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Spin-orbit coupling is expected to be 
important, and may lead to some new 
physics.
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Na4Ir3O8 has a hyperkagome sublattice of Ir ions. 
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hyperkagome lattice is also realized in the A sublattice of
the garnet A3B5O12 but in these it is distorted. It might be
interesting to infer here that there exists a chirality in this
hyperkagome lattice and that the two structures P4132
[Fig. 1(c)] and P4332 [Fig. 1(d)] have different degenerate
chiralities. Na1:5 in Na1:5!Ir3=4;Na1=4"2O4 occupies the oc-
tahedral A site rather than the tetrahedral A site normally
occupied in a conventional spinel structure [10]. We re-
fined the structure by assuming two Na positions, Na2 and
Na3, in the octahedral A-site with 75% occupation follow-
ing Ref. [10].

Ir in this compound is tetravalent with five electrons in
5d orbitals. Because of the octahedral coordination with
the oxygens and the large crystal field splitting effect
expected for 5d orbitals, it is natural for Ir4# to have a
low spin (t2g

5) state with S $ 1=2. The electrical resistivity
! of a ceramic sample at room temperature was
%10 ! cm, followed by a thermally activated increase

with an activation energy of 500 K with decreasing tem-
perature. This, together with the magnetic properties de-
scribed below, indicates that Na4Ir3O8 is a S $ 1=2 Mott
insulator formed on a hyperkagome lattice.

The temperature dependent magnetic susceptibility
"!T", shown in Fig. 2(a), indicates that Na4Ir3O8 is indeed
a frustrated S $ 1=2 system with a strong antiferromag-
netic interaction. In the "&1 vs T plot in Fig. 2(a), Curie-
Weiss like behavior can be seen. The Curie-Weiss fit
around room temperature yields a large antiferromagnetic
Curie-Weiss constant #W % 650 K and an effective mo-
ment peff $ 1:96$B, which is slightly larger than those
expected for S $ 1=2 spins. In geometrically frustrated
antiferromagnets, it is known that the Curie-Weiss behav-
ior expected above T $ #W persists even below #W . The
observed Curie-Weiss behavior of "!T" below #W is con-
sistent with the presence of the S $ 1=2 antiferromagnetic
spins on a frustrated hyperkagome lattice. The large anti-
ferromagnetic interaction inferred from #W is supported by

FIG. 1 (color online). (a) Crystal structure of Na4Ir3O8 with
the space group P4132. Among the three Na sites, only Na1 site
is shown for clarity. Black and gray octahedra represent IrO6 and
NaO6, respectively. The spheres inside the octahedra represent Ir
and Na atoms and oxygens occupy all the corners. (b) The x-ray
diffraction pattern of Na4Ir3O8 at room temperature. The crosses
indicate the raw data and the solid line indicates the spectrum
calculated based on the refinement using P4132. (c) and
(d) Hyperkagome Ir and Na sublattice derived from the structure
of Na4Ir3O8 with the space group P4132 (c) and P4332 (d).
These two structures with different chirality are indistinguish-
able by conventional x-ray diffraction, giving the identical result
in refinement.
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FIG. 2 (color online). Temperature dependence of the inverse
magnetic susceptibility "&1 under 1 T (a), magnetic specific heat
Cm divided by temperature T (b) and magnetic entropy Sm (c) of
polycrystalline Na4Ir3O8. To estimate Cm, data for Na4Sn3O8 is
used as a reference of the lattice contribution. Inset:
(a) Temperature dependence of magnetic susceptibility " of
Na4Ir3O8 in various fields up to 5 T. For clarity, the curves are
shifted by 3, 2, and 1' 10&4 emu=mol Ir for 0.01, 0.1, and 1 T
data, respectively. (b) Cm=T vs T of Na4Ir3O8 in various fields up
to 12 T. Broken lines indicate Cm proportional to T2 and T3,
respectively.

TABLE I. Atomic parameters obtained by refining x-ray pow-
der diffraction for Na4Ir3O8 at room temperature with a space
group P4132. The cubic lattice constant is a $ 8:985 "A. g of
Na2 and Na3 are fixed to 0.75 according to Ref. [10].

x y z g B (Å)

Ir 12d 0.61456(7) x# 1=4 5=8 1.00 0.15
Na1 4b 7=8 7=8 7=8 1.00 2.6
Na2 4a 3=8 3=8 3=8 0.75 2.6
Na3 12d 0.3581(8) x# 1=4 5=8 0.75 2.6
O1 8c 0.118(11) x x 1.00 0.6
O2 24e 0.1348(9) 0.8988(8) 0.908(11) 1.00 0.6
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NMR measurement confirms the absence of magnetic 
ordering.  (See Prof. Takagi’s talk on Monday)

Polycrystal sample

Very large Wilson Ratio, 35!

�CW = �650K

µeff = 1.96µB

�|T!0 = constant

Cv/T |T!0 = constant

close to spin-1/2

From
Prof. Takagi’s talk

Curie-Weiss fit:

No indication of ordering down to 2K from Cv and �Gang Chen’s theory group 
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Wilson Ratios of some QSL candidates 

a

b

c

spinons are inherently 1D, they are confined to the chains, and to take 
advantage of the transverse exchange, they must be bound into S = 1 
‘triplon’ bound states (Fig. 3b). These triplons move readily between 
chains and are responsible for the transverse dispersion observed in 
the experiment. Thus, the observation of triplons provides a means to 
distinguish 1D spinons from their higher-dimensional counterparts. 
A quantitative theory of this physics agrees well with the data, with no 
adjustable parameters. It is therefore understood that Cs2CuCl4 is an 
example of ‘dimensional reduction’ induced by frustration and quan-
tum fluctuations. This phenomenon was unexpected and might have a 
role in other correlated materials. Perhaps it is related to the cascade of 
phases that is observed in the isostructural material Cs2CuBr4 in applied 
magnetic fields75.

Spin–orbital quantum criticality in FeSc2S4
Among the entries in Table 1, FeSc2S4 stands out as a material that has 
not only spin degeneracy but also orbital degeneracy. This is common 
in transition-metal-containing compounds76,77. It is possible to imagine 
a quantum orbital liquid78–80, analogous to a QSL. Like the more familiar 
(theoretically) QSL, the quantum orbital liquid is experimentally elu-
sive. Nevertheless, experimen talists have observed that FeSc2S4, which 
has a twofold orbital degeneracy, evades order down to T = 50 mK, and 
on this basis it was characterized as a spin–orbital liquid81–83.

Recently, it was suggested that this liquid behaviour is due not to frus-

tration but to a competition between spin–orbit coupling and magnetic 
exchange84. Microscopic estimates of the spin–orbit interaction, λ, 
indeed show that its strength, λ/kB = 25–50 K, is comparable to the Curie–
Weiss temperature, 45 K. As a result, the material is serendipitously close 
to a quantum crit ical point between a magnetically ordered state and 
a ‘spin–orbital sin glet’, induced by spin–orbit coupling84 (Fig. 5). This 
picture seems to explain data from a variety of experiments, including 
NMR81, neutron-scattering82, spin susceptibility83 and specific-heat83 
measurements. Most notably, the anomalously small excitation gap of 
2 K that was measured in neutron-scattering82 and NMR81 experiments 
is understandable — this gap vanishes on approaching the quantum 
critical point. If the theory is correct, FeSc2S4 can be viewed as a kind of 
spin–orbital liquid with significant long-distance entanglement between 
spins and orbitals. Because the material is not precisely at the quantum 
critical point, however, there is a finite correlation length; therefore, this 
entanglement does not persist to arbitrarily long distances, as would be 
expected in a true RVB state.

Future directions
I have only touched the surface of the deep well of phenomena to 
be ex plored, experimentally and theoretically, in frustrated magnets 
and spin liq uids. In spin ice, there are subtle correlations, collective 
excitations and emergent magnetic monopoles, all of which are highly 
amenable to laboratory studies. In sev eral frustrated magnets with spin 

Figure 4 | Excitations of quantum antiferromagnets. a, In a quasi-1D 
system (such as the triangular lattice depicted), 1D spinons are formed as 
a domain wall between the two antiferromagnetic ground states. Creating 
a spinon (yellow arrow) thus requires the flipping of a semi-infinite line 
of spins along a chain, shown in red. The spinon cannot hop between 
chains, because to do so would require the coherent flipping of an infinite 

number of spins, in this case all of the red spins and their counterparts on 
the next chain. b, A bound pair of 1D spinons forms a triplon. Because a 
finite number of spins are flipped between the two domain walls (shown 
in red), the triplon can coherently move between chains, by the flipping of 
spins along the green bonds. c, In a 2D QSL, a spinon is created simply as an 
unpaired spin, which can then move by locally adjusting the valence bonds.

Table 1 | Some experimental materials studied in the search for QSLs
Material Lattice S ΘCW (K) R* Status or explanation 

κ-(BEDT-TTF)2Cu2(CN)3 Triangular† ½ −375‡ 1.8 Possible QSL
EtMe3Sb[Pd(dmit)2]2 Triangular† ½ −(375–325)‡ ? Possible QSL  
Cu3V2O7(OH)2•2H2O (volborthite) Kagomé† ½ −115 6 Magnetic
ZnCu3(OH)6Cl2 (herbertsmithite) Kagomé ½ −241 ? Possible QSL 
BaCu3V2O8(OH)2 (vesignieite) Kagomé† ½ −77 4 Possible QSL  
Na4Ir3O8 Hyperkagomé ½ −650 70 Possible QSL  
Cs2CuCl4 Triangular† ½ −4 0 Dimensional reduction 
FeSc2S4 Diamond 2 −45 230 Quantum criticality
BEDT-TTF, bis(ethylenedithio)-tetrathiafulvalene; dmit, 1,3-dithiole-2-thione-4,5-ditholate; Et, ethyl; Me, methyl. *R is the Wilson ratio, which is de fined in equation (1) in the main text. For EtMe3Sb[Pd(dmit)2]2 
and ZnCu3(OH)6Cl2, experimental data for the intrinsic low-temperature specific heat are not available, hence R is not determined. †Some degree of spatial anisotropy is present, implying that Jʹ#�#J in Fig. 1a. ‡A 
theoretical Curie–Weiss temperature (ΘCW) calcu lated from the high-temperature expansion for an S#=#½ triangular lattice; ΘCW#=#3J/2kB, using the J fitted to experiment. 
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Basic physics in Na4Ir3O8
- Strong spin-orbit coupling (Z=77)
- Multi-orbital bands, 3 t2g orbitals
- Close to metal-insulator transition    
  (true for almost all iridates under
     current investigation )

Fermi gas
He-3 (almost localized fermi liquid)
Fe-Superconductor (Fe1.04Te0.67Se0.33)

W = 1

W = 4

With SOC, spin-rotational symmetry is broken, 
large Wilson Ratio is certainly possible, 
e.g. ordered AFMagnet with gapped spin-wave excitations

L. Balents, Nature 464, 199 (2010)
G. Chen, et al, Phys. Rev. Lett. 102, 096406 (2009)
D. Vollhardt, Rev. Mod. Phys. 56, 99 (1984)
J. Yang, et al, JPSJ, 79, 074704, (2010)

~1.0-3.0

W = 5.7

W = 1

Wilson Ratio quantifies spin fluctuations that enhance the susceptibility.Gang Chen’s theory group 
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New data: schematic plots

Small change (~18%) in 
linear-T heat capacity

C/T

T 2(K2)
4 40

Large enhancement of magnetic susceptibility.
Susceptibility increases with resistivity 
(several other single-crystal samples)

0 300
T (K)

�

Polycrystal insulating sample (Okamoto, et al, PRL 2007)

Single-crystal metallic sample (R. Perry, et al, unpublished, Prof. Takagi’s 
group) 
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Summary of the experiments: schematic plots
� � Cv

T
|T!0

�

0
Mott 

transition

Metal
Insulator

(QSL)
0

Mott 
transition

Metal

�

control
parameter

control
parameter

0

Mott 
transition

Metal control
parameter

W

Wilson Ratio W ⌘ ⇥2

3

⇤/µ2
B

�/k2B

5

35 Q1: Why is W ( or �) enhanced in the insulating phase? 
Q2: Why is W ( or �) so sensitive to Mott transition? 

Insulator
(QSL)

Insulator
(QSL)

Control parameter: carrier concentration? chemical pressure? etc?

Gang Chen’s theory group 

Gang Chen’s theory group



Current theoretical work on Na4Ir3O8 

xy,xz,yz

J=1/2
J=3/2

SOC

Formation of local moment in the strong Mott regime
eg

t2g

crystal field splitting

Phys. Rev. Lett. 101, 197202 (2008)M. Lawler, et al 

Phys. Rev. Lett. 101, 197201 (2008)Y. Zhou, et al

Phys. Rev. Lett. 102, 186401, (2009)D. Podolsky, et al
Phys. Rev. B 81, 174417, (2010)T. Micklitz, et al

M. R. Norman, et al Phys. Rev. B 81, 024428, (2010)

U(1) QSL

Z2 QSL

VBS Phys. Rev. Lett. 105, 237202 (2010)E. J. Bergholtz, et al

D. Podolsky, et al Phys. Rev. B 83, 054401, (2011)

Phys. Rev. Lett. 100, 227201 (2008)M. Lawler, et al 

Phys. Rev. B 78, 094403, (2008)G. Chen, et al

John M. Hopkinson, et al Phys. Rev. Lett. 99, 037201, (2007)

Other works focus on various other things

IrO6
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U(1) QSL?

Z2 QSL (less likely)

VBS (less likely) Phys. Rev. Lett. 105, 237202 (2010)E. J. Bergholtz, et al

Phys. Rev. Lett. 101, 197201 (2008)Y. Zhou, et al

Suppress Cv by spinon pairing to enhance W (interesting)

Explain the susceptibility remaining constant by large SOC 

K. Kanoda’s group 2003-

�� (ET )2Cu2(CN)3

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

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

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

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

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

disordered state (54). In such a situation, however, it is found that spin states without magnetic

ordering, which should be called spin liquid, were found in the two organic Mott insulators,

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

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

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

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

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

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

phases is a problem to consider in the future.

The nature of spin liquid in the two materials is mysterious. The excitation gap in

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

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

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

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

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

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

theoretical models. Appearance of anomalies at finite temperatures can be a signature of some

kind of symmetry breaking. In this sense, the 5–6 K anomaly observed in NMR, specific heat,

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

characteristic temperature in the NMR relaxation rate for both materials, whereas it is not so
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Phase diagram for the b0-Pd(dmit)2 salts. Abbreviations: FP, frustrated paramagnetic (state); AFLO, antifer-
romagnetic long-range ordered (state); CO, charge-ordered (state); QSL, quantum spin liquid (state).
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Mott Transition from a Spin Liquid to a Fermi Liquid in the Spin-Frustrated Organic Conductor
!-!ET"2Cu2!CN"3

Y. Kurosaki,1 Y. Shimizu,1,2,* K. Miyagawa,1,3 K. Kanoda,1,3 and G. Saito2

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

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

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

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

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

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

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

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

Superconductor

(Fermi liquid)

Crossover

(Spin liquid) onset TC

R = R0 + AT2

T1T = const.

(dR/dT)max

(1/T1T)max

Mott insulator

Metal

Pressure (10-1GPa)

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

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

"-(ET)2Cu2(CN)3

K. Kanoda group (2003-)

#’-Pd(dmit)2

R. Kato group (2008-)

2 3 4 5 6 7
1

10

100

200

Pressure

Expect suppressed Cv from metal to QSL, and also superconductivity 
in metallic side just like kappa-ET organics

Similar series expansion like Huse+Singh’s work on kagome

Complicated ground state: 72 sites in one cell

a bit hard to explain power-law Cv and constant        over a large temperature range
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Phys. Rev. Lett. 101, 197202 (2008)M. Lawler, et al 

Spinon fermi surface: (nearly) linear-T Cv, constant 

Theoretical proposals

�
If other interactions are included to break 
spin-rotational symmetry, large W might be obtained for this 
state.

(Heisenberg model)

�
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Extended Hubbard Model

H = H
hop

+H
soc

+H
ion

+H
int

H
hop

H
soc

H
ion

Hint

-  Tight-binding model

-  Atomic spin-orbit coupling

-  single-ion (crystal field) term due to IrO6 distortion
(drive transition from TBI to metal in 227 iridates)

-  Multiorbital interactions 

Ir

Ir

� � bonding

Ir

Ir

⇡ � bonding

indirect hop through oxygen

Ir

Tight-binding model

t� t⇡ t2

Na4Ir3O8 has a hyperkagome sublattice of Ir ions. 

Ir3: regular triangle 

5d5 LS 

Ir4+ 

S = 1/2 

pyrochlore 

IrO6 

Na 

hyperkagome Na4Ir3O8 

! : Ir, " : Na 

Ir Na 

kagome garnet 
all Ir-Ir bonds: equivalent 

(slightly distorted) 

Na4Ir3O8 has a hyperkagome sublattice of Ir ions. 

Ir3: regular triangle 

5d5 LS 

Ir4+ 

S = 1/2 

pyrochlore 

IrO6 

Na 

hyperkagome Na4Ir3O8 

! : Ir, " : Na 

Ir Na 

kagome garnet 
all Ir-Ir bonds: equivalent 

(slightly distorted) 

t� = 1, t⇡ = 0.2, t2 = 0.5
Phys. Rev. B 81, 174417, (2010)T. Micklitz, et al

M. R. Norman, et al Phys. Rev. B 81, 024428, (2010)

Ir

No band insulator

O O O

OOO
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Wilson ratio for the non-interacting case
H0 = H

hop

+H
soc

+H
ion

�/t�

W

D/t�

W

t� = 1, t⇡ = 0.2, t2 = 0.5

D = 0

D = 0.4

� = 1.1
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� = 0

0.0 0.5 1.0 1.5
0

1
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3

4
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Same reason why Heisenberg 
model is relevant for Sr2IrO4 

is because of the hybridization
of different orbitals

W 6= 1

Mi ⌘ µB(Li + 2Si)

Phys. Rev. B 78, 094403, (2008)G. Chen, et al
G. Jackeli, et al Phys. Rev. Lett. 102, 017205, (2009)
F. Wang, et al Phys. Rev. Lett. 106, 136402, (2011)

two anisotropic parameters
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Multi-orbital interactions

U = U 0 + J + J 0

J = J 0

U is the energy scale for excessive electron/charge occupation.
J is the energy scale for electron distribution 
among different spin and orbital states. 
              is like an onsite exchange interaction in the 
Kugel-Khomskii picture.

H
int

= H
c�int

+H
ex�int

Hint = U
X

i,m

n̂i,m,�n̂i,m,⇥ +
U ⇤

2

X

i,m ⌅=m0

n̂i,mn̂i,m0

+
J

2

X

i,m ⌅=m0

d†im�d
†
im0�dim�0dim0� +

J ⇤

2

X

i,m ⌅=m0

d†im�d
†
im⇥dim0⇥dim0�

In atomic limit,

Hc�int =
U

2

X

i

(n̂i � 5)2

Hex�int = �J
X

i,m ⌅=m0

n̂i,mn̂i,m0 +
J

2

X

i,m ⌅=m0

d†im�d
†
im0�dim�0dim0�

+
J

2

X

i,m ⌅=m0

d†im⇥d
†
im⇤dim0⇤dim0⇥

Rewrite interaction,

W. Ko, P.A. Lee,  Phys. Rev. B. 83, 134515 (2011)

H
ex�int

i is a position index.

m is an orbital index.
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H = H
hop

+H
soc

+H
ion

+H
c�int

Strong coupling mean field: slave-rotor theory

Hhop =
X

Rim,R0i0m0

tii
0

mm0d
†
im�(R)dim0�(R

�) + h.c.

Hc�int =
U

2

X

Ri

⇣X

m,�

d†im�(R)dim�(R)� 5
⌘2

Original electron Hamiltonian

Slave-rotor mean field Hamiltonian

R is unit cell index

i is sublattice index

Li(R) =
X

m⇥

f†
im�(R)fim�(R)� 5

dim� = e�i⇥ifim�

[�i, Li] = i

Slave-rotor approach

Hf = Qf

X

Rim,R0i0m0

(tii
0

mm0f
†
im�(R)fim0�(R

�) + h.c.)

Hsoc =
�

2

X

Ri

Lmn · ��⇥d
†
im�(R)din⇥(R)

Hion = D
X

Ri�

(Lµ
i )

2
mnd

†
im�(R)din�(R)

+D
X

Ri�

(Lµ
i )

2
mnf

†
im�(R)fin�(R)+

�

2

X

Ri

Lmn · ��⇥f
†
im�(R)fin⇥(R)

HL =
U

2

X

Ri

L2
i (R) +

X

Ri

(hLi(R) + 5h) +Qr

X

Ri,R0i0

ei�i(R)�i�i0 (R
0) + h.c.

Qf ⌘ hei�i(R)�i�i0 (R
0)i� Qr ⌘

X

mm0�

tmm0hf†
im�fi0m0�(R)ifS. Florens and A. Georges, 

Phys. Rev. B. 70, 035114 (2004)

to obtain fermionic spinons 
(see Prof. Senthil’s talk)
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Slave-rotor phase diagram

U(1) QSL

Correlated  
FL with SOC

�/t�

U/t�

From left to right, 
the single-ion anisotropies are 

D = 0.8t�

D = 0.4t�

D = 0.2t�

D = 0

Two observations (also see Prof. Balents’ talk):

1. SOC enhances correlation effects.

2. Correlation effects enhance SOC.

Strong correlation physics may be seen in 4d/5d electron 
system
SOC may be also important even in 3d electron system 
in certain cases: FeSc2S4, ZnV2O4, etc

spin and charge are confined, we have a “correlated FL”. he�i�ii 6= 0, Z 6= 0,

he�i�ii = 0, Z = 0, we have a “U(1) QSL”. 

D. Pesin, L. Balents, Nature Physics 6, 376 (2010)
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Three energy scales: SOC, correlation, bandwidth
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Onsite exchange interaction

We put the onsite exchange interaction in the spinon mean field hamiltonian.

Hex�int =
X

i

⇥
� J

X

m ⌅=m0

f†
im�fim�f

†
im0�0fim0�0 +

J

2

X

m ⌅=m0

f†
im�f

†
im0�0fim�0fim0�

+
J

2

X

m ⌅=m0

f†
im⇥f

†
im⇤fim0⇤fim0⇥

⇤

H
f

! H
f

+H
ex�int

Study Wilson ratio 
along the dashed line

Mi ⌘ µB(Li + 2Si)U(1) QSL

Correlated  
FL with SOC
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W. Ko, P.A. Lee,  Phys. Rev. B. 83, 134515 (2011)
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J . 0.1Uc

relevant energy scales: 
J and bandwidth

Both “effective mass”
and fermi surfaces are
changed due to SOC
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Summary

Na4Ir3O8 is likely to be a U(1) quantum spin liquid with 
spinon fermi surfaces.
The large Wilson ratio might arise from the combined 
effect of spin-orbit coupling, correlation and onsite spin-
orbital exchange. 
(other possible explanation, gauge fluctuations?) 

Other experiments: resonant inelastic x-ray scattering (planned), 
thermal conductivity (seems like a metal), quantum oscillations 

(too soft gauge field? O. Motrunich, PRB 2005)

Can similar physics be observed in related materials? 
e.g. nonmagnetic R2Ir2O7, Os-compounds, etc

For experiments,Gang Chen’s theory group 
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