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Why liquids?

Aren’t solids infinitely more interesting?



Solids

Detailed structure description is 
possible - nature is very rich!

Can classify state by symmetry 
and order parameters - e.g. 230 
space groups
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Liquids are more 
subtle

Liquids, e.g. water (especially water) contain 
strong dynamical correlations at short 
distances, which are not captured by any 
broken symmetry or static picture

a possible problem, depending on how far our basis func-
tions continue in real-space. Fortunately, this only affects the
low-Q region of the predicted scattering curve, and this does
not affect the quality of our fit since our experimental data is
truncated at a relatively high value of Q!0.4 Å"1. The be-
havior of the pure water scattering curve at smaller angle is
mostly uninteresting and simply describes the lack of signifi-
cant long-wavelength correlations in liquid water. The Q

!0 value of the scattering curve gives the isothermal com-
pressibility of water and enforces a constraint on the total
integral of the RDFs. However this constraint should be en-
forced only strictly at the r!! limit of the RDFs,
and can only be used as an approximate constraint at finite
values of r.

The basis set of RDFs used in the present procedure
contained values up to r!12.4 Å, corresponding to simula-
tions of a box of 512 waters; this provides values of pre-
dicted scattering up to Q!0.25 Å"1, sufficient for our
present experimental data. With accurate data extending to
lower Q, we would need to repeat our procedure with longer
RDFs.

RESULTS

To apply the fitting procedure discussed above, we se-
lected various trial functions for gOH(r), and extracted the
gOO(r) which best fit the experimental curve with this as-
sumed oxygen–hydrogen correlation. In principle, our fitting
procedure could be used to simultaneously fit gOO(r) and
gOH(r) to the curve. However, preliminary investigations in-
dicated that the total scattering curve is too insensitive to the
form of gOH(r), and a relatively wide range of choices for
gOH(r) were consistent within experimental uncertainty and
the quality of our fits.

The gOO(r) resulting from this procedure is shown in
Fig. 3, assuming the experimental gOH(r) determined by
Soper et al. from neutron scattering.5 Also shown in the fig-

ure are previous experimental determinations of gOO(r) from
Narten’s x-ray scattering experiments,3 the neutron scattering
experiment by Soper and Phillips,4 and recent neutron scat-
tering work by Soper, Bruni, and Ricci.5 Our fit was obtained
using values of "!1.333, which corresponds to a liquid-
phase dipole moment of 2.8 D, and #!2.2 Å"1, as derived
above. The predicted x-ray scattering for this fit is shown in
Fig. 4, in comparison to the present experimental scattering
curve.

As seen in Fig. 3, the differences between the current fit
and earlier determinations of gOO(r) are in the height and
sharpness of the first peak, as well as a systematic shift in all
peak positions to smaller values of r. What are the meaning
of these differences if any? There has been considerable con-
fusion in the simulation community as to what aspects of the
radial distribution functions derived from scattering experi-
ments can be quantitatively compared against simulation.
The neutron scattering experiments have undergone revision
in recent years away from the earlier analysis first presented
with the data.4,5,45 There has also been criticism that the re-
ported experiments by Narten and Levy could not be repro-
duced based on the information given in Ref. 3.30 In the
development of the TIP4P-FQ model, a comparison of simu-
lated results to those of experiment was considered to the
unhelpful,6 while recent ab initio simulations give credence
to peak positions of gOO(r) only.

8 In what follows we pro-
vide guidance as to what experiment can actually say in re-
gard to this particular measure of ambient water structure.

We first mention that the magnitude of peak and trough
heights for the second and third peaks is highly consistent
between the very different scattering experiments: recent
time of flight neutron scattering data,5 x-ray diffraction using
a reflection geometry setup,3 and our recently reported ALS
data.18 It is even reasonably consistent between our ALS data
and older neutron studies by Soper and Phillips.4 We would
conclude that magnitudes of the second and third peaks are
worth reproducing by simulation, and we compare how vari-
ous water models perform in this regard in the next section.

FIG. 3. Comparison of current experimental gOO(r) with previous work.
The fit was obtained with "!1.333 and #!2.2 Å"1 for the ALS data, x-ray
$black line%; Narten and Levy, x-ray $Ref. 3% $dashed line%; Soper and Phil-
ips $Ref. 4% $dot-dashed line%. Soper, Bruni, and Ricci, neutron $Ref. 5%
$gray line%.

FIG. 4. Predicted x-ray scattering for the gOO(r) in Fig. 3 compared with
experiment. Legend: Hura et al., x-ray $black line%; best fit $gray line%.

9153J. Chem. Phys., Vol. 113, No. 20, 22 November 2000 Radial distributions of water

radial distribution 
function of O in water



Liquid = Gas?

Classical liquids are continuously connected 
to gases - not a distinct phase of matter

but still interesting



Quantum Liquids

Quantum liquids can be distinct phases of 
matter

FQHE

Superfluid helium
(a more subtle broken symmetry)



Spins

These phases (and more!) have analogies in 
magnetic materials



Spin Analogy

Molecule ⇒ spin



Spin Analogy

Gas ⇒ paramagnet

independent molecules independent spins



Spin Analogy

Solid ⇒ (anti)-ferromagnet
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Spin liquids?

Liquid ⇒ “spin liquid” = “cooperative 
paramagnet”

?
What makes spins 
correlated but not 

ordered?



Frustration

Simplest idea: pairwise exchange interactions 
cannot be simultaneously satisfied

But this is a bit simplistic, and overstates the 
problem

“geometric 
frustration”



Degeneracy
Ideally: frustration induces ground state 
degeneracy, and in spin liquid, spins fluctuate 
within those ground states

e.g. triangular lattice Ising antiferromagnet

1 frustrated 
bond per 
triangle

Wannier (1950): ! = eS/kB S ! 0.34NkB



Other lattices

checkerboard S ~ 0.216 N kB

kagome S ~ 0.5 N kB

pyrochlore S ~ 0.203 N kB

FCC: S ~ c N1/3 kB



Complications

Heisenberg spins

More complex interactions

Quantum effects: level repulsion avoids 
degeneracies

a true Quantum Spin Liquid is a more 
subtle thing



Local moments: Curie-Weiss law at high T

Frustration/fluctuation parameter:  f = |ΘCW|/TN

f>>1: wide regime TN < T < |ΘCW|

Empirical measure

! ! A

T "!CW

TTN

Spin liquid

!!1

!CW |!CW |

Spin gas (paramagnet)
Spin solid (ordered)
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Spin Ice (for 
theorists)

In certain rare earth magnets, e.g. Ho2Ti2O7, 
spins behave like classical vectors of fixed 
length, on the sites of a pyrochlore lattice, 
oriented along local easy axes

!Si = êi"i
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Spin Ice (for 
theorists)

Exchange (due largely to dipolar 
interactions) is ferromagnetic

Prefers “2 in - 2 out” states

!J !Si · !Sj =
J

3
"i"j

same as Ising 
antiferromagnet

“ice rules”



Entropy

The integrated specific heat 
of Dy2Ti2O7 showed 
explicitly that the entropy 
did not vanish at low 
temperature 

quantitative agreement 
with Pauling’s 1935 
estimate 

A.P. Ramirez et al, 1999



Spin liquid physics

The spin liquid fluctuations are a form of 
“artificial magnetostatics” (classical)

ice rules: divergence free condition

!! ·!b = 0

!S ! !b



Power law 
correlations

Effective theory

Using vector potential b = ∇×a

This is directly proportional to the static 
magnetic structure factor measured in a 
neutron experiment

He! =
!

d3r
c

2
|!b|2

!bµ("k)b!(k)# =
1
c

!
!µ! " kµk!

k2

"

S(K200 + k) !
k2

y + k2
z

k2



 pinch points in 
Ho2Ti2O7

experiment theory

vanishes along lines

T. Fennell et al, 2009

S(K200 + k) !
k2

y + k2
z

k2



Magnetic monopoles

Defect tetrahedra are sources and sinks of 
“magnetic” flux (and real magnetization)

It is a somewhat non-local object

Must flip a semi-infinite string of spins to 
create a single monopole

div b = 1

Castelnovo et al, 2008

!M ! !b



String

stolen (by somebody else on youtube) 
from Steve Bramwell

Note that the string is 
tensionless because the 
energy depends only on 
∑i σi on each tetrahedra

this should be spoiled 
at low temperature by 
corrections to H

Once created, the 
monopole can move by 
single spin flips



Experimental evidence 
for monopoles

Careful study of quasi-activation behavior of 
magnetization relaxation rate (Jaubert +Holdsworth, 
2009)

measures the energy of a monopole

Magnetic “Wien” effect (Bramwell et al, 2009)

measures a monopole’s magnetic charge

Several neutron measurements see “strings” in applied 
fields

I suggest you talk to Michel Gingras to learn more 
about these experiments
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Quantum Spin 
Liquids

In a classical spin liquid (spin ice), spins 
eventually freeze at low temperature

c.f. R. Melko et al: spin ice should order, but 
falls out of equilibrium

eventually, the strings become “visible” and 
monopoles are confined

In a true quantum spin liquid, spins fluctuate 
even at T=0, and there are no observable 
strings



Why QSLs?

Fascinating exotic states of matter

fractional quantum numbers and fractional 
(even non-abelian) statistics

emergent gauge fields

non-trivial interacting field theories

Natural progenitors of superconductivity 



RVB States

Anderson (73): ground states of quantum 
magnets might be approximated by 
superpositions of singlet “valence bonds”

Valence bond = singlet

+ + … 
! =

|V B! = 1!
2

(| "#! $ | #"!)



VB states

!"#

!$# %

%&'''

%'''!(#

VBS not a spin liquid



VB states

!"#

!$# %

%&'''

%'''!(#

VBS

Short-
range
RVB

a QSL with an energy gap to break a singlet



VB states

!"#

!$# %

%&'''

%'''!(#

VBS

Short-
range
RVB

Long-
range 
RVB

gapless spin excitations



Spinons

QSLs generically support “spinons”, neutral particles with 
S=1/2 

In 1d, the spinon is a domain wall or soliton

It has in this sense a “string”, but this does not confine the 
spinon because the string’s boundary is just its endpoint



Spinons
In d>1, any observable string costs divergent 
energy



Spinons
In d>1, any observable string costs divergent 
energy

If the ground state is a superposition of many 
states, the string need not be observable, if 
motion of the string simply reshuffles states in 
the superposition



Slave particles
Gutzwiller-type variational wavefunction uses a 
reference Hamiltonian

Project

Gauge transformations of reference state leave 
physical state invariant

this is believed to be reflected in emergent gauge 
fields in the QSL phases: U(1), Z2, ...

Href =
!

ij

"
tijc

†
i!cj! + h.c. + !ijc

†
i!c

†
j" + h.c.

#

|!var! =
!

i

P̂ni=1|!ref !



The “landscape”

The space of RVB variational wavefunctions is vast

The number of distinct Quantum Spin Liquid (QSL)  phases is 
also huge

e.g. X.G. Wen has classified hundreds of different QSL states 
all with the same symmetry on the square lattice (and this is 
not a complete list!)

This makes it difficult to compare all of the states

Many QSLs are described by non-trivial interacting QFTs, 
which are themselves not well understood
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The paradox

There seem to be so many QSLs in theory

But no clear demonstrations in experiment

probably thousands of quantum 
antiferromagnets have been studied 
experimentally and nearly all of them order 
magnetically



Where to look?

Materials with

S=1/2 spins 

Frustration

Other sources of fluctuations, e.g. 
proximity to Mott transition (where the 
electrons become delocalized)



1/f=Tc=0: no ordering (magnetic or otherwise!)

No spin freezing (hysteresis, NMR, µSR)

Structure of low energy excitations

χ(T), Cv(T), 1/T1, κ, inelastic neutrons

theoretical guidance helpful!

Smoking gun?

What to look for



Seeing Spinons

A proof of principle: 1d spinons have been 
observed in several materials by neutron 
scattering

Basic idea

neutron

K,Ω 

K-k,Ω -ω

k,ω
magnon S=1 leads to a sharp peak

at ω=ε(k)



Seeing Spinons

A proof of principle: 1d spinons have been 
observed in several materials by neutron 
scattering

Basic idea

neutron

spinon S=1/2

K,Ω 

K-k,Ω -ω

k,ω
magnon S=1

k-k’,ω-ω’

k’,ω’

broad peak with 
ω=ε(k’)+ε(k-k’)



Cs2CuCl4

“Power law” fits well to free spinon result
Fit determines normalization

R. Coldea

Oleg 
Starykh

Masanori 
Kohno



Spinon interactions
Depending upon k, spinons may be bound or not

  Curves: 2-spinon theory w/ experimental resolution  Curves: 4-spinon RPA w/ experimental resolution



d>1 QSL materials
Q2D organics !-(ET)2X;  spin-1/2 on triangular lattice

dimer model

ET layer

X layer

Kino & Fukuyama

t’

t t

t’

t t

t’

t t

t’

t t t’/t = 0.5 ~ 1.1

0.68SCCu[N(CN)2]Br

0.75Mott insulatorCu[N(CN)2]Cl

0.84SCCu(NCS)2

1.06Mott insulatorCu2(CN)3

t’/tGround StateX-

0.68SCCu[N(CN)2]Br

0.75Mott insulatorCu[N(CN)2]Cl

0.84SCCu(NCS)2

1.06Mott insulatorCu2(CN)3

t’/tGround StateX-

Triangular lattice

Half-filled band

κ-(BEDTTTF)2Cu2(CN)3

EtMe3Sb[Pd(dmit)2]2

t t

t’

www.physicstoday.org February 2007    Physics Today 17

Mendels group’s samples were pre-
pared at Edinburgh and at CEMES–
CNRS, Toulouse, France.

The experiments all show fairly con-
clusively that the spin-! kagome lattice
behaves as a spin liquid: Its spins do not
develop conventional antiferromagnetic
order down to temperatures as low as 
50 mK. The jury is still out, however, on
whether the putative quantum spin liq-
uid shows any exotic behavior. Interpre-
tation is difficult first of all because only
microcrystalline samples are available;
researchers have not yet been able to
grow crystals larger than a few microns.
Furthermore, even small amounts of im-
purities can affect the low-temperature
behavior and prevent ordering that
might otherwise have occurred.  

Lee comments that his group and
others are still in the early stages of
studying this material. With more expe-
rience, they hope to have a better handle
on impurities and begin to define more
precisely the low-temperature physics 
of the spin-! kagome materials.  

Quantum spin liquid 
Anderson’s 1973 paper looked at a
model in which one spin-!  particle (an
electron in the outer orbit of a magnetic
atom) is fixed at each vertex of a trian-
gular lattice and interacts antiferro-
magnetically with its neighbors. On a
square lattice, such spins order into a
Néel state, freezing into a spin solid
with alternating spins. But the triangu-
lar lattice frustrates the attempts to
order (see the article on geometrical
frustration by Roderich Moessner and
Arthur Ramirez in PHYSICS TODAY,
February 2006, page 24). 

Anderson proposed an alternative
state. He pictured a state consisting of
singlet-bond pairs, such as the configu-
ration shown in figure 1a. That config-
uration is far from unique because 
each spin has an equal probability 
of forming singlet pairs with any of 
its neighbors. Anderson defined a
resonating-valence bond state as a lin-
ear combination of all the configura-
tions that one can get by different
pairings. 

Since Anderson’s work, a team led by
Claire Lhuillier from the Pierre and
Marie Curie University in Paris found
that a triangular spin-! lattice with only
nearest-neighbor interactions can reach
an ordered state with spins on any given
triangle oriented at 120° to one another.7
Still, triangular lattices with more com-
plicated interactions remain candidates
for a quantum spin liquid. Most promis-
ing of all is the 2D spin-!  kagome lat-
tice because its vertex-sharing geometry

gives it a higher degree of frustration
than a triangular lattice and because
quantum fluctuations are particularly
strong for a low spin. 

The excitations in the spin-liquid pic-
ture result from breaking spin pairs. This
creates two single spins (spinons, with
spin s = !) that move around inde-
pendently of one another, much as elec-
trons move in a metal—even though the
material is still an insulator. By contrast,
the fundamental excitations in a mag-
netically ordered Néel state are s= 1
spin waves, known as magnons.

Theorists have studied two types of
spin liquids: those with an energy gap
and those without. In most of the for-
mer types of spin liquid, singlet bonds
form between nearby spins, and these
cost energy to break. Studies indicate
that such gapped excitations behave
much like particles, although they may
have fractional quantum numbers. The
system may have a topological order,
such as that found in the fractional
quantum Hall states.

In gapless spin liquids, there are sin-
glet bonds connecting pairs of spins that
can be spatially well separated, as well
as shorter-range pairs. Since it costs
much less energy to break the bond be-
tween widely separated spins, the spin
liquid may be gapless. This possibility,
only appreciated in recent years, is quite
intriguing. Normally, one expects a sys-
tem with a spontaneously broken sym-
metry, such as an antiferromagnet, to be
gapless: It costs little energy to excite
spin waves in the system. But a spin liq-
uid would be a gapless system with no
broken symmetry. What protects such a
system from developing a gap? 

Gapless spin liquids have been
called critical or algebraic spin liquids
because their properties are expected to
exhibit some of the same power-law de-
pendencies as those found near a criti-
cal point. The excitations might be de-
scribed by an extended wavefunction
rather than as a single particle. Theo-
rists are just starting to explore what the
properties of such a system might be.

For the spin-! kagome lattice with
nearest-neighbor interactions, Lhuil-
lier’s group, joined by Hans-Ulrich
Everts and colleagues from the Leibnitz
University in Hanover in Germany, nu-
merically calculated the energy spec-
trum and predict that there is a contin-
uum of low-lying singlet states and a
very small gap (if any) to a spin triplet
continuum.8 The big question for ex-
perimentalists is whether this predic-
tion is verified in real materials. 

Experimental signatures
The initial experiments on the newly syn-
thesized kagome material primarily ad-
dressed two questions: Does the system
remain disordered down to low temper-
atures and does it have a spin gap? 

To check for long-range magnetic
order, the group led by MIT’s Lee looked
in the neutron-scattering spectrum for
Bragg peaks. As noted by Collin Bro-
holm of the Johns Hopkins University,
however, it’s not always easy to see
Bragg peaks from a spin-! magnet in a
powder. To address this concern, the
MIT team showed that they could see
Bragg peaks in a powder sample of a
cousin of herbertsmithite that is known
to have magnetic order, but did not see
them in a similarly prepared powder of

Figure 2. Herbertsmithite, or ZnCu3(OH)6Cl2. (a) Side view shows two groups
of three copper atoms (blue) along with chlorine (green), oxygen (red), hydro-
gen (white), and zinc (orange). (b) Top view, looking down on copper planes,
reveals the kagome structure. The vertex-sharing triangles are indicated in
gray. (Adapted from ref. 3.)

a b

Monoclinic, C2/m 

a = 10.607! 

b = 5.864! 
c = 7.214! 

! = 94.90°!

Lafontaine et al., J. Solid State Chem. 85, 220 (1990) !

2.94!!3.03! !

~3% !

V5+ !
Cu2+ !

Cu1 !

Cu2 !

V5+ !

J’
!

J
!

J
! J – J – J’ kagome 

No exchange, Cu2+ / V5+ !

ZH et al., JPSJ 70, 3377 (2001) !

NMR probe, V is surrounded by 6 Cu !

Monoclinic, C2/m 

a = 10.607!, b = 5.864!, c = 7.214! 

! = 94.90° 

2.94! 

3.03!  Cu1 – Cu2 

Cu2 – Cu2 

Cu2+ 

V5+ 

O2- 

!Cu2–Cu1–Cu2 = 57.87 

!Cu1–Cu2–Cu2 = 61.06 

•!Good two dimensionality 

•!No disorder between Cu2+ and V5+ ions 

•!Difference between J1 and J2 may be smaller than 20 % 

Ref.) M. A. Lafontaine et al., JSSC85, 220 (1990);  Z. Hiroi et al., JPSJ70, 3377 (2001). 
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FIG. 1: (a) Crystal structure of vesignieite BaCu3V2O8(OH)2
viewed along the a axis (left) and perpendicular to the ab
plane (right). (b) Powder XRD pattern of a polycrystalline
sample of vesignieite taken at room temperature. Peak indices
are given by assuming a monoclinic unit cell of a = 10.273 Å,
b = 5.907 Å, c = 7.721 Å and ! = 116.29!.

can be a suitable compound for realizing spin-1/2
KAFMs. The thermodynamic properties of vesignieite
are studied and compared with those of the previous
kagome compounds.

Vesignieite BaCu3V2O8(OH)2 is a natural mineral re-
ported about a half century ago [11]. It crystallizes in a
monoclinic structure of the space group C2/m with lat-
tice parameters of a = 10.271 Å, b = 5.911 Å, c = 7.711 Å,
! = 116.42! [12]. This structure consists of Cu3O6(OH)2
layers, made up of edge-shared CuO4(OH)2 octahedra
and separated by VO4 tetrahedra and Ba2+ ions (Fig.
1 (a)). Cu2+ ions form a nearly perfect kagome lattice,
though there are two crystallographic sites for them, as
in volborthite. The distortion of a Cu triangle from the
regular one is negligible (! 0.2%) with the distances be-
tween two Cu atoms being 2.962 Å (Cu1-Cu2) and 2.956
Å (Cu2-Cu2) [12]. Thus, the spatial anisotropy in J
may be much smaller than that in volborthite. More-
over, vesignieite is expected to be free of antisite disor-
der, the same as volborthite, because it contains no ions
chemically similar to Cu2+. From these structural and
chemical features, we expect that vesignieite can be an
ideal model system for the spin-1/2 KAFM to be com-
pared with herbertsmithite and volborthite.

A polycrystalline sample of BaCu3V2O8(OH)2 was
prepared by the hydrothermal method. 0.1 g of the mix-
ture of Cu(OH)2 and V2O5 in 3:1 molar ratio and 0.3
g of Ba(CH3COO)2 were put in a Teflon beaker placed
in a stainless-steel vessel. The vessel was filled up to 60
volume % with H2O, sealed and heated at 180 !C for
24 h. Sample characterization was performed by powder
x-ray di!raction (XRD) analysis using Cu-K" radiation.
Magnetic and thermodynamic properties were measured
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FIG. 2: (a) Temperature dependence of magnetic susceptibil-
ity " of vesignieite BaCu3V2O8(OH)2 polycrystalline sample
measured on heating at a magnetic field of 0.1 T. The filled
circles, open circles, and broken line represent ", "bulk, and
"imp, respectively. The solid curve on the " data between 2
and 10 K represents a Curie-Weiss (CW) fit, and that between
150 and 300 K represents a fit to the kagome lattice model
obtained by high-temperature series expansion (HTSE) [13],
which yields J/kB = 53 K and g = 2.16. The inset shows
""1, where the solid line between 200 and 300 K represents a
CW fit, which gives #W = !77 K and pe! = 1.98 µB/Cu. (b)
Temperature dependence of field-cooled and zero-field-cooled
" measured in various magnetic fields up to 5 T.

in MPMS and PPMS (Quantum Design). All the peaks
observed in the powder XRD pattern were indexed to re-
flections based on a monoclinic structure with the lattice
constants a = 10.273 Å, b = 5.907 Å, c = 7.721 Å, !
= 116.29! (Fig. 1 (b)), confirming that our sample is
single-phase vesignieite [11, 12]. The peaks are consider-
ably broad, indicating a small particle size on the order
of a few nm estimated using the Scherrer equation.

The temperature dependences of magnetic susceptibil-
ity # and inverse susceptibility #"1 of vesignieite are
shown in Fig. 2 (a). #"1 exhibits a linear tempera-
ture dependence above 150 K, interpreted as Curie-Weiss
magnetism. A Curie-Weiss fit to the data between 200
and 300 K yields a moderately large negative $W = "77
K and an e!ective moment pe! = 1.98 µB/Cu, which
is slightly larger than the spin-only value expected for
S = 1/2. The exchange coupling J and Lande g-factor
g are estimated to be J/kB = 53 K and g = 2.16, by

herbertsmithite volborthite vesignieite

Na4Ir3O8
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Mendels group’s samples were pre-
pared at Edinburgh and at CEMES–
CNRS, Toulouse, France.

The experiments all show fairly con-
clusively that the spin-! kagome lattice
behaves as a spin liquid: Its spins do not
develop conventional antiferromagnetic
order down to temperatures as low as 
50 mK. The jury is still out, however, on
whether the putative quantum spin liq-
uid shows any exotic behavior. Interpre-
tation is difficult first of all because only
microcrystalline samples are available;
researchers have not yet been able to
grow crystals larger than a few microns.
Furthermore, even small amounts of im-
purities can affect the low-temperature
behavior and prevent ordering that
might otherwise have occurred.  

Lee comments that his group and
others are still in the early stages of
studying this material. With more expe-
rience, they hope to have a better handle
on impurities and begin to define more
precisely the low-temperature physics 
of the spin-! kagome materials.  

Quantum spin liquid 
Anderson’s 1973 paper looked at a
model in which one spin-!  particle (an
electron in the outer orbit of a magnetic
atom) is fixed at each vertex of a trian-
gular lattice and interacts antiferro-
magnetically with its neighbors. On a
square lattice, such spins order into a
Néel state, freezing into a spin solid
with alternating spins. But the triangu-
lar lattice frustrates the attempts to
order (see the article on geometrical
frustration by Roderich Moessner and
Arthur Ramirez in PHYSICS TODAY,
February 2006, page 24). 

Anderson proposed an alternative
state. He pictured a state consisting of
singlet-bond pairs, such as the configu-
ration shown in figure 1a. That config-
uration is far from unique because 
each spin has an equal probability 
of forming singlet pairs with any of 
its neighbors. Anderson defined a
resonating-valence bond state as a lin-
ear combination of all the configura-
tions that one can get by different
pairings. 

Since Anderson’s work, a team led by
Claire Lhuillier from the Pierre and
Marie Curie University in Paris found
that a triangular spin-! lattice with only
nearest-neighbor interactions can reach
an ordered state with spins on any given
triangle oriented at 120° to one another.7
Still, triangular lattices with more com-
plicated interactions remain candidates
for a quantum spin liquid. Most promis-
ing of all is the 2D spin-!  kagome lat-
tice because its vertex-sharing geometry

gives it a higher degree of frustration
than a triangular lattice and because
quantum fluctuations are particularly
strong for a low spin. 

The excitations in the spin-liquid pic-
ture result from breaking spin pairs. This
creates two single spins (spinons, with
spin s = !) that move around inde-
pendently of one another, much as elec-
trons move in a metal—even though the
material is still an insulator. By contrast,
the fundamental excitations in a mag-
netically ordered Néel state are s= 1
spin waves, known as magnons.

Theorists have studied two types of
spin liquids: those with an energy gap
and those without. In most of the for-
mer types of spin liquid, singlet bonds
form between nearby spins, and these
cost energy to break. Studies indicate
that such gapped excitations behave
much like particles, although they may
have fractional quantum numbers. The
system may have a topological order,
such as that found in the fractional
quantum Hall states.

In gapless spin liquids, there are sin-
glet bonds connecting pairs of spins that
can be spatially well separated, as well
as shorter-range pairs. Since it costs
much less energy to break the bond be-
tween widely separated spins, the spin
liquid may be gapless. This possibility,
only appreciated in recent years, is quite
intriguing. Normally, one expects a sys-
tem with a spontaneously broken sym-
metry, such as an antiferromagnet, to be
gapless: It costs little energy to excite
spin waves in the system. But a spin liq-
uid would be a gapless system with no
broken symmetry. What protects such a
system from developing a gap? 

Gapless spin liquids have been
called critical or algebraic spin liquids
because their properties are expected to
exhibit some of the same power-law de-
pendencies as those found near a criti-
cal point. The excitations might be de-
scribed by an extended wavefunction
rather than as a single particle. Theo-
rists are just starting to explore what the
properties of such a system might be.

For the spin-! kagome lattice with
nearest-neighbor interactions, Lhuil-
lier’s group, joined by Hans-Ulrich
Everts and colleagues from the Leibnitz
University in Hanover in Germany, nu-
merically calculated the energy spec-
trum and predict that there is a contin-
uum of low-lying singlet states and a
very small gap (if any) to a spin triplet
continuum.8 The big question for ex-
perimentalists is whether this predic-
tion is verified in real materials. 

Experimental signatures
The initial experiments on the newly syn-
thesized kagome material primarily ad-
dressed two questions: Does the system
remain disordered down to low temper-
atures and does it have a spin gap? 

To check for long-range magnetic
order, the group led by MIT’s Lee looked
in the neutron-scattering spectrum for
Bragg peaks. As noted by Collin Bro-
holm of the Johns Hopkins University,
however, it’s not always easy to see
Bragg peaks from a spin-! magnet in a
powder. To address this concern, the
MIT team showed that they could see
Bragg peaks in a powder sample of a
cousin of herbertsmithite that is known
to have magnetic order, but did not see
them in a similarly prepared powder of

Figure 2. Herbertsmithite, or ZnCu3(OH)6Cl2. (a) Side view shows two groups
of three copper atoms (blue) along with chlorine (green), oxygen (red), hydro-
gen (white), and zinc (orange). (b) Top view, looking down on copper planes,
reveals the kagome structure. The vertex-sharing triangles are indicated in
gray. (Adapted from ref. 3.)
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FIG. 1: (a) Crystal structure of vesignieite BaCu3V2O8(OH)2
viewed along the a axis (left) and perpendicular to the ab
plane (right). (b) Powder XRD pattern of a polycrystalline
sample of vesignieite taken at room temperature. Peak indices
are given by assuming a monoclinic unit cell of a = 10.273 Å,
b = 5.907 Å, c = 7.721 Å and ! = 116.29!.

can be a suitable compound for realizing spin-1/2
KAFMs. The thermodynamic properties of vesignieite
are studied and compared with those of the previous
kagome compounds.

Vesignieite BaCu3V2O8(OH)2 is a natural mineral re-
ported about a half century ago [11]. It crystallizes in a
monoclinic structure of the space group C2/m with lat-
tice parameters of a = 10.271 Å, b = 5.911 Å, c = 7.711 Å,
! = 116.42! [12]. This structure consists of Cu3O6(OH)2
layers, made up of edge-shared CuO4(OH)2 octahedra
and separated by VO4 tetrahedra and Ba2+ ions (Fig.
1 (a)). Cu2+ ions form a nearly perfect kagome lattice,
though there are two crystallographic sites for them, as
in volborthite. The distortion of a Cu triangle from the
regular one is negligible (! 0.2%) with the distances be-
tween two Cu atoms being 2.962 Å (Cu1-Cu2) and 2.956
Å (Cu2-Cu2) [12]. Thus, the spatial anisotropy in J
may be much smaller than that in volborthite. More-
over, vesignieite is expected to be free of antisite disor-
der, the same as volborthite, because it contains no ions
chemically similar to Cu2+. From these structural and
chemical features, we expect that vesignieite can be an
ideal model system for the spin-1/2 KAFM to be com-
pared with herbertsmithite and volborthite.

A polycrystalline sample of BaCu3V2O8(OH)2 was
prepared by the hydrothermal method. 0.1 g of the mix-
ture of Cu(OH)2 and V2O5 in 3:1 molar ratio and 0.3
g of Ba(CH3COO)2 were put in a Teflon beaker placed
in a stainless-steel vessel. The vessel was filled up to 60
volume % with H2O, sealed and heated at 180 !C for
24 h. Sample characterization was performed by powder
x-ray di!raction (XRD) analysis using Cu-K" radiation.
Magnetic and thermodynamic properties were measured
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FIG. 2: (a) Temperature dependence of magnetic susceptibil-
ity " of vesignieite BaCu3V2O8(OH)2 polycrystalline sample
measured on heating at a magnetic field of 0.1 T. The filled
circles, open circles, and broken line represent ", "bulk, and
"imp, respectively. The solid curve on the " data between 2
and 10 K represents a Curie-Weiss (CW) fit, and that between
150 and 300 K represents a fit to the kagome lattice model
obtained by high-temperature series expansion (HTSE) [13],
which yields J/kB = 53 K and g = 2.16. The inset shows
""1, where the solid line between 200 and 300 K represents a
CW fit, which gives #W = !77 K and pe! = 1.98 µB/Cu. (b)
Temperature dependence of field-cooled and zero-field-cooled
" measured in various magnetic fields up to 5 T.

in MPMS and PPMS (Quantum Design). All the peaks
observed in the powder XRD pattern were indexed to re-
flections based on a monoclinic structure with the lattice
constants a = 10.273 Å, b = 5.907 Å, c = 7.721 Å, !
= 116.29! (Fig. 1 (b)), confirming that our sample is
single-phase vesignieite [11, 12]. The peaks are consider-
ably broad, indicating a small particle size on the order
of a few nm estimated using the Scherrer equation.

The temperature dependences of magnetic susceptibil-
ity # and inverse susceptibility #"1 of vesignieite are
shown in Fig. 2 (a). #"1 exhibits a linear tempera-
ture dependence above 150 K, interpreted as Curie-Weiss
magnetism. A Curie-Weiss fit to the data between 200
and 300 K yields a moderately large negative $W = "77
K and an e!ective moment pe! = 1.98 µB/Cu, which
is slightly larger than the spin-only value expected for
S = 1/2. The exchange coupling J and Lande g-factor
g are estimated to be J/kB = 53 K and g = 2.16, by

herbertsmithite volborthite vesignieite

Na4Ir3O8
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Mott Transition from a Spin Liquid to a Fermi Liquid in the Spin-Frustrated Organic Conductor
!-!ET"2Cu2!CN"3

Y. Kurosaki,1 Y. Shimizu,1,2,* K. Miyagawa,1,3 K. Kanoda,1,3 and G. Saito2
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The pressure-temperature phase diagram of the organic Mott insulator !-!ET"2Cu2!CN"3, a model
system of the spin liquid on triangular lattice, has been investigated by 1H NMR and resistivity
measurements. The spin-liquid phase is persistent before the Mott transition to the metal or super-
conducting phase under pressure. At the Mott transition, the spin fluctuations are rapidly suppressed and
the Fermi-liquid features are observed in the temperature dependence of the spin-lattice relaxation rate
and resistivity. The characteristic curvature of the Mott boundary in the phase diagram highlights a crucial
effect of the spin frustration on the Mott transition.

DOI: 10.1103/PhysRevLett.95.177001 PACS numbers: 74.25.Nf, 71.27.+a, 74.70.Kn, 76.60.2k

Magnetic interaction on the verge of the Mott transition
is one of the chief subjects in the physics of strongly
correlated electrons, because striking phenomena such as
unconventional superconductivity emerge from the mother
Mott insulator with antiferromagnetic (AFM) order.
Examples are transition metal oxides such as V2O3 and
La2CuO4, in which localized paramagnetic spins undergo
the AFM transition at low temperatures [1]. The ground
state of the Mott insulator is, however, no more trivial
when the spin frustration works between the localized
spins. Realization of the spin liquid has attracted much
attention since a proposal of the possibility in a triangular-
lattice Heisenberg antiferromagnet [2]. Owing to the ex-
tensive materials research, some examples of the possible
spin liquid have been found in systems with triangular and
kagomé lattices, such as the solid 3He layer [3], Cs2CuCl4
[4], and !-!ET"2Cu2!CN"3 [5]. Mott transitions between
metallic and insulating spin-liquid phases are an interesting
new area of research.

The layered organic conductor !-!ET"2Cu2!CN"3 is the
only spin-liquid system to exhibit the Mott transition, to
the authors’ knowledge [5]. The conduction layer in
!-!ET"2Cu2!CN"3 consists of strongly dimerized ET
[bis(ethlylenedithio)-tetrathiafulvalene] molecules with
one hole per dimer site, so that the on-site Coulomb
repulsion inhibits the hole transfer [6]. In fact, it is a
Mott insulator at ambient pressure and becomes a metal
or superconductor under pressure [7]. Taking the dimer as a
unit, the network of interdimer transfer integrals forms a
nearly isotropic triangular lattice, and therefore the system
can be modeled to a half-filled band system with strong
spin frustration on the triangular lattice. At ambient pres-
sure, the magnetic susceptibility behaved as the triangular-
lattice Heisenberg model with an AFM interaction energy
J# 250 K [5,8]. Moreover, the 1H NMR measurements
provided no indication of long-range magnetic order down
to 32 mK. These results suggested the spin-liquid state at

ambient pressure. Then the Mott transition in
!-!ET"2Cu2!CN"3 under pressure may be the unprece-
dented one without symmetry breaking, if the magnetic
order does not emerge under pressure up to the Mott
boundary.

In this Letter, we report on the NMR and resistance
studies of the Mott transition in !-!ET"2Cu2!CN"3 under
pressure. The result is summarized by the pressure-
temperature (P-T) phase diagram in Fig. 1. The Mott

Superconductor

(Fermi liquid)

Crossover

(Spin liquid) onset TC

R = R0 + AT2

T1T = const.

(dR/dT)max

(1/T1T)max

Mott insulator

Metal

Pressure (10-1GPa)

FIG. 1 (color online). The pressure-temperature phase diagram
of !-!ET"2Cu2!CN"3, constructed on the basis of the resistance
and NMR measurements under hydrostatic pressures. The Mott
transition or crossover lines were identified as the temperature
where 1=T1T and dR=dT show the maximum as described in the
text. The upper limit of the Fermi-liquid region was defined by
the temperatures where 1=T1T and R deviate from the Korringa’s
relation and R0 $ AT2, respectively. The onset superconducting
transition temperature was determined from the in-plane resis-
tance measurements.
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RVB/QSL state:

Motrunich, Lee+Lee: (2005) “uniform RVB”

this is a kind of RVB state with very many (maybe a 
maximal number of?) long-range VBs

It is described by a “Fermi sea” of spinons coupled 
to a U(1) gauge field

Good variational energy for triangular lattice Hubbard 
model

How does it fit with experiments?



Circumstantial 
evidence

No ordering ✔

Large T=0 susceptibility ✔

Power-law 1/T1 ✔ 

but it’s not clear the actual power works



NMR lineshapes

1H NMR

Evidence for lack of static moments: f> 1000!

Y. Shimizu 
et al, 2003



Specific Heat

Linear specific heat as expected for free 
fermions - approximately as expected for QSL 
- but very strange for an insulatorLETTERS
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Figure 2 Low-temperature heat capacities of !-(BEDT-TTF)2Cu2(CN)3. a,b, Data obtained for two samples under magnetic fields up to 8 T inCpT!1 versus T 2 plots.
b contains the data of the typical antiferromagnetic insulators!-(BEDT-TTF)2Cu[N(CN)2]Cl, deuterated !-(BEDT-TTF)2Cu[N(CN)2]Br and ""-(BEDT-TTF)2ICl2 for comparison.
The existence of a T-linear contribution even in the insulating state of !-(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 !-(BEDT-TTF)2Cu2(CN)3 and other
!-type BEDT-TTF salts. !-(BEDT-TTF)2Cu(NCS)2 is a
superconductor with a transition temperature (Tc) of 9.4 K.
!-(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, ""-(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 di!erence in the lattice contribution
is observed, attributable to the di!erence of crystal packing,
but the overall temperature dependence resembles that of
the !-type compounds. Although the overall tendency of the
lattice heat capacity is similar, it should be emphasized that
!-(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
!-(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 di!erence 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 # term),
even in the insulating salt. The magnitude of # 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
di!erent samples, (a) and (b), respectively. In the low-temperature
region, sample (a) shows a curious structure in addition to the
finite # 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 #
term in the present insulating state is intrinsic.

The well known Mott insulators !-(BEDT-TTF)2X
(X = Cu[N(CN)2]Cl, deuterated Cu[N(CN)2]Br) and
""-(BEDT-TTF)2ICl2 with three-dimensional antiferromagnetic
ordering show a vanishing # value, as shown in Fig. 2b
(ref. 16). It is evident that the low-temperature heat capacity of
!-(BEDT-TTF)2Cu2(CN)3 is extraordinarily large for an insulating
system. A # 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
di!erent 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 !/T is observed for both crystals. !/T of
sample A at 10 T shows a nearly parallel shift from that in zero field. It is
immediately obvious that !/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 !-(BEDT-TTF)2Cu2(CN)3. Very
recent specific-heat measurements of !-(BEDT-TTF)2Cu2(CN)3
show a large linear temperature-dependent contribution,
" " 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 !-(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 (!) measurements
are highly advantageous as probes of elementary excitations in
QSLs, because ! 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 (!ph) and magnetic contributions (!mag). 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 !mag occupies a substantial portion in ! . 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. !/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/# =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 !/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 !ph/T has a T 2 dependence, which has indeed
been reported in a similar compound !-(BEDT-TTF)2Cu(NCS)2
(ref. 28). Therefore, the observed non-T 2 dependence, together
with the fact that ! is enhanced by magnetic field, definitely
indicates the substantial contribution of !mag in ! even in this
T range.

The results shown in Fig. 2 provide key information on the
elementary excitations from the QSL state of !-(BEDT-TTF)2Cu2
(CN)3. Most importantly, it is extremely improbable from the
experimental data that !/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 !/T vanishes at T = 0K. It should be
stressed that the vanishing !/T immediately indicates the absence
of low-lying fermionic excitations, in sharp contrast to the finite "
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

!

T
=

!
!
k2B

"
kBT
$F

#2/3

+ mA
k2B

1
#

$#1
1
d

, (1)

where $F is the Fermi energy, m is the electron mass, A is the
unit cell area of the layer, d is the interlayer distance and # is the
impurity scattering time. Estimating $F = J as in 1D spin systems29,
we compare our result with equation (1) as shown in Fig. 3. It is
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shows clear deviation from the relation Edimer=2tb1 and sug-
gests that Coulomb interaction must be considered. In fact,
with the ratio U / tb16 !i.e., with tb1=240 meV U=1.5 eV" the
peak position is fairly well reproduced, as it gives
Uef f #330 meV. Similar ratios were deduced from spin sus-
ceptibility measurements19 and Hartree-Fock calculations6

!see Table I". Quantum chemistry calculations imply that
for an appropriate description of !-!ET"2X salts the in-
tradimer Coulomb repulsion V !interaction between holes on
neighboring molecules within the same dimer" has to be
considered as well.20,21 With U and V of the same order
of magnitude21 the related extended Hubbard model
!Uef f = $4tb1+U+V! %!U!V"2+16tb1

2 &1/2' /2" yields in a lower
ratio, U / tb1#3. Note that the U value deduced here may be
smaller than the bare on-site Coulomb energy due to the
polarizability of the lattice.

On the lower edge of the dimer peak, several strong pho-
non modes appear for both polarizations !for a detailed
analysis of the phonon modes, see, e.g., Ref. 23". The elec-
tronic part of the conductivity smoothly decreases towards
zero energy without either a well-defined gap or a coherent
metallic contribution. With lowering the temperature the in-
tensity of the dimer peak is gradually increased and slightly

shifted to smaller energies. This tendency is discerned in Fig.
3 between T=300 and 10 K. The detailed temperature de-
pendence focusing on the vicinity of the dimer-peak is given
in the insets, which also show that the conductivity in the
far-infrared region is enhanced with lowering the tempera-
ture although it still vanishes as "!0. This optical weight is
transferred from higher energy through an equal-absorption
point at (0.37 and (0.55 eV in #cc!"" and in #bb!"",
respectively.

In !-!ET"2Cu%N!CN"2&Cl, which has a larger bandwidth
but is still located at the barely insulating side of the phase
diagram, a similar spectral-weight transfer is observed below
room temperature.24 A comparison of the microscopic
parameters for the two !-!ET"2X salts is given in Table I. It
is likely that temperature-induced structural changes affect-
ing the electronic band structure or the intramolecular
excitations are responsible for this tendency rather than
correlation effects.

Below (100 K practically no temperature dependence is
found over the whole spectrum and the pseudogap-like fea-
ture of the optical conductivity seems to be persistent down
to the insulating ground state. The residual conductivity be-
low (0.1 eV cannot be assigned to the multiphonon branch,
while the quality of the crystals makes such a high in-gap
impurity scattering unlikely.

We note that down to T=50 K the same subgap tail
is present in !-!ET"2Cu%N!CN"2&Cl.24 The comparison
between the low-temperature optical conductivity of the
two compounds is given in Fig. 4 for polarization E )c.
In contrast to the negligible temperature dependence
found in !-!ET"2Cu2!CN"3 for T$100 K, in the case of
!-!ET"2Cu%N!CN"2&Cl the pseudogap is turned into a real
gap below (50 K. The onset of the finite charge gap coin-
cides with the enhancement of the antiferromagnetic spin
correlations as reflected in the suppression of the spin
susceptibility.9 This suggests that the charge carriers become
more localized as the antiferromagnetic order develops, es-
pecially when the long-range order is established at TAF
=27 K. On the other hand, in !-!ET"2Cu2!CN"3 with almost

FIG. 3. !Color online" Optical conductivity spectra of
!-!ET"2Cu2!CN"3 at the lowest and highest temperature of the
measurement for E )c and E )b shown in the upper and lower panel,
respectively. The temperature evolution of the dimer peak is
enlarged in the insets.

FIG. 4. !Color" Comparison of the low-temperature optical
conductivity of !-!ET"2Cu2!CN"3 and !-!ET"2Cu%N!CN"2&Cl.
For the former compound, the T=10 K spectrum representative
for the whole T%100 K range is only displayed. The conductivity
spectra for !-!ET"2Cu%N!CN"2&Cl are reproduced from
Ref. 24. The left !right" scale corresponds to !-!ET"2Cu2!CN"3
!!-!ET"2Cu%N!CN"2&Cl".
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Depressed charge gap in the triangular-lattice Mott insulator !-„ET…2Cu2„CN…3

I. Kézsmárki,1,2,3 Y. Shimizu,4 G. Mihály,3 Y. Tokura,1,2,5 K. Kanoda,1 and G. Saito6

1Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan
2Spin Superstructure Project, ERATO, Japan Science and Technology Agency (JST), Tsukuba 305-8562, Japan

3Electron Transport Research Group of the Hungarian Academy of Science and Department of Physics, Budapest University
of Technology and Economics, 1111 Budapest, Hungary

4RIKEN, Wako, Saitama 351-0198, Japan
5Correlated Electron Research Center (CERC), National Institute of Advanced Industrial Science and Technology (AIST),

Tsukuba 305-8562, Japan
6Division of Chemistry, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

!Received 16 August 2006; published 9 November 2006"

We have investigated polarized optical conductivity for the triangular-lattice Mott insulator
!-!ET"2Cu2!CN"3 over the photon-energy range of E=8 meV–5 eV. This compound is located far from the
metal-insulator phase boundary in the bandwidth-controlled phase diagram of !-!ET"2X salts and consequently
strong charge correlations are expected. However, its ground-state optical conductivity spectrum for polariza-
tions within the bc plane shows no distinct charge gap in the energy range investigated, i.e., it is considerably
smaller than "#110 meV, which was previously reported for the barely insulating !-!ET"2Cu$N!CN"2%Cl
$Kornelsen et al., Solid State Commun. 81, 343 !1992"%. We attribute the pseudo-gap-like nature of the optical
spectra to strong spin fluctuations emerging in an isotropic triangular lattice. The midinfrared peak is analyzed
in terms of Coulomb interaction and !-!ET"2Cu2!CN"3 is characterized by intermediate strength of electron
correlation.
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Spin frustration in Mott insulator has given rich physics
for the magnetic ground state of strongly interacting elec-
trons. When Coulomb repulsion energy !U" becomes compa-
rable to the bandwidth !W", a metal-to-insulator transition
takes place as observed in a great variety of materials.1 In the
limit of strong correlations !U$W" the single band Hubbard
model can be generally mapped to the Heisenberg model and
the insulator phase shows inherent antiferromagnetic order.
However, the role of spin degrees of freedom in the close
vicinity of the Mott transition remains as an unsolved issue
that is believed to be relevant to the mechanism of supercon-
ductivity appearing on the verge of the Mott boundary in the
organic conductors and the high-Tc cuprates.

The family of organic molecular conductors !-!ET"2X
$ET=bis!ethylenedithio"tetrathiafulvalene and X=mono-
valent anion% have provided a good arena for the study of the
Mott transition in two dimensions.2–5 In the conducting layer,
ET molecules are strongly dimerized and they form a frus-
trated triangular lattice.6 Since the valence of each ET dimer
is +1, the conduction band is effectively half-filled. When the
on-site Coulomb repulsion dominates over the bandwidth,
the system becomes a Mott insulator above a critical ratio
!U /W"c.

The magnetic ground state of a Mott insulator has been
known to be antiferromagnetically ordered when the triangu-
lar lattice is anisotropic, as seen in !-!ET"2Cu$N!CN"2%Cl.7

On the other hand, effects of spin frustration are expected to
emerge for a nearly isotropic triangular lattice with moderate
Coulomb interaction, U /W% !U /W"c.8 This situation is real-
ized in !-!ET"2Cu2!CN"3 where the unusual temperature de-
pendence of the magnetic susceptibility and the absence of
long-range magnetic order indicate a spin-liquid state in this
system.9 By applying hydrostatic pressure or equivalently

increasing the bandwidth, these Mott insulators undergo an
insulator-to-metal transition with an underlying supercon-
ducting phase.10,11 In this Rapid Communication we study
the influence of the strong spin frustration on the low-energy
excitations by optical spectroscopy.

The resistance of !-!ET"2Cu2!CN"3 is semiconductinglike
in the whole temperature region. Although the large !five
orders of magnitude" enhancement of R!T" from room tem-
perature down to 15 K indicates high quality of these single
crystals, the Arrhenius plot in Fig. 1 does not show a simple

FIG. 1. Arrhenius plot of the resistance of a !-!ET"2Cu2!CN"3
single crystal. The gray dashed line at low temperature indicates the
fitting of the gap value according to R!T"=R0 exp!" /2kBT". Inset:
log!R" vs log!T" plot indicative of a power-law behavior of the
resistance in the low-temperature region.
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FIG. 1: (Color online) (a) Schematic of the BEDT-TTF layer
in !-(BEDT-TTF)2Cu2(CN)3. The dotted ellipsoids repre-
sent dimerized molecules. (b) A triangular lattice of dimers,
where closed circles represent identified with the dimerized
molecules. (c) A triangular lattice of magnetic dipoles (spins).
(d) A triangular lattice of electric dipoles, where open and
closed circles represent positive and negative point charges,
respectively.

temperature below 60 K, and simultaneously begins to
show frequency dependence. As temperature is lowered,
the dielectric constant goes through a broad maximum
at a temperature Tmax depending on the measurement
frequency f , then decreases toward 2.1-2.5. Tmax corre-
sponds to a crossover temperature below which the re-
sponse to the changing electric field begins to lag. The
AC conductivity also starts to show frequency depen-
dence below 60 K as shown in Fig. 2(b).

The dielectric relaxation we observe is indeed uncon-
ventional. First, the charge degrees of freedom is believed
to be insubstantial in the Mott insulator, but the increas-
ing dielectric constant below 60 K indicates the existence
of randomly oriented electric dipoles as shown in Fig.
1(d). Secondly, the dielectric relaxation implies collec-
tive motion of the electric dipoles. If all the dipoles were
independent, the response would be independent of f ,
because kBT ! hf . Third, the frequency dependence of
the peak temperature Tmax(f) implies an inhomogeneous
nature of this dielectric response. As shown in the inset
of Fig. 2, three curves expressed by the Vogel-Fulcher
law f = f0 exp["E0/kB(Tmax " Tc)] for Tc=0 K (solid
curve), 6 K (broken curve) and 9 K (dotted curve) fit the
measured Tmax reasonably.9 This fitting suggests an in-
homogeneous distribution of the domains with Tc ranging
from 0 to 9 K. Similar inhomogeneity is reported in mag-
netic resonance experiments,10,11 and may be related to
the suppression of the long range order of magnetic mo-
ments. We should note that such inhomogeneity in this
case is highly unexpected because the single crystal con-
tains no substantial lattice defects or disorder, as pure
as crystals of other organic salts. In relaxor ferroelectric
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FIG. 2: (Color online) (a) The dielectric constant of a single
crystal of !-(BEDT-TTF)2Cu2(CN)3 along the a-axis (cross-
plane) direction at various frequencies as a function of tem-
perature. The randomly oriented electric dipoles appear be-
low 60 K. (b) The AC electrical conductivity of the same
crystal. The inset shows the relationship between the fre-
quency f and the peak temperature Tmax at which the di-
electric constant goes through a broad maximum. The solid,
broken and dotted curves represent 5! 109 exp("400/Tmax),
6!108 exp["270/(Tmax"6)], and 3!108 exp["220/(Tmax"9)],
respectively.

materials, more than a few percents of the host atoms
are replaced by di!erent atoms, which can be seeds for
the inhomogeneity.9,12

Although no clear phase transition is observed in the
thermodynamic quantities of this material1,5,6 one may
find a trace of a transition temperature.13 Figure 3(a)
shows the inverse dielectric constant as a function of
temperature. These data are plotted after subtracting
the dielectric constant at 1.2 K as the temperature-
independent part. The dielectric constant below 60 K
obeys the Curie-Weiss law, i.e., it is roughly inversely
proportional to T " Tc with Tc =9 K. As shown in Fig.
3(b), around 9 K, the dielectric constant has a cusp that
is almost independent of frequency. As shown in the inset
of Fig. 3(b), the electric displacement D shows no rem-
nant polarization below 9 K, indicating that the ordering
of the electric dipoles is of antiferroelectric type.
Let us discuss a microscopic origin of this antiferro-

Dramatic dielectric 
anomalies observed at 
T<60K

Points to molecular 
dipoles in individual 
organic “dimers” - not 
taken into account by 
RVB theory
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The Smoking Gun

Can we devise an experiment which convincingly 
shows the presence of exotic excitations directly?

maybe inelastic single crystal neutrons - they 
do see spinons in 1d

the “Senthil experiment” to see visons (cannot 
be done on most materials)

Can you see 2kF oscillations somehow in a 
Mott insulator?  

something more clever?



Conclusions

Frustrated magnets provide a rich variety of 
phenomena including a number of promising 
new quantum spin liquid candidates

For QSLs, what is needed is a combined 
effort of innovative experimental and 
theoretical work, with attention of the latter 
paid to the former!


