillan Publishers Limited.  All rights reserved.!

Afdx(n)
γ2 = 81

4π!k2
Be2

fdx ≡ nD2
0〈v2

0x〉ξ2

Saturday, January 16, 2010



Disorder and transport
Analytis, BJP et al., PRL 96, 177002 (2006)

Defects induced into samples by x-ray and 
proton irradiation

Matthiessen’s rule obey at low T, but strongly 
violated at high T

Resistivity independent of disorder at 
T=Tcross~46 K

Can be explained if we assume that the 
impurities have two effects

1. Scattering in the usual way
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conductivity " and the critical temperature Tc. We find a violation of Matthiessen’s rule that can be
explained by a model of " involving a defect-assisted interlayer channel which acts in parallel with the
bandlike conductivity. We observe an unusual dependence of Tc on residual resistivity, inconsistent with
the generalized Abrikosov-Gor’kov theory for an order parameter with a single component, providing an
important constraint on models of the superconductivity in this material.
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Quasi-two-dimensional organic conductors based on
the donor molecule bisethylenedithiotetrathiafulvalene
(BEDT-TTF or ET, see inset of Fig. 1) have attracted
sustained interest [1]. These materials consist of layers of
ET separated by inorganic anions and can be prepared with
exceptional purity, so that magnetic oscillations in the
resistivity can be observed at relatively low fields [2].
Many experiments have been conducted to elucidate the
symmetry of the superconducting order parameter, but
despite growing evidence of unconventional superconduc-
tivity [3], the matter has remained unresolved [4].

The normal state of these materials is unusual with the
temperature dependence of the electrical transport and the
optical conductivity deviating significantly from what
would be expected for a conventional metal [5,6], showing
a crossover from insulatinglike conductivity at high tem-
perature to metalliclike behavior at lower temperature (see
Fig. 1). This effect has been successfully described within
the framework of dynamical mean-field theory (DMFT) as
a crossover from an incoherent ‘‘bad-metal’’ state at high
temperatures to a coherent Fermi liquid below #30 K
[5,6]. The usual effect of disorder is to change only the
temperature independent component of the resistivity; this
is known as Matthiessen’s rule. However, several strongly
correlated materials violate Matthiessen’s rule, including
various cuprate [7] and organic [8] superconductors.
Violations of Matthiessen’s rule have previously been
taken as evidence for non-Fermi-liquid behavior. In par-
ticular, Strack et al. [8] have argued that the violations of
Matthiessen’s rule in the salt !-!ET"2Cu$N!CN"2%Br indi-
cate that the description of the conductivity in terms of a
crossover from an incoherent metal to a Fermi liquid is
incorrect.

The behavior of the superconducting transition tempera-
ture Tc as a function of nonmagnetic disorder [4,9] also

provides a crucial test of the symmetry of the order pa-
rameter. Anderson’s theorem [10] states that for s-wave
pairing nonmagnetic impurities do not affect Tc. For mag-
netic impurities Tc is strongly reduced for singlet states in a
manner described by the Abrikosov-Gor’kov (AG) formula
[11]. For non-s-wave (including extended-s) order parame-
ters, scattering due to nonmagnetic impurities reduces Tc in
a manner again described using the AG formula [4,9].

FIG. 1 (color online). Interlayer resistivity of an x-ray dam-
aged sample as a function of temperature for a range of irradia-
tion doses, showing the violation of Matthiessen’s rule. Data
from the proton-irradiated samples are qualitatively the same.
Insets show the ET molecule and a magnified view of the region
near Tcross (defined in the text).
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sample as a function of dosage, showing an approximately
linear dependence.

The observation that increasing defect density increases
the interlayer conductivity over a wide temperature range
leads us to hypothesize that defects affect the conductivity
in two ways: (i) the resistivity associated with bandlike
transport due to the overlap of the molecular orbitals
increases linearly with defect density as prescribed by
Matthiessen’s rule; (ii) there is a parallel defect-assisted
interlayer channel, whose conductivity is proportional to
the defect density [17]. We note that a complete justifica-
tion of the latter hypothesis would require a determination
of the evolution of the in-plane to interplane conductivity
ratio in the damaged samples over a wide range of tem-
perature, which has not yet been measured. This model
suggests that the interlayer conductivity !!x; T" depends
on a dimensionless quantity x, which is proportional to the
defect density, and temperature T as

!!x; T" # 1

"0!0" $ x"imp $ "intrinsic!T"
$ x!?; (1)

where "0!0" is the residual resistivity of the undamaged
sample, x"imp is the contribution to the resistivity from
defect scattering in the transport due to molecular orbital
overlap, "intrinsic!T" is the intrinsic temperature-dependent
scattering contribution (due to electron-electron interac-
tions, phonon scattering, etc.), and x!? is the defect-
assisted interlayer conductivity.

The applicability of this model can be demonstrated by
examining low and high temperature limits. At low tem-
perature "intrinsic!T" is small so that "!x; T" % "0!0" $
x"imp $ "intrinsic!T", and hence the resistivity increases
linearly with defect density, x. At high temperature
"intrinsic!T" & "0!0" $ x"imp and Eq. (1) becomes
"!x; T" % 'x!? $ "(1

intrinsic!T")(1, hence the conductivity
"!x; T"(1 linearly increases with x, as observed. The inset
of Fig. 1 shows that there is a temperature, Tcross, at which
the resistivity is independent of defect density. In our
model, this can be found by evaluating d!!x; T"=dx # 0.
We find that a T-independent crossing point occurs
when the conditions (i) x"imp * "0!0" $ "intrinsic and
(ii) "!0; Tcross" # !"imp=!?"1=2 are satisfied. For our x-
ray damaged samples, this yields an estimate of
"imp=!? # 3+ 103 !2 cm2. We can obtain an indepen-
dent estimate of this parameter by plotting "!p #
!!x; Tp" ( !!0; Tp" against ""0 # "0!x" ( "0!0", as
shown in Fig. 3. The former quantity can be evaluated in
the high temperature limit to be "!p % x!?, while the
latter quantity can be evaluated in the low-temperature
limit to be ""0 % x"imp. The approximate straight-line
dependence (which breaks down when ""0 and "!0 are
large) observed in Fig. 3 shows that both quantities are
parametrized by x in the same way, and the gradient of the
line yields "imp=!? # 1:5+ 103 !2 cm2, in order of mag-
nitude agreement with our previous estimate [18]. We note

that for proton irradiation, both the gradient of the line in
Fig. 3 and the temperature Tcross are increased, demonstrat-
ing that the nature of the irradiation affects the ratio
"imp=!?, suggesting that x rays and protons produce dif-
ferent types of damage (protons producing a more effective
interplane transport channel than x rays).

The value of Tc, corresponding to the maximum of
d"=dT in Fig. 2, is plotted as a function of "0 in Fig. 4.
We find that Tc falls with defect density (in agreement with
measurements of defects induced by cooling-rate disorder
[12]), but the dependence exhibits a sharp change in gra-
dient when "0 reaches a threshold value ",

0 % 2 ! cm.
However, even at the highest defect densities studied, the
samples exhibit a superconducting ground state. We also
find that the width "T # Tc2 ( Tc1 (see Fig. 2) of the
superconducting transition decreases with increasing de-
fect density, as shown in the inset to Fig. 4. This is con-
sistent with Tc exhibiting a change of gradient with
damage; at high damage, local variations in damage have
a smaller effect on the broadening of the transition because
dTc=d"0 is lower.

The theory of AG [11] for nonmagnetic defects in a
non-s-wave superconductor implies that the suppression
of Tc follows ln TcTc0 #  !12" (  !12 $ @

4#kBTc$
", where  is a

digamma function and $ is the scattering time. In the low-
defect density limit ("0 < ",

0), this yields Tc0 ( Tc ’
#@=8kB$. This linear sector should have a slope consistent
with interlayer transport theory [4], i.e., dTc=d"0 #
(e2m,d?t2?=!4kB@3", where m, is the effective mass, d?
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FIG. 3 (color online). The dependence of the change in inter-
layer conductivity at the peak, "!p, on the change in residual
resistivity, ""0, which is approximately linear, except for at
large ""0. Because of the different nature of the defects, the
slope of proton (two different samples shown with open circles
and squares) and x-ray (one sample indicated by solid circles)
data differ, though the effect remains qualitatively the same.
Inset: the position Tp of the resistivity peak shifts slightly to
higher temperature with increasing "0!x".
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resistivity can be observed at relatively low fields [2].
Many experiments have been conducted to elucidate the
symmetry of the superconducting order parameter, but
despite growing evidence of unconventional superconduc-
tivity [3], the matter has remained unresolved [4].

The normal state of these materials is unusual with the
temperature dependence of the electrical transport and the
optical conductivity deviating significantly from what
would be expected for a conventional metal [5,6], showing
a crossover from insulatinglike conductivity at high tem-
perature to metalliclike behavior at lower temperature (see
Fig. 1). This effect has been successfully described within
the framework of dynamical mean-field theory (DMFT) as
a crossover from an incoherent ‘‘bad-metal’’ state at high
temperatures to a coherent Fermi liquid below #30 K
[5,6]. The usual effect of disorder is to change only the
temperature independent component of the resistivity; this
is known as Matthiessen’s rule. However, several strongly
correlated materials violate Matthiessen’s rule, including
various cuprate [7] and organic [8] superconductors.
Violations of Matthiessen’s rule have previously been
taken as evidence for non-Fermi-liquid behavior. In par-
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incorrect.
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provides a crucial test of the symmetry of the order pa-
rameter. Anderson’s theorem [10] states that for s-wave
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[11]. For non-s-wave (including extended-s) order parame-
ters, scattering due to nonmagnetic impurities reduces Tc in
a manner again described using the AG formula [4,9].

FIG. 1 (color online). Interlayer resistivity of an x-ray dam-
aged sample as a function of temperature for a range of irradia-
tion doses, showing the violation of Matthiessen’s rule. Data
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sample as a function of dosage, showing an approximately
linear dependence.

The observation that increasing defect density increases
the interlayer conductivity over a wide temperature range
leads us to hypothesize that defects affect the conductivity
in two ways: (i) the resistivity associated with bandlike
transport due to the overlap of the molecular orbitals
increases linearly with defect density as prescribed by
Matthiessen’s rule; (ii) there is a parallel defect-assisted
interlayer channel, whose conductivity is proportional to
the defect density [17]. We note that a complete justifica-
tion of the latter hypothesis would require a determination
of the evolution of the in-plane to interplane conductivity
ratio in the damaged samples over a wide range of tem-
perature, which has not yet been measured. This model
suggests that the interlayer conductivity !!x; T" depends
on a dimensionless quantity x, which is proportional to the
defect density, and temperature T as

!!x; T" # 1

"0!0" $ x"imp $ "intrinsic!T"
$ x!?; (1)

where "0!0" is the residual resistivity of the undamaged
sample, x"imp is the contribution to the resistivity from
defect scattering in the transport due to molecular orbital
overlap, "intrinsic!T" is the intrinsic temperature-dependent
scattering contribution (due to electron-electron interac-
tions, phonon scattering, etc.), and x!? is the defect-
assisted interlayer conductivity.

The applicability of this model can be demonstrated by
examining low and high temperature limits. At low tem-
perature "intrinsic!T" is small so that "!x; T" % "0!0" $
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linearly with defect density, x. At high temperature
"intrinsic!T" & "0!0" $ x"imp and Eq. (1) becomes
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intrinsic!T")(1, hence the conductivity
"!x; T"(1 linearly increases with x, as observed. The inset
of Fig. 1 shows that there is a temperature, Tcross, at which
the resistivity is independent of defect density. In our
model, this can be found by evaluating d!!x; T"=dx # 0.
We find that a T-independent crossing point occurs
when the conditions (i) x"imp * "0!0" $ "intrinsic and
(ii) "!0; Tcross" # !"imp=!?"1=2 are satisfied. For our x-
ray damaged samples, this yields an estimate of
"imp=!? # 3+ 103 !2 cm2. We can obtain an indepen-
dent estimate of this parameter by plotting "!p #
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shown in Fig. 3. The former quantity can be evaluated in
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limit to be ""0 % x"imp. The approximate straight-line
dependence (which breaks down when ""0 and "!0 are
large) observed in Fig. 3 shows that both quantities are
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nitude agreement with our previous estimate [18]. We note

that for proton irradiation, both the gradient of the line in
Fig. 3 and the temperature Tcross are increased, demonstrat-
ing that the nature of the irradiation affects the ratio
"imp=!?, suggesting that x rays and protons produce dif-
ferent types of damage (protons producing a more effective
interplane transport channel than x rays).

The value of Tc, corresponding to the maximum of
d"=dT in Fig. 2, is plotted as a function of "0 in Fig. 4.
We find that Tc falls with defect density (in agreement with
measurements of defects induced by cooling-rate disorder
[12]), but the dependence exhibits a sharp change in gra-
dient when "0 reaches a threshold value ",
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However, even at the highest defect densities studied, the
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a smaller effect on the broadening of the transition because
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FIG. 3 (color online). The dependence of the change in inter-
layer conductivity at the peak, "!p, on the change in residual
resistivity, ""0, which is approximately linear, except for at
large ""0. Because of the different nature of the defects, the
slope of proton (two different samples shown with open circles
and squares) and x-ray (one sample indicated by solid circles)
data differ, though the effect remains qualitatively the same.
Inset: the position Tp of the resistivity peak shifts slightly to
higher temperature with increasing "0!x".
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Disordered Hubbard model (DMFT)
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of disorder. (b) Experiments on κ-(BEDT-TTF)

2
Cu(SCN)
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taken from Ref. 4.

ity, ρ
DC

= σ−1(ω → 0), for several values of interaction
U are shown in Fig. 2. The resistivity is given in units
ρ

MIR
= σ−1

MIR
. For clarity it is shown on a logarithmic

scale. The resistivity in the clean and disordered case are
even quantitatively very similar when the interaction is
scaled with Uc(W ).

IV. INCREASE OF METALLICITY BY
DISORDER

Very recent experiments4,5,6 on the charge-transfer or-
ganic salts provide a rather unique opportunity to study
the effects of disorder on transport properties without
changing external parameters or chemical composition.
The level of defects (disorder) directly depends on the
time of exposure to the X-rays. The optical and DC con-
ductivity are proven to be very sensitive on irradiation
time showing an increase in the conductivity with the
time of irradiation. The experiments measured both in-
terlayer and in-plane resistivity with similar conclusions.
Different physical mechanisms were proposed to explain
the increase of conductivity. Analytis et al.4 proposed a
defect-assisted interlayer conduction channel for the re-
duction of resistivity, and Sasaki et al.5,6 proposed that
the irradiation leads to the effective doping of carriers
into the half-filled Mott insulator.
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FIG. 4: (Color online) Local occupation number per spin as a
function of site disorder vi for T = 0.01, U = 2.1, and W = 1.

The DMFT has successfully described the transport
properties of organic salts even on the quantitative
level.9,10 In order to make a comparison with the ex-
periments with irradiation induced defects, we solve the
DMFT equations for fixed interaction U and vary the
level of disorder W . The results for DC resistivity are
shown in Fig. 3(a). The data for T < 0.01 are obtained
using CTQMC impurity solver. The presence of even
a weak disorder significantly decreases the resistivity by
effectively moving the system away from the Mott insu-
lator, as explained in the previous section. Our data are
very similar to the measurements on charge-transfer salt
κ-(BEDT-TTF)2Cu(SCN)2 from Ref. 4, which are shown
in Fig. 3(b). We note that these data are for interlayer
resistivity while our DMFT calculation corresponds to
in-plane transport. However, the interlayer transport is
due to incoherent tunneling which is proportional to in-
plane conductivity.25 Therefore the temperature depen-
dence of out-of-plane resistivity should follow the tem-
perature dependence of in-plane resistivity. Indeed, the
in-plane optical conductivity measurements on the Mott
insulator κ-(BEDT-TTF)2Cu[N(CN)2]Cl, also show that
the Mott system becomes more metallic in a presence of
disorder. These measurements show the transfer of the
spectral weight to low frequency region as the irradia-
tion time increases, followed by the collapse of the Mott
gap.5,6

We emphasize that our model, as opposed to the phys-
ical mechanism proposed in Ref. 6, does not assume an
introduction of new charge carriers since the total num-
ber of carriers per site remains equal to one. The lo-
cal occupation number, however, depends on the random
site potential, and we can say that the system is effec-
tively locally doped. The occupation number, for a given
spin orientation, as a function of random site potential
is shown on Fig. 4. The local occupation number, n(vi),
deviates much less from its average value than it would
be the case in the absence of interaction. This is a conse-
quence of very strong disorder screening of site-diagonal
disorder on the metallic side of the Mott transition.26

Therefore, the resistivity curves on Fig. 3(a) cross at very
low temperatures and our current model cannot explain
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Nernst effect near the Mott insulator 
[Nam et al. Nature 07]

In κ-NCS one sees a small Nernst effect in 
the normal state, and a large vortex Nernst 
below Tc

In κ-Br Nernst signal is large in a 
significant region about Tc

κ-Br is very close to being a Mott insulator, 
whereas κ-NCS is at a higher “chemical 
pressure”

This is reminiscent of what is seen in the 
underdoped cuprates

has been interpreted as strong evidence for the existence of super-
conducting fluctuations and vortex-like excitations in the pseudogap
phase12–15. Nuclear magnetic resonance studies7 indicate a reduction
in the density of states above Tc in k-(BEDT-TTF)2X, particularly in
the proximity of the Mott-insulating state, reminiscent of pseudo-
gap-like behaviour. In this Letter we report a study of the super-
conducting fluctuations in the k-(BEDT-TTF)2X series via the
Nernst effect8,18.

Figure 2a shows the Nernst coefficientN for the large-t/U k-NCS as
a function of temperature for a range of magnetic fields applied per-
pendicular to the BEDT-TTF planes. Also shown (as a dashed line) is
the resistance as a function of temperature in zero magnetic field,
demonstrating a Fermi-liquid-like T2 temperature dependence above
the resistive transition at 9.8K (ref. 19). In the normal state, theNernst
coefficient is small, negative and independent of magnetic field, as
expected for a signal originating from quasiparticles. As the temper-
ature drops through the superconducting transition and a vortex
liquid state is established20, the Nernst signal suddenly changes sign
and increases dramatically in magnitude, peaking at about 7.5K and
then falling sharply as the irreversibility line is approached. Below 6K,
the mobility of the vortices decreases sharply as they freeze into a

two-dimensional vortex lattice, and the Nernst signal drops. The res-
istive transition in amagnetic field (not shownhere) occurs at the same
temperature as the decline of the Nernst signal21, because vortex flow
contributes to a finite resistivity in the vortex liquid state.

In contrast to the linear normal state behaviour, N demonstrates a
dramatic magnetic field dependence in the superconducting state,
decreasing with increasing magnetic field. In this material22 the pen-
etration depth is ljj< 1mm, while an applied magnetic field of 0.1 T
corresponds to a vortex density of about 50mm22. This implies that
even at the lowest magnetic fields studied here the vortex dimensions
are larger than the vortex separation. The repulsive interaction between
vortices reduces the vortex mobility and this is manifested as a reduc-
tion of N as the vortex density increases; the vortex Nernst signal is
almost completely suppressed by a magnetic field of 1.5 T. Thus the
magnetic-field-dependent N is characteristic of a Nernst effect arising
from vortices. Figure 2b shows a colour density plot of the Nernst
signal eN as a function of magnetic field and temperature; the vertical
dashed line shows the zero-magnetic-field transition temperature. The
contours are predominantly horizontal at temperatures aboveTc, indi-
cating that eN is strongly dependent on magnetic field, but weakly
dependent on temperature. The large signal within the superconduct-
ing state gives rise to predominantly vertical contours below Tc.
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Compounds with different X reside at different points on the horizontal axis
at ambient pressure. Increasing pressure corresponds to increasing the ratio
t/U (see text). At low t/U the ground state is a Mott insulator, becoming a
paramagnetic insulator above about 30K. For larger t/U, the ground state is
superconducting, becoming a Fermi liquid above about 10K.
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Figure 2 | The Nernst effect in k-NCS. a, Solid lines: Nernst coefficientN as
a function of temperature for a range of magnetic fields. The dashed line
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b, Colour density plot of Nernst signal eN as a function of temperature and
magnetic field. Above Tc, the Nernst signal is small, negative and linear in
magnetic field consistentwith a signal originating fromquasiparticles. Below
Tc, the Nernst signal is large, positive and nonlinear in magnetic field,
consistent with a signal originating from flowing vortices.
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κ-NCS

There is nothing unexpected in these observations. The enhanced
Nernst effect is observed only below the temperature at which a
phase-coherent condensate is established and a superconducting
transition is observed in the resistance. The phenomenology of the
Nernst signal in both the normal and superconducting states agrees
well with what is expected for a quasi-two-dimensional supercon-
ductor with a large t/U.

However, the Nernst effect in k-Br, which is characterized by a
smaller t/U (see Fig. 1), exhibits very unusual behaviour reminiscent
of what has been observed in the underdoped copper oxides. Figure 3a
showsN in this compound as a function of temperature for a range of
magnetic fields, and (as a dashed line) the resistance in zero magnetic
field indicating the superconducting transition at Tc5 11.8 K. Again,
at high temperatures the Nernst coefficient is small, negative and
independent of magnetic field, and below Tc there is a positive peak
inN whose magnitude depends strongly on magnetic field and which
appears at the temperature at which the vortices are most mobile.
However, as the temperature falls through 18K (50% above Tc), a
positive and magnetic-field-dependent contribution to N begins to
develop and the traces for different magnetic fields begin to diverge.
This positive contribution develops smoothly into the peak within the
superconducting state that is naturally attributed to vortices; there is
no sharp change in behaviour at Tc. Figure 3b shows a colour density
plot of the Nernst signal eN as a function of magnetic field and
temperature, with the zero-magnetic-field transition temperature
markedby a vertical dashed line. This plot highlights the smooth onset
of the positive Nernst signal above Tc, and a comparison with Fig. 2b

emphasizes the difference in the evolution of the Nernst signal
between k-NCS and k-Br.

The behaviour ofN between Tc5 12K and 18K in k-Br cannot be
explained as originating from normal-state quasiparticles, which
generate a small, negative and magnetic-field-independent contri-
bution. The smooth evolution of N into the vortex signal is a very
strong indication that it is associated with the onset of super-
conducting fluctuations well above the temperature at which the
phase-coherent condensate is established. This implies that we must
consider two temperature scales separately: the temperature scale for
the onset of superconducting fluctuations that are sufficiently robust
to support a significant Nernst signal; and the (lower) temperature
scale for the formation of a phase-coherent condensate supporting
dissipationless electrical transport.

There are two main conclusions to be drawn. First, the phenom-
enology of our observations of superconducting fluctuations in
k-(BEDT-TTF)2X is strikingly reminiscent of what has been reported
in the copper oxide superconductors. Given that the two families of
superconductors are so different structurally and electronically4,8,23,
we conclude that fluctuations of this kind are probably intrinsic to
strongly correlated superconductors. Second, fluctuations are
observed for small t/U but not for large t/U and we conclude that
the proximity of the Mott transition is a key ingredient.

Kivelson and Emery24 offered a very important insight in pointing
out that superconductors with small superfluid density, and there-
fore low phase stiffness, should be susceptible to classical thermal
fluctuations of the condensate phase. This mechanism even predicts
the correct dependence for the importance of classical phase fluctua-
tions in the copper oxides: as the doping goes down, the superfluid
density decreases and classical phase fluctuations become more
important. However, in traversing the k-(BEDT-TTF)2X series of
superconductors via the parameter t/U instead of doping, the carrier
density and Fermi surface parameters do not change dramatically25,
and in further contrast to the copper oxides, the superfluid density
and critical temperature increase as theMott state is approached26–28.
Our observation that fluctuations become more important as t/U
decreases is a further indication that we should be seeking a fluc-
tuation mechanism that is associated with the proximity to the Mott
insulating state.

In the Mott insulating state, the Coulomb energy is minimized by
the occupation of each site by exactly one carrier (for a half-filled
band). In contrast, the superconducting state is an example of a
coherent state; the phase-coherence of the condensate is connected
with an uncertainty in particle number1. When, within the super-
conducting state, the importance of Coulomb interactions is
increased by reducing the ratio t/U, the number-uncertainty of the
superconducting state incurs a Coulomb energy penalty29. This
should increase the susceptibility of the condensate to phase fluctua-
tions, and manifest itself macroscopically as a softening of the
phase stiffness as the Mott-insulator transition is approached. (In
the small t/U limit, the situation is treated by applying a Gutzwiller
projection to remove any double-occupancy of sites from the coher-
ent state30. Intermediate values of t/U may be handled by a partial
projection25,31,32.)

An enhancement of the Nernst signal may also be expected17,33 to
arise from gaussian fluctuations of the order parameter amplitude
above Tc. This model33 predicts comparable Nernst signals above Tc

for the two compounds studied here, because their coherence lengths
and conductivities are comparable. The dramatic difference that we
actually observe therefore favours the phase fluctuation scenario
described above, in which an enhancement of the Nernst signal as
t/U decreases emerges naturally.

METHODS SUMMARY
Single crystals of k-NCS and k-Br, of typical dimensions 13 13 0.3mm3 were
synthesized electrochemically by the standard techniques3. Nine samples of
k-NCS and three samples of k-Br were studied; there was no appreciable sample
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Figure 3 | The Nernst effect in k-Br. a, As in Fig. 2a. b, As in Fig. 2b. The
vortex-like signal emerges from the quasiparticle signal at temperatures
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a κ-Br
liquid and thus a constant 1 /T1T; this is clearly not what is
observed.9 This shows that DMFT does not capture all of the
relevant physics below Tcoh.13 It is also interesting to note
that DMFT does describe the observed behavior of probes of
charge degrees of freedom, such as the resistivity, and only
fails for probes of the spin degrees of freedom, such as
1 /T1T. As DMFT is a purely local theory a reasonable hy-
pothesis is that the relevant physics, not described by DMFT,
involves short-range spin correlations. Further, the enhanced
Korringa ratios observed9 at temperatures slightly above Tc
suggest that antiferromagnetic correlations remain important
in the coherent transport regime.13,48

The spin degrees of freedom in the pseudogap regime of
the !-phase organics behave in much the same way as the
spin degrees of freedom in the pseudogap regime of the un-
derdoped cuprates. There has been significant debate as to
whether, and if so how, the pseudogap in the cuprates is
related to the other exotic phenomena seen in the normal
state, such as the linear temperature dependence of the resis-
tivity. In this context it is interesting to note that in the region
of the phase diagram of the organics where the pseudogap is
found, the resistivity varies quadratically with temperature39

and the magnitude of the coefficient of the quadratic
term in the resistivity is as expected from Fermi-liquid
theory given the observed effective mass.49 Further, clear
evidence of quasiparticles is seen via quantum oscillation
experiments.50 Therefore, in !-!ET"2Cu#N!CN"2$Br,
!-!d8"-!ET"2Cu#N!CN"2$Br, and !-!ET"2Cu!NCS"2 the loss
of spectral weight in the pseudogap is not associated with
non-Fermi-liquid behavior.

An important difference between the cuprates and the or-
ganics is that the organics are half filled whereas the cuprates
are more strongly correlated, doped systems. In this context
it is worth noting that a linear resistivity has recently been
reported in an organic charge-transfer salt with an anion
layer that has a lattice constant that is incommensurate with
the lattice constant of the organic layer.51 The authors argued
that this nonstoichiometric organic charge-transfer salt is ef-
fectively doped away from half filling.

IV. HIGH PRESSURES

An important question in understanding the phenomenol-
ogy of the !-!ET"2X salts is: do the two energy scales, Tcoh
and TNMR remain equal as pressure is increased and we move
further from the Mott transition? This question is difficult to
answer at present because there is little experimental data for
high pressures !including high chemical pressure, i.e., mate-
rials with low Tc’s". There is however tantalizing evidence
that something rather interesting happens to the supercon-
ducting state at high pressures.5 In particular, while the ma-
terials near the Mott transition have a superfluid stiffness, ns,
within a factor of 2 or so of the prediction of BCS theory, at
high pressures the superfluid penetration depth, ", increases
as Tc#1 /"3 !Ref. 52". With some materials having superfluid
stiffnesses !ns#1 /"2" that are an order of magnitude smaller
than the prediction of BCS theory.5,52

We are only aware of one NMR experiment at high pres-
sures in these materials. Reference 29 reports data for

!-!ET"2Cu#N!CN"2$Br at 3 kbar !which leads to Tc
%3.8 K" !Ref. 40" and 4 kbar !Tc%1.4 K". At these pres-
sures strong spin fluctuations are not observed and the 1 /T1T
looks quite conventional. Yet for the 3 kbar data there is
small but noticeable decrease in 1 /T1T below &20 K. Is this
the last vestige of the pseudogap? If so, it suggests that at
high pressures the pseudogap and the coherent intralayer
transport energy scales are different. Either way more experi-
ments are clearly required to understand where the
pseudogap vanishes.

On the basis of the above discussion we propose that a
number of new features should be included in the phase dia-
gram of these materials, which we sketch in Fig. 4. We stress
that this phase diagram is relevant to the weakly frustrated
materials for which the chemical pressure hypothesis holds
and therefore does not include !-!ET"2Cu2!CN"3 which
would necessitate an additional axis to include the effects of
frustration. We have included the Nernst region where Nam
et al.7 have observed a large Nernst effect above Tc in
!-!ET"2Cu#N!CN"2$Br at ambient pressure, which they find
to be absent in !-!ET"2Cu!NCS"2 at ambient pressure. Note
that we have drawn the TNMR and the Tc lines both sup-
pressed to zero at the same pressure. This is deliberately
provocative. As we have stressed above there is insufficient
experimental data to determine the relative order in which
the superconductivity and the pseudogap disappear as pres-
sure is increased.

The issue of where the superconductivity and pseudogap
vanish is related to an ongoing debate in the cuprates. A
recent review of a wide range of experimental data in a wide

FIG. 4. !Color online" Schematic phase diagram for weakly
frustrated !-!ET"2X as a function of temperature and pressure. Thin
solid lines represent second-order phase transitions, the thick solid
line is the first-order transition line which ends at a critical point
shown as a filled circle and dashed lines indicate crossovers. The
pseudogap regime is much more complicated than a renormalized
Fermi liquid that has been previously thought to characterize the
paramagnetic metallic phase at low temperatures. It shows a coher-
ent transport character with long-lived quasiparticles, marked by T2

resistivity behavior !Ref. 39" with the coefficient of the quadratic
term as expected from Fermi-liquid theory given the observed ef-
fective mass !Ref. 49", and magnetic quantum oscillations !Ref.
50". But, a loss of spectral weight is clearly observed in the NMR
data. There are not sufficient data at this moment to determine what
happens to the pseudogap regime at high pressures; this uncertainty
is represented by the shaded area with the question mark.
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d-wave superconductivity in κ-Br and κ-NCS 
For a review see BJP and McKenzie, JPCM 18, R827 (2006)

There has been a long debate about the 
pairing symmetry

My view is that the most likely answer is d-
wave but others would still argue for s-wave 
(everyone agrees it is singlet)

Disorder suppresses Tc [BJP & McKenzie, 
PRB 04] - but story is more complicated 
than it appeared at first sight [Analytis, 
BJP et al. PRL 06]

Power laws in low temperature heat 
capacity [left: Taylor et al. PRL 07] and 
NMR [Kanoda et al. PRB 96]

Absence of Hebel-Slichter peek in NMR

Ref. [14]. Briefly, a Cernox [15] chip resistor (CX-1030-
Br) is suspended by silver coated glass fibers in vacuum.
The Cernox material acts as both thermometer and heater.
The sample was attached to the calorimeter chip with
Apiezon N grease. The addenda (chip, grease, and leads)
was determined in a separate run immediately prior to the
main experiment. The thermometer was calibrated in field,
in 1 T increments up to 14 T, by stabilizing the temperature
with a capacitance thermometer. The performance of the
experiment was extensively studied by measurement of
high purity samples of Ag (with masses in the range 0.3–
5 mg). In the range 1.3–20 K the absolute values of the
Ag data agreed with standard values to within 1%. Small
(<4 mK) adjustments to the calibration points were made
to ensure that the measured C for all Ag samples were
smooth and field independent within experimental error.

Heat capacity data for both materials is shown in Fig. 1.
In this raw data the !3% anomaly at Tc is barely discern-
ible. In order to subtract the large phonon contribution we
have made measurements in magnetic fields up to 14 T,
applied perpendicular to the basal plane. For both materi-
als, the maximum field is significantly in excess of the
upper critical field Hc2, and so at 14 T both materials are in
the normal state. In Fig. 1 we show the low temperature
portion of the 14 T data plotted as C=T versus T2. Fitting
this with a second order polynomial, we determine the
Sommerfeld coefficient ! as well as the coefficients of
the leading phonon terms, "3 and "5 (C " !T # "3T3 #
"5T5). The field dependence of ! is shown in Fig. 1 and is
seen to saturate at ! " 28$ 2 mJ=molK2 for #0H * 8 T

in $-Br and ! " 35$ 2 mJ=molK2 for #0H * 3 T in
$-NCS. In what follows we make the assumption that the
14 T data are equivalent to that of the normal state in zero
field (i.e., the only field dependence in C is due to the
superconductivity). In principle, there could be magnetic
contributions which vary with field. However, the insensi-
tivity of C to H at high fields indicates that these contri-
butions are negligible. Indeed, in Ref. [16] a sizable
magnetic contribution in high field was only found for T
well below 1 K.

In Figs. 2 and 3 we show !C " C%0& ' C%14 T& "
Cel ' !T for $-Br and $-NCS, respectively. The super-
conducting transitions are now clearly visible, with the
midpoint of the transition giving Tc " 12:25 and 9.56 K,
respectively. Note that the noise in the data is larger at
higher temperature because the fractional resolution of the
calorimeter !C=C is roughly constant with T whereas the
phonon background increases !T3.

In many superconductors, the weak-coupling form of the
BCS theory is inadequate to describe in detail the physical
properties. A full solution to the strong coupling theory is

0

1

2

3

0 5 10 15

C
(0

)/
T

 [J
/m

ol
 K

2 ]

T [K]

Tc

Tc

κ-NCS
κ-Br

0 2 4 6 8

0

0.1

0

0.1

T2 [K2]

B=0

B=14T

C
(H

)/
T

 [J
/m

ol
 K

2 ]

0 5 10
0

1

γ(
H

) /
 γ 14

µ0H [T]

κ-Br

κ-NCS
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complicated, and dependent on microscopic details, but it
is found that many properties can be explained satisfacto-
rily with the so-called ! model [17]. Here, the temperature
dependence of the energy gap ! is approximated by the
weak-coupling behavior but the value at zero temperature
is an adjustable parameter. This model has been used to
describe a wide range of superconductors including ‘‘ex-
otic’’ materials such as MgB2 [18] and NbSe2 [19].

Within the ! model, the entropy S in the superconduct-
ing state for a two-dimensional cylindrical Fermi surface is
given by

 

S
"nTc

! 3

#3

Z 2#

0

Z 1

0
f lnf" #1$ f% ln#1$ f%d"d$;

(1)

where the Fermi function f ! #exp&E=kBT' " 1%$1, the
quasiparticle energy E2 ! "2 " !2&$', "n is the normal
state ", and the energy gap ! is a function of the in-plane
angle $. The specific heat Cel ! T&@S=@T'. For conven-
tional isotropic s-wave superconductivity the gap function
!&$; T' ! !!s

BCS&T', whereas in the simplest case for d
wave !&$' ! !!d

BCS&T' cos2$. In these expressions !s;d
BCS

takes the usual s- or d-wave weak-coupling form.
To allow for the possibility of any part of the sample

being nonsuperconducting (and metallic), we allow "n to
vary in the fit, so the free parameters are !, "n, and Tc. As

can be seen in the top panels of Figs. 2 and 3, at high
temperatures the fits to the s and d models are virtually
indistinguishable and both fit the data very well. Close to
Tc the superconducting transition is broadened by inhomo-
geneity and fluctuation effects and the fit is considerably
improved by convolution with a Gaussian (of width % !
0:65 and 0.43 K for &-Br and &-NCS, respectively).

At lower temperature (bottom panels of Figs. 2 and 3)
there is a very significant difference between the two
models. The d-wave model fits the data almost exactly
over the full temperature range whereas the s-wave model
completely fails at low temperature. The parameters de-
rived from the fits are given in Table I. In both materials,
for the d-wave fit "n is found to be very close to the value
found from the direct fit to the 14 T data "14, whereas the
s-wave fit is about 30% smaller. If "n were fixed at "14 the
s-wave fit would be considerably worse. Clearly, optimiz-
ing "n for a fit to the low temperature data will not
significantly improve the s-wave fit. The values of ! found
show that the d-wave coupling is rather strong.

The difference between the s-wave and d-wave fits is
perhaps shown more clearly in Fig. 4, where we have
plotted !C=T versus T=Tc. In the low temperature limit,
the clean d-wave model predicts Cel ( T2 so we expect
!C=T ’ aT $ "n. The s-wave model predicts !C=T ’
a0T$5=2 exp&$!0=kBT' $ "n. The lines on the figure are
the same fits as in Figs. 2 and 3. Figure 4 shows that be-
low T=Tc ’ 0:3 !C=T varies linearly with T, and the full
d-wave model fits the data over the full temperature
range. Again, clearly the s-wave model does not fit the
data at low temperature. A linear fit to the !C=T for
T=Tc < 0:3 gives a ! 2:33) 0:03 mJ=molK3 and a !
4:21) 0:04 mJ=molK3 for &-Br and &-NCS, respectively.

The data in this Letter are representative of results taken
on a large number of different crystals. In total, 6 samples
of &-Br (with Tc values in the range 11:5< Tc < 12:4 K)
and 3 samples of &-NCS (with Tc values in the range 9:3<
Tc < 9:6 K) were measured and all were found to have the
same behavior as that reported here. For &-Br it is known
that fast cooling through the temperature region 60–85 K
depresses Tc [20]. The sample reported here was cooled
very slowly (at 0:72 K=h) through this region. Data were
also taken for higher cooling rates, which we find signifi-
cantly decreases "n and Tc but leaves the T dependence of
C unchanged, except close to Tc. These results will be
reported in detail separately.

TABLE I. Parameters derived from the s- and d-wave fits to
the data in Figs. 2 and 3. The units of " are mJ=molK2. "14 is the
value of "n derived from a fit to the 14 T data. The maximum
gaps at zero temperature !0 ! 2:14!kBTc for the d-wave fits.

d wave s wave
Tc "14 ! "n ! "n

&-Br 12.25 K 28) 2 1.73 26.6 1.47 20.0
&-NCS 9.56 K 35) 2 1.45 33.3 1.34 22.8
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Small superfluid stiffness
BJP & McKenzie, JPCM 16, 367 (‘04)

Data from Pratt et al., Polyhedron (‘03), Lang et al. PRB (‘92) and Larkin et al. 
PRB (‘01) for a variety of organic superconductors (different shapes denote 
different anions). Also see Pratt & Blundell PRL (’05). 
Note that the superfluid stiffness is smallest far from the Mott transition

liquid and thus a constant 1 /T1T; this is clearly not what is
observed.9 This shows that DMFT does not capture all of the
relevant physics below Tcoh.13 It is also interesting to note
that DMFT does describe the observed behavior of probes of
charge degrees of freedom, such as the resistivity, and only
fails for probes of the spin degrees of freedom, such as
1 /T1T. As DMFT is a purely local theory a reasonable hy-
pothesis is that the relevant physics, not described by DMFT,
involves short-range spin correlations. Further, the enhanced
Korringa ratios observed9 at temperatures slightly above Tc
suggest that antiferromagnetic correlations remain important
in the coherent transport regime.13,48

The spin degrees of freedom in the pseudogap regime of
the !-phase organics behave in much the same way as the
spin degrees of freedom in the pseudogap regime of the un-
derdoped cuprates. There has been significant debate as to
whether, and if so how, the pseudogap in the cuprates is
related to the other exotic phenomena seen in the normal
state, such as the linear temperature dependence of the resis-
tivity. In this context it is interesting to note that in the region
of the phase diagram of the organics where the pseudogap is
found, the resistivity varies quadratically with temperature39

and the magnitude of the coefficient of the quadratic
term in the resistivity is as expected from Fermi-liquid
theory given the observed effective mass.49 Further, clear
evidence of quasiparticles is seen via quantum oscillation
experiments.50 Therefore, in !-!ET"2Cu#N!CN"2$Br,
!-!d8"-!ET"2Cu#N!CN"2$Br, and !-!ET"2Cu!NCS"2 the loss
of spectral weight in the pseudogap is not associated with
non-Fermi-liquid behavior.

An important difference between the cuprates and the or-
ganics is that the organics are half filled whereas the cuprates
are more strongly correlated, doped systems. In this context
it is worth noting that a linear resistivity has recently been
reported in an organic charge-transfer salt with an anion
layer that has a lattice constant that is incommensurate with
the lattice constant of the organic layer.51 The authors argued
that this nonstoichiometric organic charge-transfer salt is ef-
fectively doped away from half filling.

IV. HIGH PRESSURES

An important question in understanding the phenomenol-
ogy of the !-!ET"2X salts is: do the two energy scales, Tcoh
and TNMR remain equal as pressure is increased and we move
further from the Mott transition? This question is difficult to
answer at present because there is little experimental data for
high pressures !including high chemical pressure, i.e., mate-
rials with low Tc’s". There is however tantalizing evidence
that something rather interesting happens to the supercon-
ducting state at high pressures.5 In particular, while the ma-
terials near the Mott transition have a superfluid stiffness, ns,
within a factor of 2 or so of the prediction of BCS theory, at
high pressures the superfluid penetration depth, ", increases
as Tc#1 /"3 !Ref. 52". With some materials having superfluid
stiffnesses !ns#1 /"2" that are an order of magnitude smaller
than the prediction of BCS theory.5,52

We are only aware of one NMR experiment at high pres-
sures in these materials. Reference 29 reports data for

!-!ET"2Cu#N!CN"2$Br at 3 kbar !which leads to Tc
%3.8 K" !Ref. 40" and 4 kbar !Tc%1.4 K". At these pres-
sures strong spin fluctuations are not observed and the 1 /T1T
looks quite conventional. Yet for the 3 kbar data there is
small but noticeable decrease in 1 /T1T below &20 K. Is this
the last vestige of the pseudogap? If so, it suggests that at
high pressures the pseudogap and the coherent intralayer
transport energy scales are different. Either way more experi-
ments are clearly required to understand where the
pseudogap vanishes.

On the basis of the above discussion we propose that a
number of new features should be included in the phase dia-
gram of these materials, which we sketch in Fig. 4. We stress
that this phase diagram is relevant to the weakly frustrated
materials for which the chemical pressure hypothesis holds
and therefore does not include !-!ET"2Cu2!CN"3 which
would necessitate an additional axis to include the effects of
frustration. We have included the Nernst region where Nam
et al.7 have observed a large Nernst effect above Tc in
!-!ET"2Cu#N!CN"2$Br at ambient pressure, which they find
to be absent in !-!ET"2Cu!NCS"2 at ambient pressure. Note
that we have drawn the TNMR and the Tc lines both sup-
pressed to zero at the same pressure. This is deliberately
provocative. As we have stressed above there is insufficient
experimental data to determine the relative order in which
the superconductivity and the pseudogap disappear as pres-
sure is increased.

The issue of where the superconductivity and pseudogap
vanish is related to an ongoing debate in the cuprates. A
recent review of a wide range of experimental data in a wide

FIG. 4. !Color online" Schematic phase diagram for weakly
frustrated !-!ET"2X as a function of temperature and pressure. Thin
solid lines represent second-order phase transitions, the thick solid
line is the first-order transition line which ends at a critical point
shown as a filled circle and dashed lines indicate crossovers. The
pseudogap regime is much more complicated than a renormalized
Fermi liquid that has been previously thought to characterize the
paramagnetic metallic phase at low temperatures. It shows a coher-
ent transport character with long-lived quasiparticles, marked by T2

resistivity behavior !Ref. 39" with the coefficient of the quadratic
term as expected from Fermi-liquid theory given the observed ef-
fective mass !Ref. 49", and magnetic quantum oscillations !Ref.
50". But, a loss of spectral weight is clearly observed in the NMR
data. There are not sufficient data at this moment to determine what
happens to the pseudogap regime at high pressures; this uncertainty
is represented by the shaded area with the question mark.
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Gossamer-RVB and organics
BJP & McKenzie; Gan et al.; Liu et al. [all PRL ‘05]

First theory of organics to be able to study the competition between the 
superconducting and insulating phases

We take a partially Gutzwiller projected BCS wavefunction – solve for the 
fraction of doubly occupied sites as a variational parameter simultaneously 
with the BCS variational problem.

cf. the “plain vanilla” RVB theory where

In qualitative agreement with many experiments [BJP & McKenzie, PRL ‘05] 
and CDMFT [Kyung & Tremblay, PRL ‘06], variational cluster perturbation 
theory calculations [Sahebsara & D. Sénéchal, PRL ‘06] and VMC [Watanabe 
et al. JPSJ ‘06]

But does not explain the vanishing superfluid stiffness at high pressures (yet)

Saturday, January 16, 2010

http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRLTAO000094000004047004000001&idtype=cvips&gifs=Yes
http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRLTAO000094000004047004000001&idtype=cvips&gifs=Yes


Double superconducting phase transition
BJP, JPCM 18, L575 (2006)

On the isotropic triangular lattice a 
group theoretical analysis suggests that 
it is natural for  dx2-y2+idxy 
superconductivity to be realised. 
This occurs because they transform 
according to the different bases of a 2d 
irrep.
But as we break the symmetry we 
regain either dx2-y2 or dxy 
superconductivity 
ε is a symmetry breaking parameter (e.g. ε~1-t’/t) because of 
the low crystal symmetry we always have ε≠0. 
β’-PnMe4-nEtn[Pd(dmit)2]2 seem a particularly promising class of 
systems to look for this double transition in.

(e.g. ε~1-t’/t)
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Broken time reversal symmetry
BJP & McKenzie, PRL 98, 027005 (2007)

As the spin correlations change this drives changes in the superconducting state.
The d+id state breaks time reversal symmetry. 
This could be directly detected in, for example, muon spin relaxation experiments. 
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What is the structure of the order parameter?
BJP & McKenzie, PRL 98, 027005 (2007)

The d+id state breaks time reversal symmetry. 
This could be directly detected in, for example, muon spin relaxation experiments. 
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Parameterisation of Hubbard models: band-structure
Nakamura et al., JPSJ ‘09; Kandpal et al., PRL ‘09

Most band structure calculations for BEDT-TTF and Pd(dmit)2 salts have historically 
been based on the Huckel approximation (a parameterised tight-binding method)

More recent DFT calculations seem to confirm one’s fears that these are not 
accurate

For example for κ-(BEDT-TTF)2Cu(CN)3 Huckel gives t’/t~1, i.e. an (nearly) isotropic 
triangular lattice - but the triangular lattice Heisenberg model has 120o order (ring 
exchange [Motrunich PRB ‘05, ‘06]?)

But two recent tight-binding parameterisations of DFT band-structures [Nakamura et 
al., JPSJ ‘09; Kandpal et al., PRL ‘09] find that t’/t=0.8 for κ-(BEDT-TTF)2Cu(CN)3

Does this resolve the conflict with the 120o-state?

But, high-T series expansions for the isotropic triangular lattice Heisenberg model 
seem to fit well with the magnetic susceptibility data [Zheng et al. PRB ‘05]

0 0.41 0.47 0.8 1

dimer
SRO

(π,π)
LRO

(q,q)
LRO

q1D
J′

J+J′

Phase diagram of the Heisenberg 
model on an anisotropic triangular 

lattice after Weihong et al., PRB 59, 
14367 (1999). 
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Parameterisation of Hubbard models: Hubbard U
Scriven & BJP, JCP 130, 105408 (‘09); PRB 80, 205107 (2009).

where Ed(q) is the energy of a (BEDT-TTF)2 dimer of charge q

Previous approach has been to treat that dimer as a two site Hubbard model, where each site is 
a monomer

For Vm=0 and Um>>tm one finds that Ud=|2tm| - therefore Ud=0.2-2 eV (variation both 
between groups and between materials) estimated from Huckel calculations

DFT calculations of Ed(q) give Ud=3.2 eV - for a wide range of κ and β phase BEDT-TTF salts

Further we find that Um~Vm>>tm, which leads to Ud=½(Um+Vm)>>|2tm|

Thus we expect a Ud to be reduced by the polarisability of the crystalline environment, hence

δU calculated in other molecular crystals (A3C60, TTF-TCNQ, oligoacene, thiopenes, etc.), but it 
is complicated in the BEDT-TTF salts by the polymeric anions, geometry, etc. [Merino et al.]

However, δUd may well be quite sensitive to hydrostatic and chemical pressure, and may, 
therefore, be important for properly explaining the pressure dependence of these materials

Udeff = 0.8 eV from DFT + constrained-RPA [Nakamura et al., JPSJ ’09]

Udeff = 0.3 eV from comparison of DFMT to optical conductivity [Merino et al., PRL ’08]

H = tm
∑

σ ĉ†1σ ĉ2σ + h.c. + Um
∑

i n̂i↑n̂i↓ + Vmn̂1n̂2

Ud = Ed(0) + Ed(+2)− 2Ed(+1)

U eff
d = Ud − δUd
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β’-Z[Pd(dmit)2]
Review: BJP & McKenzie - in preparation

dmit = 1,3-dithiol-2-thione-4,5-dithiolate
Pd(dmit)2 is a member of a larger class of molecules 
M(dmit)2, where M is a transition metal
Another interesting molecule is Ni(dmit)2, which forms 
a similar set of charge transfer salts.

The Ni salts seem to be quite one-dimensional, but I 
will not discuss them much today
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Structure of β’-Et2Me2As[Pd(dmit)2]2

In alternating layers the dimers stack along different 
directions (a+b and a-b) this is known as the “solid 

crossing” structure
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Cations

We will focus on cations of the form EtnMe(4-n)V, where V is a 
pnictogen (group V element) and n is an integer.

We will introduce a shorthand notation to V-n to represent β’-
EtnMe(4-n)V[Pd(dmit)2]2.

e.g., As-3 = Et3MeAs[Pd(dmit)2]2
The pnictogen has to give up one electron in order to form the 
four bonds - this bond is donated to 

Et2Me2As - the cation in As-2
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(Non-interacting) electronic structure of the [Pd(dmit)2]2- 
dimer

Picture from Huckel (confirmed by DFT [Miyazaki & Ohno, PRB ‘99])

The HOMO-LUMO splitting, Δ<2t (or, more accurately, tH+tL)

ϕL-ϕL

Monomer
LUMO 

ϕL ϕL

ϕL+ϕL

ϕH ϕH 
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J. Phys.: Condens. Matter 19 (2007) 145240 Y Shimizu et al
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Figure 1. (a) Schematic molecular and (b) crystal structure of Pd(dmit)2 salt. The dimers of
Pd(dmit)2 form a triangular lattice with respect to the two kinds of transfer integral, t and t ′.
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Figure 2. Magnetic phase diagram as functions of t ′/t and temperature, which is classified
into three regions: the magnetic order, quantum critical, and quantum disorder regions. The
experimentally obtained Néel temperatures of the X[Pd(dmit)2]2 salts are plotted as closed circles,
where X = (a) Me4P, (b) Me4As, (c) EtMe3As, (d) Et2Me2P, (e) Et2Me2As, (f) Me4Sb. No
magnetic transition has been observed in the EtMe3Sb salt (g). The EtMe3P (P21/m) salt (h)
exhibits the VBS state below 25 K.

of U/W , representing the electron correlation, and t ′/t , determining the strength of spin
frustration [1], as known in the typical organic system κ-(ET)2X [3, 4].

The t ′/t values of X[Pd(dmit)2]2 ranging from 0.5 to 1.1 would provide a nontrivial
magnetic ground state due to the spin frustration. Many of them, however, show
antiferromagnetic order at low temperatures [2, 5, 6]. On increasing the spin frustration,
namely increasing t ′/t from 0.5 to 1, the Néel temperature diminishes on approaching the
regular triangular lattice, t ′/t = 1, around which the magnetic quantum critical point would
be present, as displayed in figure 2. In fact, a paramagnetic Mott insulator without any
symmetry breaking has been recently found in the nearly regular triangular-lattice material,
EtMe3Sb[Pd(dmit)2]2, at least down to 2 K [7]. In the region with t ′/t close to or even
larger than unity, the spin frustration can prohibit long-range magnetic order as suggested
theoretically [8–11]. The magnetic phase diagram of the antiferromagnetic triangular lattice

2

Band structure (extended Huckel-tight binding)
Miyazaki & Ohno, PRB 59, R5269 (1999) 

Crystal and Electronic Structures of Molecular Conductor

!0-Et2Me2P[Pd(dmit)2]2 (dmit = C3S5) under High Pressure

Jun-Ichi YAMAURA, Akiko NAKAO1 and Reizo KATO1

Institute for Solid State Physics, The University of Tokyo, Chiba 277-8581
1RIKEN, JST-CREST, Saitama 351-0198

(Received December 9, 2003)

The two-dimensional molecular conductor !0-Et2Me2P[Pd(dmit)2]2 is a Mott insulator under ambient
pressure and exhibits a metallic state accompanied by the superconductivity with applying pressure. And,
in the higher pressure region, another non-metallic behavior appears. X-ray single-crystal structure
analyses under high pressures were performed at room and low temperatures to reveal the mechanism of
the pressure effect. Tight-binding band calculations based on the resultant structural data indicate that the
insulator-to-metal transition is a Mott transition due to an increase of the band width of the HOMO-based
band and the HOMO–LUMO band overlap mechanism proposed in the previous report does not apply to
this case. The high-pressure non-metallic state is relevant to the structural transition with a symmetry
breaking.

KEYWORDS: dmit compounds, crystal structure under high-pressure, dimer structure, band structure, Mott
transition, triangular lattice
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1. Introduction

The molecular conductors such as TMTTF, TMTSF and
BEDT-TTF salts are known to exhibit various electronic
states depending on physical and chemical pressure.1,2) In
spite of the complex crystal structures, these molecular
conductors have simple and clear electronic structures with
the single-band nature around the Fermi level. Metal
dithiolene complexes M(dmit)2 (M ¼ Ni, Pd, Pt; dmit =
1,3-dithiol-2-thione-4,5-ditholate) form conducting anion
radical salts with closed shell organic and inorganic
cations.3,4) The M(dmit)2 salts also exhibit fertile phase
diagrams under pressure. The M(dmit)2 molecules are
characterized by the smaller energy splitting between
HOMO (highest occupied molecular orbital) and LUMO
(lowest occupied molecular orbital) than those of other
organic molecules.5) Therefore, both of HOMO and LUMO
have been included in the tight-binding band calculation for
the electronic structure near the Fermi level.

Among the M(dmit)2 salts, !0-Pd(dmit)2 anion radical
salts with tetrahedral cations X[Pd(dmit)2]2 (X ¼
EtnMe4"nZ

þ; Et ¼ C2H5, Me ¼ CH3, Z ¼ P, As, Sb) have
been ardently studied for many years.6–9) They are isostruc-
tural with the space group of C2=c. The unit cell contains
one crystallographically independent Pd(dmit)2 molecule.
The crystal structure consists of two Pd(dmit)2 layers (I and
II), each of which is separated by the closed shell counter
cation (X) layer as illustrated in Fig. 1.10) The conduction
layers I and II are interrelated by the glide plane and are
crystallographically equivalent. The Pd(dmit)2 molecules are
strongly dimerized and stack along the a" b direction
within the layer I and along the aþ b direction within the
layer II. The electronic structure of the !0-Pd(dmit)2 salts is
unusual among anion radical salts, that is, the bonding
LUMO band !þ

LUMO is located lower than the antibonding
HOMO band !"

HOMO due to the strong dimerization as
depicted in Fig. 2 and this HOMO band !"

HOMO stands a
conduction band.5) This HOMO–LUMO band inversion has
been confirmed by the optical reflectance spectra and the

first-principles band calculation.11–13) The HOMO and
LUMO bands differ in dimensionality due to the symmetry
of each molecular orbital: the HOMO band is two-dimen-
sional, while the LUMO band is one-dimensional. The
HOMO-based conduction band is narrow and half-filled. All
the !0-Pd(dmit)2 salts exhibit an insulating behavior under
ambient pressure, because the on-site Coulomb energy U is
considered to overcome the band width W .

On the other hand, the low-temperature ground state under
pressure strongly depends on the cation. The !0-Pd(dmit)2
salts can be classified into three types: Type A salts (Z ¼ P
and As, n ¼ 0) maintain the insulating state even under high
pressure; Type B salts (Z ¼ Sb, n ¼ 0 and Z ¼ P, n ¼ 2)
show the metallic state accompanied by the superconduc-

Fig. 1. (a) Molecular structure of Pd(dmit)2. (b) Crystal structure and end-
on projection with labels of the overlap integrals for !0-Et2Me2P-
[Pd(dmit)2]2.10) H atoms in the cation are omitted for clarity.
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Figure 1. (a) Schematic molecular and (b) crystal structure of Pd(dmit)2 salt. The dimers of
Pd(dmit)2 form a triangular lattice with respect to the two kinds of transfer integral, t and t ′.
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Figure 2. Magnetic phase diagram as functions of t ′/t and temperature, which is classified
into three regions: the magnetic order, quantum critical, and quantum disorder regions. The
experimentally obtained Néel temperatures of the X[Pd(dmit)2]2 salts are plotted as closed circles,
where X = (a) Me4P, (b) Me4As, (c) EtMe3As, (d) Et2Me2P, (e) Et2Me2As, (f) Me4Sb. No
magnetic transition has been observed in the EtMe3Sb salt (g). The EtMe3P (P21/m) salt (h)
exhibits the VBS state below 25 K.

of U/W , representing the electron correlation, and t ′/t , determining the strength of spin
frustration [1], as known in the typical organic system κ-(ET)2X [3, 4].

The t ′/t values of X[Pd(dmit)2]2 ranging from 0.5 to 1.1 would provide a nontrivial
magnetic ground state due to the spin frustration. Many of them, however, show
antiferromagnetic order at low temperatures [2, 5, 6]. On increasing the spin frustration,
namely increasing t ′/t from 0.5 to 1, the Néel temperature diminishes on approaching the
regular triangular lattice, t ′/t = 1, around which the magnetic quantum critical point would
be present, as displayed in figure 2. In fact, a paramagnetic Mott insulator without any
symmetry breaking has been recently found in the nearly regular triangular-lattice material,
EtMe3Sb[Pd(dmit)2]2, at least down to 2 K [7]. In the region with t ′/t close to or even
larger than unity, the spin frustration can prohibit long-range magnetic order as suggested
theoretically [8–11]. The magnetic phase diagram of the antiferromagnetic triangular lattice
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Metal-insulator transition

Note that both of the DFT and the 
Huckel calculations predict that the Z+

[Pd(dmit)2]2- salts are metals - as they 
have half filled bands

Experimentally they are insulators

This suggests that they are Mott 
insulators

A Mott metal insulator transition can 
be driven in some materials by 
hydrostatic pressure [Shimizu et al. 
PRL 07; P-1, upper Fig.] or uniaxial 
stress [e.g. Kato et al. PRB ‘02; As-0; 
lower Fig.] (but not by chemical 
pressure)

Mott Transition in a Valence-Bond Solid Insulator with a Triangular Lattice

Y. Shimizu,1,* H. Akimoto,1 H. Tsujii,1,† A. Tajima,1 and R. Kato2

1RIKEN, Wako, Saitama 351-0198, Japan
2CREST, RIKEN, Wako, Saitama 351-0198, Japan

(Received 11 December 2006; published 19 December 2007)

We have investigated the Mott transition in a quasi-two-dimensional Mott insulator
EtMe3P!Pd"dmit#2$2 with a spin-frustrated triangular-lattice in hydrostatic pressure and magnetic-field
[Et and Me denote C2H5 and CH3, respectively, and Pd"dmit#2 (dmit % 1; 3-dithiole-
2-thione-4; 5-dithiolate; dithiolate) is an electron-acceptor molecule]. In the pressure-temperature (P-T)
phase diagram, a valence-bond solid phase is found to neighbor the superconductor and metal phases at
low temperatures. The profile of the phase diagram is common to those of Mott insulators with
antiferromagnetic order. In contrast to the antiferromagnetic Mott insulators, the resistivity in the metallic
phase exhibits anomalous temperature dependence, ! % !0 & AT2:5.

DOI: 10.1103/PhysRevLett.99.256403 PACS numbers: 71.30.+h, 74.25.Nf, 74.70.Kn

The Mott transition has been one of the fundamental
issues in condensed matter physics [1]. Much attention has
been paid on the superconducting state near the Mott
transition in transition-metal compounds [2] and in organic
materials [3]. Mott insulators so far studied usually exhibit
antiferromagnetic long-range order, and the relation be-
tween the existence of the ordered state and the appearance
of superconducting states has been widely discussed [2].
When geometrical spin frustration is present, however,
novel quantum states such as the resonating valence bond
[4] and valence-bond solid (VBS) states [5] can be real-
ized. Despite a considerable amount of theoretical work on
the quantum antiferromagnets, only a few examples of the
VBS state are known in two-dimensional (2D) systems,
e.g., SrCu2"BO3#2 [6] and BaCuSi2O6 [7], in which the
metal-insulator transition has not been accessible. Thus the
Mott transition and superconductivity appearing from the
quantum disordered state have been longed for the last few
decades.

Here we show that an organic material is a good play-
ground of the quantum spin physics on the frustrated lat-
tice accessible to Mott physics. An anion radical salt
EtMe3P!Pd"dmit#2$2 is the 2D VBS Mott insulator syn-
thesized recently [8], where Et and Me denote C2H5 and
CH3, respectively, and Pd"dmit#2 (dmit % 1; 3-dithiole-
2-thione-4; 5-dithiolate, C3S5

2') is an electron-acceptor
molecule. Its crystal structure consists of two layers: the
Pd"dmit#2 layer that involves in conduction and magne-
tism, and the insulating closed-shell EtMe3P

& layer. In the
conduction layer, pairs of Pd"dmit#2 molecules form
dimers arranged in a triangular lattice in terms of transfer
integrals, t and t0 (t0=t % 1:05) [see Fig. 1 inset]. The
conduction band is half filling, consisting of an anitibond-
ing combination of the highest-occupied molecular orbital
of Pd"dmit#2 [9]. The large onsite Coulomb interaction in
the dimer, compared with the bandwidth, produces a Mott-
Hubbard insulating state with a spin-1=2 at each dimer site.
The magnetic susceptibility behaves in accordance with

the triangular-lattice antiferromagnetic Heisenberg model
over a wide temperature range (60 K< T < 300 K) with
J % 250 K [10], indicating the presence of spin frustration
and hence highly degenerate ground states. The ground
state is, however, settled into a spin-gapped phase by the
lattice distortion via the spin-phonon coupling at 25 K, as
shown in Fig. 1 inset [8,10], while most of the Pd"dmit#2
salts having anisotropic triangular lattice (0:55< t0=t <
0:85) show antiferromagnetic order [9]. Application of
hydrostatic pressure, which increases the bandwidth, in-
duces a superconducting transition at Tc % 5 K [8].
However, the nature of the insulator and metal phases
under pressure and the Mott transition between them are
less understood. In addition, how magnetic field affects the
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FIG. 1 (color online). P-T phase diagram of
EtMe3P!Pd"dmit#2$2 obtained from resistivity measurements.
Open circle: metal-insulator transition or crossover tempera-
tures; solid circle: insulator-metal transition temperatures (aver-
ages between the cooling and warming processes); square: VBS
transitions; triangle: onset superconducting transitions. The solid
and doted lines denote the first-order and second-order transi-
tions, respectively. Inset: the schematic VBS state on the trian-
gular lattice of !Pd"dmit#2$'2 .
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simultaneously for three different strain directions. The
maximum pressure applied to the sample-head was 15 kbar
at room temperature.
Figure 1!b" illustrates the crystal structure of the TMAs

salt. This crystal belongs to the monoclinic system with the
space group C2/c. The unit cell consists of two crystallo-
graphically equivalent Pd(dmit)2 layers !I and II", separated
from each other by a cation layer. These two layers are in-
terrelated by the glide plane. Strongly dimerized Pd(dmit)2
molecules stack along the a!b direction in Layer I and
along the a"b direction in Layer II. Within each layer,
Pd(dmit)2 units are connected through intermolecular
S•••S contacts shorter than the sum of the van der Waals
radii !3.60 Å" to form a two-dimensional conduction network
parallel to the ab plane.
At ambient pressure, the TMAs salt has rather low RT

resistivity, but exhibits a nonmetallic behavior with lowering
temperature.4 At the insulating state !20 K", no satellite re-
flection indicating formation of a superstructure could be ob-
served. The temperature-dependent paramagnetic suscepti-
bility with the RT value of 4.6#10"4 emu mol"1, forms a

broad maximum around ca. 120 K and shows a clear bend
around 35 K, below which the susceptibility remains almost
constant. The presence of a long-range magnetic ordering
below 35 K has been confirmed by an electron spin reso-
nance study.5 These results suggest an antiferromagnetic
transition at 35 K.
Under hydrostatic pressure, a metal-like region appears

and is extended continuously with increasing pressure, but
the low-temperature insulating state cannot be suppressed
even at the highest pressure !17 kbar".6 Under the uniaxial
strain, the conducting behavior shows drastic change. When
the uniaxial strain along the b axis is applied, the nonmetallic
behavior is readily suppressed and an abrupt drop of the
resistivity occurs at 4 K under 7 kbar !Fig. 2". As shown in
the inset of Fig. 2, recovery of the resistivity by the applied
magnetic field has indicated that this is superconductivity
induced by the uniaxial strain. This superconductivity can be
observed up to 9 kbar. The transition temperature decreases
with increasing pressure. Above 10 kbar, slight upturn of the
resistivity is observed in the lowest temperature region. It is
quite interesting that small strain around 2 kbar along both
the a- and c-axis directions effectively enhances the nonme-
tallic behavior !Fig. 3". With further increase of the strain,
the nonmetallic behavior is suppressed, but still remains even
at 15 kbar. These observations are different from those under
the hydrostatic pressure and the uniaxial strain along the b
axis.
For interpretation of these results, it is useful to summa-

rize the characteristics of the present system. The conduction
band of the ordinary molecular conductors based on acceptor
molecules is formed by the LUMO !lowest unoccupied mo-
lecular orbital". In the Pd(dmit)2-based conductors, however,
the conduction band originates from the HOMO !highest oc-
cupied molecular orbital" of the Pd(dmit)2 molecule.

7 This is
due to a small energy gap (#E) between the HOMO and

FIG. 1. !a" Molecular structure of Pd(dmit)2. !b" Crystal struc-
ture of $!-(CH3)4As%Pd(dmit)2&2. !c" Schematic end-on projection
of the conduction layer, where transfer integrals tA , tB , t r , ts are
448.3, 34.0, 22.7, 32.4 meV !RT" and 485.5, 42.1, 24.4, 32.8 meV
!20 K".

FIG. 2. Temperature-dependence of the resistivity (') under the
uniaxial strain along the b axis. The inset shows the resistivity un-
der the magnetic field parallel to the c* direction at 7 kbar.
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Spin liquid in Sb-1
Itou et al., PRB 77, 104413 (2008)

No magnetic phase transition observed 
down to the lowest temperature studied

J~240 K from fits to high temperature 
series expansions

Very reminiscent of κ-CN3

!We have estimated the interdimer transfer integrals along
the three directions for the EtMe3Sb salt, as shown in the
caption of Fig. 1"b#.$ Among them, the Et2Me2Sb salt is ex-
ceptionally not mapped to a Mott insulator at low tempera-
tures, unlike any other X!Pd"dmit#2$2 systems. It has turned
out that this salt undergoes a first-order valence transition at
70 K to a gapped ground state with fully separated
charges,17–20 although early susceptibility measurements16

had implied the possibility of a gapless spin-liquid ground
state.

The remaining two salts, the EtMe3P and EtMe3Sb salts,
are Mott insulators and, thus, have nearly regular-triangular
spin systems, which are expected to exhibit a strong frustra-
tion effect. These two salts behave differently at low tem-
peratures, which is likely due to the difference in the crystal
structures.22 In the EtMe3P salt, the VBS state accompanied
by spin dimerization is realized below 25 K and, conse-
quently, static susceptibility shows a rapid decrease with a
full spin gap of about 40 K.22 Superconductivity appears as
the VBS state is suppressed by pressure.23 Contrastingly, the
EtMe3Sb salt shows no such rapid decrease indicating a
phase transition, as will be described later. Thus,
EtMe3Sb!Pd"dmit#2$2 is expected to keep the nearly regular-
triangular exchange network without spin dimerization down
to low temperature, unlike the EtMe3P salts. This system is,
therefore, one of the few model materials of the nearly
regular-triangular spin-1 /2 system.

Fine single crystals of EtMe3Sb!Pd"dmit#2$2 were pre-
pared by an aerial oxidation method. For the 13C-NMR mea-
surement, we prepared enriched molecules as shown in Fig.
1"a#. We performed the static uniform susceptibility and
13C-NMR measurements for a large number of the single

crystals without any particular orientation. The susceptibility
! was measured in the temperature range from 300 to 4.5 K
under a field of 5 T. The NMR measurements were per-
formed from 299 to 1.37 K under 7.65 T. The spectra were
obtained by the Fourier transformation of spin echo signals
following the "" /2#x-""#x pulse sequence. The spin-lattice
relaxation rate, T1

−1, was obtained from the recovery curve of
the integrated spin-echo intensity. Since the recovery curve
becomes nonsingle exponential at low temperatures, we de-
fine T1 as the time when the recovery curve reaches 1 /e.

The temperature dependence of ! of
EtMe3Sb!Pd"dmit#2$2 is shown in Fig. 2, where the contribu-
tions of the core diamagnetism and of the impurity free spins
have already been subtracted. The core diamagnetisms are
estimated by using the reported value24 for Pd"dmit#2 and
Pascal’s law for EtMe3Sb. The diamagnetic correction leaves
an uncertainty of 0.3#10−4 emu /mol, typically.24 The sub-
tracted free-spin contribution corresponds to one S=1 /2 spin
per 7#102 f.u.

As temperature is decreased from 300 K, ! gradually in-
creases. Around 50 K, it exhibits a broad peak denoting sig-
nificant development of the antiferromagnetic correlations.
The solid lines in the figure show the theoretical curves16

extrapolated using the !7 /7$ Padé approximants for the high-
temperature expansion25 of the regular-triangular spin-1 /2
system with Heisenberg antiferromagnetic interactions, J
=220 and 250 K. In this calculation, we used a value of g
=2.038 for !Pd"dmit#2$2

−, which is based on electron spin
resonance measurements.26 Since these curves reproduce the
observed ! behavior well, it is concluded that a nearly
regular-triangular spin-1 /2 system with J=220–250 K is re-
alized in this compound. In detailed comparison, the ob-
served ! has a slightly steeper temperature dependence
above its peak temperature than the calculated !. This im-
plies slight deviation from the regular triangle and/or exis-
tence of extra higher-order exchange interactions discussed
later. In fact, a theoretical study reported that deviation from
the regular triangle causes steeper temperature dependence
of !.27
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FIG. 1. "a# Pd"dmit#2 molecule with selective substitution of 13C
isotope. The carbon atoms at both ends of the molecule are en-
riched. "b# Crystal structure of a Pd"dmit#2 layer viewed along the
long axis of the Pd"dmit#2 molecule. Arrows "tB, ts, and tr# indicate
the transfer integral network between the !Pd"dmit#2$2 dimers. For
EtMe3Sb!Pd"dmit#2$2, tB, ts, and tr are calculated using the ex-
tended Hückel method as 28.3, 27.7, and 25.8 meV, respectively,
while the intradimer transfer integral, tA, is calculated as
453.5 meV. "c# Schematic of the spin system of X!Pd"dmit#2$2,
where circles represent !Pd"dmit#2$2 dimers on which localized 1 /2
spins exist. Three exchange interactions "JB, Js, and Jr# are non-
equivalent but close to each other, reflecting the values of tB, ts, and
tr.
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FIG. 2. Temperature dependence of the spin susceptibility of
randomly oriented samples of EtMe3Sb!Pd"dmit#2$2. Solid curves
show the result of the !7 /7$ Padé approximants for the high-
temperature expansion of the regular-triangular antiferromagnetic
spin-1 /2 system with J=220 and 250 K.
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!103 s−1. Thus, this is an inhomogeneous broadening due to
static local fields. The observed local static fields are too
small for this system to be understood as a MLRO or spin-
glass state. The spectral tail is at most within "50 kHz,
which corresponds to a !Pd"dmit#2$2 moment of %0.05#B
judging from the hyperfine coupling constant mentioned be-
fore. Furthermore, the tail is composed of the minor fraction
of the spectrum, while the dominant fraction stays at the
center with little shift. This means that the small local mo-
ment exists only on a minority of the !Pd"dmit#2$2 dimers.
We also measured 13C-NMR spectra of EtMe3P!Pd"dmit#2$2
for comparison as shown in Fig. 4"b#. The gradual inhomo-
geneous broadening at low temperatures is also observed
even in EtMe3P!Pd"dmit#2$2, which enters a nonmagnetic
state below 25 K with a full spin gap. Therefore, the broad-
ening observed in the two salts is not due to bulk magnetism,
but most probably due to the impurity Curie spins caused by
slight crystal imperfections. As a consequence, our analysis
of the spectra also concludes that EtMe3Sb!Pd"dmit#2$2 does
not undergo either spin ordering or freezing at least down to
1.37 K.

The observed broadening is larger in
EtMe3Sb!Pd"dmit#2$2 than in EtMe3P!Pd"dmit#2$2. The mag-
netization nucleated around locally symmetry-broken sites
generally extends for a distance characterized by a spatial
spin correlation length. In the ground state, the correlation
length is roughly estimated to be %J /$, where $ is the spin
gap of the system; if $ is zero, the correlation length di-
verges and, as a result, a power-law decay of the spatial
correlation function is expected. EtMe3P!Pd"dmit#2$2 has a
short correlation length because of the existence of the sig-
nificant spin gap, while EtMe3Sb!Pd"dmit#2$2 has a compara-
tively long correlation length or a power-law decay of the
correlation function because of the absence of an appreciable
spin gap. This is likely the reason why the broadening of
EtMe3Sb!Pd"dmit#2$2 is larger. It was reported that the
13C-NMR spectra of %-"BEDT-TTF#2Cu2"CN#3, which does

not have an appreciable spin gap either, also show a similar
inhomogeneous broadening at low temperatures.32 To take
this and our results into consideration, the significant inho-
mogeneous broadening is considered to be a universal nature
of the spin liquid with no appreciable spin gap because this
state is quite sensitive to slight crystal imperfections due to
the quasi-long-range correlation.

As described above, the spectra and T1
−1 of

EtMe3Sb!Pd"dmit#2$2 do not show any features of the spin
ordering or freezing at least down to 1.37 K, in spite of the
growth of antiferromagnetic correlations from much higher
temperature around 200 K. Since 1.37 K is lower than 1% of
J, thermal fluctuations are so small as to be negligible in this
temperature region. Thus, the absence of spin ordering or
freezing is attributed not to thermal fluctuations but to quan-
tum fluctuations. Considering the absence of an appreciable
spin gap, which is concluded by the fact that T1

−1 retains a
finite value down to 1.37 K, this state is clearly distinct from
the VBS state accompanied by spin dimerization. This state
is, therefore, regarded as the quantum spin-liquid state,
where the RVB scenario can be brought to realization.

A number of theoretical studies have been conducted on
the regular-triangular Heisenberg spin-1 /2 system, and there
is a general consensus that the 120° spiral MLRO state is
realized in the ground state,25,33–35 in contrast to our experi-
mental result.

Several theoretical studies on isosceles-triangular Heisen-
berg systems have suggested that slight deviation from the
regular triangle can destroy the spiral MLRO state and real-
ize the spin-liquid state.12,36–41 Our result may be rational-
ized from such standpoints. It is desired to study whether or
not the deviation from the regular triangle leads to the spin-
liquid state even on a scalene-triangular lattice, because our
system has a scalene structure rather than an isosceles one.

Another possible mechanism of the observed spin liquid
is explained in light of the proximity of the Mott transition.
Although EtMe3Sb!Pd"dmit#2$2 is a Mott insulator, its insu-
lating nature is easily destroyed by a pressure of a few
kilobars.42 This means that its transfer integrals, whose per-
turbing effect yields exchange interactions, are not much
smaller than the electron correlation energy. Therefore, not
only the second-order Heisenberg terms, but also the higher-
order ones are expected to emerge as the ring exchange and
long-range Heisenberg interactions. While the nearest-
neighbor Heisenberg interactions seem to be predominant as
the temperature dependence of the susceptibility shows, it is
possible that such extra higher-order interactions are not neg-
ligible and play a significant role in the realization of the
present spin liquid. In fact, some theories based on the spin
Hamiltonian including the ring exchange,8 and the Hubbard
Hamiltonian with moderate on-site Coulomb repulsion,9,10

successfully predict the gapless quantum spin-liquid state.
In conclusion, we have found a spin-liquid system on a

triangular lattice, EtMe3Sb!Pd"dmit#2$2. We have revealed by
our 13C NMR study that this material has neither spin
ordering/freezing nor an appreciable spin gap down to
1.37 K, which is lower than 1% of J. Inhomogeneous broad-
ening appears at low temperature, similar to the other spin
liquid system %-"BEDT-TTF#2Cu2"CN#3. This is consistent
with the quasi-long-range spin correlation characterizing the
gapless nature.
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Valence bond solid in P-1?
Tamura et al. JPSJ 75, 093701 (2006)

Sudden drop in the magnetic 
susceptibility, χ, at 25 K.

The transition is hysteric (first 
order)

Below the transition there 
susceptibility displays an Arrhenius 
behaviour (i.e., a gap opens 
between the ground state and the 
lowest lying triplet excitation - 
there is no such gap in the high 
temperature phase)

The VBS phase has a gap between 
the ground state and the lowest 
lying triplet excitation

crystal structure will be reported elsewhere.16) In the present
and related cases, the spin-1/2 unit is a dimer made of two
molecules. To avoid confusion, we use ‘‘pairing’’ instead of
‘‘dimerization’’ to refer to the VB formation of two unpaired
electrons on two dimers.

Crystals of the EtMe3P salt were grown at 5 !C by air
oxidation of [(C2H5)(CH3)3P]2[Pd(dmit)2] in an acetone
solution containing acetic acid. An as-grown polycrystalline
specimen may contain two polymorphs, the P21=m and P1
phases. The P1 phase undergoes a phase transition at around
73K, which enables us to check the phase easily through
magnetic measurements. Magnetic susceptibility ! was
measured for a polycrystalline specimen containing no P1
phase under the field of 1 T, using a Quantum Design MPMS
XL7 magnetometer. The magnetization varies linearly with
the field up to 7 T, except the Curie-like contribution that
is marked below 15K. Spin susceptibility was obtained by
subtracting the diamagnetic contribution estimated on the
basis of Pascal’s law. The diamagnetic susceptibilities of
(C2H5)(CH3)3Pþ and [Pd(dmit)2]17) were estimated to be
97# 10$6 and 200# 10$6 cm3/mol, respectively. Finally, !
was corrected for the Curie-like contribution (corresponding
to an S ¼ 1=2 spin per ca. 3# 102 formula units) from the
crystal imperfections. X-ray diffraction data were collected
on a Weisenberg-type imaging plate system (Mac Science
DIP 320S) with graphite-monochromated Mo-K" radiation
(# ¼ 0:71073 Å) at 297K. The LT X-ray diffraction experi-
ments were performed on the same system equipped with a
closed-cycle helium refrigerator (DAIKIN V202C5LZR) for
temperature control (10–297K).

In Fig. 1(a), the molecular arrangements of the P21=m
EtMe3P salt are schematically shown. The crystal data at
297K are space group P21=m (monoclinic), a ¼ 6:3960ð3Þ,
b ¼ 36:691ð1Þ, c ¼ 7:9290ð3Þ Å, $ ¼ 114:302ð2Þ!, V ¼
1695:9ð1Þ Å3 and Z ¼ 2. The face-to-face stacking of the
spin-1/2 units [Pd(dmit)2]2$ is along the c axis. A 2D
triangular network is formed within the ac plane via side-
by-side contacts. All the dimers are crystallographically
equivalent and centrosymmetric. The in-plane structure is
similar to those of $0-type [Pd(dmit)2] salts10) having the
C2=c symmetry. However, the P21=m EtMe3P salt has only
one stacking direction (the c direction), in accordance with
the b-mirror and b-screw symmetries, while the $0-type salts
show layer-by-layer alternation of the stacking directions
(the aþ b and a$ b directions) to form the solid-crossing
structure [Fig. 1(b)].10)

The temperature dependence of ! of the P21=m EtMe3P
salt is shown in Fig. 2, as compared with !ðTÞ calculated on
the basis of the spin-1/2 Heisenberg antiferromagnet on a
triangular lattice6,18) with various J values. We define here
the exchange coupling J by the spin Hamiltonian, H =
J!i; j Si ( Sj, where Si is the spin-1/2 operator on the i’th site,
and the summation is taken over all the nearest-neighbor
pairs, i; j. A broad ! peak is found at around 70K. The peak
temperature is considerably lower than J=kB expected from
the ! values above 200K, indicating that the spins are
frustrated. Above 30K, the observed !ðTÞ is reproduced by
the frustrated model with J=kB ¼ 250K. It follows from this
that the P21=m EtMe3P salt is a quantum triangular
antiferromagnet, as are the other $0-salts.6) This conclusion
is also supported by the ratios of the interdimer overlap

integrals [Fig. 1(a)], SB=Ss ¼ 1:02 and Sr=Ss ¼ 1:06, calcu-
lated on the basis of the extended Hückel molecular
orbitals.15)

At Tc ¼ 25K, bending of !ðTÞ is observed [Fig. 2(b)],
followed by a rapid but continuous decrease toward ! ¼ 0
upon cooling. This means that the system undergoes a
second-order phase transition to a nonmagnetic spin-gapped
state. In fact, ! shows no hysteresis throughout the temper-
ature sweep. The presence of a magnetic LRO in the LT
phase is ruled out, because the !ðTÞ behavior is concluded
to be magnetically isotropic from the measurements of a
mosaic of oriented crystals. These features are similar to
those of typical spin-Peierls systems,19–22) where all the
unpaired electrons in the high-temperature phase are paired
in the ground state as a result of a lattice distortion. The !ðTÞ
data is expressed as ! ¼ !R þ C=T þ !SGðTÞ, where C=T is
the Curie contribution and !R the residual temperature-
independent component. For a 2D system having the
spin-gap % at T ¼ 0 and quadratic dispersion of triplet
excitations, the asymptotic form !SGðTÞ / expð$%=kBTÞ
is derived for kBT ) %.23) Subtraction of the T-linear and
constant terms from T! leaves T!SG. From the !SG

data below 15K, a rough estimate, %=kB * 40+ 10K, is
obtained [Fig. 2(c)]. The result is sensitive to the !R and C
values and the temperature range of the fitting.

Another type of phase transition from a paramagnetic
Mott insulator to a nonmagnetic state has been found
in the $0-(C2H5)2(CH3)2Sb salt at 70K.24–27) In this
case, the dimers exhibit complete charge separation as
2[Pd(dmit)2]2

$ ! [Pd(dmit)2]2
0 þ [Pd(dmit)2]2

2$, so that
the dimers themselves become nonmagnetic. This is a first-
order transition accompanied by intradimer distortions. The
energy cost of electron pairing in [Pd(dmit)2]22$ is com-
pensated by the large bonding energy gain in [Pd(dmit)2]20,
as a result of the two-level character of the [Pd(dmit)2] unit.
A similar transition has been found in the Cs salt;17,27) it is
metallic above 56K, and undergoes a second-order transi-
tion to a charge-separated nonmagnetic state. In these cases,
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Valence bond solid in P-1?
Tamura et al. JPSJ 75, 093701 (2006)

Satellite reflections are also seen in the x-
ray diffraction pattern below 25 K

These correspond to a loss of periodicity 
in the crystal 

In the low temperature phase the 
distances between (the planes of S atoms 
neighbouring the Pd atom in) neighbouring 
dimers is either 3.85 or 3.76 Å, whereas in 
the high temperature phase the all dimers 
are separated by 3.82 Å 

This is what one would expect in the VBS 
phase as the spin-phonon coupling would 
favour exactly this type of disorder in the 
VBS phase

the presence of the two differently charged dimers, rather
than the symmetry of interdimer interactions, characterizes
the ground state.

The lattice symmetry in the LT phase has been examined
by X-ray diffraction analysis. Satellite diffractions indicating
c-doubled periodicity, e.g., ð0; 0; 1=2Þ, ð1; 0;#5=2Þ and
ð2; 0;#5=2Þ, appear at low temperatures. Their intensities
remarkably increase below 25K, followed by saturation near
10K, as expected for the order parameter of a second-order
transition [Fig. 3(a)]. The crystal data at 10K are space
group P21=m (monoclinic), a ¼ 6:3270ð2Þ, b ¼ 36:536ð1Þ,
c ¼ 14:2620ð5Þ Å, ! ¼ 90:552ð3Þ%, V ¼ 3296:7ð2Þ Å3 and
Z ¼ 4. All the dimers are no longer centrosymmetric due to
the alternating interdimer interactions, but are still crystallo-
graphically equivalent. Therefore, the charge separation
occurring in the !0-(C2H5)2(CH3)2Sb salt has no relevance in
this case. Doubled periodicity is found in the stacking along
the c# a direction of the LT lattice, which corresponds to
the high temperature c axis (Fig. 3). From 28 to 10K, the
lattice expands slightly in the a and b directions, but does not
show expansion along the stacking direction. Such an
expansion means that the phase transition can be suppressed
by pressure. The interdimer spacing, measured as the
distance between the best planes for the Pd atom and the
four coordinating S atoms of each of the neighboring
[Pd(dmit)2] molecules, shows twofold alternation along the
stacking direction. This is in accord with the pairing of the
spin-1/2 units. The distances are 3.76 and 3.85 Å between
the molecules belonging to the neighboring dimers. The
corresponding distance, 3.82 Å at 28K, is uniform above Tc.
It is thereby concluded that the major structural change
associated with the phase transition is the pairing of the
dimers. This pairing, which breaks the translational symme-
try of the triangular lattice, explains the spin-singlet ground
state having a valence bond localized on each pair, as
expected from the magnetic behavior. More details of the LT
structure will be reported elsewhere.16)

The VB ordering found in this work is analogous to the
spin-Peierls transition, with regard to the real-space singlet
pairing coupled to the lattice. The concept of the spin-Peierls
transition originates from the Peierls instability of the half-
filled band of spinless psuedofermions obtained by the

Jordan–Wigner transformation of the spin-1/2 one-dimen-
sional (1D) Heisenberg spin Hamiltonian.28,29) It is known
that any nonzero dimerization stabilizes the spin-Peierls
state in a 1D quantum spin chain because of the energy gain
of the singlet pairing prevailing over the antiferromagnetic
exchange energy removed by VB formation. Although
such explicit relevance does not generally exist in the 2D
cases, VB ordering with lattice-symmetry breaking is often
referred to as a spin-Peierls state in the literature, with
respect to similar real-space physics. The VB order (or VB
solid, VBS) ground state in 2D systems has been studied
theoretically,30–40) as well as the on-bond charge-density-
wave states,30,31,41–43) particularly on the square lattice (with
frustrated interactions). Unlike the 1D cases, the stability of
the 2D VB order is not trivial. There is a trade-off between
the pairing energy gain and the antiferromagnetic exchange
energy, which operates on more than two paths per spin in
2D cases. The appearance of the 2D VB order should depend
on the details of lattice elastic energy, as well as on the
strength of frustration. Our finding gives a realistic example
of such a VB order in frustrated 2D spin systems.

In an ordinary quasi-2D system without frustration, the
magnetic LRO usually stabilizes through the help of weak
interlayer couplings. In contrast, the spin frustration sup-
presses the magnetic LRO on a triangular lattice. Instead, the
VB order can efficiently remove the entropy of the frustrated
spins. The VB order thus becomes preferable in a triangular
quantum antiferromagnet at low temperature, if the elastic
energy cost for the lattice distortion is sufficiently com-
pensated by the VB formation. This is the case for the
[Pd(dmit)2] salts. The theoretical analysis of a spatially
anisotropic triangular system has predicted the appearance
of the VB-ordered ground state in the vicinity of the regular
triangular lattice where any kind of magnetic LRO is
destabilized.1–5) In our experimental systems, the lattice
distortion should be considerably anisotropic because of the
molecular packing. The anisotropic lattice distortion should
play a significant role in real systems at a finite temperature,
though it has not been explicitly taken into account in the
theoretical treatments. The !0-type crystals have the two
stacking directions alternating layer by layer. Therefore, the
most favorable distortion in one layer is unfavorable in the
adjoining layers. This means a higher cost of the elastic
energy. In contrast, the P21=m EtMe3P salt has a unique
direction of distortion, which minimizes the elastic energy
cost. This is our qualitative scenario to explain why the VB
order appears in the P21=m EtMe3P salt but not in the !0-
type salts. It is suggested that the anisotropic distortion
provides the VB order with extra stability. Although
"-(ET)2Cu2(CN)3 has parallel dimer arrangement along the
b-direction, it does not show a VB order.7) The counter
anions of this salt form a rigid 2D polymeric network, unlike
the discrete cations in the [Pd(dmit)2] salts. Another
structural difference is that all the dimers in one layer of
the [Pd(dmit)2] salts are oriented in parallel to each other,
while the nearest-neighbor dimers in the "-salt are not. These
features sterically give rise to a higher cost of lattice
distortion in the "-salt. Not only the possible difference in
the spatial anisotropy of the exchange couplings, but also
these steric factors seem to prevent the VB ordering in the
"-salt.
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Fig. 3. (a) Temperature dependence of the ratio of the averaged intensity
of the X-ray satellite diffractions to that of the main diffractions. (b) The
LT structure with the doubled unit cell is schematically shown. The VB-
order pattern on the triangular lattice is shown at the right.
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What is special about P-1?

None of the other V-n salts show a VBS phase so we would like to understand 
what is special about P-1.

P-1 has a P21/m crystal whereas most of the others have a C2/c crystals 

The loss of the glide plane (.../m instead of .../c) in P-1 corresponds to 
absence of the “solid crossing” crystal packing (shown, right)

In P-1 all the organic layers are equivalent

Tamura et al. argued that the in the C2/c crystals the lattice distortion in 
different layers would be in different directions, and so would cause a large 
strain making the VBS phase unfavourable
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Charge ordered insulator in Sb-2 and Cs-00?
Tamura et al. CPL 411, 133 (2005)

P-2 and Cs-00 show very similar phase transitions 
are 70 & 65 K respectively

The susceptibility vanishes rapidly in both materials, 
suggest all the spins pair up

Cs-00 undergoes a metal-insulator transition at the 
same temperature (I am not aware of equivalent data 
for Sb-2)

12 Developments in Quantum Phase Transitions

1.6 Other ground states: Charge order and valence bond
solid

When the deviation from the regular-triangular lattice is large, the antiferro-
magnetic long range order is dominant and the frustration is removed [35, 36].
On the other hand, in the system with a nearly regular-triangular lattice, the
spin liquid state appears to compete with the static valance bond formation.

1.6.1 Charge order transition in the Et2Me2Sb salt

The Et2Me2Sb salt is isostructural with the EtMe3Sb salt (There is no disorder
at the cation sites) and has a nearly regular-triangular lattice (t′/t = 1.01).
The magnetic behavior of the Et2Me2Sb salt, however, is quite different from
that of the EtMe3Sb salt [37].
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FIGURE 1.10
Temperature dependence of magnetic susceptibility for the Et2Me2Sb and
EtMe3P salts.

The magnetic susceptibility shows very sharp first-order transition from
the frustrated paramagnetic state to the non-magnetic state at about 70 K
(Fig. 1.10) [35]. The low-temperature crystal structure below the transition
temperature shows the doubling of the b-axis and the drastic change of the
interplanar distance within the dimer [38]. At room temperature, every dimer
has the same interplanar distance (3.233 Å). At 10 K, there exist two crystal-
lographically different dimers; the one is expanded (3.362 Å), while the other

Structural and electronic properties of Cs[Pdidmit)Jz 943 

Figure 11. Variation of the resistivity in the ob plane at 1 bar and at various values of 
pressure, indicated in kbar on the figure. Inset shows low-temperature data on an expanded 

temperature axis. 

the resistivity at several pressures. We note that the metal-insulator transition is pushed 
to lower temperatures, and that the resistivity in the insulating phase remains lower 
as the pressure is increased. Figures 12 and 13 show the variation of the transition 
temperature Tp and the activation energy for conductivity .Eg, below, the transition as a 
function of pressure. Tp was defined as the temperature at the peak value of 
a Inp/a(l/T) and .Eg was taken from fitting the resistivity below the transition to 
p = pa exp(E,/kT) in the temperature range a few kelvins below the transition. It is 
clear that the transition to the insulating state is readily suppressed under pressure, with 
both Tp and E, falling towards zero. However, we note that though E, falls to zero at 
6 kbar, the resistivity at higher pressures can still show an upturn at low temperatures. 
This is clearly seen in figure 11 for the data at 7 kbar, and we consider that there is still 
a transition at this pressure, though no longer to an insulating state, but rather to a 
semimetallic state. We discuss later how this may be related to the presence in the 
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phase 

depending on the vibronic coupling constant, the split-
ting suggests that the HOMO and LUMO electrons
have different coupling constants [15], in addition to
the effect of the non-equivalent bonds in the crystal. If
this is the case, the emv coupling is a useful probe to
the valence states of the dimers, though the origin of
the splitting is an open problem for further research.

3.2. Splitting of the main peak in the low-temperature
phase

In what follows, we concentrate on the Eia near-
infrared-visible spectra (5000–16000 cm!1), to discuss
the state of the dimers. The temperature dependence
of R(x) in this region is shown in Fig. 3a and the corre-
sponding r(x) in Fig. 3b. The peaks narrowed gradually
with decreasing temperature. Above the transition
temperature (70 K), the spectra showed a single peak.
This is the superposition of the b-HOMO to a-HOMO
and b-LUMO to a-LUMO excitations in the dimer,
which explains the high intensity [3–6]. This indicates
that all the dimers are equivalent as the crystal structure
shows and |tHH| " |tLL| is satisfied.

The spectra changed remarkably below 70 K. The con-
ductivity spectra exhibited two peaks at 9.3 · 103 and
12.4 · 103 cm!1 with an intensity ratio of about 1:2. This
splitting is explained in terms of the charge separation,
when we take account of the valence instability [10] and
the low-temperature (10 K) crystal structure showing
alternating arrangement of independent dimers along
the b-direction [12]. Our model for the valence instability

states that |tHH| and |tLL| of ½PdðdmitÞ2&
0
2 should be

larger than those of ½PdðdmitÞ2&
2!
2 in accordance

with the HOMO–LUMO double bonding in
½PdðdmitÞ2&

0
2 [10]. The higher peak is ascribed to the

b-HOMO to a-HOMO and b-LUMO to a-LUMO
excitations in ½PdðdmitÞ2&

0
2, while the lower one to the

b-LUMO to a-LUMO excitation in ½PdðdmitÞ2&
2!
2 . This

assignment naturally explains the 1:2 intensity ratio. Sim-
ilar splitting has been reported also for the low-tempera-
ture insulating phase of Cs[Pd(dmit)2]2 [3–6]. It has been
argued that the splitting might indicate some changes in
|tHH| and |tLL| accompanying the formation of charge-
density-waves over the [Pd(dmit)2]2 stacks due to the nest-
ing of the Fermi surface [3–6]. However, the splitting in
the low-temperature phase is consistently explained by
the charge separation in the samemanner as in the present
compound, rather than by the charge- density-waves. In
fact, the two salts are isostructural in the low-temperature
phase [12].

3.3. Estimation of the parameters: HOMO–LUMO
interplay in the dimer

A shoulder is found at 7.4 · 103 cm!1 in the spectra.
This weak structure shifts little in spite of the significant
change of tHH and tLL due to the phase transition. We
assign this to the a-HOMO to a-LUMO excitation,
because its energy D + tLL ! tHH stays at D under the
condition, tHH " tLL; the other excitations should shift
as tHH and tLL vary. This assignment is consistent with
the previous reports [4–6]. The weak intensity means
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Fig. 3. (a) Temperature dependence of the Eia reflectivity spectra in the near-infrared-visible region, and (b) the corresponding conductivity spectra.
Solid curves are the fit of the Lorentzian model.
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Structural phase transition in Sb-2 and Cs-00?
Nakao & Kato, JPSJ 74, 2754 (2005)

Nakao et al. [JPSJ 74, 2754 (2005)] found that this phase transition is 
associated with a crystallographic phase transition C2/c →P21/m

This basically corresponds to a doubling of the unit cell

The phase transition appears to be first order 

valence states arranged alternately along the b direction,
which indicates that the phase transitions are associated with
charge separation, 2dimer! ! dimer0 þ dimer2!.10,11,13) In
this paper, we report the low temperature crystal structures
in detail. With the help of intermolecular overlap calcula-
tions, we discuss the nature of the phase transition from the
structural viewpoint. The structure of a related compound,
Et3MeSb[Pd(dmit)2]3 is also described.

2. Experimental

Single crystals of Et2Me2Sb[Pd(dmit)2]2, Cs[Pd(dmit)2]2
and Et3MeSb[Pd(dmit)2]3 were prepared by the electro-
chemical method12) or by the air oxidation method.7) For the
Et2Me2Sb and Cs salts, X-ray diffraction data were collected
on the Weisenberg-type imaging plate system (DIP 320S,
Mac Science) with graphite-monochromated Mo-K! radia-
tion (" ¼ 0:71073 !A) at 295K. The low temperature X-ray
diffraction experiments for Et2Me2Sb[Pd(dmit)2]2 and
Cs[Pd(dmit)2]2 were performed on the same system equip-
ped with a closed-cycle helium refrigerator (V202C5LZR,
DAIKIN) for temperature control (295–10K). A copper
thermocouple was attached to the root of the sapphire rod on
which the single crystal was mounted.

Although the room temperature structures have been
reported before, we have analyzed the room temperature
structures again in order to compare structures at 295K and
10K for the same sample with the same diffractometer set-
up.

The X-ray diffraction measurement of the Et3MeSb salt
was carried out on the four-circle diffractometer (AFC5R,
Rigaku) with graphite-monochromated Mo-K! radiation.
Dimensions of the crystals used for data collection were
0:3$ 0:2$ 0:02mm3 for Et2Me2Sb[Pd(dmit)2]2, 0:4$
0:2$ 0:01mm3 for Et3MeSb[Pd(dmit)2]3 and 0:3$ 0:1$
0:02mm3 for Cs[Pd(dmit)2]2.

Intensity data were corrected for the absorption using the
numerical method. Crystal data are shown in Table I. The
structures were solved by the direct method (SIR97)14) and
refined with the full-matrix least-squared method (SHELXL-
97).15) Anisotropic temperature factors were applied for the
non-hydrogen atoms. All calculations were performed using
teXsan crystallographic software package of the Molecular
Structure Corp.

The calculation of the overlap integrals among HOMOs

and LUMOs were carried out on the basis of the extended
Hückel approximation.16,17)

3. Results and Discussion

3.1 Crystal structure of #0-Et2Me2Sb[Pd(dmit)2]2 at low
temperature

The Et2Me2Sb salt belongs to the monoclinic system with
the space group C2=c at room temperature and the unit cell
contains two conduction layers. All the dimers [Pd(dmit)2]!2
are crystallographically equivalent. The Et2Me2Sbþ cations
are in an ordered state.

Satellite reflections appeared around 90K as diffuse
scattering with the reduced reciprocal wavevector q ¼
ð1; 12 & $; 0Þ ($ ’ 0:1) and ð1; 0; 0Þ in the X-ray oscillation
photographs obtained on cooling with a rate of 2K/min. The
satellites were 10!2 times as weak as the main Bragg
reflections. Figure 2 shows temperature dependence of
average integrated intensity of the satellite reflections. These
reflections became stronger and spottier with lowering
temperature. The satellite intensity increased abruptly near
70K, where the phase transition occurred. Furthermore, the
satellite reflections at the wavevector q ¼ ð1; 12 & $; 0Þ
became commensurate ($ ¼ 0) below the phase transition
temperature. All the observed superlattice reflections indi-
cate that the transition is accompanied by a break in the C-

Table I. Crystallographic data of #0-Et2Me2Sb[Pd(dmit)2]2, Et3MeSb[Pd(dmit)2]3 and Cs[Pd(dmit)2]2.

Et2Me2Sb[Pd(dmit)2]2 Et3MeSb[Pd(dmit)2]3 Cs[Pd(dmit)2]2

RT 10K RT RT 10K

Space group C2=c P21=c P"11 C2=c P21=c

a/ !A 14.632(2) 14.5400(9) 8.009(4) 14.5490(9) 14.4390(7)

b/ !A 6.420(1) 12.6660(8) 16.107(6) 6.2860(3) 12.4150(7)

c/ !A 37.570(6) 37.230(2) 20.161(7) 30.721(2) 30.571(2)

!/deg 74.30(2)

#/deg 97.54(1) 98.119(4) 86.20(2) 90.539(4) 91.042(3)

%/deg 87.62(2)

V/ !A3 3498.6(10) 6787.7(7) 2497.5(1) 2809.5(3) 5479.3(5)

Z 4 8 2 4 8

R 0.0431 0.0424 0.0747 0.0394 0.0613

Rw 0.0985 0.1024 0.1971 0.0923 0.1854
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Fig. 2. Temperature dependence of the ratio Isatellite=Imain for #0-Et2Me2-
Sb[Pd(dmit)2]2. Isatellite is average intensity of satellite reflections and
Imain is average intensity of main reflections.
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centered monoclinic symmetry and a doubling of the lattice.
The transition temperature determined from the X-ray study
is Tc ¼ 68" 2K, which is consistent with Tc ¼# 70K
inferred from resistivity and magnetic susceptibility meas-
urements. The magnetic susceptibility shows a clear hyste-
retic behavior which indicates that this transition has a first-
order character.10) In the X-ray experiment, on the other
hand, the satellite spots gradually grew even below Tc. This,
as well as the appearance of the diffuse scattering above Tc,
indicates structural fluctuation throughout the transition, and
suggests an existence of an order parameter characterizing
this transition. In addition, the low temperature space group
P21=c (see below) is a sub-group of C2=c. All these results
suggest that this first-order phase transition is close to a
second-order one.

Figure 3 shows temperature dependence of the lattice
parameters between 295 and 10K. With lowering temper-
ature, values of the lattice parameters a and c gradually
decreased, while the ! angle increased above Tc. The b value
abruptly decreased by 0.3% at Tc. The cell volume
consequently decreased by 0.4% at Tc.

At the transition, the b axis was doubled and the space
group changed from C2=c to P21=c where the c-glide plane
symmetry was retained. The structure at 10K is shown in
Fig. 4 and the atomic coordinates and displacement param-
eters are summarized in Appendix. The two Pd(dmit)2 layers
in the unit cell are still crystallographically equivalent, but
each contains two crystallographically independent dimers
(dimer X and dimer Y).

The dimers X and Y are arranged alternately along the b
axis and are stacked in a manner of $ $ $X X Y Y X X$ $ $

along the a" b directions. Intra- and inter-dimer distances
between Pd(dmit)2 molecular planes defined as the best
planes for the central Pd atom and the four coordinating S
atoms are given in Table II. A remarkable difference
between the dimers X and Y is observed in the intra-dimer
distance. Compared with the room temperature structure, the
dimer X is much expanded, while the dimer Y is constrict-
ed. The intermolecular overlap integrals among HOMOs and
LUMOs of the Pd(dmit)2 molecule calculated on the basis of
the crystal structures at 295 and 10K, are listed in
Table III.16,17) The degree of dimerization is associated with
large values of the intra-dimer overlap integrals (jA1{ 4j) and
small values of the inter-dimer overlap integrals (jB1{ 4j)
along the stacking direction. It is evident that the HOMO–
HOMO and LUMO–LUMO overlaps are much enhanced in
the constricted dimer Y (jA2j ¼ jA4j) and are reduced in the
expanded dimer X (jA1j ¼ jA3j).

Taking account of the non-magnetic ground state below
Tc, we consider that the dimer X is [Pd(dmit)2]2%2 and the
dimer Y is neutral. That is, the drastic structural changes of
the dimers are a result of this large change in the valence
state; 2dimer% ! dimer0 þ dimer2%. This is consistent with
the quantum chemical analysis of the dimer electronic
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Table II. Inter-planar distances within the dimer and between dimers for !0-Et2Me2Sb[Pd(dmit)2]2, Et3MeSb[Pd(dmit)2]3 and Cs[Pd(dmit)2]2.

Et2Me2Sb[Pd(dmit)2]2 Et3MeSb[Pd(dmit)2]3 Cs[Pd(dmit)2]2

RT 10K RT RT 10K

Intra-dimer/ !A 3.233(6) dimer X 3.362(8) dimer X 3.332(23) 3.242(8) dimer X 3.322(13)

dimer Y 3.047(8) dimer Y 3.066(18) dimer Y 3.124(13)

Inter-dimer/ !A 3.894(9) 3.749(11) 3.482(24) 3.852(10) 3.719(15)

3.798(12) 3.897(26) 3.781(16)

4.085(12) 3.945(17)

2756 J. Phys. Soc. Jpn., Vol. 74, No. 10, October, 2005 A. NAKAO and R. KATO
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Phase diagram
Shimizu et al. JPCM 19 145240 (2007)

Shimizu et al. [JPCM ‘07] have 
argued that controlling the 
frustration drives the system into the 
spin liquid state

However their phase diagram does 
not match what is known 
theoretically about the model

Their t values come from Huckel - is 
this the problem?

It is known the Huckel overestimates 
t’/t in the BEDT-TTF salts

Another trend in the data is that 
systems near the Mott transition 
have lower TNs (i.e., become 
antiferromagnetic at lower 
temperatures)

A simple trend is that salts with 
larger cations have lower TNs

P-0

As-0

As-1

P-2

As-2 Sb-0

Sb-1

P-1

angular lattice !t! t!".3 More importantly, fits of high-
temperature series expansions to the bulk susceptibility show
that J#J! in "-!ET"2Cu2!CN"3 but that J!J! in
"-!ET"2Cu$N!CN"2%Cl.23,24 A pressure of greater than
&0.3 GPa drives the ground state of "-!ET"2Cu2!CN"3 from
a spin liquid to a superconductor. To date very little is known
experimentally about this superconducting state. It has re-
cently been argued26,27 that the frustration will drive changes
in the spin fluctuations which will lead to a superconducting
state with broken time-reversal symmetry, i.e., a d+ id !or
more strictly A1+ iA2" state. Therefore it is important to un-
derstand the nature of the spin fluctuations in
"-!ET"2Cu2!CN"3 in both the insulating and the metallic
phases.

In order to investigate the spin fluctuations we present,
below, a theoretical analysis of previously published NMR
experiments. In Sec. II we show that although NMR experi-
ments on the organic charge-transfer salts are rather similar
to those on the cuprates and heavy fermion materials there
are some important differences. A detailed analysis shows
that, in the "-phase organics, the pseudogap energy scale is
set by the spin fluctuations and in !TMTSF"2ClO4 the super-
conducting gap is the same size as the characteristic spin
fluctuations. In Sec. III we compare the pseudogap energy
scale with the temperature at which coherence emerges in the
intralayer transport. We find that they are the same to within
experimental error and propose a phenomenological interpre-
tation of this. In Sec. IV we discuss the behavior of the
organic charge-transfer salts under hydrostatic pressures and
raise some important issues about the pseudogap that have
not yet been addressed experimentally. Finally, we draw our
conclusions in Sec. V.

II. HIGH-TEMPERATURE SPIN-LATTICE RELAXATION

A. Scaling and the two-fluid model

In the two-fluid model proposed by Pines et al.14–18 the
spin-lattice relaxation rate is given by

T1T

!T1T"NMR
= # + "TNMR

T

TNMR
, !1"

where " and # are material dependent constants, the latter
measuring the proximity to a putative quantum critical point,
and TNMR is the temperature where there is a maximum in
1 /T1T. The two fluids are proposed to be a Fermi-liquid
component and a spin-liquid component.

We plot previously published28–34 NMR data for both in-
sulating and metallic phases of organic charge-transfer salts
in this “scaling” form in Fig. 2. For the metallic salts it can
be seen that, while there is a broad trend in the data, the data

FIG. 1. !a" The anisotropic triangular lattice is believed to pro-
vide the basic description of the electronic structure of the
"-!ET"2X salts. This model has a tight-binding structure where each
site represents a dimer, !ET"2. There is a hopping integral, t, along
the sides of a square and another, t!, along one diagonal. Further,
there is a strong Coulomb repulsion, U, if two electrons are placed
on the same site. For a review see Ref. 3. For X=Cu2!CN"3 t!# t
and hence, in the Mott insulating phase, J#J!, as J#4t2 /U and
J!#4t!2 /U. For the other X discussed in this paper t! t! and thus
the geometrical frustration is significantly reduced. !b" Phase dia-
gram of the Heisenberg model of the anisotropic triangular lattice
from series-expansion calculations !Ref. 21", which shows the sen-
sitivity of this model to variations in J! /J. The following abbrevia-
tions are used in the figure: long-range order !LRO", short-range
order !SRO", and qausi-one dimensional !q1D". !$ ,$" is the wave
vector associated with Néel order and !q ,q" is the wave vector for
spiral ordering, which varies continuously from q=$ to q=$ /2 as
J! /J increases.
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FIG. 2. !Color online" Rescaled plots of the temperature dependence of 1 /T1T for !a" metallic and !b" insulating organic charge-transfer
salts. While there is a clear trend in the data of the nonmagnetic materials, they do not collapse onto a single curve as the data for the cuprates
and heavy fermion materials do !Refs. 14–18" This suggests that a two-fluid description is not required for the organic superconductors.
However, this data is in good agreement with the prediction of the spin-fluctuation model $Eqs. !5" and !7"%. Equation !5" predicts that the
data will lie in the gray shaded regions, which represent the extrema of possible values of Tx /TNMR. The lines show the predictions for
particular values of Tx /TNMR in Eq. !5" or TN /TNMR in Eq. !7" as marked. The abbreviations used in the figure and the sources of the data
are, "-CN3 is "-!ET"2Cu2!CN"3 !Ref. 28", "-Br is "-!ET"2Cu$N!CN"2%Br !Refs. 29 and 30", d8-"-Br is "-!d8"-!ET"2Cu$N!CN"2%Br !Ref.
31", "-NCS is "-!ET"2Cu!NCS"2 !Ref. 32", TMTSF is !TMTSF"2ClO4 !Ref. 33", and "-Cl is "-!ET"2Cu$N!CN"2%Cl !Ref. 34".
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Superconductivity

Very little is known about the superconducting state.

Zero resistance has been observed under pressure or uniaxial stress in 
several Pd(dmit)2 salts - this tells us that they superconduct, but not 
much more (Tc is typically a few K)

The Meisner state has been observed in P-1 [Ishii et al., JPSJ ‘07], 
which confirms that it’s bulk superconductivity

As far as I’m aware we don’t know any more about the superconducting 
state
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Overview
For a review see BJP and McKenzie, JPCM 18, R827 (2006)

Structure and phase diagram

Model Hamiltonian

Metal-insulator transition

Spin liquid

Strongly correlated metal

Nernst effect

Superconductivity

Parameters for the model 
Hamiltonian
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Structure and phase diagram

Model Hamiltonian 

Metal-insulator transition
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