
Quantum Spin Liquids 



Ultimate frustration?

¥Can quantum ßuctuations prevent order 
even at T=0: f=∞?

¥Many theoretical suggestions since 
Anderson (73)

¥ÒResonating Valence BondÓ QSL states

+ + … 
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Variational methods

¥ Probably the most ßexible and physical 
approach which has a good success record in 
theoretical physics is the variational 
wavefunction

¥ Pioneered by PW Anderson, who suggested 
ÒRVBÓ state for the triangular antiferromagnet 
(he was wrong, obviously!)

¥ Idea: best state for two spin-1/2 spins is a 
ÒValence BondÓ (VB), just a spin singlet
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General expectations 
for VB states

¥ Formation of a VB creates a gap to excite those 
two spins

¥ Long-range VBs are more weakly bound, so with 
long-range VBs there need not be a spin gap for 
the system as a whole

¥ But generally the susceptibility will be 
suppressed by VB formation

¥ Excitations associated with moving VBs can have 
low energy but do not carry spin



The ÒlandscapeÓ
¥ As you can imagine, the number of RVB variational 

wavefunctions is vast

¥ It is now clear that the number of distinct Quantum 
Spin Liquid (QSL)  phases is also huge

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

¥ This makes it difÞcult to compare all of the states

¥ and there may be many states with similar 
energies



Slave particles

¥One approach to constructing variational 
wavefunctions is to begin with a state with 
free particles, and project it back to a spin 
wavefunction

¥Use a reference Hamiltonian

¥Project

Href =
∑

ij

[
t ij c 

i ! cj ! + h.c. + ∆ij c 
i ↑c 

j ↓ + h.c.
]

|Ψvar ! =
!

i

P̂n i =1 |Ψref !



Spinons and gauge 
theory

¥ It is usually believed that to such a 
wavefunction there corresponds an effective 
theory in which the ci,ci   fermions are elevated 
to  ÒalmostÓ real quasiparticles: spinons

¥ However they generally carry a gauge charge 
and interact with associated gauge Þelds that 
reßect the projection

¥ Note that a gauge transformation of the ci 
does not change the projected wavefunction



Gauge theories
¥ All the known (in theory) QSL states seem to 

have some underlying gauge structure

¥ This is probably necessary because of the non-
locality of spinons

¥ Various gauge structures are possible, most 
commonly U(1) and Z2

¥ Also different spinon Òband structuresÓ are 
possible - gapped, Dirac, Fermi surface...

¥ These gross features are connected to ÒProjected 
Symmetry GroupÓ structure (perhaps Sachdev 
will discuss?)



Gross low-E features 
from gauge theory

• How low?
¥U(1) states
¥ spinons unpaired
¥ strong gauge ßuctuations
¥ spinons must be gapless in d=2
¥ stable in d=3 at T=0 only

¥Z2 states
¥ spinons paired
¥ weak gauge ßuctuations
¥ stable in d=2 at T=0
¥ T>0 Ising transition in d=3



Search for QSLs

¥Where do we look?

¥Spin-1/2 frustrated magnets

¥Intermediate correlation regime (near 
the Mott transition)



¥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?

Search for QSLs



A diagnostic ßowchart
Dimension?

d=2

Spin gap?

yes

Z2 state

no

Cv?

U(1) FS

T2/3

Z2 dirty Dirac

T

RW = 1?
T2

d=3

Z2 Dirac U(1) Dirac 
ASL

yes no



A diagnostic ßowchart
T>0 transition

d=2

Spin gap?

yes

U(1)

no
Cv?

Z2 FST ln(1/T) Z2 line 
node

T T2

d=3

U(1) FS U(1) ??

Z2. Spin gap?

yes

yes

Z2

no

Cv?
?

disordered possibilities neglected



S=1/2 MaterialsQ2D organics !-(ET)2X;  spin-1/2 on triangular lattice

dimer model

ET layer

X layer

Kino & Fukuyama

tÕ

t t
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t t

tÕ
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t t tÕ/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

tÕ
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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-½ 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-½ kagome materials.  

Quantum spin liquid 
Anderson’s 1973 paper looked at a
model in which one spin-½  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-½ 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-½  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= ½) 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-½ 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-½ 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 kagomestructure. 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+ !

JÕ
!

J
!

J
! J Ð J Ð JÕ 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 BaCu 3V2O8(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 ûA,
b = 5.907 ûA, c = 7.721 ûA and β = 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 groupC2/ m with lat-
tice parameters ofa = 10.271ûA, b= 5.911 ûA, c = 7.711 ûA,
β = 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 2.962ûA (Cu1-Cu2) and 2.956
ûA (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 Teßon beaker placed
in a stainless-steel vessel. The vessel was Þlled up to 60
volume % with H2O, sealed and heated at 180◦C for
24 h. Sample characterization was performed by powder
x-ray diffraction (XRD) analysis using Cu-Kα radiation.
Magnetic and thermodynamic properties were measured
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FIG. 2: (a) Temperature dependence of magnetic susceptibil-
ity χ of vesignieite BaCu3V2O8(OH) 2 polycrystalline sample
measured on heating at a magnetic Þeld of 0.1 T. The Þlled
circles, open circles, and broken line representχ, χbulk, and
χimp, respectively. The solid curve on the χ data between 2
and 10 K represents a Curie-Weiss (CW) Þt, and that between
150 and 300 K represents a Þt 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
χ" 1, where the solid line between 200 and 300 K represents a
CW Þt, which gives θW = −77 K and peff = 1.98 µB/Cu. (b)
Temperature dependence of Þeld-cooled and zero-Þeld-cooled
χ measured in various magnetic Þelds up to 5 T.

in MPMS and PPMS (Quantum Design). All the peaks
observed in the powder XRD pattern were indexed to re-
ßections based on a monoclinic structure with the lattice
constants a = 10.273 ûA, b = 5.907 ûA, c = 7.721 ûA, β
= 116.29◦ (Fig. 1 (b)), conÞrming 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 χ and inverse susceptibility χ−1 of vesignieite are
shown in Fig. 2 (a). χ−1 exhibits a linear tempera-
ture dependence above 150 K, interpreted as Curie-Weiss
magnetism. A Curie-Weiss Þt to the data between 200
and 300 K yields a moderately large negativeθW = " 77
K and an effective 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



S=1/2 Candidates

material lattice
ground 
state f

κ-(BEDTTTF)2Cu2(CN)3

EtMe3Sb[Pd(dmit)2]2

ZnCu3(OH)6Cl2 

(herbertsmithite)

Cu3V2O7(OH)2·2H2O
(volborthite)

BaCu3V2O8(OH)2

(vesigniete)

Na4Ir3O8

≈triangular QSL? >103

≈triangular QSL? >103

kagome QSL? >103

a-kagome
AF? 

Glass? ≈100

a-kagome QSL? >100

hyperkagome QSL? >103



S=1/2 Candidates

material lattice
ground 
state f

κ-(BEDTTTF)2Cu2(CN)3

EtMe3Sb[Pd(dmit)2]2

ZnCu3(OH)6Cl2 

(herbertsmithite)

Cu3V2O7(OH)2·2H2O
(volborthite)

BaCu3V2O8(OH)2

(vesigniete)

Na4Ir3O8

≈triangular QSL? >103

≈triangular QSL? >103

kagome QSL? >103

a-kagome
AF? 

Glass? ≈100

a-kagome QSL? >100

hyperkagome QSL? >103

?



S=1/2 Candidates

material |ΘCW|
Type of 

MI chemistry

κ-(BEDTTTF)2Cu2(CN)3

EtMe3Sb[Pd(dmit)2]2

ZnCu3(OH)6Cl2 

(herbertsmithite)

Cu3V2O7(OH)2·2H2O
(volborthite)

BaCu3V2O8(OH)2

(vesigniete)

Na4Ir3O8

375K weak organic

350K weak organic

240K strong inorganic

120K strong inorganic

80K strong inorganic

600K weak inorganic



κ-(BEDT-TTF)2Cu2(CN)3

¥Material is proximate 
to a Mott transition

¥Non-activated 
transport

¥Optical pseudogap

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, 76.60.2 k

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=dTshow 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.

PRL 95, 177001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
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SpeciÞc Heat

! = 1!

! = 1.25 !

Volbo!

T = 8 K 
0.07Jav !

Fa Wang et al, PRB76, 094421 (07). 

! = 0.7!

! = 0.5!

T / Jav !

C / R
!

C/T

T0 200K

volborthite (Hiroi) Okamoto et al



SpeciÞc Heat

¥SpeciÞc heat

¥broad peak well below |ΘCW|

¥approximately ~ AT2 below the peak

¥at very low temperature ~γT

¥ large variations γ=1-250 mJ/(mole-K2)

¥This clearly indicates large low energy density 
of states



SpeciÞc Heat
material
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κ-(BEDTTTF)2Cu2(CN)3

EtMe3Sb[Pd(dmit)2]2

ZnCu3(OH)6Cl2 

(herbertsmithite)

Cu3V2O7(OH)2·2H2O
(volborthite)

BaCu3V2O8(OH)2

(vesigniete)

Na4Ir3O8

12
?

240

40

50

1

¥For the same 
form of 
Hamiltonian, 
�» should scale 
with 1/J



SpeciÞc Heat
material �»
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(volborthite)

BaCu3V2O8(OH)2

(vesigniete)

Na4Ir3O8

12 1
? ?

240 13

40 1.1

50 0.89

1 0.13
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 |ΘCW|/4500

κ-(BEDTTTF)2Cu2(CN)3

EtMe3Sb[Pd(dmit)2]2

ZnCu3(OH)6Cl2 

(herbertsmithite)

Cu3V2O7(OH)2·2H2O
(volborthite)

BaCu3V2O8(OH)2

(vesigniete)

Na4Ir3O8

12 1
? ?

240 13

40 1.1

50 0.89

1 0.13

defects!tempting to think non-zero �»  is 
intrinsic at least to 2d systems



Susceptibility
¥ All the materials show approximate Curie-Weiss 

form, with some saturation at low T

¥ In some cases there is a peak

¥ Values of the low-T susceptibility vary within a 
range of only about 10

¥ Is this intrinsic? Or is it related to disorder or spin-
orbit coupling?

¥ In a S=1/2 system, SOI = Dzyaloshinskii-Moriya 
interactions

HD =
∑

ij

!D ij á!Si ! !Sj



Susceptibility
material

�Î �	�5�����

�<�����������F�N�V���N�P�M�F�>

κ-(BEDTTTF)2Cu2(CN)3

EtMe3Sb[Pd(dmit)2]2

ZnCu3(OH)6Cl2 

(herbertsmithite)

Cu3V2O7(OH)2·2H2O
(volborthite)

BaCu3V2O8(OH)2

(vesigniete)

Na4Ir3O8

3
4

5 (from 17O)

30

25

10

¥For the same 
form of 
Hamiltonian, �Î��
should scale 
with 1/J.



Susceptibility
material �Î �	�5�����


�<�����������F�N�V���N�P�M�F�>

�Î�Ò
 |ΘCW|/1125

κ-(BEDTTTF)2Cu2(CN)3

EtMe3Sb[Pd(dmit)2]2

ZnCu3(OH)6Cl2 

(herbertsmithite)

Cu3V2O7(OH)2·2H2O
(volborthite)

BaCu3V2O8(OH)2

(vesigniete)

Na4Ir3O8

3 1
4 1.2

5 (from 17O) 1.1

30 3.2

25 1.8

10 5.3



Scaled Kagome 
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FIG. 5: Uniform susceptibilities of three kagome lattice antiferromagnets, scaled by estimated

nearest-neighbor exchange constant J .
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Agreement here suggests herbertsmithite and vesignieite 
have similar intrinsic hamiltonians



What about VB states?

¥Both VBS and RVB states are constructed 
from VBs, and hence should have a 
suppressed susceptibility

¥in fact, nearly all states that have been 
proposed for frustrated magnets have a 
vanishing susceptibility as T goes to 0

¥but this is not the case in experiment!



How important is SOI?

¥Wilson ratio

¥R>>1 is an indication of SOI enhancing χ

¥in general χ(T=0) is always non-zero 
with SOIs, even if there is a full gap (in 
that case, χ ~ D2/Δ3)

¥R~1 is characteristic of free fermions 
carrying spin

R =
4! 2k2

B" 0

3(gµB)2#



Wilson Ratio
material �3

κ-(BEDTTTF)2Cu2(CN)3

EtMe3Sb[Pd(dmit)2]2

ZnCu3(OH)6Cl2 

(herbertsmithite)

Cu3V2O7(OH)2·2H2O
(volborthite)

BaCu3V2O8(OH)2

(vesigniete)

Na4Ir3O8

~1
?

not intrinsic

6

4

70
increasing SOI



Wilson Ratio
material �3 estimated

D/J
κ-(BEDTTTF)2Cu2(CN)3

EtMe3Sb[Pd(dmit)2]2

ZnCu3(OH)6Cl2 

(herbertsmithite)

Cu3V2O7(OH)2·2H2O
(volborthite)

BaCu3V2O8(OH)2

(vesigniete)

Na4Ir3O8

~1 2%
? 2%

not intrinsic 5-10%

6 5-10%

4 5-10%

70 O(1)



NMR/NQR/μSR

¥Local probes 

¥lineshape can tell if there are any static 
moments, even if not ordered

¥relaxation rate gives information on 
density of low energy states (dynamic 
local spin susceptibility)



NMR lineshapes

Na4Ir3O8 

23Na  

23Na NMR
Na4Ir3O8

1H NMR

Evidence for lack of static moments



Relaxation Rate

Na4Ir3O8

1/T1

Inhomogeneous
   relaxation

α in 
stretched exp

Low-lying spin excitation 

κ-(BEDTTTF)2Cu2(CN)3

Power-laws indicate gapless excitations

Another important aspect of Fig. 3 is that 35K1=2 begins
to deviate from the aforementioned Curie-Weiss fit in a
manner similar to !bulk, as the 35Cl NMR line gradually
broadens to lower frequencies. It is important to realize
that 35!1=T1" also begins to increase in the same tempera-
ture range below # 150 K (see Fig. 4). Below 50 K, where
35!1=T1" shows a peak, the 35Cl NMR line shows a dra-
matic broadening to lower frequencies. Figure 2 and 3
establish that 35K1=2 follows the same trend as !bulk; i.e.,
some segments of the Kagome lattice have large and
distributed local spin susceptibility !local, and their tem-
perature dependence is different from the smaller !local as
represented by 35K . !bulk simply represents a bulk average
of !local.

In passing, we recall that earlier "SRKnight shift K"SR

measurements by Ofer et al. [10] showed identical behav-
ior between K"SR and !bulk. They concluded that the up-
turn of !bulk below 50 K is not caused by impurity spins but
is a bulk phenomenon. Our new results in Fig. 3 do not
contradict these "SRdata. K"SR was deduced by assuming
a Gaussian distribution of !local; hence by default K"SR

represents the central value of the presumed Gaussian
distribution. That explains why K"SR shows behavior simi-
lar to !bulk and 35K1=2.

Next, we turn our attention to the dynamics of lattice and
spin degrees of freedom. Figure 4 shows the temperature
dependence of the 35Cl nuclear spin-lattice relaxation rate,
35!1=T1", measured at the central peak frequency in various

magnetic fields, B. We also plot 1!1=T1" for 1H NMR in
0.9 T, and 63!1=T1" for 63CuNMR in 8 T. We have overlaid
1;63!1=T1" on 35!1=T1" measured in comparable magnetic
fields by scaling the vertical axis.

We can draw a number of conclusions from Fig. 4. First,
let us focus on T and B independent results of 35!1=T1"
above # 150 K. This high temperature regime is easily
understandable within Moriya’s theory for the exchange
narrowing limit of Heisenberg antiferromagnets, where we
should expect 35!1=T1"exc# A2

hf=J$ constfor T >J # 170
[19]. If we assume J # 170 K and Ahf # % 4 kOe="B, we
can estimate 35!1=T1"exc # 4 sec%1. This is in excellent
agreement with our result.

Another important feature is that 35!1=T1" begins to
increase below # 150 K and peaks near # 50 K. Since
35Cl is a quadrupolar nucleus with nuclear spin I $ 3

2 ,
the observed enhancement may be caused by slow fluctua-
tions of the lattice via nuclear quadrupole interactions, as
well as by Cu spin fluctuations. To discern the two possi-
bilities, we show 1!1=T1" of 1H measured at 0.9 T for
comparison. The 1!1=T1" data nicely interpolate 35!1=T1"
in the field-independent regime above # 150 K and
35!1=T1" measured at a comparable magnetic field (1 T)
at low-temperatures, without a peak near # 50 K. Since 1H
has I $ 1

2 , 1!1=T1" has no contributions from lattice fluc-
tuations. Therefore we conclude that the peak of 35!1=T1"
near # 50 K arises from enhancement of lattice fluctua-
tions at the NMR frequency. The peak of 35!1=T1" shifts to
progressively lower temperatures as we lower the 35Cl
NMR frequency, from 50 K (34.6 MHz at 8.3 T), 46 K
(18.4 MHz at 4.4 T) to 40 K (10 MHz at 2.4 T). This means
that the typical frequency scale of lattice fluctuations is
35 MHz at 50 K, 18 MHz at 46 K, and 10 MHz at 40 K, and
the Kagome lattice becomes static below 40 K. Given that
no structural phase transition has been detected by x-ray
and neutron scattering techniques, the observed freezing of
the lattice near # 50 K must be a very subtle effect. In fact,
our careful measurements of the quadrupole split & 1

2 to & 3
2

satellite transitions of 35Cl NMR did not detect any notice-
able changes, either. All pieces put together, we suggest
that the lightest elements in the lattice, i.e., OH bonds,
must be freezing with random orientations, with only
subtle effects on heavier atoms.

Regardless of the exact nature of the freezing of the
lattice, our observation provides a major clue to under-
standing the mysterious behaviors of !bulk and !local.
Recent structural studies revealed that up to 6% of Cu sites
may be occupied by Zn to create unpaired defect spins
[15]. There is no doubt that such antisite disorder would
enhance !bulk and contribute to the large distribution of
!local at low temperatures. However, it is important to
realize that !bulk begins to deviate from high temperature
Curie-Weiss behavior below # 150 K [8], exactly where
35!1=T1" begins to grow due to slowing of lattice fluctua-
tions toward # 50 K. Furthermore, the crossover between
the two different Curie-Weiss behaviors of !bulk and 35K1=2
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FIG. 4 (color online). Temperature dependence of 35Cl NMR
spin-lattice relaxation rate 35!1=T1" at various magnetic fields
(filled symbols). Solid line represents a fit to a power law,
35!1=T1" $ T# with # $ 0:47 (8.3 T), 0.44 (4.4 T), 0.2 (2.4 T
and 1.0 T). 1H relaxation rate in low field (0.9 T), 1!1=T1", and
63Cu relaxation rate in high field (8 T), 63!1=T1", are also
superposed on 35!1=T1" measured in comparable magnetic field.
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Theory: Organics

¥Ònon-magnetic insulatorÓ found by Imada 
from projector MC methods in triangular 
lattice Hubbard model

¥now conÞrmed by several other 
calculations

¥But what is it?  And does it correspond to 
experiment?



Theory: Organics
¥ RVB/QSL state:

¥ Motrunich, Lee+Lee: (2005) Òuniform RVBÓ

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

¥ It is described by a ÒFermi seaÓ of spinons 
coupled to a U(1) gauge Þeld

¥ Good variational energy for triangular lattice 
Hubbard model

¥ How does it Þt with experiments?



Circumstantial evidence

¥No ordering ✔
¥Large T=0 susceptibility ✔

¥Linear speciÞc heat ☹
¥theory predicts Cv = AT2/3 due to gauge 

ßuctuations
¥but if we ignore this, it seems reasonable 

that R=O(1)
¥Power-law 1/T1 ✔ 
¥but itÕs not clear the actual power works



Challenges
¥The thermal 

conductivity appears to 
show a small gap of 
order 0.5K at very low 
temperature

¥Not consistent with 
uniform RVB 

¥Is it consistent with 
heat capacity?



Challenges

¥13C NMR: line 
broadening at low 
temperature in a Þeld

¥indicates 
inhomogenous AF 
moments induced 
by Þeld



Challenges

shows clear deviation from the relationEdimer=2tb1 and sug-
gests that Coulomb interaction must be considered. In fact,
with the ratioU / tb16 !i.e., with tb1=240 meVU=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 TableI". Quantum chemistry calculations imply that
for an appropriate description of!-!ET"2X salts the in-
tradimer Coulomb repulsionV !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 theU 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-deÞned 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 betweenT=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 TableI. 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 toT=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 Þnite charge gap coin-
cides with the enhancement of the antiferromagnetic spin
correlations as reßected 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 atTAF
=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 forE )c andE )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, theT=10 K spectrum representative
for the wholeT%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
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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.

DOI: 10.1103/PhysRevB.74.201101 PACS number!s": 71.27.#a, 71.30.#h

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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non-activated 
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Theory: Kagomes
¥ ED: clearly indicates a non-magnetic ground state, 

with a small or zero gap to triplets and/or singlets

¥ There are at least two competing pictures of the 
ideal kagome lattice

¥ VBS states

¥ This idea has a long history but was revived 
recently by Huse+Singh, and seems to be 
favored by most numerical approaches

¥ However, one should be cautious since many 
approaches are biased toward short-range VBs



Marston-Zeng VBS

¥36 site unit cell with a small gap
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Ground State of the Spin-1/2 Kagome Lattice Heisenberg Antiferromagnet

Rajiv R. P. Singh
Department of Physics, University of California, Davis, CA 95616, USA

David A. Huse
Department of Physics, Princeton University, Princeton, N J 08544, USA

(Dated: February 1, 2008)

Using series expansions around the dimer limit, we find that the ground state of the spin-1/2
Heisenberg Antiferromagnet on the Kagome Lattice appears to be a Valence Bond Crystal (VBC)
with a 36 site unit cell, and ground state energy per site E = −0.433 ± 0.001J . It consists of
a honeycomb lattice of ‘perfect hexagons’. The energy di! erence between the ground state and
other ordered states with the maximum number of ‘perfect hexagons’, such as a stripe-ordered
state, is of order 0.001J . The expansion is also done for the 36 site system with periodic boundary
conditions; its energy per site is 0.005± 0.001J lower than the infinite system, consistent with Exact
Diagonalization results. Every unit cell of the VBC has two singlet states whose degeneracy is not
lifted to 6th order in the expansion. We estimate this energy di! erence to be less than 0.001J . The
dimerization order parameter is found to be robust. Two leading orders of perturbation theory give
lowest triplet excitations to be dispersionless and confined to the ‘perfect hexagons’.

PACS numbers: 75.10.Jm

The spin-1/2 antiferromagnetic Kagome-Lattice
Heisenberg Model (KLHM) with Hamiltonian,

H = J
!

〈i,j 〉

Si áSj , (1)

is a highly frustrated quantum spin model [1]. Its prop-
erties have been studied by a wide variety of numerical
and analytical techniques [2, 3, 4, 5, 6, 7, 8, 9]. Yet,
the precise nature of the ground state remains a subject
of debate. Proposals have included a number of Valence
Bond Crystals (VBC) [10, 11, 12, 13] as well as spin-
liquid states with algebraic correlations [14, 15]. Recent
experimental work on the material ZnCu3(OH) 6Cl2has
attracted further interest to this model [16, 17, 18, 19],
although this material is likely to also have signiÞcant
Dzyloshinski-Moria anisotropy. [20]

Here, we show that the ground state of KLHM appears
to be a Valence Bond Crystal with a 36 site unit cell. It
consists of a Honeycomb lattice of perfect hexagons as
initially proposed by Marston and Zeng [10], discussed
in more detail by Nikolic and Senthil [12], and shown in
Fig 1. In a dimer covering, all triangles that have a sin-
glet valence bond are locally in a ground state. As can be
readily shown, any dimer covering leaves one-fourth of all
triangles in the Kagome lattice empty. All quantum ßuc-
tuations in the ground state originate from these empty
triangles, since it is only there that the singlet dimer cov-
ering is not locally a ground state of the Hamiltonian.

We develop series expansions around an arbitrary
dimer covering of the inÞnite lattice using a Linked
Cluster method [21] and compare the energies of vari-
ous dimer coverings. To carry out the expansions, all
(ÒstrongÓ) bonds that make up the dimer covering are
given an interaction strength J and all other (ÒweakÓ)
bonds are given a strengthλJ . Expansions are then car-
ried out in powers of λ and extrapolated to λ = 1 where
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FIG. 1: (Color online) Ground state ordering pattern of
low-energy (“strong”) bonds (blue) for the Kagome Lattice
Heisenberg Model. The perfect hexagons are denoted as H,
the empty triangles by E and the pinwheels as P. The two
dimer coverings of the pinwheels that remain degenerate to
high orders of perturbation theory are denoted by thick solid
(blue) and dotted (magneta) bonds.

all bonds are equivalent in the Hamiltonian. Follow-
ing recent development of the Numerical Linked Cluster
scheme [22], we group together all weak bonds belonging
to each triangle. This signiÞcantly simpliÞes the calcu-
lations: only 5 graphs contribute to the ground state
energy to 5th order in λ (see Fig 2). The resulting series



VBS vs expt
¥ In any VBS state, you should have a gap for all 

excitations

¥ seemingly at odds with speciÞc heat and 
NMR 1/T1

¥ but it is also agreed that these gaps must be 
very small, so the state may be highly 
susceptible to disorder, SOI, anisotropy

¥ one needs to understand how these 
perturbations affect the physics to make any 
real comparison (or get some new expts!)



Dirac QSL
¥ Y. Ran et al, 2007: proposed an RVB state built from 

projected lattice Dirac fermions, based on variational 
wavefunctions

¥ This state has Cv ~ AT2 and χ~BT, and certain power-
law correlations of spin, etc.

¥ need to invoke impurities to explain both linear Cv 
and non-zero χ(0)

¥ But quadratic speciÞc heat can agree over an 
intermediate temperature range

¥ Without impurities, DM is expected to induce 
magnetic order



Is theory natural?
¥ At the moment, all the viable ideas on purely 

theoretical grounds involve some degree of  VB 
formation

¥ However, in experiment, it is not particularly 
clear that this is happening

¥ In addition, there are in either case very few 
aspects of the experiments that are actually 
predicted correctly by the ideal theory

¥ so apart from theoretical biases, it is hard to 
say that there is any really compelling reason 
to believe in these theories!



Where now?

¥Incremental improvements in theory and 
materials could converge

¥It is possible we need a radically different 
theory of QSLs, which might naturally 
explain the experiments

¥It would be good to have theories that 
focus less on very low temperature, and 
more on intermediate energy physics, and 
are more quantitative



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 ÒSenthil experimentÓ 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!


