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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

Introduction
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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”

?
Why and how are spins 

correlated but not 
ordered?



Classical Spin Liquids

• Classical spins will fluctuate thermally if 
there are many states close in energy

“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): Ω = 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 parameter:  f = |ΘCW|/TN

• f >>1: wide regime TN < T < |ΘCW|

χ ∼ A

T −ΘCW

TTN

Spin liquid

χ−1

ΘCW |ΘCW |

Spin gas (paramagnet)
Spin solid (ordered)

Empirical measure
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• 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 = êiσi

Spin Ice (simplified)
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• Exchange (due largely to dipolar 
interactions) is ferromagnetic

• Prefers “2 in - 2 out” states

−J �Si · �Sj =
J

3
σiσj

same as Ising 
antiferromagnet

“ice rules”

Spin Ice (simplified)



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

Heff =
�

d
3
r

c

2
|�b|2

�bµ(−k)bν(k)� =
1
c

�
δµν − kµkν

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



• Liquids and spin liquids

• Spin ice: a classical spin liquid

•Quantum spin liquids - theory

• Quantum spin liquids - experiment
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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 



What is a QSL?

• At T=0, the QSL cannot be really 
“fluctuating” between different states

• It is a state which cannot be approximated by 
a product wavefunction over any finite 
subregions

• “long range entanglement”

!"#

!$# %

%&'''

%'''!(#



RVB States

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

• Valence bond = singlet

+ + … 
Ψ =

|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



How to describe a 
QSL?

• A long-range entangled wavefunction is a 
complicated thing!

• Very hard to work directly with all these 
coefficients - is there another way?

+ + … Ψ = c2c1



Free Fermions

• A Fermi gas is a familiar example of a long-
range entangled state: a product in 
momentum space rather than real space

c1 +c2 +c3 + · · ·

Ψ =
�

k<kF

c†k|0�

=



Entanglement Entropy

• Von Neumann
A

BρB = TrA [ρA⊗B ]

S = −TrB [ρB log ρB ]



Entanglement Entropy

• Von Neumann

• Area law: 

• for any product state (and any gapped GS)

A
BρB = TrA [ρA⊗B ]

S = −TrB [ρB log ρB ]

S ∼ σLd−1

L



Entanglement Entropy

• Von Neumann

• Free fermions

• About the largest known entanglement!

A
BρB = TrA [ρA⊗B ]

S = −TrB [ρB log ρB ]

S ∼ σLd−1 logL

D. Gioev+I. Klich, 2006
M.M. Wolf, 2006

L



Gutzwiller 
Construction

• Construct QSL state from free fermi gas 
with spin, with 1 fermion per site (S=0)

c1 +c2 +c3 + · · ·Ψ0 =



Gutzwiller 
Construction

• Construct QSL state from free fermi gas 
with spin, with 1 fermion per site

• Projection removes empty and doubly 
occupied sites

Ψ = c1 +c2 +c3 + · · ·

Ψ = PGΨ0



Projected Fermi Sea

• Entanglement entropy of 
projected Fermi sea 
seems to show the same 
behavior!

3

the advantages are detailed in [20]. We benchmarked our
algorithm for three free fermion tight binding problems
on: 1) A one dimensional chain of L = 200 sites with LA

up to 100 sites, 2) An 18!18 square lattice with the linear
size LA up to 7 sites. 3) A honeycomb (graphene) lat-
tice with Dirac dispersion. We find very good agreement
with the exact results [20] that were calculated using the
correlation matrix technique [21].
Gutzwiller Projected Spin Liquid Wavefunctions: Next

we calculate Renyi entropy for the problems of our ac-
tual interest namely projected Fermi liquid wave func-
tions which are considered good ansatz for ground states
of critical spin-liquids. We analyze two di!erent classes
of critical spin-liquids: states that at the slave-particle
mean-field level have a full Fermi surface of spinons and
those with only nodal fermions. For a triangular lat-
tice with uniform hopping trr! = t one obtains a Fermi
surface of spinons at the mean-field level while for a
square-lattice with ! flux through every plaquette (i.e.
"!trr! = "1) one obtains nodal Dirac fermions. We also
study the projected wave function on square lattice with
uniform hopping (and no flux).
The wave-functions for these spin-liquids are con-

structed by starting with a system of spin-1/2 fermionic
spinons fr! hopping on a finite lattice of size L1 ! L2
at half-filling with a mean field Hamiltonian:HMF =
!

rr!

"

"trr!f †
r"fr!" + h.c.

#

. The spin wave-function is
given by |"# = PG|"#MF where |"#MF is the ground
state of HMF and the Gutzwiller projector PG =
$

i (1" ni!ni") ensures exactly one fermion per site. The
sign-structure of the projected wave-function depends
markedly on the underlying lattice. For a bipartite lattice
with trr! non-zero and real only for the opposite sublat-
tices, one can prove that the wave-function satisfies the
Marshall sign rule[20]. Thus, for a bipartite lattice, one
only needs to calculate $SwapA,mod# since $SwapA,sign#
trivially equals unity. The projected wave-function for
the square lattice with and without !-flux (as well as that
for the one-dimensional Haldane-Shastry state) satisfies
the Marshall’s sign rule while that for the triangular lat-
tice doesn’t. We discuss these three cases separately. The
one dimensional case was previously discussed in [22].
Triangular lattice: As mentioned above the mean-field

ansatz describes a spin-liquid with spinons hopping on a
triangular lattice. We consider a lattice with total size
18! 18 on a torus and the region A of square geometry
with linear size LA upto 8 sites. We find a clear signa-
ture of LA logLA scaling in Renyi entropy (Fig. 1). This
is rather striking since the wave-function is a spin wave-
function and therefore could also be written in terms of
hard-core bosons. This result strongly suggests the pres-
ence of an underlying spinon Fermi surface. In fact the
coe#cient of the LA logLA term is rather similar before
and after projection. This observation may be rational-
ized by picturing a two dimensional Fermi surface as a
collection of many independent one dimensional systems

FIG. 1: Renyi entropy data for projected and unprojected
Fermi sea state on the triangular lattice of size 18 ! 18 with
LA = 1 . . . 8. Note, projection barely modifies the slope,
pointing to a Fermi surface surviving in the spin wavefunc-
tion. We also separately plot S2,sign and S2,mod (as defined
in the text) for the projected state, the former dominates at
larger sizes.

in momentum space, each giving rise to a logL contri-
bution. Gutzwiller projection then just removes a single
charge degree of freedom.
It is interesting to compare the contribution to S2

from S2,sign % " log(
%

SwapA,sign

&

) and S2,mod %
" log(

%

SwapA,mod

&

) separately. Numerically, S2,sign ap-
pears to be responsible for the logarithmic violation of
the area law (Fig. 1). This suggests that the sign struc-
ture of the wavefunction is crucial at least in this case.
The area-law violation of the Renyi entropy for

Gutzwiller projected wave-functions substantiates the
theoretical expectation that an underlying Fermi surface
is present in the spin wavefunction.
Square lattice with ! flux : The mean-field ansatz con-

sists of spinons with Dirac dispersion around two nodes,
say, (!/2,!/2) and (!/2,"!/2) (the locations of the
nodes depend on the gauge one uses to enforce the !
flux). The projected wave-function has been proposed in
the past as the ground state of an algebraic spin liquid.
The algebraic spin-liquid is believed to be describable by
a strongly coupled conformal field theory of Dirac spinons
coupled to a non-compact SU(2) gauge field [6, 11]. Be-
cause of this the algebraic spin-liquid has algebraically
decaying spin-spin correlations. We verify this explicitly
for the projected wavefunction using Variational Monte
Carlo on a 36!36 lattice [20]. This state is di!erent from
that in Ref. [23], where Majorana fermions are coupled
to a discrete Z2 gauge field making them e!ectively free
at low energies, in contrast to our critical state.
Square lattice being bipartite, the projected wavefunc-

Yi Zhang et al, 2011

Ψ = PG



Slave particles
• Gutzwiller-type variational wavefunction 

uses a reference Hamiltonian

• Project

• The fermions are “slave” particles

• Proper description of each QSL 
wavefunction is a gauge theory, and slave 
particles may appear as “spinon” excitations

Href =
�

ij

�
tijc

†
iαcjα + h.c. + ∆ijc

†
i↑c

†
j↓ + h.c.

�

|Ψvar� =
�

i

P̂ni=1|Ψref �

�Si = c†iα
�σαβ

2 ciβ



Spinons
• Motion of a spinon rearranges the singlets

• A “string” is left behind as the spinon 
moves

• 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



The “landscape”

• The number of distinct QSL  phases is 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!)



The “landscape”

• Bug:  Why so many? Challenging to find right 
one for a given material

• Feature: Lots of qualitatively different states to 
find!



• Liquids and spin liquids

• Spin ice: a classical spin liquid

• Quantum spin liquids - theory

•Quantum spin liquids - experiment
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Is this the landscape ?



Is this the landscape?



The paradox

• There seem to be so many QSLs in theory

• Of thousands of quantum antiferromagnets 
studied experimentally, nearly all of them 
order magnetically

• Until less than 10 years ago, there were no 
credible candidates for QSLs, despite many 
decades since Anderson’s suggestion



An Oasis?

EtMe3Sb[Pd(dmit)2]2

ZnCu3(OH)6Cl2

Cu3V2O7(OH)2·2H2O
BaCu3V2O3(OH)2Ba3CuSb2O9

Na4Ir3O8

Ba2YMoO6

Yb2Ti2O7

κ-(ET)2Cu2(CN)3



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)
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An Oasis?

ZnCu3(OH)6Cl2

Cu3V2O7(OH)2·2H2O
BaCu3V2O3(OH)2Ba3CuSb2O9

Na4Ir3O8

Ba2YMoO6

Yb2Ti2O7

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). 

triangular kagome 3D

κ-(ET)2Cu2(CN)3

EtMe3Sb[Pd(dmit)2]2

EtMe3Sb[Pd(dmit)2]2

κ-(ET)2Cu2(CN)3



Organics

• Molecular materials which behave as 
effective triangular lattice S=1/2 
antiferromagnets with J ~ 250K

• significant charge fluctuations

as shown in Figure 3a. The monovalent anion, X!1, has no contribution to electronic conduc-

tion or magnetism. In the conducting layer, the ET molecules form dimers, which are arranged

in a checkerboard-like pattern (Figure 3b). From the band structure point of view, two ET

highest occupied molecular orbitals (HOMOs) in a dimer are energetically split into bonding

and antibonding orbitals, each of which forms a conduction band due to the interdimer transfer

integrals (12). The two bands are well separated so that the relevant band to the hole filling is

the antibonding band, which is half-filled with one hole accommodated by one antibonding
orbital. The dimer arrangement is modeled to an isosceles-triangular lattice characterized by

two interdimer transfer integrals, t and t0 (Figure 3c) of the order of 50 meV, whose anisotropy,

t0/t, depends on the anion X.

2.2. Criticality of Mott Transition in ET Compounds

The competition of kinetic energy and correlation energy, which are characterized by band-

width W and on-site Coulomb energy U, gives rise to Mott transition between wave-like

itinerant electrons and particle-like localized electrons. Because the Mott transition is a metal-

insulator transition without symmetry breaking, the first-order transition expected at low tem-
peratures can have a critical endpoint at a finite temperature, as in the gas-liquid transition

(Figure 1a). This feature of the Mott phase diagram was first deduced by the reduction of

Hubbard Hamiltonian to the so-called Blume-Emery-Griffiths model (13) and then extensively

discussed in terms of dynamical mean field theory (DMFT) (14), which showed that the Mott

transition belongs to the Ising universality class (15). It is well established that the k-(ET)2X
family is situated in the vicinity of Mott transition (9, 16–24). To explore the phase diagram

beyond the conceptual one, and to uncover the critical behavior of Mott transition, experiments

on a single material under precisely controlled pressure and temperature are required.
The compound studied is k-(ET)2Cu[N(CN)2]Cl, which is a Mott insulator (25) with a

sizable anisotropy of triangular lattices; the t0/t value is 0.75 or 0.44, according to the tight-

binding calculation of molecular orbital or first-principles calculation (26), respectively. The

resistivity measurements of k-(ET)2Cu[N(CN)2]Cl under continuously controllable He-gas

pressure unveiled the Mott phase diagram (27–30), where the first-order transition line dividing

the insulating and metallic phases has an endpoint around 40 K (Figure 4). The presence of

the critical endpoint was proved in spin and lattice degrees of freedom as well; namely,

nuclear magnetic resonance (NMR) (31), ultrasonic velocity (32, 33), and expansivity (34).
The bending shape of the phase boundary reflects the entropy difference between the insulating

t

t'
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a cb
X

ET
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S
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S

Figure 3

Structure of k-(ET)2X. (a) Side and (b) top view of the layer and (c) modeling the in-plane structure into an isosceles-triangular lattice
with two kinds of transfer integrals.
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as shown in Figure 3a. The monovalent anion, X!1, has no contribution to electronic conduc-

tion or magnetism. In the conducting layer, the ET molecules form dimers, which are arranged

in a checkerboard-like pattern (Figure 3b). From the band structure point of view, two ET

highest occupied molecular orbitals (HOMOs) in a dimer are energetically split into bonding

and antibonding orbitals, each of which forms a conduction band due to the interdimer transfer

integrals (12). The two bands are well separated so that the relevant band to the hole filling is

the antibonding band, which is half-filled with one hole accommodated by one antibonding
orbital. The dimer arrangement is modeled to an isosceles-triangular lattice characterized by

two interdimer transfer integrals, t and t0 (Figure 3c) of the order of 50 meV, whose anisotropy,

t0/t, depends on the anion X.

2.2. Criticality of Mott Transition in ET Compounds

The competition of kinetic energy and correlation energy, which are characterized by band-

width W and on-site Coulomb energy U, gives rise to Mott transition between wave-like

itinerant electrons and particle-like localized electrons. Because the Mott transition is a metal-

insulator transition without symmetry breaking, the first-order transition expected at low tem-
peratures can have a critical endpoint at a finite temperature, as in the gas-liquid transition

(Figure 1a). This feature of the Mott phase diagram was first deduced by the reduction of

Hubbard Hamiltonian to the so-called Blume-Emery-Griffiths model (13) and then extensively

discussed in terms of dynamical mean field theory (DMFT) (14), which showed that the Mott

transition belongs to the Ising universality class (15). It is well established that the k-(ET)2X
family is situated in the vicinity of Mott transition (9, 16–24). To explore the phase diagram

beyond the conceptual one, and to uncover the critical behavior of Mott transition, experiments

on a single material under precisely controlled pressure and temperature are required.
The compound studied is k-(ET)2Cu[N(CN)2]Cl, which is a Mott insulator (25) with a

sizable anisotropy of triangular lattices; the t0/t value is 0.75 or 0.44, according to the tight-

binding calculation of molecular orbital or first-principles calculation (26), respectively. The

resistivity measurements of k-(ET)2Cu[N(CN)2]Cl under continuously controllable He-gas

pressure unveiled the Mott phase diagram (27–30), where the first-order transition line dividing

the insulating and metallic phases has an endpoint around 40 K (Figure 4). The presence of

the critical endpoint was proved in spin and lattice degrees of freedom as well; namely,

nuclear magnetic resonance (NMR) (31), ultrasonic velocity (32, 33), and expansivity (34).
The bending shape of the phase boundary reflects the entropy difference between the insulating

t

t'

t

a cb
X

ET

S

S

S

S
S

S

S

S

Figure 3

Structure of k-(ET)2X. (a) Side and (b) top view of the layer and (c) modeling the in-plane structure into an isosceles-triangular lattice
with two kinds of transfer integrals.
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Organics

The issue of spin frustration has long been a central subject in the study of magnetism. In

particular, the possible spin liquid on triangular lattices has been of keen interest as a novel

quantum phase of matter and has become increasingly attractive with the idea that this state is

possibly behind high-Tc superconductivity (109). However, the triangular-lattice Heisenberg

model was found to have the 120-degree-oriented Néel ground state instead of any quantum-

disordered state (54). In such a situation, however, it is found that spin states without magnetic
ordering, which should be called spin liquid, were found in the two organic Mott insulators,

k-(ET)2Cu2(CN)3 and EtMe3Sb[Pd(dmit)2]2, which reside near the Mott transition. With the

use of chemical/physical pressure and intense theoretical works, the series of experiments

showed that the spin liquid is realized in a range of anisotropy of triangular lattices and in the

intermediately correlated regime on the verge of Mott transition, not in the strongly correlated

regime; namely, the electron itinerancy in the Mott insulator is key to realizing spin liquid on

quasi-triangular lattices. How the spin liquid connects to the metallic and superconducting

phases is a problem to consider in the future.
The nature of spin liquid in the two materials is mysterious. The excitation gap in

k-(ET)2Cu2(CN)3 is controversial; specific heat points to a gapless ground state, whereas

thermal conductivity behaves as though gapped by 0.46 K. The NMR relaxation rate exhibits

a power-law temperature dependence, which is in between the two extreme behaviors. As for

EtMe3Sb[Pd(dmit)2]2, both thermodynamic measurements are consistent with gapless excita-

tions, while the NMR relaxation rate may suggest a nodal gap. The result of thermal conduc-

tivity showing a T-linear term with a long mean-free path of mm will strongly constrain

theoretical models. Appearance of anomalies at finite temperatures can be a signature of some
kind of symmetry breaking. In this sense, the 5–6 K anomaly observed in NMR, specific heat,

and thermal conductivity in k-(ET)2Cu2(CN)3 points to this possibility. Interestingly, 1 K is the

characteristic temperature in the NMR relaxation rate for both materials, whereas it is not so

tt
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Figure 17

Phase diagram for the b0-Pd(dmit)2 salts. Abbreviations: FP, frustrated paramagnetic (state); AFLO, antifer-
romagnetic long-range ordered (state); CO, charge-ordered (state); QSL, quantum spin liquid (state).
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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

1Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo, 113-8656, Japan
2Division of Chemistry, Kyoto University, Sakyo-ku, Kyoto, 606-8502, Japan

3CREST, Japan Science and Technology Corporation, Kawaguchi 332-0012, Japan
(Received 15 October 2004; revised manuscript received 6 April 2005; published 18 October 2005)

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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Evidence for lack of static moments: f> 1000!

Y. Shimizu 
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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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FIG. 4. "a# 13C-NMR spectra for randomly oriented samples of
EtMe3Sb!Pd"dmit#2$2. "b# Those of EtMe3P!Pd"dmit#2$2 for
comparison.
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Figure 3 | Stretching exponent obtained from the 13C nuclear spin-lattice
relaxation curves. The main panel shows the temperature dependence of

the exponent. The dark blue circles show values obtained from the present

measurements in a dilution refrigerator. We also show reanalysed values

for previously reported
2
higher-temperature data as light blue circles. The

spin-lattice relaxation curves at three representative temperatures are

presented in the upper three panels, where the red squares indicate

obtained experimental data and the green lines represent fits to

stretched-exponential functions.

shows a steep decrease of T−1
1 on cooling. At sufficiently low

temperatures, the spin-lattice relaxation curves recover to single-
exponential functions as shown in Fig. 3. This is different from
the case of κ-(BEDT-TTF)2Cu2(CN)3 at low temperatures, where
the relaxation curves become further from single exponential
functions with decreasing temperature30, and makes it difficult to
discuss the intrinsic spin dynamics. In the low-temperature region
of EtMe3Sb[Pd(dmit)2]2 where the relaxation curves recover to
single-exponential functions, we can see from Fig. 2 that T−1

1 is
proportional to the square of the temperature. This means that
the imaginary part of the q-integrated dynamic susceptibility (to
be exact, limω→0�qχ

��(q,ω)/ω), which is evaluated from (T1T )−1,
decreases in proportion to the temperature on cooling, as shown in
the inset of Fig. 2 (q: wave vector, ω: frequency). This is in contrast
to the nature of the fully gapless spin liquid with a spinon Fermi
surface, where the imaginary part of the susceptibility remains
constant (Fermi-liquid case) or diverges (non-Fermi-liquid case)
on cooling. Thus, the low-temperature phase is not fully gapless,
and therefore has a spin gap at least in some portion of q-space.

We emphasize that the decrease in the imaginary part of the
susceptibility does not follow an exponential law but a power
law in temperature. This result implies that the spin gap may
be a nodal one, similar to superconducting gaps in anisotropic
superconductors, often realized in correlated quantum fermion
liquids. Although it might also be possible that the system has a full
gap and that T−1

1 at low temperatures reflects extrinsic relaxation,
this is more unlikely. In this case, the relaxation curves would
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Figure 4 | 13C-NMR spectra of EtMe3Sb[Pd(dmit)2]2 at several ultralow
temperatures measured in a dilution refrigerator. The spectra are obtained
by Fourier transformation of the spin-echo signals for randomly oriented

single crystals.

become more or less distributed non-single-exponential functions.
Experimental results instead show that the relaxation curves recover
to a single-exponential function in the low-temperature limit, as
shown in Fig. 3. Therefore, it is more likely that the T 2 dependence
of T−1

1 is intrinsic and that the spin gap is nodal.
In principle, this spin gap should be observable also in

the behaviour of the static spin susceptibility. However, the
susceptibility was so far measured only down to 5K and is not
available in the region below the transition temperature2. We also
note that it will be difficult to measure the intrinsic susceptibility
below the transition temperature, because the Curie term caused
by impurity free spins will make a serious contribution at such
low temperatures even for a very small number of impurities. The
Knight shift (the first moment of the spectrum) offers another way
to measure the static spin susceptibility. It is expected that the spin
gap leads to the disappearance of the spin susceptibility, yielding
the disappearance of the Knight shift of a few kilohertz through the
hyperfine coupling of about 9×102 kHz/µB (ref. 2). Unfortunately,
our experimental results do not have the accuracy to discuss such a
small shift because of the comparatively large spectral width and the
slight extrinsic drift of the external applied field, which is inevitable
even when using a superconducting magnet with high stability (see
the Methods section).

In summary, our NMR experiments show that the spin system of
EtMe3Sb[Pd(dmit)2]2 does not undergo classical ordering/freezing
down to 19.4mK, which is less than 0.01% of J . Whereas this
quantum spin liquid has a gapless spin excitation above 1.0 K,
we found clear evidence that the spin system under 7.65 T shows
an instability other than classical ordering at around 1.0 K and
acquires a spin gap. This gap may be nodal, similar to that of
anisotropic superconductivity.

Last, we mention future debatable problems on the instability
that we have discovered. One of the possible candidates is the
pairing instability of the spinon Fermi surface. This naturally
explains the nodal-gap formation when spinon pairing occurs
in a non-s-wave Bardeen–Cooper–Schrieffer channel and causes
an anisotropic (such as d-wave) resonating-valence-bond state.

NATURE PHYSICS | VOL 6 | SEPTEMBER 2010 | www.nature.com/naturephysics 675

a real candidate of the quantum liquid state, which has been sought since Anderson’s proposal

more than 35 years ago (6). Figure 8a shows the temperature dependence of the magnetic

susceptibility with the core diamagnetism subtracted (50). In contrast with the magnetic transi-

tion at 27 K in k-(ET)2Cu[N(CN)2]Cl as evidenced by an anomaly, k-(ET)2Cu2(CN)3 has no

anomaly down to the lowest temperature measured, 2 K, but does have a broad peak, which is

well fitted to the triangular-lattice Heisenberg model with an exchange interaction of J ! 250 K

(50, 51). The wspin behavior of k-(ET)2Cu[N(CN)2]Cl is unlikely fitted to the Heisenberg model,
even if the anisotropy is considered, possibly because it is situated very close to the Mott

transition, where the Hubbard model or higher-order corrections in the Heisenberg model

should work.

The magnetism is further probed by NMR measurements. Figure 8b shows the single-crystal
1H NMR spectra for k-(ET)2Cu[N(CN)2]Cl and k-(ET)2Cu2(CN)3 under the magnetic field

applied perpendicular to the conducting layer (50). The line shape at high temperatures comes

from the nuclear dipole interaction sensitive to the field direction against molecular orientation,

which is different between the two systems. k-(ET)2Cu[N(CN)2]Cl shows a clear line splitting
below 27 K, indicating a commensurate aniferromagnetic ordering, whose moment is estimated

at 0.45 mB per an ET dimer by separate 13C NMR studies (25, 52, 53). However, the spectra of

k-(ET)2Cu2(CN)3 show neither distinct broadening nor splitting, which indicates the absence

of long-range magnetic ordering at least down to 32 mK, 4 orders of magnitude lower than
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(a) Temperature dependences of spin susceptibilities of k-(ET)2Cu2(CN)3 and k-(ET)2Cu[N(CN)2]Cl. The solid lines represent the
results of the series expansion of the triangular-lattice Heisenberg model using [7,7] Pade approximation with J " 240 K and 250 K.
(b) 1H NMR spectra of single crystals of k-(ET)2Cu2(CN)3 (left panel) and k-(ET)2Cu [N(CN)2]Cl (right panel) under magnetic fields
applied perpendicular to the conducting layer. Abbreviation: NMR, nuclear magnetic resonance.
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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 capacity
3,4

. 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 experiments
13

. 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 Cu
2+

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 (10
1–1.5

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

460 nature physics VOL 4 JUNE 2008 www.nature.com/naturephysics
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is observed around 3 K. This corresponds to the kink of 1/T1 in

13C NMR in the same temper-
ature region, and indicates a possibility of crossover phenomena to the spin liquid state.

Figure 16a shows temperature dependence of thermal conductivity (107). Compared with

the Et2Me2Sb salt, the EtMe3Sb salt shows enhanced thermal conductivity, which indicates that

spin-mediated contribution is added to the phonon contribution. Temperature dependence of

the thermal conductivity has a peak structure around 1 K (Figure 16a inset). Thermal conduc-

tivity of the EtMe3Sb salt also shows a T-linear term, indicating gapless excitation from the

ground state. This is markedly different from the case of k-(ET)2Cu2(CN)3.

Field dependence of thermal conductivity of the EtMe3Sb salt, however, suggests another kind
of excitation (Figure 16b). A steep increase above approximately 2 T is observed below 1 K,

which implies that some spin-gap-like excitations are present at low temperatures, along with the

gapless excitations indicated by the T-linear term. At present, there are two possible scenarios:

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

2. In terms of a possible nodal gap structure in the spinon Fermi surface, the spin-gap-like

behavior is attributed to the pairing gap formation, and the finite residual T-linear term

stems from the zero-energy density of states similar to the disorder-induced normal fluid in

d-wave superconductors (72).

Although there remain many open questions, the unusual bipartite nature of elementary excita-

tions in the quantum spin liquid state places the EtMe3Sb salt in a key position for understand-

ing Mott physics and quantum magnetism.
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Figure 15

Low-temperature heat capacity (Cp) for EtMe3Sb and Et2Me2Sb salts. The main graph shows Cp T
!1 versus

T2 plots of the heat capacity. The inset shows a Cp T
!1 versus T2 plot around a broad hump structure for the

EtMe3Sb salt.
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M. Yamashita et al, 2010

Thermal conductivity
• Huge linear thermal 

conductivity indicates 
the gapless excitations 
are propagating, at least 
in dmit

• Estimate for a metal 
would correspond to a 
mean free path l ~ 1 μm 
≈1000 a !



Theory: Organics
• 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

• Fits some but not all experiments.



Organics: challenges

• Many measurements are dominated by 
lattice above a few K.

• Neutron scattering ineffective

• Microscopic modeling is very difficult 



Ba3NiSb2O9

• Recent experiments show similar behavior 
in two inorganic triangular lattice materials, 
including this one with S=1!

1 10

0.1

1

T
1.0(1)

    Ba
3
NiSb

2
O

9
-6H-B

after subtracting Zn-Cp

and Schottky anomaly 

  0 T

  9 T

C
M
 (

J/
m

o
l-

K
)

T (K)

FIG. 3: Magnetic contribution to the specific heat (CM ) for the 6H-B phase after subtraction of
the CP from the isostructural Zn-sample as well as the Schottky contribution (CSch-orp.) from the
Ni2+ orphan spins.

traces taken under 0 T and 9 T.

As discussed in the main text, the contribution to the DC magnetic susceptibility !(T )

of this 1.7% Ni2+ orphan spins was subtracted from the as measured susceptibility for the

6H-B phase to show the intrinsic susceptibility of the Ni2+ triangular lattice. This intrinsic

susceptibility is found to reach a nearly constant value below T ! 25 K, as discussed in the

main text.

! Electronic address: zhou@magnet.fsu.edu

[1] Collan, H. K., Krusius, M. & Pickett, G. R. Specific heat of antimony and bismuth between

0.03 and 0.8 K. Phys. Rev. B 1, 2888-2895 (1967).
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The Smoking Gun

• Evidence from organics is compelling but 
circumstantial 

• We would really like to see direct evidence 
of spinons, a Fermi surface, or a gauge field 

• Clever suggestions have been made! But 
there is room for more.



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



An Oasis?

ZnCu3(OH)6Cl2

Cu3V2O7(OH)2·2H2O
BaCu3V2O3(OH)2Ba3CuSb2O9

Na4Ir3O8

Ba2YMoO6

Yb2Ti2O7

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). 

triangular kagome 3D

κ-(ET)2Cu2(CN)3

EtMe3Sb[Pd(dmit)2]2



A kagome spin liquid
ZnCu3(OH)6Cl2

NCNR 2009 Accomplishments and Opportunities 49

provide cooled Be, BeO, or PG post sample !lters. Four di"erent 
collimation options (60´, 90´, 36´, and open) will furthermore be 
available for each channel via Soller collimators. 

Quasi-two-dimensional Magnetism in TeVO4

On the very !rst day of scattering experiments on MACS, 
magnetic Bragg peaks corresponding to commensurate long range 
antiferromagnetic order were discovered in TeVO4. Apart from its 
structure, which indicated the possibility of quasi-one-dimensional 
quantum magnetism, very little was previously known about 
TeVO4 [4]. #e rings of inelastic scattering in the (hk0) zone 
and lines along the [1,0,-2] direction detected on MACS (Fig. 2) 
however revealed that TeVO4 is a quasi-two-dimensional magnet 
with weakly interacting ferromagnetic sheets perpendicular to 
(1,0,-2). #e experiment illustrates that MACS is a powerful tool 
for an overview of spin correlations in novel materials.

FIGURE 2:  Upper figure: TeVO4 structure from Ref. 4. Lower figure: 
Inelastic Q maps at energy transfer !! = 2.5 meV. With its twenty detection 
channels and high neutron flux MACS allows such data acquisition in hours 
rather than days.

Quantum Criticality in Spin ! Chains

MACS can also provide interesting new details in well known 
materials. Figure 3 shows Q-E slices of inelastic scattering from 
the quasi-one-dimensional spin-$ chain CuPzN [5] at three 
temperatures. High Q-resolution is maintained by pointing the 
spin chains towards the focusing monchromator. Even at low 
temperatures, inelastic scattering in this crystalline material is 
detected through an area of Q-E space rather than along a sharp 
trajectory and this is evidence of a multi-particle neutron scattering 
process. #e e%ciency of MACS allows each of these data sets to 

be acquired with less than 3.5 h of neutron counting time so the 
full pattern of quantum critical scattering can be probed versus 
temperature. 

FIGURE 3: Maps of inelastic scattering from the quasi-one-dimensional 
spin- ! chain CuPzN [5] at three temperatures. Each data set required just 
3.5 h of neutron counting. 

A&er a long period of planning, designing, engineering, 
manufacturing, and assembly, these two !rst successful 
experiments clearly indicate that an exciting new tool for 
condensed matter physics has been created in MACS. 
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Yb2Ti2O7
pyrochlore lattice

[110] magnetic Field-Induced   

Long Range Order in Yb2Ti2O7 

Sharp spin waves at all wavevectors indicate that the system has entered 

a long range ordered phase induced by modest [110] magnetic fields 

• Spin waves appear absent in low field, but 
emerge for B>0.5T

• another low field spin liquid state?

K.A. Ross et al (2009)



Yb2Ti2O7

• Very different physics:

• 3D

• Strong spin-orbit: 
“quantum spin ice”

• Microscopic modeling 
shows a 3D QSL with 
“emergent 
electromagnetism” is 
possible here (FM QSL)

QSL

FM

quantum 
critical

T

H

Hc



Conclusions

• Quantum spin liquids are entirely new 
states of matter with remarkable long-
range quantum structure

• New materials, more detailed theory, and 
hard work seem finally to be exposing 
them to experimental study
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