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Disclaimer

• I am not actively working at the moment on 
this!

• Most of what I say will not be backed up by 
hard calculations

• and in fact, is more physical arguments than 
anything else

• My apologies if it is all trivial and obvious
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Theory’s Blind Spot
• Theory is really not very 

predictive in this 
intermediate correlation 
regime

• Approach “from below” - 
LDA++ - reasonable but 
must break down: how far 
can it go?

• Approach “from above” also 
breaks down when electrons 
become more delocalized, 
and involves too many 
parameters
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Experience
• Metals in this regime (but weak SOC):

• heavy renormalized mass

• strong, frequency dependent scattering

• pseudogap

• Insulators in this regime

• Unusual charge and spin ordering

• Possibility of exotic states



From my day job...
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Organic QSLs

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

• significant charge fluctuations

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

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

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

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

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

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

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

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

t0/t, depends on the anion X.

2.2. Criticality of Mott Transition in ET Compounds

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

nuclear magnetic resonance (NMR) (31), ultrasonic velocity (32, 33), and expansivity (34).
The bending shape of the phase boundary reflects the entropy difference between the insulating
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Figure 3

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

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

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

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

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

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

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

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

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

t0/t, depends on the anion X.

2.2. Criticality of Mott Transition in ET Compounds

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

nuclear magnetic resonance (NMR) (31), ultrasonic velocity (32, 33), and expansivity (34).
The bending shape of the phase boundary reflects the entropy difference between the insulating
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Structure of k-(ET)2X. (a) Side and (b) top view of the layer and (c) modeling the in-plane structure into an isosceles-triangular lattice
with two kinds of transfer integrals.
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Organics

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

tt

t'

QSL

70

60

50

40

30

20

10

0.6 0.7 0.8 0.9 1.0

FP

T 
(K

)

Me4P

Me4As

EtMe3As

Et2Me2As

Et2Me2P
Me4Sb

EtMe3Sb

Et2Me2Sb

Et2Me2Sb:
EtMe3Sb
= 88 : 12

AFLO

CO

t '/t

Figure 17

Phase diagram for the b0-Pd(dmit)2 salts. Abbreviations: FP, frustrated paramagnetic (state); AFLO, antifer-
romagnetic long-range ordered (state); CO, charge-ordered (state); QSL, quantum spin liquid (state).
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Mott Transition from a Spin Liquid to a Fermi Liquid in the Spin-Frustrated Organic Conductor
!-!ET"2Cu2!CN"3

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

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

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

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

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

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

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

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

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

Superconductor

(Fermi liquid)

Crossover

(Spin liquid) onset TC

R = R0 + AT2

T1T = const.

(dR/dT)max

(1/T1T)max

Mott insulator

Metal

Pressure (10-1GPa)

FIG. 1 (color online). The pressure-temperature phase diagram
of !-!ET"2Cu2!CN"3, constructed on the basis of the resistance
and NMR measurements under hydrostatic pressures. The Mott
transition or crossover lines were identified as the temperature
where 1=T1T and dR=dT show the maximum as described in the
text. The upper limit of the Fermi-liquid region was defined by
the temperatures where 1=T1T and R deviate from the Korringa’s
relation and R0 $ AT2, respectively. The onset superconducting
transition temperature was determined from the in-plane resis-
tance measurements.
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Na4Ir3O8 Takagi group

• How disordered is this?
• Can anyone else make samples?
• Can other iridates be metalized 
by pressure?



Highly entangled states

• QSLs are examples of a class of long-range entangled 
states

• Cannot be approximated by a product 
wavefunction

• LDA++ cannot describe insulators with long-range 
entanglement

• Filled band = Product of Wannier states

• These are the most exotic things we can fish for, and 
there are many
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Highly entangled states

• Many ideas:

• Quantum spin liquids

• Fractionalized magnets and metals

• Topological Mott Insulators

• Fractional Topological Insulators

• BUT: calculations are uncontrolled and biased

•  more work needed
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Pyrochlores
• Recent work has shown that “strong” Mott 

insulating pyrochlores can realistically host 
QSL phases 
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Pyrochlores
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Kitaev-Heisenberg

• Another approach from above

• orbitally dependent hopping leads naturally 
to very strong exchange anisotropy, which 
could mimic Kitaev-Heisenberg model

• But...

• non-cubic crystal fields

• covalency

tional statistics, topological degeneracy, and, in particular,
it is relevant for quantum computation [18]. This generated
an enormous interest in a possible realization of this model
in real systems, with current proposals based on optical
lattices [27]. Here, we outline how to ‘‘engineer’’ the
Kitaev model in Mott insulators.

Shown in Fig. 3(a) is a triangular unit formed by 90!

bonds together with ‘‘compass’’ interactions that follow
from Eq. (3). Such a structure is common for a number of
oxides, e.g., layered compounds ABO2 (where A and B are
alkali and TM ions, respectively). The triangular lattice of
magnetic ions in an ABO2 structure can be depleted down
to a honeycomb lattice (by periodic replacements of TM
ions with nonmagnetic ones). One then obtains an A2BO3

compound, which has a hexagonal unit shown in Fig. 3(b).
There are three nonequivalent bonds, each being perpen-
dicular to one of the cubic axes x, y, z. Then, according to
Eq. (3), the spin coupling, e.g., on a (x)-bond, is of Sxi S

x
j

type, precisely as in the Kitaev model. The honeycomb
lattice provides a particularly striking example of new
physics introduced by strong SO coupling: the
Heisenberg model is converted into the Kitaev model
with a spin-liquid ground state.

The compound Li2RuO3 [28] represents a physical ex-
ample of the A2BO3 structure. By replacement of spin-one
Ru4" with spin-one-half Ir4" ions, one may realize a
strongly spin-orbit-coupledMott insulator with low-energy
physics described by the Kitaev model.

‘‘Weak’’ ferromagnetism of Sr2IrO4.—As an example of
a spin-orbit-coupled Mott insulator, we discuss the layered
compound Sr2IrO4, a t2g analog of the undoped high-Tc

cuprate La2CuO4. In Sr2IrO4, a square lattice of Ir
4" ions is

formed by corner-shared IrO6 octahedra, elongated along
the c-axis and rotated about it by ! ’ 11! [19] (see Fig. 4).
Sr2IrO4 undergoes a magnetic transition at #240 K dis-

playing a weak FM, which can be ascribed to a
Dzyaloshinsky-Moriya (DM) interaction. The puzzling
fact is that ‘‘weak’’ FM moment is unusually large,
’ 0:14"B [20] which is 2 orders of magnitude larger
than that in La2CuO4 [29]. A corresponding spin canting
angle # ’ 8! is close to !, i.e., the ordered spins seem to
rigidly follow the staggered rotations of octahedra. Here,
we show that the strong SO coupling scenario gives a
natural explanation of this observation.
We first show the dominant part of the Hamiltonian for

Sr2IrO4 neglecting the Hund’s coupling for a moment.
Accounting for the rotations of IrO6 octahedra, we find

H $ J ~Si % ~Sj " JzS
z
iS

z
j " ~D % & ~Si ' ~Sj(: (4)

Here, the isotropic coupling J $ $1)t2s * t2a+, where ts $
sin2%" 1

2 cos
2% cos2!, and ta $ 1

2 cos
2% sin2!. The second

and third terms describe the symmetric and DM anisotro-
pies, with Jz $ 2$1t

2
a, ~D $ )0; 0;*D+, and D $ 2$1tsta.

[For ! $ 0, these terms vanish and we recover J1-term of
the 180! result (2).] As it follows from Eq. (4), the spin
canting angle is given by a ratio D=J ’ 2ta=ts # 2!which
is independent of &, and is solely determined by lattice
distortions. This explains the large spin canting angle ##
! in Sr2IrO4.
As in the case of weak SO coupling [30], the

Hamiltonian (4) can in fact be mapped to the Heisenberg

model ~~Si % ~~Sj where operators ~~S are obtained by a stag-

gered rotation of ~S around the z-axis by an angle,#, with
tan)2#+ $ D=J. Thus, at JH $ 0, there is no true magnetic
anisotropy. Once JH-corrections are included, the
Hamiltonian receives also the anisotropic terms,

Syy
2 3S

Sx x
1 2S

SSz z
1 3 (b)

xx

zz

yy
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y

z

x

1
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2

FIG. 3 (color online). Examples of the structural units formed
by 90! TM-O-TM bonds and corresponding spin-coupling pat-
terns. Gray circles stand for magnetic ions, and small open
circles denote oxygen sites. (a) Triangular unit cell of
ABO2-type layered compounds, periodic sequence of this unit
forms a triangular lattice of magnetic ions. The model (3) on this
structure is a realization of a quantum compass model on a
triangular lattice: e.g., on a bond 1-2, laying perpendicular to
x-axis, the interaction is Sx1S

x
2. (b) Hexagonal unit cell of

A2BO3-type layered compound, in which magnetic ions
(B-sites) form a honeycomb lattice. (Black dot: nonmagnetic
A-site). On an xx-bond, the interaction is Sxi S

x
j , etc. For this

structure, the model (3) is identical to the Kitaev model.
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% ’ '=5, one has # $ ! exactly. The spin-flop transition from
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Approach from below

• Modern electronic structure methods can 
predict many interesting phases with “mean 
field” magnetic or other order

• Maybe these methods work for some or most 
iridates?



Less exotic, but still exotic

Savrasov 
Vishwanath

• Strong SOC makes topological insulator and related phases possible

• TI

• Weyl semimetal

• Axion insulator

• Magnetic TI

• Why interesting?

• Most of these states have yet to be observed 

• Magnetism comes naturally in iridates (necessary for many states)

• Maybe correlations can enhance the gap

TOPOLOGICAL SEMIMETAL AND FERMI-ARC SURFACE . . . PHYSICAL REVIEW B 83, 205101 (2011)

FIG. 4. (Color online) Semimetallic nature of the state at U =
1.5 eV according to the LSDA + U + SO method. (a) Calculated
energy bands in the plane Kz = 0 with band parities shown; (b) energy
bands in the plane kz = 0.6!/a, where a Weyl point is predicted to
exist. The lighter-shaded plane is at the Fermi level. (c) Locations
of the Weyl points in the three-dimensional Brillouin zone (Ref. 29)
(nine are shown, indicated by the circled + or ! signs).

the parity eigenvalues. Note that all the magnetic structures
considered above preserve inversion (or parity) symmetry. In
the Brillouin zone [see Fig. 4(c)] of the fcc lattice the TRIMs
correspond to the " = (0, 0, 0), and X, Y,Z [=2!/a(1, 0, 0)
and permutations] points and four L points [!/a(1, 1, 1) and
equivalent points]. The TRIM parities of the top four occupied
bands, in order of increasing energy, are shown in Table II.
Note that, although by symmetry all L points are equivalent,
the choice of inversion center at an iridium site singles out one
of them, L". With that choice the parities at L" and the other
three L points are the opposite of one another. The parities
of the all-in/all-out state remains unchanged above U > Uc #
1.8 eV and is shown in the top row under U = 2 eV. This
pattern of parities helps to understand the nature of the phase:
The parities are the same as for a site-localized picture of this
phase, where each site has an electron with a fixed moment
along the ordering direction. Due to the possibility of such a
local description of this magnetic insulator, we term it the Mott
phase.

Intermediate correlations. For the same all-in/all-out mag-
netic configuration, at smaller U = 1.5 eV, the band structure

TABLE II. Calculated parities of states at TRIMs for several
electronic phases of the iridates. Only the top four filled levels are
shown, in order of increasing energy.

Phase " X, Y,Z L" L ($3)
U = 2.0, all-in (Mott) ++++ + ! ! + + ! ! ! !+++
U = 1.5, all-in (Dirac) ++++ + ! ! + + ! ! + !++ !

along high-symmetry lines [see Fig. 3(b)] also appears to be
insulating, and at first sight one may conclude that this is
an extension of the Mott insulator. However, a closer look
using the parities reveals that a phase transition has occurred.
At the L points, an occupied level and an unoccupied level
with opposite parities have switched places. It can readily
be argued that only one of the two phases adjacent to the
U where this crossing happens can be insulating (see the
Appendix). Since the large U phase is found to be smoothly
connected to a gapped Mott phase, it is reasonable to assume
the smaller U phase is the noninsulating one. This is also
borne out by the LSDA + U + SO band structure. A detailed
analysis perturbing about this transition point (also in the k · p
subsection) allows us to show that this phase is expected to be
a Weyl semimetal with 24 Weyl nodes in all.

Indeed, in the LSDA + U + SO band structure at U =
1.5 eV, we find a three-dimensional Dirac crossing located
within the "-X-L plane of the Brillouin zone. This is illustrated
in Fig. 4 and corresponds to the k vector (0.52,0.52,0.3)2!/a.
There also are five additional Weyl points in the proximity of
the point L related by symmetry (three are just inside each of
the two opposite hexagonal faces of the Brillouin zone, which
are identified with one another) When U increases, these points
move toward each other and annihilate all together at the L
point close to U = 1.8 eV. This is how the Mott phase is born
from the Weyl phase. Since we expect that for Ir 5d states the
actual value of the Coulomb repulsion should be somewhere
within the range 1 eV < U < 2 eV, we thus conclude that the
ground state of the Y2Ir2O7 is most likely the semimetallic
state with the Fermi surface characterized by a set of Weyl
points but in proximity to a Mott insulating state. Both phases
can be switched to a normal metal if Ir moments are collinearly
ordered by a magnetic field.

Possible axion insulator phase. At lower values of U a
second gapped phase with special properties may appear. This
phase can be characterized in terms of its magnetoelectric re-
sponse. Recall that in the presence of time-reversal symmetry,
topological insulators are nonmagnetic band insulators with
protected surface states.6 When the surface states are elimi-
nated by adding, for example, magnetic moments only on the
surface, a quantized magnetoelectric response is obtained:13

A magnetic field induces a polarization, P = # e2

2!h
B, with the

coefficient # only defined modulo 2! . The values of # are
limited by time reversal, which transforms # % !# . Apart
from the trivial solution # = 0, the ambiguity in the definition
of # allows also for # = ! , and this occurs in topological
insulators # = ! . In magnetic insulators, # is in general no
longer quantized.30 However, when inversion symmetry is
retained, # is quantized again. An insulator with the value
# = ! may be termed an axion insulator.

What is the appropriate description of the pyrochlore
iridates? As described elsewhere,21 the condition for # = !
insulators with only inversion symmetry, when deduced from
the parities, turns out to be the same as the Fu-Kane formula,
for time-reversal symmetric insulators;31,32 that is, if the total
number of filled states of negative parity at all TRIMs taken
together is twice an odd integer, then # = ! . Otherwise, # = 0.

For the Mott insulator, at large U , the charge physics must
be trivial and so we must have # = 0. Next, since the Weyl

205101-5



Less exotic, but still exotic
• Strong SOC makes topological insulator and related phases possible

• TI

• Weyl semimetal

• Axion insulator

• Magnetic TI

• Why interesting?

• Most of these states have yet to be observed 

• Magnetism comes naturally in iridates (necessary for many states)

• Maybe correlations can enhance the gap

These are ideal subjects for 
LDA++. Phenomenological 

modeling of transport, 
scattering, etc. is also needed 

for comparison with expt.



More specific issues

• J=1/2 or not?

• Lattice effects

• Doping

• Slater versus Mott



J=1/2 or not J=1/2?

• SOC versus crystal fields: 

• They can be comparable and their balance 
determines the extent of “J=1/2” picture

• This is probably very material specific

• SOC versus bandwidth:

• The “J=1/2” picture also degrades as delocalization 
increases, since hopping is very orbitally dependent

• May be a worse approximation in metallic phases

j=1/2

j=3/2

3λ/2



Lattice effects
• Due to strong SOC, there is substantial 

coupling of spin to the lattice

• Has been observed in Sr2IrO4 via large 
canting angle, comparable to octahedral tilt

interest, and has become a powerful tool for
investigating ordering phenomena (10, 11). So
far, the emphasis has been seen only in the
amplification of the signal. However, the RXS
signal contains important information about the
phase of the wave function for valence electrons,
because RXS results from quantum interference
between different scattering paths via intermedi-
ate states of a single site. The RXS process is
described by the second-order process of electron-
photon coupling perturbation, as schematically
shown in Fig. 1, and its scattering amplitude fab
from a single site is expressed under dipole ap-
proximation by

fab ! !
m

mew3
im

w
!ijRbjm" !mjRaji"
!w " !wim " iG=2

#2$

In this process, a photon with energy (!)w is
scattered by being virtually absorbed and emitted
with polarizations a and b, respectively; and in the
course of the process, an electron of mass me

makes dipole transitions through position oper-
ators Ra and Rb from and to the initial state i, via
all possible intermediate states m, collecting the
phase factors associated with the intermediate
states, weighted by some factors involving energy
differences between the initial and intermediate
states (!)wim and the lifetime broadening energy
G. The interference between various scattering
paths is directly reflected in the scattering inten-
sities of the photon, and in this way the valence
electronic states can be detected with phase sen-

sitivity. This process can be contrasted with that in
x-ray absorption spectroscopy (XAS), which is a
first-order process and measures only the ampli-
tudes of the individual paths, or transition
probabilities to various valence states.

We have applied this technique to explore
unconventional electronic states produced by the
strong SOC in Sr2IrO4. Sr2IrO4 is an ideal sys-
tem in which to fully use this technique. The mag-
netic Bragg diffraction in magnetically ordered
Sr2IrO4 comes essentially from scattering by Ir
t2g electrons, to which RXS using the L edge
(2p"5d) can be applied to examine the elec-
tronic states. The wavelength at the L edge of 5d
Ir is as short as ~1 Å, in marked contrast to >10 Å
for 3d elements. This short wavelengthmakes the
detection of RXS signals much easier than in 3d
TMOs, because there exists essentially no con-
straint from the wavelength in detecting the mag-
netic Bragg signal. Moreover, the low-spin 5d5

configuration, a one-hole state, greatly reduces
the number of intermediate states and makes the
calculation of scattering matrix elements tracta-
ble. The excitation to the t2g state completely fills
the manifold, and the remaining degrees of free-
dom reside only in the 2p core holes. Because the
intermediate states are all degenerate in this case,
the denominator factors involving energies and
lifetimes of the intermediate states in Eq. 2 can
drop out. A careful analysis of the scattering
intensity can show that the wave function given
by Eq. 1 represents the ground state in Sr2IrO4

(4).

Figure 2A shows the resonance enhancement
of the magnetic reflection (1 0 22) at the L edge
of a Sr2IrO4 single crystal (4), overlaid with XAS
spectra to show the resonant edges. Whereas there
is a huge enhancement of the magnetic reflection
by a factor of ~102 at the L3 edge, the resonance
at L2 is small, showing less than 1% of the
intensity at L3. The constructive interference at
L3 gives a large signal that allows the study of
magnetic structure, whereas the destructive inter-
ference at the L2 edge hardly contributes to the
resonant enhancement.

To find out the necessary conditions for the
hole state leading to the destructive interference
at the L2 edge, we calculate the scattering ampli-
tudes. Themost general wave function for the hole
state in the t2g manifold involves six basis states,
which can be reduced by block-diagonalizing the
spin-orbit Hamiltonian as

c1jxy,"s"" c2jyz,"s"" c3jzx,"s" #3$

With its time-reversed pair, they fully span the
t2g subspace. We neglect higher-order correc-
tions such as small residual coupling between
t2g and eg manifolds. In the limit of the
tetragonal crystal field [Q # E(dxy) – E(dyz,zx)]
due to the elongation of octahedra much larger
than SOC (lSO) (that is, Q >> lSO), the ground
state will approach c1 = 1 and c2 = c3 = 0 and
become a S = 1/2 Mott insulator, whereas in the
other limit of strong SOC, Q << lSO, ci's will all
be equal in magnitude, with c1, c2 pure real and c3
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Fig. 3. Magnetic ordering pattern of Sr2IrO4. (A) Layered crystal structure of Sr2IrO4,
consisting of a tetragonal unit cell (space group I41/acd) with lattice parameters a ! 5.5Å and
c ! 26Å (4). The blue, red, and purple circles represent Ir, O, and Sr atoms, respectively. (B)
Canted antiferromagnetic ordering pattern of Jeff = 1/2 moments (arrows) within IrO2 planes
and their stacking pattern along the c axis in zero field and in the weakly ferromagnetic state,
determined from the x-ray data shown in (C) to (E) (4). (C and D) L-scan profile of magnetic
x-ray diffraction (l = 1.1Å) along the (1 0 L) and (0 1 L) direction (C) and the (0 0 L) direction
(D) at 10 K in zero field. The huge fundamental Bragg peak at (0 0 16) and its background
were removed in (D). r.l.u., reciprocal lattice unit. (E) L-scan of magnetic x-ray diffraction (l =
1.1Å) along the (1 0 L) direction at 10 K in zero field and in the in-plane magnetic field of
!0.3 T parallel to the plane. (F) The temperature dependence of the intensity of the magnetic
(1 0 19) peak (red circles) in the in-plane magnetic field H ! 0.3 T. The temperature-
dependent magnetization in the in-plane field of 0.5 T is shown by the solid line.
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Lattice effects

• Due to strong SOC, there is substantial 
coupling of spin to the lattice

• Has been observed in Sr2IrO4 via large 
canting angle, comparable to octahedral tilt

• We may expect that polaronic effects are 
important as a consequence

• Moreover, if SOC were absent, Ir4+ would be 
Jahn-Teller active



Doping
• Fundamental question: what is the behavior of a doped SO-

assisted Mott insulator?

• At least in some materials (Sr2IrO4, Na4Ir3O8), the J=1/2 picture seems 
to hold for the undoped system

• Maybe doping might be similar to in t-J model (high Tc?)

• This is less obvious, especially if you remove electrons!

• Metallicity reduces effect of SOC

• Charge transfer - holes on O’s

• Hund’s couping

j=1/2

j=3/2

3λ/2

j=1/2

j=3/2

??

c.f. Fa Wang and Senthil



Slater versus Mott

• Approach from below: 
insulating behavior is 
driven by magnetic 
order? Slater

• Approach from above: 
magnetism is 
secondary? Mott

U/t

λ/t

“simple” 
materials TIs, SO-semimetals

strong SO Mott 
insulators

iridates



Slater versus Mott
• Growing evidence for continuous magnetic phase transitions 

• Might be interpreted as Slater transition, but

• Magnetic transition can be continuous in a MI

• Sr2IrO4 seems to be insulating (dρ/dT<0) above TN

• Usual Slater picture requires nesting, probably not present

• Since these are semi-metals, perhaps one should think of exciton 
condensation?

• Or perhaps just strong magnetic fluctuations?



Summary

• Iridates fit into an unusual intermediate 
correlation and SO regime which is very little 
explored and challenging to theory

• Many interesting ideas, mostly needing to be 
proven in experiment and more quantitative 
theory

• I am looking forward to learning more from all 
of you!


