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What do we look for?
Is it an insulator?
Is it a magnet? Curie law 
Signs of frustration

f>>1: 
ΘCW (χ)
TN: signs of transition in χ, Cv, ...

low T entropy, low energy excitations
Cv, 1/T1,...

Identify the states
nature of correlations?
ordering if it occurs

Compare with some theoretical expectations



AB2X4 spinels

One of the most 
common mineral 
structures

Common valence:

A2+,B3+,X2-

X=O,S,Se

A

X

B

cubic Fd3m



Deconstructing the 
spinel

A atoms: diamond lattice

Bipartite: not 
geometrically 
frustrated

A



Deconstructing the spinel

B atoms: pyrochlore

decorate the plaquettes 
of the diamond lattice

B



ACr2O4 spinels

pyrochlore lattice

S=3/2 Isotropic 
moment

X=O spinels: B-B 
distance close enough 
for direct overlap

dominant AF 
nearest-neighbor 
exchange



H=0 Susceptibility

Frustration:

χ

T

Zn Cd Hg

ΘCW 

(K)

TN (K)

f

-390 -70 -32

12 7.8 5.8

33 9 6 H. Ueda et al



Degeneracy

Heisenberg model

Ground state constraint: total spin 0 per 
tetrahedron

Quantum mechanically: not possible
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Classical spin liquid

No LRO (Reimers)



Classical spin liquid

No LRO (Reimers)

Dipolar correlations 

following. The pyrochlore lattice consists of corner shar-
ing tetrahedra, and the Hamiltonian can be rewritten, up
to a constant, as H ! "1=2#P!"

P

i!!Si#2, where the sum
in parentheses runs over all four spins at the corners of a
given tetrahedron, !, and the outer sum is over all
tetrahedra. Hence, the ground states (minimum energy
configurations) are such that for each tetrahedron and
each spin component ",

X

i2!

S"i ! 0: (1)

This can be turned into a manifest conservation law on
the dual—bipartite diamond—lattice, the sites of which
are given by the centers of the tetrahedra while the spins
sit at the midpoints of its bonds.

First, we orient each bond, #, by defining a unit vector
ê#, which points along the bond from one sublattice to the

other; see Fig. 2. Next we define N vector fields on each
bond, B"

# ! S"# ê#, where S"# denotes the spin on bond #.
The ground state constraint (1) implies that each B"

separately forms a set of solenoidal fields at T ! 0, r $
B" ! 0. (Here and in the following, we label spin com-
ponents by Greek superscripts, sublattices by Greek sub-
scripts, and the components of Cartesian 3-vectors by
Roman subscripts.)

For N ! 1, spin flips connecting two ground states
correspond to reversing the direction of a closed loop of
‘‘magnetic flux,’’ B; evidently, B averages to zero over
such a flippable cluster of spins. Upon coarse graining, a
high density of flippable clusters (and therefore a large
number of ground states) translates into a small (well-
averaged) coarse-grained ~B. We now posit that this fea-
ture carries through to N > 1, so that states with small
values of ~B" will in general be (entropically) favored.
This is captured most simply by introducing a weight
functional, $:

$%f~B""x#g& / exp
!

'K
2

Z

d3x
X

"
"~B"#2

"

(2)

provided the solenoidal constraint is implemented; K is
the stiffness constant and the integral runs over all of
space. (If we solve the constraint by introducing a vector
potential for each component, B" ! r(A", we are led
to the Maxwell action.)

From this we can deduce the long-distance correlators,

h ~B"
i "x# ~B%

j "0#i / &"%
3xixj ' r2&ij

r5
; (3)

which are dipolar as advertised [15]. Note that the 1=r3

algebraic long-distance behavior does not lead to a loga-
rithmic peak in the structure factor: its leading contribu-
tion is canceled by the oscillatory dipolar form of the
angular integral [11]. There is no divergence of fluctua-
tions at any given wave vector.

This argument does not take into account thermal
fluctuations out of the ground state manifold. These are
gapped, and thus unimportant for T ! 0, for N ! 1.
However, for continuous spins they endow each micro-

FIG. 2 (color online). The centers of the tetrahedra define
(the two sublattices of) the diamond lattice, denoted by black
and gray dots. Vectors ê# define orientation of the diamond
bonds, and the four sublattices of the pyrochlore lattice.
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FIG. 1 (color online). Top: %hhk& structure factor for N ! 1
[dark ! low intensity; the x (y) axis corresponds to h (k)
ranging from '2 to 2]. Middle: Ising correlations at T ! 0
(bottom: Heisenberg, at T=J ! 0:005) from Monte Carlo simu-
lations (symbols) compared to T ! 0 large-N correlations
(lines): G0

11"x# ! hS1"x#S1"0#i, for two inequivalent directions,
[101] and [211], multiplied by the cube of the distance, x3. Error
bars are around 5( 10'6x3 (5( 10'5x3). Different system
sizes L as indicated. There is no fitting parameter.
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Classical spin liquid

No LRO (Reimers)

Dipolar correlations
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Classical spin liquid

Unusual “ring” 
correlations seen in 
CdCr2O4 related

Y2Ru2O7: J. van Duijn 
et al, 2007

Although direct structural probes are unavailable for quantum
Hall samples, we can monitor the correlated spin state in a
frustrated magnet by scattering neutrons from it9. Neutrons carry
a magnetic dipole moment, and are subject to forces from atomic-
scale field gradients. The resulting pattern of quasi-elastic scattering
versus wavevector transfer, Q! k i 2 k f ; is the sample-averaged
Fourier transform of spin configurations within a coherence volume
of order (100 Å)3 given by the instrumental resolution. Here ki and
kf are the de Broglie wavevectors associated with the incident and
scattered neutrons, respectively. Magnetic peaks generally sharpen
with decreasing temperature as the correlation length, y, increases.
For un-frustrated La2CuO4 (ref. 10), the half-width at half-maxi-
mum (HWHM), k"T# ! y"T#21; becomes indistinguishable from
zero below amicroscopic energy scale, the Curie–Weiss temperature
jQCWj. In contrast, for frustrated ZnCr2O4 (Fig. 2), k remains finite
evenbelow jQCWj, and extrapolates to a finite value asT=jQCWj! 0:

The finite low-temperature correlation length in ZnCr2O4 signals
the emergence of confined nanometre-scale spin clusters. Rather
than being associated with temperature-dependent short-range
order above a phase transition, the wavevector dependence of the
low-temperature intensity (Fig. 3a, b) can be interpreted as a spin
cluster form factor. As opposed to the form factor for an atomic
spin, the cluster form factor vanishes for Q ! 0, which is evidence
that clusters carry no net spin11. Further analysis is complicated by
the anisotropy of spin clusters, which can occur in four different
orientations for a cubic crystal. Rather than Fourier-inverting the
data, we therefore compare them to the orientationally averaged
Fourier transform of potential spin clusters. Individual tetrahedra
would be prime candidates, as they constitute the basic motif of the
pyrochlore lattice. However, a tetrahedron is too small to account
for the features observed (Fig. 3a, b). The next-smallest symmetric
structural unit is the hexagonal loop formed by a cluster of six
tetrahedra (Fig. 4a). Two spins from each tetrahedron occupy the
vertices of a hexagon, while the other two spins from each tetra-
hedron belong to different hexagons. Averaging over the four
different hexagon orientations in the pyrochlore lattice, the square
of the antiferromagnetic hexagon spin-loop form factor can be

written as

jF6"Q#j2 / sin
p
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2
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The magnetic neutron scattering intensity would follow I0"Q# !
jF6"Q#j2jF"Q#j2; where F(Q) is the magnetic form factor for Cr3$.
The excellent qualitative agreement between model and data in Fig. 3
provides compelling evidence that neutrons scatter from antiferro-
magnetic hexagonal spin clusters rather than individual spins. In
effect, ZnCr2O4 at low temperatures is not a system of strongly
interacting spins, but a ‘protectorate’ of weakly interacting spin-
loop directors. (The term ‘protectorate’ was introduced8 to describe
stable states of matter in strongly correlated many-body systems. As
antiferromagnetic hexagonal spin loops appear to be stable composite
degrees of freedom for the pyrochlore lattice, we call the correspond-
ing low-temperature state of the frustrated magnet a protectorate.)
Thermal and quantum fluctuations that violate collinearity

within the hexagons should induce residual interactions between
directors. Such interactions may account for the inelasticity of the
scattering, the director correlations reflected in the greater sharp-
ness of the experimental features in Figs 2 and 3, and the increase of
k with T, which indicates gradual disintegration of the directors.
What is the basis for the emergence of spin-loop directors as the

effective degrees of freedom in this frustrated magnet? Fig. 4 shows
the spins surrounding a hexagon in the pyrochlore lattice. Spin
configurations that satisfy all interactions are characterized by the
connected vectors of Fig. 4b. Although the spin configuration

Figure 2 Temperature dependence of the inverse correlation length, k"T # ! y"T #21:

(Temperature is given in units of the Curie–Weiss temperature, Q CW.) The data were

derived from antiferromagnetic neutron scattering peaks by fitting to resolution-

convoluted lorentzians. The triangles and circles are the lorentzian HWHMs along the

(h 5/4 5/4) direction for \q! 1meV; obtained with seven and eleven analyser blades,

respectively. k does not vanish as T=jQCWj! 0; but extrapolates to a value that is close
to the HWHM associated with the squared form factor for antiferromagnetic hexagon spin

loops (dashed line). Inset, raw data for ZnCr2O4 at T ! 15 K. The bar shows the

experimental resolution. The solid line is a resolution convoluted two-dimensional

lorentzian; the dashed line is the squared hexagon spin-loop form factor convoluted with

resolution.

Figure 3 Wavevector dependence of the inelastic neutron scattering cross-section for
ZnCr2O4. a,b, Colour images of inelastic neutron scattering intensities from single crystals

of ZnCr2O4 in the (hk0) and (hkk) symmetry planes obtained at T ! 15 K for \q! 1meV:
The data are a measure of the dynamic form factor for self-organized nanometre-scale

spin clusters in the material. c,d, Colour images of the form factor squared calculated for

antiferromagnetic hexagon spin loops averaged over the four hexagon orientations in the

spinel lattice. The excellent agreement between model and data identifies the spin

clusters as hexagonal spin loops.

letters to nature

NATURE |VOL 418 | 22 AUGUST 2002 | www.nature.com/nature 857© 2002        Nature  Publishing Group

Broholm et al



Ordering

Many perturbations 
important for 
ordering:

Spin-lattice 
coupling
Further exchange
Spin-orbit effects
Quantum 
corrections

ZnCr2O4

CdCr2O4

HgCr2O4

S.H. Lee + many others

JH Chung et al, 2005



Magnetization Plateaus

Classically: M = Ms H/Hs

Plateau indicates 3:1 
structure

H. Ueda at al, 2005/6



Magnetization Plateaus

Plateau mechanism:

spin-lattice coupling 
favors collinearity

Order on plateau may 
be selected by

spin-lattice

quantum effects

“R” state observed 
in neutrons

Matsuda et al



A-site spinels
Spectrum of materials

1 900

FeSc2S4

10 205

CoAl2O4

MnSc2S4

MnAl2O4

CoRh2O4 Co3O4

V. Fritsch et al. PRL 92, 116401 (2004); N. Tristan et al. PRB 72, 174404 (2005); T. Suzuki et al. (2006)

s = 5/2

s = 3/2

Orbital 
degeneracy

s = 2

Naively unfrustrated

f =
|!CW |

TN



Why frustration?

Roth, 1964: 2nd and 
3rd neighbor 
exchange not 
necessarily small

Exchange paths:  
A-X-B-X-B 
comparable

Minimal model
J1-J2 exchange

J1
J2



Ground state evolution
Coplanar spirals 

q
0 1/8

Neel

J2/J1

J2/J1 = 0.2 J2/J1 = 0.4 J2/J1 = 0.85 J2/J1 = 20

Spiral surfaces:



Monte Carlo

f = 11 at 
J2/J1 = 0.85

MnSc2S4



Phase Diagram

0

Spiral spin 
liquid paramagnet

MnSc2S4

J3

!CWTN

ObD

ObJ3

Entropy and J3 
compete to determine 
ordered state

Spiral spin liquid 
regime has intensity 
over entire spiral 
surface



Diffuse scattering

Ordered state

(qq0) spiral

Specific heat?

Comparison to Expt.
Expt. Theory

agrees with 
theory for FM J1

A. Krimmel et al, 2006



Cs2CuCl4
Spatially anisotropic 
triangular lattice

Cu2+ spin-1/2 spins

couplings:

H =
1
2

!

ij

"
Jij

!Si · !Sj ! !Dij · !Si " !Sj

#

J=0.37meV
J’=0.3J D=0.05J

!D = Dâ

R. Coldea et al



Neutron scattering
Coldea et al, 2001/03: a 2d spin liquid?

Very broad spectrum 
similar to 1d (in some 
directions of k space).  
Roughly fits power law.

Fit of “peak” dispersion to 
spin wave theory requires 
adjustment of J,J’ by 40% 
- in opposite directions! 



Dimensional reduction?

Frustration of interchain coupling makes it 
less “relevant”

First order energy correction vanishes

Leading effects are in fact O[(J’)4/J3]!



Dimensional reduction?

Frustration of interchain coupling makes it 
less “relevant”

First order energy correction vanishes.
Numerics: J’/J < 0.7 is “weak”

Weng et al, 
2006

Very different from 
spin wave theory

Very weak inter-chain 
correlations



Build 2d excitations from 1d spinons

Exchange:

Expect spinon binding to lower inter-chain 
kinetic energy

Use 2-spinon Schroedinger equation

Excitations

J !

2
!
S+

i S"
j + S"

i S+
j

"



Broad lineshape: “free spinons”
“Power law” fits well to free spinon result

Fit determines normalization

J’(k)=0 here



Bound state
Compare spectra at J’(k)<0 and J’(k)>0:

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



Transverse dispersion

Bound state and 
resonance

Solid symbols: experiment
Note peak (blue diamonds) coincides 

with bottom edge only for J’(k)<0



Spectral asymmetry

Comparison:

 Vertical lines: J’(k)=0.



Quantum Spin Liquids 



Ultimate frustration?

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

Many theoretical suggestions since Anderson 
(73)

“Resonating Valence Bond” QSL states

+ + … 
! =



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, inelastic neutrons

theoretical guidance helpful!

Smoking gun?

Search for QSLs



QSL Family Tree

U(1) states
spinons unpaired
strong gauge fluctuations
spinons must be gapless in d=2
stable in d=3 at T=0 only

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



A diagnostic flowchart
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 flowchart
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



QSL candidates

NiGa2S4 - spin-1 triangular lattice

κ-(BEDT-TTF)2Cu2(CN)3  - triangular lattice 
organic

EtMe3Sb[Pd(dmit)2]2 - triangular lattice 
organic

Na4Ir3O8 - hyperkagome

ZnCu3(OH)6Cl2 - kagome



κ-(BEDT-TTF)2Cu2(CN)3

Organic

S=1/2 triangular 
lattice

Nearly isotropic 
Hubbard-like with 
t’/t = 1.06

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

dimer model

ET layer

X layer

Kino & Fukuyama

t’

t t

t’

t t

t’

t t

t’

t t t’/t = 0.5 ~ 1.1

0.68SCCu[N(CN)2]Br

0.75Mott insulatorCu[N(CN)2]Cl

0.84SCCu(NCS)2

1.06Mott insulatorCu2(CN)3

t’/tGround StateX-

0.68SCCu[N(CN)2]Br

0.75Mott insulatorCu[N(CN)2]Cl

0.84SCCu(NCS)2

1.06Mott insulatorCu2(CN)3

t’/tGround StateX-

Triangular lattice

Half-filled band

t t
t’K. Kanoda group



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, 76.60.2k

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.

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
21 OCTOBER 2005

0031-9007=05=95(17)=177001(4)$23.00 177001-1 ! 2005 The American Physical Society



κ-(BEDT-TTF)2Cu2(CN)3

Susceptibility 
similar to 
Heisenberg 
triangular lattice

χ(T=0) finite

No ordering



κ-(BEDT-TTF)2Cu2(CN)3

No 1H NMR line 
splitting down to 32 
mK - no internal 
fields

No ordering



κ-(BEDT-TTF)2Cu2(CN)3

1/T1 relaxation rate 
power law at low 
temperature 
indicating gapless 
excitations

1/T1

Inhomogeneous
   relaxation

α in 
stretched exp

Low-lying spin excitation 



κ-(BEDT-TTF)2Cu2(CN)3

Linear specific heat

γ=15mJ/K^2 mol

field independent

Wilson ratio T χ/γ 
is O(1)
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Figure 2 Low-temperature heat capacities of !-(BEDT-TTF)2Cu2(CN)3. a,b, Data obtained for two samples under magnetic fields up to 8 T inCpT!1 versus T 2 plots.
b contains the data of the typical antiferromagnetic insulators!-(BEDT-TTF)2Cu[N(CN)2]Cl, deuterated !-(BEDT-TTF)2Cu[N(CN)2]Br and ""-(BEDT-TTF)2ICl2 for comparison.
The existence of a T-linear contribution even in the insulating state of !-(BEDT-TTF)2Cu2(CN)3 is clearly observed.

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

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

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

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

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

The well known Mott insulators !-(BEDT-TTF)2X
(X = Cu[N(CN)2]Cl, deuterated Cu[N(CN)2]Br) and
""-(BEDT-TTF)2ICl2 with three-dimensional antiferromagnetic
ordering show a vanishing # value, as shown in Fig. 2b
(ref. 16). It is evident that the low-temperature heat capacity of
!-(BEDT-TTF)2Cu2(CN)3 is extraordinarily large for an insulating
system. A # value of the present order (101–1.5 mJ K!2 mol!1) is
expected, for example, in spin-wave excitations in one-dimensional
antiferromagnetic spin systems with intra-chain couplings of
J/kB = 100–200 K or metallic systems with continuous excitations
around the Fermi surface. However, these are obviously very
di!erent systems from the present two-dimensional insulating
materials. Gapless excitations giving a T-linear contribution to the
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Interpretation?

Theoretical suggestion (Motrunich) - U(1) spin 
liquid with spinon Fermi surface

Good variational energy for triangular 
lattice Hubbard model
Large susceptibility ✔
Linear specific heat ☹

theory predicts Cv = AT2/3

Spinon pairing?
features visible around T=5K. related?

SS Lee et al



κ-(BEDT-TTF)2Cu2(CN)3

13C NMR: line 
broadening at low 
temperature in a 
field

indicates 
inhomogenous AF 
moments induced 
by field



EtMe3Sb[Pd(dmit)2]2

another organic 
triangular lattice 
Mott insulator!

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

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

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

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

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

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

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

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

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

!, which is based on electron spin
resonance measurements.26 Since these curves reproduce the
observed ! behavior well, it is concluded that a nearly
regular-triangular spin-1 /2 system with J=220–250 K is re-
alized in this compound. In detailed comparison, the ob-
served ! has a slightly steeper temperature dependence
above its peak temperature than the calculated !. This im-
plies slight deviation from the regular triangle and/or exis-
tence of extra higher-order exchange interactions discussed
later. In fact, a theoretical study reported that deviation from
the regular triangle causes steeper temperature dependence
of !.27
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FIG. 1. "a# Pd"dmit#2 molecule with selective substitution of 13C
isotope. The carbon atoms at both ends of the molecule are en-
riched. "b# Crystal structure of a Pd"dmit#2 layer viewed along the
long axis of the Pd"dmit#2 molecule. Arrows "tB, ts, and tr# indicate
the transfer integral network between the !Pd"dmit#2$2 dimers. For
EtMe3Sb!Pd"dmit#2$2, tB, ts, and tr are calculated using the ex-
tended Hückel method as 28.3, 27.7, and 25.8 meV, respectively,
while the intradimer transfer integral, tA, is calculated as
453.5 meV. "c# Schematic of the spin system of X!Pd"dmit#2$2,
where circles represent !Pd"dmit#2$2 dimers on which localized 1 /2
spins exist. Three exchange interactions "JB, Js, and Jr# are non-
equivalent but close to each other, reflecting the values of tB, ts, and
tr.
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FIG. 2. Temperature dependence of the spin susceptibility of
randomly oriented samples of EtMe3Sb!Pd"dmit#2$2. Solid curves
show the result of the !7 /7$ Padé approximants for the high-
temperature expansion of the regular-triangular antiferromagnetic
spin-1 /2 system with J=220 and 250 K.
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EtMe3Sb[Pd(dmit)2]2

Susceptibility very 
similar to κ-(ET)

No line broadening 
from static moments

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

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

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

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

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

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

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

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

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

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

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

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

As described above, the spectra and T1
!1 of

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

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

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

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

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

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

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

Frequency (MHz) Frequency (MHz)

In
te
n
si
ty

272 K

149 K

75.3 K

51.9 K

27.7 K

19.3 K

15.3 K

10.35 K

6.67 K

4.23 K

2.53 K

1.37 K

285 K

148 K

77.2 K

51.5 K

25.1 K

21.6 K

15.6 K

11.28 K

6.23 K

4.04 K

2.90 K

1.77 K

81.80 81.85 81.90 81.95 81.80 81.85 81.90 81.95

(a) EtMe3Sb[Pd(dmit)2]2 (b) EtMe3P[Pd(dmit)2]2

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.

ITOU et al. PHYSICAL REVIEW B 77, 104413 "2008#

104413-4



ZnCu3(OH)6Cl2

Herbertsmithite - a 
2d s=1/2 kagome 
antiferromagnet
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Mendels group’s samples were pre-
pared at Edinburgh and at CEMES–
CNRS, Toulouse, France.

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

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

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

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

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

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

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

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

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

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

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

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

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

Figure 2. Herbertsmithite, or ZnCu3(OH)6Cl2. (a) Side view shows two groups
of three copper atoms (blue) along with chlorine (green), oxygen (red), hydro-
gen (white), and zinc (orange). (b) Top view, looking down on copper planes,
reveals the kagome structure. The vertex-sharing triangles are indicated in
gray. (Adapted from ref. 3.)
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New candidate emerges for 
a quantum spin liquid 
A newly synthesized mineral is perhaps the most promising material yet to
realize a hypothetical state with exotic behavior.

Nature sometimes surprises us with
intriguing material behavior. Witness
the fractional quantum Hall effect or
high-temperature superconductivity.
More rarely, theorists conceive of novel
systems and then set out to look for
them in nature. One such novel system
is the spin liquid,1 postulated in 1973 
by Philip Anderson for an antiferro-
magnetic insulator. In particular, he
considered a material featuring planes
of spin-carrying atoms arranged in tri-
angular lattices. The atoms are fixed in
position but the spins interact antiferro-
magnetically with their neighbors. Be-
cause the triangular lattice frustrates at-
tempts of the spins to order, the spins
will not freeze into a fixed configura-
tion, even at the lowest temperature.
Thus the system is called a spin liquid.

The spin-liquid concept spurred
many theorists to study a variety of mag-
netic materials in which frustration pre-
vents the development of an ordered
state. Lured by the prospect of finding
unconventional new phases of matter,
experimentalists also began looking for
real materials that embody such behav-
ior. Unlike a conventional antiferro-
magnet, a spin liquid does not develop
any magnetic order. In a spin liquid, no
single atom carries a spontaneous time-
averaged dipole magnetic moment in
the low-temperature limit. While such
behavior has been demonstrated in one-
dimensional magnets and in systems
where spins form clusters, it has not yet
been seen in extended two- or three-
dimensional networks of spins.

If a spin liquid remains disordered
down to absolute zero, the system is then
sufficiently coherent that quantum ef-
fects should come into play. Such a quan-
tum spin liquid is expected to adopt
some kind of subtle quantum order. The
mystery lies in what kind of subtle order
that might be. One example is the topo-
logical order underlying the fractional
quantum Hall effect. Aquantum spin liq-
uid might have exotic excitations, per-
haps with fractional quantum numbers,
and it might exhibit unusual correlations. 

The discovery of high-Tc supercon-
ductivity renewed interest in spin liq-
uids because copper oxide materials are
antiferromagnetic insulators before they
are doped to become superconductors.
Anderson and others have used the
concept of a resonating-valence-bond,
which underlies the prediction of a 
spin-liquid state, to try to explain the
behavior of the high-Tc materials.2

Despite the heightened interest, ex-
perimental realizations of a spin liquid
have been scarce and remain contro-
versial. Two materials have emerged in
recent years as possible candidates;
both embody spins arranged on a 2D
lattice of edge-sharing triangles (see
figure 1a). 

The system that is most expected to
be a quantum spin liquid, however, is a
2D array of spin-! particles on a lattice
of vertex-sharing triangles. Such a lat-
tice is known as a kagome lattice, from
the Japanese for a bamboo basket with
a woven pattern of interlaced triangles
(see figure 1b and PHYSICS TODAY, Feb-
ruary 2003, page 12). Although experi-
menters have found a number of sys-
tems with kagome lattices, the lattices
either contained spins greater than ! or
had less than perfect kagome structures.

In 2004, after a two-year effort,
Daniel Nocera and a team of chemists

at MIT were able to synthesize a rare
mineral known as herbertsmithite.3

(The small amounts found in nature are
not sufficiently pure.) It’s a member of
the paratacamite family characterized
by the formula ZnxCu4!x(OH)6Cl2,
where x = 1 for herbertsmithite. As pic-
tured in figure 2 and confirmed by crys-
tallography, the spin-! copper atoms
form a kagome lattice.

Recently, Nocera and his team joined
Young Lee and others from MIT, the
University of Florida, the National
High Magnetic Field Laboratory, the
University of Maryland, College Park,
and NIST in Gaithersburg, Maryland,
to study the mineral’s behavior using
neutron scattering, magnetization, and
thermodynamic measurements.4 No-
cera’s group also collaborated with
Amit Keren’s group at the Technion–
Israel Institute of Technology in Haifa
to perform nuclear magnetic resonance
measurements and take muon spin res-
onance data at the Paul Scherrer Insti-
tute in Switzerland.5 Independently,
Philippe Mendels of the Université de
Paris–Sud and CNRS and Andrew Har-
rison’s group from the University of
Edinburgh performed muon spin reso-
nance measurements at the UK’s
Rutherford Appleton Laboratory and 
at the Paul Scherrer Institute.6 The

&

a b

Figure 1. Triangular lattices of spins. (a) Edge-sharing triangles feature cop-
per atoms (red) at the vertices. Green dotted lines indicate singlet bonds
between adjacent spins. What’s shown is one possible way to pair the antifer-
romagnetically interacting spins. (b) Kagome lattice of vertex-sharing atoms. 
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Upturn of χ below 
50K, probably due to 
defect spins

Curie-Weiss 
temperature ΘCW ≈ 
-240K from 35Cl NMR, 
ΘCW ≈ -300K from χ

No order down to 
T=50mK
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herbertsmithite at a temperature
T= 1.4 K. See figure 3a. 

Another measure of long-
range order is magnetic suscep-
tibility. Figure 3b shows a plot of
the inverse magnetic susceptibil-
ity versus temperature, meas-
ured by Young Lee’s team.
(Keren’s group extended the sus-
ceptibility measurements down
to 60 mK.) The plot of the Lee
group’s data is linear at high
temperatures, as one would ex-
pect for randomly fluctuating
spins. The linear fit yields an es-
timate of the Curie–Weiss tem-
perature TCW, which is related 
to the spin–spin interaction
strength J. The MIT-led group
finds TCW to be about 300 K. Un-
like an ordered antiferromagnet,
the s = !  kagome system ap-
pears to resist ordering at tem-
peratures that are more than
1000 times lower than TCW. 

Still another way to check for
magnetic ordering is to use
muon spin resonance, in which
muons are embedded in the ma-
terial to sample the local field.
Using µSR, Mendels and his col-
laborators found no evidence for
magnetic order down to 50 mK.

Regarding the question of a
spin gap, the experimental evi-
dence so far is consistent with a
gapless state. Based on inelastic
neutron scattering, Lee and his team es-
timate that the spin gap is smaller than
0.1 meV. Keren’s group measured the
nuclear spin–lattice relaxation time T1
of chlorine atoms, which are sensitive to
the magnetic spins of the copper atoms.
The group says that the slow decrease
of T1

!2 with decreasing temperature also
suggests the absence of a spin gap. 

To learn even more about a spin liq-
uid, one can look at such properties as
the variation of specific heat with tem-
perature. Ramirez of Alcatel-Lucent’s
Bell Labs says that in all the frustrated
magnets he’s looked at, the specific heat
goes as T 2. Such a dependency can stem
from known excitations such as
magnons, or spin waves, which are de-
scribed by classical wavefunctions, but
they could also come from an excitation
with no classical analogue. It would be
a big deal, says Ramirez, if the power
law deviated from T 2. Such behavior
would almost certainly be a harbinger
of an exotic state. 

The MIT-led team reports a specific
heat that goes as T", where " < 1. That
result is already being tested by theo-
rists. Recently, MIT theorists found the
lowest energy state of a spin-! kagome

lattice to consist of spin-! spinons
obeying a Dirac spectrum.9 They pre-
dict that the specific heat will go as T 2.
Taking a different approach to the same
problem, theorists from the University
of California, Santa Barbara, and Cal-
tech have found a different state but still
predict a T 2 specific heat.10

Further experiments will have to de-
termine how much the specific heat and
other low-energy measurements might
be affected by impurities. Radu Coldea
of Bristol University in the UK would
like to see measurements of the kagome
system at higher energies, closer to the
energies of the spin interactions. 

Other spin-liquid candidates
Two other systems are also promising
candidates for a spin liquid. One is an
organic antiferromagnetic insulator
given by the formula #-(ET)2Cu2(CN)3,
where ET stands for a specific organic
molecule. The symbol # specifies a par-
ticular packing pattern of the ET mole-
cules within layered planes. This mate-
rial has been extensively studied by an
experimental group led by Kazushi
Kanoda of the University of Tokyo. The
researchers have seen no evidence for

magnetic long-range order
down to 32 mK.11

The organic material has an
interesting phase diagram. For
example, one can take the mate-
rial from an antiferromagnetic
insulating phase directly into an
unconventional superconductor
not by doping but by applying
pressure. The spin liquid ap-
pears to be close to a Mott tran-
sition between insulator and
metal. This proximity makes
charge fluctuations more impor-
tant and strengthens certain spin
interactions such as a ring ex-
change around the four corners
of two adjoining triangles.12,13

Patrick Lee of MIT has proposed
that the spinons in this system
form a Fermi surface.14

Kanoda says that recently
performed measurements of
specific heat and thermal con-
ductivity have shown peak
anomalies at the same tempera-
ture, which may be an indication
of some hidden order. He asserts
that the Heisenberg model,
which has no charge degrees of
freedom, may not be the most
apt model for studying the spin
liquid near the Mott transition.
Unfortunately, #-(ET)2Cu2(CN)3
does not lend itself to neutron-
scattering measurements.

Another spin-liquid candidate
found in recent years is cesium copper
chloride. Coldea and his fellow experi-
menters from Oxford University, Oak
Ridge National Lab, and the UK’s
Rutherford Lab, have done neutron scat-
tering studies of large Cs2CuCl4 crys-
tals.15 Coldea has collaborated with other
groups to measure additional properties
of the crystals. Between 0.62 K and
2.65 K, the 2D layers of this crystal are
decoupled and the material has no long-
range order, but the material does order
below 0.62 K. That fact has damped the
interest of some theorists. Moreover, al-
though the copper atoms in this material
lie on a triangular lattice, the lattice is
distorted, with the bonds along one leg
being stronger than those along another,
so that some researchers think the ma-
terial is more 1D than 2D.

Yet another material with a triangu-
lar lattice is the compound NiGa2S4.16 It
lacks magnetic order, but the spins have
s=1. Theorists question whether the in-
teger spin makes it a fundamentally dif-
ferent system from a spin liquid.

The diversity of materials has pre-
sented many challenges to theorists,
and much work has been done with toy
models. Theorists still hope that exper-
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Figure 3. No evidence for magnetic order is seen 
in either elastic neutron scattering or susceptibility
measurements on the spin-! kagome lattice. (a) For
Cu2(OH)3Cl (circular data points) at a temperature
T = 1.4 K (open blue points), Bragg scattering peaks
are seen at Q = 0.70 Å-1 and at Q = 0.92 Å-1. No
such peaks appear for its cousin, ZnCu3(OH)6Cl2, the
spin-liquid candidate (square points), nor at T = 20 K
(solid red points). (b) Inverse susceptibility data (black)
follow a straight line at high temperature. The linear fit
(red line) gives a Curie–Weiss temperature of about
300 K. (Adapted from ref. 4.)

ments of the 63Cu nuclear spin-lattice relaxation rate,
63!1=T1", that in the presence of a high magnetic field the
low frequency Cu spin fluctuations grow without a gap
below #30 K satisfying a simple power law.

In Fig. 2, we show representative 35Cl NMR line shapes.
For these measurements, we cured a powder sample in glue
in a magnetic field of 9 T. From powder x-ray diffraction
measurements, we confirmed that approximately 20% of
the powder is uniaxially aligned along the c axis. In fact,
we observe a sharp c-axis central peak near 35.02 MHz
(marked as B==c in Fig. 2) arising from particles oriented
along the c-axis. The ‘‘double horns’’ marked as #1 and #2
are split by the nuclear quadrupole interaction, and arise
from the randomly oriented portion of the powder (i.e.,
80% of the sample) [10]. Notice that the whole 35Cl NMR
line shape begins to tail-off toward lower frequencies
below #50 K. The resonance frequency of the sharp
c-axis central peak and its distribution depends on the
NMR Knight shift, 35K, induced by !loc. Hence the ob-
served line broadening implies that !loc varies depending
on the location within the sample below #50 K.

In Fig. 3, we summarize the 35Cl NMR Knight shifts 35K
and 35K1=2 deduced from the line shapes, together with
!bulk as observed by SQUID. 35K corresponds to the cen-
tral peak above #45 K as determined by FFT techniques.
Below #45 K, where the central peak is smeared out by
line broadening, we determined 35K as the higher fre-
quency edge of the central peak from point-by-point mea-

surements; i.e., 35K represents the smallest component of
the distributed !loc. 35K1=2 corresponds to the half-
intensity position of the central peak on the lower fre-
quency side of the spectrum. Quite generally, 35K $
Ahf!local % 35Kchem, where Ahf is the magnetic hyperfine
interaction between 35Cl nuclear spin and nearby Cu elec-
tron spins, and 35Kchem is a very small, temperature inde-
pendent chemical shift. In the present case, from the
comparison with !bulk, we can estimate Ahf #&3:7'
0:7 kOe="B. The negative sign of Ahf makes the overall
sign of 35K negative. Accordingly, we have inverted the
vertical scale of Fig. 3.

We wish to comment on two important aspects of Fig. 3.
First, 35K follows Curie-Weiss behavior all the way from
295 K down to #25 K. This clearly differs from !bulk
which begins to deviate from Curie-Weiss behavior below
temperatures as high as #150 K [8]. On the other hand,
series-expansion calculations indicate that the Kagome
lattice follows Curie-Weiss behavior down to T # J=6#
25 K [12]. Our Knight shift data demonstrate that !local of
some ideal segments of the Cu2% Kagome lattice in this
material indeed show such behavior. Theoretical models
also predict that below T # J=6# 25 K, !bulk begins to
decrease exponentially with a small gap [12], or linearly
[14]. As shown in Fig. 2, the 35Cl NMR line shape begins to
transfer some spectral weight to higher frequencies below
25 K. Recalling that Ahf is negative, this is consistent with
vanishing spin susceptibility, !local, near T $ 0 for some
parts of the Kagome lattice. After the initial submission of
this Letter, Olariu et al. also observed a similar decrease of
17O NMR Knight shift and arrived at the same conclusion
[18].

FIG. 2 (color online). 35Cl NMR line shapes of the Iz $ % 1
2 to

& 1
2 central transition in 8.4 Tesla in a partially (#20%) uniax-

ially aligned powder sample. The sharp peak near 35.02 MHz
marked as ‘‘B==c’’ originates from the particles whose c axis is
aligned along the external magnetic field. Vertical lines specify
the c-axis peak and edge corresponding to 35K. Vertical dashed
lines specify the frequency corresponding to 35K1=2.
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FIG. 3 (color online). 35Cl NMR Knight shift (left scale). 35K
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where #CW $ &240' 80 K. The constant background
35Kchem $ 0:018% is shown by a dashed line. !bulk measured
by SQUID (dotted line) is also overlaid (right scale).
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ZnCu3(OH)6Cl2

Specific heat is 
dominated by 
magnetic contribution 
below only ≈ 1K

This appears roughly 
power law C ∼ Tα  
with α = 0.5-1

Indicates many low 
energy excitations

this system remain important topics for further investiga-
tion. We also observe a small peak in the ac susceptibility
near H ! 2 T at 50 mK which disappears upon warming to
705 mK. The overall susceptibility data indicate the ab-
sence of magnetic order or a spin gap down to 50 mK.

The specific heat C"T# of ZnCu3"OH#6Cl2 is shown in
Fig. 2(a) in various applied fields. For temperatures of a
few Kelvin and higher, the lattice contribution to the
specific heat (proportional to $T3) is the most significant
contribution, as shown in the inset. However, this contri-
bution diminishes at low temperatures, and below $5 K,
an additional contribution is clearly observed which arises
from the Cu spin system. Magnetic fields of a few Tesla can
significantly affect the low-T behavior, and fields of 10 T
and higher strongly suppress the specific heat below 3 K.
The difficulty in synthesizing an isostructural nonmagnetic
compound makes it hard to subtract the lattice contribution
precisely. However, the magnetic field dependence sug-
gests that the specific heat in zero applied field below 1 K is
predominately magnetic in origin. As a rough measure of
the spin entropy, the field-induced change in specific heat

below 3 K, obtained by subtracting the 14 T data from the
zero field data, accounts for about 5% of the total entropy
of the spin system.

Additional specific heat measurements at zero field at
temperatures down to 106 mK were performed at the
National High Magnetic Field Laboratory (NHMFL) and
the combined data are shown in Fig. 2(b). The specific heat
at low temperatures (T < 1 K) appears to be governed by a
power law with an exponent which is less than or equal to
1. In a 2D ordered magnet, magnon excitations would give
C$ T2. The kagomé-like compound SrCr8%xGa4&xO19
(SCGO) [18] and other 2D frustrated magnets [19] are
also observed to have C$ T2 even in the absence of
long-range order [20,21]. The behavior that we observe
in ZnCu3"OH#6Cl2 below 1 K stands in marked contrast.
We can fit our data to the power law C ! !T", though we
note that the exponent " is sensitive to the chosen range of
temperatures that are fit. The blue line in this figure repre-
sents a linear fit with " ! 1 over the temperature range
106 mK< T < 400 mK. The fitted value for ! is 240'
20 mJ=K2 Cu mole. If we include higher temperatures, the
red line represents a fit with " ! 2=3 over the temperature
range 106 mK< T < 600 mK. Extending the fitted range
to even higher temperatures can yield " values as low as
0.5.

Finally, inelastic neutron scattering measurements of the
low energy spin excitations were performed on deuterated
powder samples of ZnCu3"OD#6Cl2. High resolution mea-

 

FIG. 2 (color online). (a) The specific heat C"T# of
ZnCu3"OH#6Cl2 in various applied fields, measured using a
Physical Property Measurement System. Inset: C"T# plotted
over a wider temperature range in applied fields of 0 T (square)
and 14 T (star). (b) C"T# in zero field measured down to 106 mK.
The lines represent power law fits as described in the text.

 

FIG. 1 (color online). (a) The chemical transformation from
the pyrochlorelike lattice of Cu2"OH#3Cl to the kagomé layers of
ZnCu3"OH#6Cl2. (b) Magnetic diffraction scans of the two
systems at T ! 1:4 K (open) and 20 K (filled). The
Cu2"OH#3Cl data show magnetic Bragg peaks at Q ’ 0:70 and
Q ’ 0:92, which are absent for the ZnCu3"OH#6Cl2 data (which
have been shifted by 2300 counts=min for clarity). (c) Magnetic
susceptibility of ZnCu3"OH#6Cl2 measured using a SQUID
magnetometer plotted as 1=#, where mole refers to a formula
unit. The line denotes a Curie-Weiss fit. Inset: ac susceptibility
(at 654 Hz) at low temperatures measured at the NHMFL in
Tallahassee, FL.
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ZnCu3(OH)6Cl2

Evidence of gapless 
spin excitations:

low-energy χ’’(E) in 
neutrons

Similar behavior 
observed in 1/T1 ∝ 
T χ’’(0+,T)

surements were taken on the time-of-flight Disk Chopper
Spectrometer (DCS) at the NIST Center for Neutron
Research in Gaithersburg, MD. A sample with mass 9 g
was cooled in a dilution refrigerator and studied with
incident neutrons of wavelength 7 Å, yielding an instru-
mental energy resolution of 0.02 meV (half-width at half-
maximum). As shown in Fig. 3(a), the spin excitations
form a broad spectrum at low energies. A notable obser-
vation is the near temperature independence of the scatter-
ing for positive energy transfers. The excitation spectrum
on the negative energy-transfer side is suppressed at low
temperatures due to detailed balance.

The magnetic scattering intensity is proportional to the
dynamic structure factor S! ~Q;!" # $n!!" % 1&!00! ~Q;!",
where n!!" is the Bose occupation factor and !00! ~Q;!" is
the imaginary part of the dynamical susceptibility. We find
that part of the measured intensity for positive energy
transfers below 0.4 meV is spurious background scattering,
probably caused by multiple scattering of neutrons within
the sample environment. Therefore, to extract the intrinsic
scattering from the sample, the following procedure was
used. For negative energy transfers, !00!!; T # 10 K" can
be obtained by subtracting the 35 mK data (which is
essentially background) from the 10 K data and dividing
by the Bose factor. Here, !00!!" represents the dynamical
susceptibility integrated over momentum transfers 0:25 '
j ~Qj ' 1:5 !A(1 and is a good measure of the local response
function. This is plotted in Fig. 3(b), where the positive !
data is obtained by using the fact that !00!!" is an odd
function of !. Then, !00!!; T # 35 mK" can be ex-
tracted from the positive energy-transfer data using
S!!;T# 35 mK"(S!!;T# 10 K" # I!!;T# 35 mK" (
I!!;T# 10 K", where I!!" is the measured intensity and
the background is assumed to be temperature independent
between 35 mK and 10 K. As seen in Fig. 3(b), the data for
!00!!" at T # 35 mK increase with decreasing !, indicat-
ing the absence of a spin gap down to 0.1 meV. Moreover,
the data may be described by a simple power law; the solid
line represents a fit to the form !00!!" / !" with an
exponent " # (0:7) 0:3. This apparently divergent be-
havior is unusual and again differs markedly from mea-
surements on SCGO [22] which yield " ’ 0. Of course,
within the errors, we cannot rule out other functional forms
for !00!!".

The Q dependence of the scattering is shown in
Fig. 3(c). These data were obtained by integrating over
energy transfers (0:5 ' @! ' (0:22 meV and subtract-
ing the 35 mK data set from the 10 K data set. We find that
the data appear to be only weakly dependent on j ~Qj. Note
that due to the polycrystalline form of the sample, the data
represents the powder average of the scattering from a
crystal. The solid line represents the squared form factor
jFj2 for the Cu2% ion. The deviations of the data from jFj2
suggest that the structure factor is not completely indepen-
dent of j ~Qj. That is, some degree of spin correlations are
necessary to account for the relative reduction in scattering
at small j ~Qj. The overall diffuse nature of the scattering
points to the absence of a well-defined length scale to
describe these correlations.

Further measurements were taken using the triple-axis
SPINS spectrometer at the NCNR with the sample
mounted inside a superconducting magnet, as shown in
Fig. 3(d). The instrument was configured in a horizontally
focusing analyzer geometry with Ef # 3:05 meV and col-
limations of guide-800-radial-open. A BeO filter was
placed in the scattered beam to reduce higher-order neu-

 

FIG. 3 (color online). (a) Inelastic neutron scattering data
taken on DCS, integrated over momentum transfers 0:25 '
j ~Qj ' 1:5 !A(1. (b) !00!!", extracted from the data as described
in the text. The line denotes a power law fit. (c) The
Q-dependence of the scattering, integrated over energy transfers
(0:5 ' @! ' (0:22 meV. (d) Energy scans taken on SPINS at
zero field and 11.5 T at j ~Qj # 0:6 !A(1 and T # 1:2 K. The lines
are guides to the eye. Inset: Temperature dependence of the
scattering for 0:3 ' @! ' 0:5 meV and j ~Qj # 0:9 !A(1. The
blue data point and line indicate the background, measured on
the energy loss side at T # 1:5 K.
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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 "SR Knight 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 "SR data. 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 63Cu NMR 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$ const for 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

U(1) Dirac ASL proposed (Y. Ran, M. Hermele 
et al)

Predicts χ ∼ T, Cv ∼ T2 in pure system

Can be reconciled to χ ∼ const, Cv ∼ T by 
impurities

A large concentration of 5-10% of disorderd 
inverted Zn and Cu ions makes interpretation 
difficult



Na4Ir3O8

An “hyperkagome” 
lattice of Ir4+ spins

Expect S=1/2 spin 
state - orbital state 
unclear?

Ir4+

t2g

5d5; S = 1/2

IrNa

Takagi group



Na4Ir3O8

Susceptibility
Curie-Weiss 
temperature ΘCW ≈ 
-650K
 Large χ at low T
µeff = 1.96 µB/Ir ≈ 
1.73 µB/Ir (s=1/2)

Consistent with Knight 
shift

low-T upturn not seen 
in K: extrinsic



Na4Ir3O8

Specific Heat
broad peak around 
30K
power-law 
(between T and T2) 
at low T indicates 
many low energy 
excitations

C/T

T0 200K



Na4Ir3O8

NMR 1/T1 rate is 
power law for 
50<T<200, suggestive 
of low energy 
excitations



Na4Ir3O8

Transport
Mott insulator
but...close to a 
Mott transition

Perhaps this proximity 
may be important



Theory
Heavy Ir (Z=77) has strong spin-orbit

expect j=1/2 spin with g=-2
Hamiltonian may be Heisenberg plus 
Dzyaloshinskii-Moriya corrections
Probably explains large χ(T=0)

Large size differences between Na, Ir, O 
suggests little disorder
Gapless specific heat suggests gapless 
spinons

Two QSL proposals can roughly fit specific 
heat but both have some difficulties
Perhaps resolved by itinerancy?

G. Chen+LB 

Y. Zou et al
M. Lawler et al



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!


