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Outline

1. Introduction, what is the holy grail?

2. How to realize frustrated
lattice in real materials?

3. Emergent quantum spin liquid candidates
2D triangular, Kagome and 3D hyperkagome2D triangular, Kagome and 3D hyperkagome

4. Related topics
Kitaev liquid, Spin ice, Charge analogue, 

spin-lattice-orbital coupling

good review
for new comers

Leo Balents Nature (10)



“Electronic matters” in TMO: a rich variety of phases 
associated with multiple degrees of freedom

H.Takagi & 
H.Y.Hwang Science  
327 (2010) 1601

concept of electronic phase

charge/spin/orital almost independent
charge:solid/spin:liquid

coupling of spin-charge-orbital  
even more complicated

self organized pattern of charge/spin/orital  



Quantum Spin Liquid: One of the biggest 
dreams of Materials Physicists

P.W.Anderson
1972

exploring exotic electronic matter: spin liquid

??

Antiferromagnetically coupled spins 
on square lattice => spin solid

Antiferromagnetically coupled spins on traiangular lattice
Frustration + quantum effect = Quantum Spin Liquid

1979 nobel prize in physics
1972

Look for
triangular based
S=1/2 Heisenberg
antiferrognet!



L.Balents
Nature(10)

Quantum Spin Liquid: The Zoo
exploring exotic electronic matter: spin liquid

superposition of spin singlet pairs

short range RVB  

gapless

spin Fermi surface

chirality ordering

short range RVB  

long range RVB





From toy of theorists to reality



Frustrated Lattice

2D triangular lattice

2D Kagome lattice

3D Pyrochlore lattice



[1 1 1]

triangular plane in simple cubic structure

NaCl (NiO)
Ni

O

(111)
NiO , Ni fcc
3D

(Li1/2Ni1/2)O
=(1/2LiNiO2) 2D



Pyrochlore structure from NaCl
Kagome plane from Pyrochlore

triangular

[1 1 
1]

kagome



ZnCu3(OH)6Cl2
SrCr9Ga3O19,

Cr

Geometrically Frustrated Lattices

2D Triangular lattice
2D Kagome latticeNiGa2S4, BEDT-

TTFCu(NCS) , NaTiO2

Ti

AO4 BO6

exploring exotic electronic phases: spin liquid

3D Pyrochlore lattice
Pyrochlore(A2B2O7 )  
Y2Mo2O7

Spinel (ABSpinel (AB22OO4 4 ))
Fe3O4=FeFe2O4

AO4 BO6

S=1/2!



Initial probe to capture QSL signature?
Magnetic susceptibility c(T)
Curie-Weiss at high-T presence of localized moment
No order absence of kink associated with AF
(frustration TN<qCW f=qCW/TN)

Confirm absence of ordering
by NMR, bneutron, x-ray, mSR

T->0 c(T) finite (gapless) or exponential suppression (gapful)

T->0 specific heat C(T)/T finite (gapless) or zero (T-dep.?)

T->0 thermal conductivity k(T)/T finite (gapless) or zero 



Classical 3D AF
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Initial probe to capture QSL signature?
Magnetic susceptibility c(T)
Curie-Weiss at high-T presence of localized moment
No order absence of kink associated with AF
(frustration TN<qCW f=qCW/TN)

Confirm absence of ordering
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T->0 c(T) finite (gapless) or exponential suppression (gapful)
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Emergent spin liquid candidate

Two dimensional triangular spin systems

k-(BEDT-TTF)2-Cu2(CN)3

EtMe3Sb[Pd(dmit) 2] 2



k-(BEDT-TTF)2-Cu2(CN)3

Organic S=1/2 2D triangular Heisenberg AF 

K.Kanoda
dimer -> 2D sheets

plate-like mole

k-(BEDT-TTF)2
+ X-

1 electron /dimer
intra-dimer coupling strong

-> 1 ele. per bonding orbital
half filled

-> S=1/2 2D Mott ins. 

(BEDT-TTF)2
+

X-

(BEDT-TTF)2
+

X-

layered stacking

donor

accepter



t~t’

2D S=1/2 trianglar AF k-(BEDT-TTF)2-Cu2(CN)3

ET2-Cu2(CN)3
t~t’
->
effectively
triangular



t=t’ t=t’
k-(BEDT-TTF)2
-Cu2(CN)3

k-(BEDT-TTF)2
-Cu2[N(CN)2]Cl

NMR AFno order
c(0)=2.9x10-4 emu/mol
non zero!
gapless



c(0)=2.9x10-4 emu/mol
g(0)=13mJ/mol K2g(0)=13mJ/mol K

Wilson  ratio
RW=[p2kB

2/3mB
2] c(0)/g(0)

~1 !

like free electron!

Spinon FS?



Why not 120°structure?

Close proximity
to metal
U/t not so small

higher order

Charge gap very small
Kezsmarki et al PRB

higher order
interaction stabilize
spin liquid?



Absence of gapless excitation?

Issues and Challenges: why k/T ->0?

thermal conductivity k
sensitive to chargeless excitation k= 1/3 C v l

If finite DOS, k/T should be nonzero

l=3a



Issues and Challenges: What is 6K anomaly?

also in NMR 
nuclear M decay 
shows anomaly
(non single exp)
below 6Kbelow 6K

anomaly in thermal 
expansion

phase transition of 
spinon FS?  
P.A.Lee



6K anomaly and pressure induced SC

6K anomaly



EtMe3Sb[Pd(dmit) 2] 2

S=1/2 Mott ins. on 2D triangular lattice

A new generation of spin liquid candidates
R.Kato

[Pd(dmit) 2] 2 1 el/dimer



EtMe3Sb[Pd(dmit) 2] 2 Wison ratio again close to 1

c(0)=4.4x10-4 emu/mol
g(0)=19.9 mJ/mol K2g(0)=19.9 mJ/mol K

Wilson  ratio
RW=[(2/3)p2kB

2/mB
2] c(0)/g(0)

~1 !

like free electron!

Spinon FS?



A finite k/T observed for EtMe3Sb[Pd(dmit) 2] 2
gapless excitation is there

k/T= 1/3 C v l

l =1 mm！

Yamashita, Kato, Matsuda, Science (10)

excitation highly mobile  



Issues and Challenges:
EtMe3Sb[Pd(dmit) 2] 2 1K anomaly in T1

-1

Phase transition of spinon FS?

Itou Nature Phys.



S=1 triangular AF magnet NiGa2S4



Spin freezing at 8.5 K

Maclaughlin et al. PRB



Organics

Likely,  closest to holly grail. 
But, there remains many issues yet to be tackled.

Nature of low T anomaly 6K, 1K?Nature of low T anomaly 6K, 1K?
Intrinsic? Related to instability of spinon FS

BEDT thermal conductivity can be understood localized
excitation?

How to establish the presence of spinon FS?



Emergent quantum spin liquid:
S=1/2 2D Kagome



Kagome mag

Perfect S=1/2 Kagome 
Hybertsmithite ZnCu3(OH)6Cl2

Cu2+

ZnCu3(OH)6Cl2

R3m

[111]

triangle non-mag Zn2+

Cu2+
R3m



Spin liquid behavior of ZnCu3(OH)6Cl2

J=180K

J=180K
No siganture of ordering
Y.S.Lee PRL, Medels PRL



NMR
broad (in particular at low T) but no clear evidence for ordering

Zn and Cu exchange
indicated from neutron 
Lee

Disorder effect subject of 
debateMendels

Imai

Cu

Cl



Small but finite spin gap?

But, 
experimentally
cannot distinguish

Small spin gap
~J/4-J/20
predicted
Lhuillier
Huse…

cannot distinguish

c(0) finite

c(0) zero
exponential
decay
power law decay



Volborthite Cu3V2O7(OH)2・2H2O

two Cu sites but very clean

finite susceptibility
gapless spin liquid?



Anomalous magnetization plateaus in Volborthite

not plateau



1 K transition in Volborthite



Volborthite: distorted kagome: 1D chain + bridge

1D physics?





Emergent quantum spin liquid

3D Hyperkagome3D Hyperkagome



Na4Ir3O8: Ir4+ oxide with hyper-kagome structure 

Ir B-site

¾ : Ir, ¼ : Na

Na

Na Ir

Na

Cation ordering

B-cation ordered spinel

2 (Na3/2)1 (Ir3/4, Na1/4)2O4

Ir4+

t2g

5d5; S = 1/2
“hyper-Kagome”
frustration

Isostructural to Na4Sn3O8

Closely related 
to garnet

Na4Ir3O8: cubic P4132, a = 8.985 Å



P4132 L P433 R

Hyperkagome (ordered spinel) lattice has “chirality”

Spin liquid formed on lattice with chirality!
(+ strong spin orbit coupling)
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Na4Ir3O8 S=1/2 Mott Ins. with AF interaction

5d5

101

102

3002001000
T (K)

0.0
3002001000

T (K)

0

qW = -650 K
strong AF int.

J=650 K estimated 
(comment: J~350 K Y.B.Kim analysis)

meff = 1.96 mB / Ir
(S = 1/2 → 1.73 mB)

Mott insulator

S=1/2 hyper-Kagome

No ordering in c down to 1.8 K << qcw= 650K Strong frustration
No long range ordering detected by neutron down to 4K



23Na NMR indicates absence of magnetic ordering 
down to 2 K (J=650 K) - evidence for spin liquid

In
te

ns
ity

300 K
Na4Ir3O8

23Na extrinsic

In
te

ns
ity

-100 -50 0 50 100
Frequency (kHz)

2 K

Fujiyama, Kanoda

c(T) → constant at T=0 limit
gapless



nuclear spin-lattice relaxation rate
No 1/T1 (and 1/T1T) divergence down to 2K

no ordering and freezing!

1

Marked contrast with the other
Quantum spin liquid candidates

1/T1 constant above
T~ 200K (~J/2)

0.001

0.01

0.1

1/
T 1 

(s
-1

)

2 4 6 8
10

2 4 6 8
100

2

Temperature (K)

T

T2.5 Consistent with a large J~650K
& S=1/2

Power low decay below 200 K
Pseudo-gap feature 

in spin excitation?

1/T1T const below 10 K
finite DOS?

S. Fujiyama, K. Kanoda



C(T) supports for spin liquid ground state
-No evidence for long range 
ordering in C(T) :only broad 
peak

-Large entropy remains even 
at low T

-Magnetic field independent 
up to 12 T
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strongly degenerate 
low lying spin excitation 
created by a large AF J

Cm(T)  ∝ T2 down to 2K
E linear DOS 

Pseudo gap?
conected to finite g?



Points to checked raised by theorists
Y.B.Kim (Toronto), L.Balents (UCSB), P.A.Lee & Senthil (MIT)

1. What kind of QSL?
a Finite DOS at E=0? (spinon FS?)

2. Orbital state: strong SO coupling anticipated2. Orbital state: strong SO coupling anticipated
5d relativistic effect strong

S=1/2 or Jeff=1/2? 

3. Spin Liquid Insulator-Metal transition?
SC???



Small but finite g in C(T) at low T: spin FS?

nominal

Cm(T)  ∝ T2 at high T down to 2K
E linear DOS at high E??

-Below 1K 
a small g / ～ 1 mJ mol Ir 
independent of synthesis condition

Wilson ratio RW~ 40 !!?  (Kanoda BEDT RW=1)
E

N(E)

5 samples with different 
nominal Na composition



Alternative route to quantum spin liquid

Kitaev magnet



Spin-orbit coupling & “electronic matter”
exploring exotic electronic matter: spin-orbital phase

dyz,zx=|ℓz=1>±|ℓz=-1>

orbital 5-fold degenerate
LZ=2,1,0,-1,-2
dx2-y2, dz2, dyz, dzx, dyz

orbital moment quenched

real function

l ℓ·s
s

|ℓz=1>ℓ

orbital moment quenched
anisotropic, chemical bonds

isotropic
quantum phase e(iφ)

imaginary function



Energy(K)

104

105

3d TM
(Fe,Co,Ni,
Cu..)

4d TM
(Mo, Ru…)

Coulomb
U Coulomb

U
Crystal Crystal

5d TM
(Re, Os, 
Ir, Pt…)

CrystalCoulomb

5d transition metal (Ir) oxides : novel playground for 
spin-orbit coupling induced electronic matter

exploring exotic electronic matter: spin-orbital phase

101

102

103

104 U
Crystal
field D

Spin-orbit
coupling l

Spin-orbit
coupling l

Crystal
field D Spin-orbit

coupling l

Crystal
field D

Coulomb
U

hierarchy of E-scale

Traditional playground 
for correlated electron physics

SO 
not small perturbation

can change the landscape
of electronic structure



K2NiF4 structure Group 9 Sr2M4+O4
all d5, the same structure 

3d Sr2CoO4 Ferromagnetic metal
4d Sr2RhO4 Paramagnetic metal
5d Sr2IrO4

Mystery of Sr2IrO4 : why insulating?

Magnetic Insulator
Boring metal?

B.J.Kim , PRL (08)

SOC Mott Sr2IrO4

Transfer increase, naively should be 
more metallic

Insulator
Meta-magnetism Hc~0.2T 
MS~0.1mB below TC~240 K

Fe Co Ni

Ru Rh Pd

Os PtIr
C.Cao PRB(98)



Sr2IrO4: Spin-orbit coupling induced Mott insulator?

10Dq

t

eg

Ir 4+ (5d5), low spin config.
B.J.KIM, PRL (08)

Magnetic Insulator
with J=1/2 moment

t2g

J1/2
~4 eV

t2g
t2g

J3/2

spin-orbit coupling ~0.6 eV
Crystal field in t2g~0.2eV
U~2 eV?

=|0> eff

|zx>=-|1>-|-1>

|yz>=|1>+|-1>

Leff=1

|xy>=|2>-|-2>

Orbital-spin complex



Unique exchange interactions in J1/2 magnet
Jackeli PRL (09)

Magnetism of SOC Mott 

 to 90° super-exchange on

O

O
Ir1

S1
zS3

z
xx yyzz

zz
IrO6

Na

interference between exchange paths
Bond dependent anisotropic coupling

- compass model

Ferro

compass on 
honeycomb

Kitaev system 
Spin liquid with 
fractional excitation
Jackeli & Kaliulin

xx yy



Na2IrO3 Reality: Kitaev-Heisenberg Model

xy

direct exchange cannot be ignored Jackeli

Kitaev Heisenberg

Magnetism of SOC Mott 

Neel AF
Stripy AF

H
ei

se
nb

er
g 

lim
it Spin liquid

Ki
ta

ev
 li

m
it



Honeycomb Iridate :Kitaev-Heisenberg system?
Magnetism of SOC Mott 

Na2IrO3 (AF dominant) Li2IrO3 (AF+F)

QW ~ -125 K, meff ~ 1.91 mB
TN ~17 K,  f = |QW|/TN ~ 7

J1, J2 frustration? 
frustrated 
AF Honeycomb?

QW ~ -12 K, meff ~ 1.76 mB

three anomalies
Tc1=40 K, Tc2=15 K, Tc3=5K

More ferromagnetic 
compass



Classical spin liquid: Spin IceClassical spin liquid: Spin Ice



Pauling Ice rule

H : 
pseudo pyrochlore
O:
at the center of
tetrahedron

O bondedO bonded
with two H atoms

two bonded
two not bonded

many configurations

Sres= 1/2R ln(3/2)
1.68J/molK



Dy2Ti2O7

pyrochlore structure
Dy form pyrochlore lattice

Strong Ising anisotropyStrong Ising anisotropy
point 
to the center of tetrahedron
“In” or “Out”

Ferromagnetic interaction
(exchange + dipolar)

2 in 2 out per tetrahedron



hidden ice entropy
1/2ln(3/2)1/2ln(3/2)



spin ice statespin ice state
two-in two-out
ensemble of loops 

loop cut:
magnetic charges 
at the ends 





Charge analog of quantum spin liquid



Jonson, Niitaka, H.T et al.,  PRL99 167402 (07) 
3+

3+

4+

4+

4+

4+

3+

3+

4+

3+

3+

4+

3+

4+

4+

3+

Charge analogue of spin liquid - LiV2O4 spinel
C.Urano, H.T et al PRL 85, 1052 (00)

exploring exotic electronic matter: spin liquid

Li1+V3.5+
2O2-

4

V: pyrochlore lattice

mixed valent
1:1 V3+ and V4+
equivalent to １：１ ↑↓ spins

frustration : 3+-4+ ordering 
(charge solid) suppressed  
“charge liquid”



C.Urano, H.T et al PRL 85, 1052 (00)

single crystal

r=r0+AT

Heavy Fermion behavior in mixed valent (3+, 4+) 
spinel oxide LiV2O4

specific heat coefficient
g ~ 400 mJ/mol K2

>>~1mJ/molK2 (ordinary metal)

Electron mass >> 100me (g∝ m*)

first and perhaps only
Heavy fermion oxides

g= 380 mJ/molK2

RW=1.7

Heavy fermion oxides

Only d-electrons involved
not conventional “Kondo” (Ce, U)
with conduction electrons and f-
moments

A new route to heavy fermion?

Marginally melted charge crystal?
Examine experimentally
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                                     17GPa 
            open : cooling ; solid : heating

Crystallization of heavy fermions under pressure
in LiV2O4  

S. Niitaka, N. TakeshitaHF state of LiV2O4 close proximity to CO
Melted charge crystal due to frustration!
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300250200150100500
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HF
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Marginally melted!!



Close proximity to charge ordering gives rise to
Heavy fermions

Jonsson, Takenaka, Niitaka PRL99 167402 (07)

E scale of spectral 
weight transfer ?

meV scale

Kondo J ~20 K

Heavy quasi-particles

- Optical Conductivity -

Coherent quasi-particles created by spectral weigh transfer over ~eV

Kondo Jk ~20 K

No!!

eV scale

Coulomb physics 
(charge ordering)



Spin-orbital-lattice coupled phenomena
- lifting the degeneracy of spin liquid



Suppression of Frustration  to lift the degeneracy
inherent to spin liquid state: 

emergent spin-charge-orbital complex state

exploring exotic electronic phases: spin liquid

Nature does not like degeneracy!

Couple with orbitals and make the bonds  anisotropic
→ Frustration driven orbital ordering 

Couple with lattice and make the bonds  anisotropic
→ Spin Jahn -Teller transition 



Lifting spin degeneracy by coupling with lattice

with Cubic -Tetragonal  transition

Cr3+ (d3; S=3/2)

t2g

|TN/QCW| <0.1

xy, yz, zx

AF ordering marginally achieved

“spin only”

exploring exotic electronic matter: spin liquid

Cd2+Cr3+
2O4

TN =TS= 7K << qCW =70K

Zn2+Cr3+
2O4

TN = TS=13K << qCW =390K

T =T with Cubic -Tetragonal  transition

Spin- JT transition

Yamashita and K.Ueda, PRL(01) 
O.Tchernyshyov PRL &PRB (02)

Distort the lattice &
lift  “spin degeneracy”

by making J anisotropic

S. –H. Lee, C. Broholm, et al. 
PRL (00).

inelastic  
scatterin

TN=TS



V3+ (d2, S=1)

t2g

“choice of orbital” 
xy

yz 
zx

Mg2+V3+
2O4

TN = 42 K < TOO=62K

<< qCW =450K

AF ordering marginally achieved by 
orbital ordering

Choose two orbitals out of three

Lifting spin degeneracy by coupling with orbitals 
exploring exotic electronic matter: spin liquid

0.0035 MgV2O4
Field 1T cooling

heating

TS=TOOTN

Motome (04)

Choose two orbitals out of three
& lift spin degeneracy by making J 
anisotropic!

(110) spinel chains
orbital-F
spin-AF   

ordered moment
~0.6-1 μB < 2 μB 
why small?
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S=1 triangular magnet  t2g
2

with orbital degrees of freedom

Þtrimer singlet
with orbital ordering

3 V3+ ->2x3=6 electrons/trimes
3 bonds x 2 electrons = 6                    

LiVO2: V3 molecules inside the crystal
exploring exotic electronic matter: spin liquid

V3+ (d2, S=1)

t2g
xy

yz 
zx

W. Tian et al., Mater. Res. Bull. 39 (2004) 1319 . H.F. Pen et al., Phys. Rev. Lett. 78 (1997) 1323.

3 bonds x 2 electrons = 6                    
xy, yz

yz, zxzx, xy



Summary: Towards Quantum Spin Liquid
Organics,
perhaps closest to holly grail. 
though, there remains many issues yet to be tackled.
Chemical flexibility of organics may
allow us to increase number of candidates

Inorganics, 
many interesting candidates emerged in the last 5 years.many interesting candidates emerged in the last 5 years.
Need for new materials. Well ordeed.

How to probe microscopic properties of QSL, such as 
spin FS?

There are more than one kinds of QSL (as s- p- d- wavaes in SC)
Needs more to enjoy the physics 

Key for materials: as clean as possible, close to a metal!


