
Novel spin-orbit coupled electronic states
in Ir oxides

Heungsik Kim, Choong H. Kim, Hogyun Jeong, Hosub Jin, and Jaejun Yu

Center for Strongly Correlated Materials Research
Department of Physics and Astronomy

Seoul National University

2009. 12.19
Frontiers in Condensed Matter Physics, KIAS, Seoul

Experiment:
     B. J. Kim (Michigan), J. H. Park (POSTECH)
     Soon Jae Moon, Prof. T. W. Noh (SNU) 
     Changyoung Kim (Yonsei U.)
     Se-Jung Oh (SNU) 



Outline

• Background: why 5d transition metal oxide?

• Sr2IrO4

✓ Novel spin-orbit integrated Jeff=1/2 state

✓ Anisotropic exchange interaction

• Na2IrO3

✓ anti-ferromagnetic order with spin-orbit Zeeman field

✓ Z2 topological number?  
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Why 4d and 5d Transition Metal Oxides?

• Close to metal-insulator transition instability

✓ 4d and 5d orbitals are more extended than 3d’s

✓ reduced on-site Coulomb interaction strength

✓ sensitive to lattice distortion, magnetic order, etc.

• Strong spin-orbit (SO) couplings

✓ large atomic numbers: relativistic effect

‣ VSO (3d) ≤ 50 meV

‣ VSO (5d) ≈ 500 meV
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Physics driven by spin-orbit (SO) coupling

• Anisotropic magnetic exchange interactions:

✓ Dzyaloshinskii-Moriya interaction

✓ Multiferroic physics ...

• Anomalous Hall effect: 

✓ SrRuO3

• Quantum spin Hall effect:

✓ Spintronics

• Topological insulator

✓ Magneto-electric effect, axion, ...
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Anomalous Hall effect and 
magnetic monopoles in momentum space

5
Z. Fang et al., Science 302, 92 (2003)



Quantum spin Hall effect and
Topological insulators

6
Zhang et al., Nat. Physics (10 May 2009)



Dzyaloshinskii-Moriya interactions in La2CuO4

Cheong et al., PRB 39 (1989)
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Metal-Insulator Transition

•  Hubbard model:

E

EF

Mean-field average

E

EF
U

Fluctuations

Band metalMott insulator
U >> W       ⇐   ⇒          W>>U
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3d transition metal oxides (TMO)

Metal M2+
Oxygen O2-

Localized 3d orbital → a narrow band!

3d orbital



4d and 5d transition metal oxides 

Metal M2+
Oxygen O2-

Extended 4d, 5d orbitals → wider band!

4d, 5d orbital



4d and 5d transition metal oxides?

were obtained using the Kramers-Kronig !KK" transforma-
tion of R!!". We checked the validity of our KK analysis by
measuring "!!" between 0.6 and 6.4 eV independently using
spectroscopic ellipsometry.

Figure 2 shows the ab-plane "!!" of Sr2RuO4, Sr2RhO4,
and Sr2IrO4. First, we will focus on the optical transitions
above 1.5 eV. As shown in Fig. 2, the "!!" of Sr2RuO4,
Sr2RhO4, and Sr2IrO4 all showed three interband transitions.
According to the literature on regular perovskite TMOs, the
optical transitions from the O 2p to Sr d bands are usually
located at about 9–10 eV.13,14 Therefore, all of the A, B, and
C peaks observed in Fig. 2 might come from the charge
transfer transition from O 2p to M d bands.

Polarization-dependent O 1s XAS spectra of Sr2RuO4
have already been reported. To obtain further insights, we
measured O 1s XAS spectra of Sr2RhO4 and Sr2IrO4 at the
EPU6 beamline of the Pohang Light Source !PLS". O 1s
XAS detects the transition from O 1s to O 2p orbitals. The
XAS measurements can probe the unoccupied density of
states that are strongly hybridized with the O 2p orbitals.
With the incident E vector mainly in plane !i.e., #=0°", the
XAS spectra should show only the M d orbital states that are
strongly coupled with O 2px/y. With #=60°, the XAS spectra
should show the M d orbital states coupled with both O 2px/y
and O 2pz, but the latter states should make a larger contri-

bution. The polarization dependence should be large, since
the d orbitals have strong directional dependence. The main
bondings of the in-plane O 2px/y orbitals are O 2px/y −dxy
!xyP" and O 2px/y-dx2−y2 !x2−yP

2 ", and that of the apical O
2px/y orbitals is O 2px/y-dyz/zx !yz /zxA", while those of the
in-plane and apical O 2pz orbitals are O 2pz-dyz/zx !yz /zxP"
and O 2pz-d3z2−r2 !zA

2", respectively. The d3z2−r2 orbital mainly
bonds with the apical O 2pz, but still bonds weakly with the
in-plane O 2px/y !zP

2 ". Therefore, the spectra with #=0°
should show the contributions of the xyP, x2−yP

2 , yz /zxA, and
zP

2 states, while the yz /zxP and zA
2 states should contribute

more strongly in the spectra with #=60°.
Figure 3 shows the polarization-dependent XAS spectra

of Sr2MO4. #The XAS spectrum of Sr2RuO4 !Ref. 7" is in-
cluded in Fig. 3!a" for better comparison with those of other
compounds.$ All three compounds exhibit very similar XAS
spectra with strong polarization dependence. Considering the
directional dependence of the p-d hybridization, the four
peaks in the #=0° spectra can be assigned as yz /zxA, xyP, zP

2 ,
and x2−yP

2 , and the two peaks in the #=60° spectra can be
assigned as yz /zxP and zA

2 from the lowest energy. In the
layered TMOs, the core-hole energy of the apical oxygen is

FIG. 1. Schematic diagrams of the electronic structures of !a"
LaSrMnO4, !b" Sr2RuO4 and Sr2RhO4, and !c" Sr2IrO4. EF repre-
sents the Fermi level. The arrows pointing up and down indicate
spin up and spin down, respectively. The schematic diagram of the
electronic structure of LaSrMnO4 is drawn based on Ref. 5.

FIG. 2. The ab-plane "!!" of !a" Sr2RuO4, !b" Sr2RhO4, and !c"
Sr2IrO4 at room temperature. The solid triangles and letters repre-
sent the optical transitions, which are shown in Fig. 1. The solid
circles are the dc conductivities of Sr2RuO4 and Sr2RhO4 at room
temperature !Refs. 11 and 12".

BRIEF REPORTS PHYSICAL REVIEW B 74, 113104 !2006"

113104-2

Moon et al., PRB 74, 113104 (2006)

4d, 5d orbitals: more extended → larger band width
→ expect a metallic band structure in Sr2IrO4!??

For the same K2NiF4 structure: La2CuO4

3d

4d

5d

⇓

⇓
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 So why is Sr2IrO4 insulating?

Results of x-ray-diffraction patterns from powdered Sr2IrO4
single crystals show no impurity peaks. The refinement of a

tetragonal cell yielded a!5.494 A and c!25.796 A, consis-
tent with those published.4

Shown in Fig. 1 is the temperature dependence of the

magnetic susceptibility !(T) of Sr2IrO4 along the two prin-
cipal crystallographic directions in a field cooled sequence

"FC# with H!0.5 T "for T"TM , the magnetic ordering tem-

perature, we determined that a field of 0.5 T was low enough

to define ‘‘zero field’’ susceptibility#. The evidence for weak
ferromagnetism in the vicinity of TM!240 K is obvious for
both directions. The large anisotropy of the magnetic suscep-

tibility clearly indicates that the easy axis is aligned with the

a axis.

Fitting to a modified Curie-Weiss law for T"TM yields

the following parameters "see the inset in Fig. 1#: The
temperature-independent susceptibility !o!8.8#10$4

emu/mole, the Curie-Weiss temperature $cw!251 K and ef-
fective paramagnetic moment %eff!0.50 %B/Ir. $cw is com-
parable to the magnetic ordering temperature, and suggestive

of a ferromagnetic spin coupling, but %eff is significantly

lower than the Hund’s-rule value 1.7%B/Ir for S! 1
2. This

reduction may indicate a strong hybridization between Ir

ions and oxygen.8 !o is relatively large compared to those

for ordinary metals, but the low-temperature specific heat

coefficient & is found to be nearly zero "%0.2 mJ/mol K2).
This behavior is characteristic of the Stoner enhancement

where !o is significantly enhanced, but & has no equivalent
enhancement. In oxides with a narrow band such as in

LaNiO3 and LaCuO3, the exchange interaction is commonly

enhanced by spin fluctuations and thus drives the paramag-

netic state unstable, leading to a nearly ferromagnetic state.

The magnetic properties observed in Sr2IrO4 appear to be

consistent with this contention.

Shown in Fig. 2 is isothermal magnetization M at T!5 K
in fields to 7 T for the two principal crystallographic direc-

tions. The large magnetic anisotropy between the directions

is apparent, and the easy axis is evidently along the a axis

consistent with Fig. 1. M (H) at H"0.5 T appears to be

nearly saturated below TM , however, the saturation moment

%S extrapolated is 0.14%B/Ir, only 14% of the expected spin-

only moment of 1%B /Ir which would be increased by any

orbital contribution (J!L&S). There are a number of ways

in which such a reduced moment may arise, including spin

canting, as asserted in Ref. 4. However, Sr2IrO4 may be a

band ferromagnet with low-density of charge carriers be-

cause the system appears itinerant (%eff /%S"1, and d'/dT
"0 though the magnitude of ' is large at low temperatures#.
If so, the density of states becomes spontaneously exchange

split. As a result, there is an excess of electrons with spin up

"majority-spin band# as compared to those with spin down
"minority-spin band#. The net overall magnetic moment then
is largely determined by the exchange splitting of the 5d

electrons and is necessarily nonintegral. The observed low

moment reflects a small exchange splitting or unequal popu-

lation of the two subbands. A larger t2g band compared to a

small exchange splitting may also result in a small polariza-

tion of d electrons. Yet it cannot be ruled out that the re-

duced moment may result from hybridization between Ir ions

and oxygen which is presumably strong in 4d and 5d com-

pounds such as Sr2IrO4. Measurements of magnetization up

to 30 T are planned to search for possible high-field spin

reorientations. A low-field spin reorientation is observed, and

is clearly evidenced in the inset of Fig. 2 where M (T!5 K#
for the a axis vs H is plotted for $0.5(H(0.5 T. The
mirror image, typical of a spin reorientation transition, illus-

trates the presence of such a transition at Hsr! 0.2 T. This

spin reorientation transition also takes place along the

‘‘hard’’ axis, the c axis, at a higher field "see Fig. 2#. It is
possible that such a transition in the weak ferromagnet is due

to the strong electron-lattice coupling, i.e., the interplay be-

tween the magnetic energy and the elastic energy,10 which is

related to the change in volume at low temperatures reported

in Ref. 4.

It is also remarkable that the ratio of %eff /%S "!3.5#
qualitatively fits the Rhodes-Wohlfarth plot, %eff /%S vs TC ,

yielding a corresponding TC near 200 K.
9 This qualitative

agreement indicates that spin fluctuations may be significant,

and that Sr2IrO4 is in an intermediate region "which may be
described by the Stoner model# between a ferromagnetic in-

FIG. 1. Magnetic susceptibility M /H vs temperature at H!0.5
T for the two principle crystallographic directions. Inset: )!$1 vs

temperature at T"TM where )!!!(T)$!o .

FIG. 2. Isothermal magnetization M vs magnetic field H at T

!5 K for the two principle crystallographic directions. Inset: Iso-

thermal magnetization M (T!5 K# along the a axis vs magnetic
field H for $0.5(H(0.5 T.

RAPID COMMUNICATIONS

R11 040 57CAO, BOLIVAR, McCALL, CROW, AND GUERTIN

Cao et al., PRB 57, R11039 (1998)
12

Even more puzzling is that Sr2IrO4 exhibits weak ferromagnetism!



Calculation methods

• OpenMX code (http://www.openmx-square.org)

• LDA+U methods

• Relativistic pseudo-potential 
including spin-orbit terms:    
LDA+U+SO calculations

• LDA exchange-correlation potential

• Non-collinear spin configurations

13

http://www.openmx-square.org
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Sr2IrO4 band structure
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Tight-binding t2g bands of Sr2IrO4

Evolution of t2g bands by SO coupling and on-site U

LDA → LDA+SO → LDA+U+SO
15



Comparison with ARPES Experiment

Kim et al., PRL 101, 076402 (2008)
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to formation of the half-filled Jeff ¼ 1=2 and filled Jeff ¼
3=2 bands as shown in Fig. 1(c). The circular shaped FS
reflects the isotropic orbital character of the Jeff ¼ 1=2.

The half-filled narrow band near EF suggests that a
small U can lead to a Mott instability. Indeed, a modest
U value opens up a Mott gap and splits the Jeff ¼ 1=2 band
into the upper (UHB) and lower Hubbard bands (LHB), as
presented in Fig. 1(d). The full LDAþ SOþU results
[Fig. 2(c)] manifest the Jeff ¼ 1=2 Mott state. Comparing
the LDAþ SO and LDAþ SOþU results, one can see
that the band gap is opened up by simply shifting up the
electronlikeM sheet and down the holelike ! and X sheets,
yielding a valence band maxima topology as shown in the
left panel of Fig. 2(c). It must be emphasized that LDAþ
U alone cannot account for the band gap [Fig. 2(d)]. The
FS topology changes only slightly from the LDA one,
becauseW is so large that the small U cannot play a major
role. This result demonstrates that the strong SO coupling
is essential to trigger the Mott transition, which reduces to
a Jeff ¼ 1=2 Hubbard system.

The electronic structure predicted by the LDAþ SOþ
U is borne out by ARPES results in Fig. 3. The energy
distribution curves (EDCs) near ! display band features,
none of which crosses over ! as expected in an insulator.
Figures 3(b)–3(d) show intensity maps at binding energies
of EB ¼ 0:2, 0.3, and 0.4 eV, highlighting the evolution of
the electronic structure near !. The first valence band
maximum ("X) appears at the X points [Fig. 3(b)]. As
EB increases [Figs. 3(c) and 3(d)], another band maximum
(#) appears at the ! points. The band maxima can also be
ascertained in EDCs [Fig. 3(a)]. These results agree well
with the LDAþ SOþU results, reproducing the valence
band maxima topology (the left panel of Fig. 2(c)].
Remarkably, the topmost valence band, which represents
the Jeff ¼ 1=2 LHB, has small dispersion (#0:5 eV)

although the 5d states are spatially extended and strongly
hybridized with the O 2p ones.
The unusual electronic character of the Jeff ¼ 1=2 Mott

state is further confirmed in the optical conductivity [18]
and the O 1s XAS. The optical conductivity in Fig. 4(a),
which shows an#0:1 eV insulating gap consistent with the
observed resistivity with an activation energy of 70 meV
[19], displays a double-peak feature with a sharp peak A
around 0.5 eV and a rather broad peak B around 1 eV.
Considering the delocalized 5d states, it is unusual to have
such a sharp peak A, which is even narrower than the peaks
in 3d TMOs. However, this feature is a natural conse-
quence of the Jeff Hubbard model depicted in Fig. 1(d).
The transitions within the Jeff ¼ 1=2 manifold, from
LHB to UHB, and from the Jeff ¼ 3=2 to the Jeff ¼ 1=2
UHB results in the sharp peak A and a rather broad peak B,
respectively. A direct evidence of the Jeff ¼ 1=2 state
comes from the XAS which enables one to characterize
the orbital components by virtue of the strict selection
rules [20]. The results in Fig. 4(b) show an orbital ratio
xy:yz:zx ¼ 1:1:1 within an estimation error (<10%) for
the unoccupied t2g state. In the ionic limit, the Jeff ¼ 1=2
states are jJeff ¼ 1=2; mJeff ¼ $1=2i ¼ ðjyz;$$i&
ijzx;$$i&j xy;&$iÞ=

ffiffiffi
3

p
, where $ denotes the spin state.

In the lattice, the intersite hopping, the tetragonal and
rotational lattice distortions, and residual interactions
with the eg states could contribute to off-diagonal mixing

between the ionic Jeff states. However, the mixing seems to
be minimal and the observed isotropic orbital ratio, which
is also predicted in the LDAþ SOþU, validates the
Jeff ¼ 1=2 state.
The Jeff ¼ 1=2 state also contributes unusual magnetic

behaviors. The total magnetic moment is dominated by the
orbital moment. In the ionic Jeff ¼ 1=2 state, the spin state
is a mixture of $ (up spin) and($ (down spin) and yields
jhSzij ¼ 1=6. Meanwhile the orbital state yields jhLzij ¼
2=3, resulting in twice larger orbital moment than the spin
one, i.e., jhLzij ¼ 2jh2Szij. Note that the Jeff ¼ 1=2 is
distinguished from the atomic J ¼ 1=2 (jL( Sj) with L ¼
1 and S ¼ 1=2 despite the formal equivalence. The J ¼
1=2 has a total magnetic moment hLz þ 2Szi ¼ $1=3 with
opposite spin and orbital direction (L( S), while the
Jeff ¼ 1=2 gives hLz þ 2Szi ¼$ 1 with parallel one. The
Jeff ¼ 1=2 (jLeff ( Sj) is exactly analogous to the J ¼ 1=2
(jL( Sj) with mapping Leff;z ! (Lz. This is because the
Jeff ¼ 1=2 is branched off from the atomic J ¼ 5=2 mani-
fold (Lþ S) by the crystal field, the same reason for the
violation of the Hund’s rule [Fig. 1(e)]. This aspect differ-
entiates 5d TMOs from 3d TMOs described by spin-only
moments and also from rare-earth compounds with atom-
iclike J states.
The LDAþ SOþU predicts the ground state with

weak ferromagnetism resulting from a canted AFM order
with an 11) canting angle (net 22)) in the plane. The
predicted local moment is 0:36!B=Ir with 0:10!B spin
and 0:26!B orbital contributions. This value is only about
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!ð!Þ was obtained by using Kramers-Kronig (KK) trans-
formation. The validity of KK analysis was checked by
independent ellipsometry measurements between 0.6 and
6.4 eV. XAS spectra were obtained at 80 K under vacuum
of 5# 10$10 Torr at the Beamline 2A of the Pohang Light
Source with !h" ¼ 0:1 eV.

Here we propose a schematic model for emergence of a
novel Mott ground state by a large SO coupling energy #SO
as shown in Fig. 1. Under the Oh symmetry the 5d states
are split into t2g and eg orbital states by the crystal field
energy 10Dq. In general, 4d and 5d TMOs have suffi-
ciently large 10Dq to yield a t52g low-spin state for

Sr2IrO4, and thus the system would become a metal with
partially filled wide t2g band [Fig. 1(a)]. An unrealistically
large U & W could lead to a typical spin S ¼ 1=2 Mott
insulator [Fig. 1(b)]. However, a reasonable U cannot lead
to an insulating state as seen from the fact that Sr2RhO4

is a normal metal. As the SO coupling is taken into
account, the t2g states effectively correspond to the orbital

angular momentum L ¼ 1 states with  ml¼'1 ¼ (ðjzxi'
ijyziÞ=

ffiffiffi
2

p
and  ml¼0 ¼ jxyi. In the strong SO coupling

limit, the t2g band splits into effective total angular mo-
mentum Jeff ¼ 1=2 doublet and Jeff ¼ 3=2 quartet bands
[Fig. 1(c)] [17]. Note that the Jeff ¼ 1=2 is energetically
higher than the Jeff ¼ 3=2, seemingly against the Hund’s
rule, since the Jeff ¼ 1=2 is branched off from the J5=2
(5d5=2) manifold due to the large crystal field as depicted in
Fig. 1(e). As a result, with the filled Jeff ¼ 3=2 band and

one remaining electron in the Jeff ¼ 1=2 band, the system
is effectively reduced to a half-filled Jeff ¼ 1=2 single band
system [Fig. 1(c)]. The Jeff ¼ 1=2 spin-orbit integrated
states form a narrow band so that even small U opens a
Mott gap, making it a Jeff ¼ 1=2Mott insulator [Fig. 1(d)].
The narrow band width is due to reduced hopping elements
of the Jeff ¼ 1=2 states with isotropic orbital and mixed
spin characters. The formation of the Jeff bands due to the
large #SO explains why Sr2IrO4 (#SO ) 0:4 eV) is insulat-
ing while Sr2RhO4 (#SO ) 0:15 eV) is metallic.
The Jeff band formation is well justified in the LDA and

LDAþU calculations on Sr2IrO4 with and without in-
cluding the SO coupling presented in Fig. 2. The LDA
result [Fig. 2(a)] yields a metal with a wide t2g band as in
Fig. 1(a), and the Fermi surface (FS) is nearly identical to
that of Sr2RhO4 [12,13]. The FS, composed of one-
dimensional yz and zx bands, is represented by holelike
$ and %X sheets and an electronlike %M sheet centered at
", X, and M points, respectively [12]. As the SO coupling
is included [Fig. 2(b)], the FS becomes rounded but retains
the overall topology. Despite small variations in the FS
topology, the band structure changes remarkably: Two
narrow bands crossing EF are split off from the rest due

FIG. 1. Schematic energy diagrams for the 5d5 (t52g) configu-
ration (a) without SO and U, (b) with an unrealistically large U
but no SO, (c) with SO but no U, and (d) with SO and U.
Possible optical transitions A and B are indicated by arrows.
(e) 5d level splittings by the crystal field and SO coupling.
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Insulator-to-metal transition in Srn+1IrnO3n+1

17
Moon et al., PRL 101, 226402 (2008)



Large λSO coupling in the atomic limit

HSO = λL · S = λ
[
LzSz + 1

2 (L+S− + L−S+)
]

18



Small λSO in the band limit

19
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Sr2IrO4: Jeff=1/2 Mott insulator

one-third of the ionic value 1!B (0:33!B spin and 0:67!B

orbital ones) for Jeff ¼ 1=2 but still retains the respective
ratio close to 1:2. This large reduction, however, seems to
be natural since the Ir 5d strongly hybridize with the
neighboring O 2p and thus significant parts of the mo-
ments are canceled in the AFM order. Indeed, Sr2IrO4

shows weak ferromagnetism with local moment !eff ¼
0:5!B=Ir, about one-third of !eff ¼ 1:73!B for S ¼ 1=2,
as determined from the magnetic susceptibility above TC

[15]. It should be noted that the origin of the canted AFM
order is different from that in the spin-based Mott insula-
tors, which is attributed to the spin canting due to the
Dzyaloshinskii-Moriya (DM) interaction [21], the first or-
der perturbation term of the SO coupling on the S basis
states. But the Jeff states, in which the SO coupling is fully
included, are free from the DM interaction. Their canted
AFM order should be explained by the lattice distortion,
and the canting angle is indeed nearly identical to that in
the Ir-O-Ir bond [8]. Recent Ir L-edge resonant scattering
results confirmed the canted AFM order of the Jeff ¼ 1=2
quantum spins in this system [19].

The peculiar electronic and magnetic properties of
Sr2IrO4 can be understood as characteristics of the Jeff ¼
1=2 Mott insulator. Despite the extended 5d states with a
small U, narrow Hubbard bands with a new quantum
number Jeff different from the atomic J emerge through
the strong SO coupling under the large crystal field. This
suggests a new class of materials, namely, spin-orbit inte-
grated narrow band system. The Jeff ¼ 1=2 quantum
‘‘spin’’, which incorporates the orbital one, is expected to
bring in new quantum behaviors. Indeed, recent findings
show that many iridates display highly unusual behaviors,
for examples, non-Fermi liquid behaviors in SrIrO3 [22]
and a spin liquid ground state in Na4Ir3O8 [23]. With the
relativistic SO coupling, the system is in a new balance of
the spin, orbital, and lattice degrees of freedom. It implies
that the underlying physics of 5d TMOs is not a simple

adiabatic continuation of the 3d TMO physics to a small U
regime and a new paradigm is required for understanding
their own novel phenomena. ‘‘What novel phenomena
emerge in the vicinity of this new Mott insulator’’ remains
as an open question.
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FIG. 4 (color online). (a) Optical conductivity. Peak A and B
correspond to transitions denoted in Fig. 1(d). (b) The O 1s
polarization dependent XAS spectra (dotted lines) compared
with expected spectra (solid lines) under an assumption of
xy:yz:zx ¼ 1:1:1 ratio. xy and yz=zx denote transitions from
in-plane oxygens while yz0=zx0 from apical oxygens, and the
energy difference corresponds to their different O 1s core-hole
energies [20].
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!ð!Þ was obtained by using Kramers-Kronig (KK) trans-
formation. The validity of KK analysis was checked by
independent ellipsometry measurements between 0.6 and
6.4 eV. XAS spectra were obtained at 80 K under vacuum
of 5# 10$10 Torr at the Beamline 2A of the Pohang Light
Source with !h" ¼ 0:1 eV.

Here we propose a schematic model for emergence of a
novel Mott ground state by a large SO coupling energy #SO
as shown in Fig. 1. Under the Oh symmetry the 5d states
are split into t2g and eg orbital states by the crystal field
energy 10Dq. In general, 4d and 5d TMOs have suffi-
ciently large 10Dq to yield a t52g low-spin state for

Sr2IrO4, and thus the system would become a metal with
partially filled wide t2g band [Fig. 1(a)]. An unrealistically
large U & W could lead to a typical spin S ¼ 1=2 Mott
insulator [Fig. 1(b)]. However, a reasonable U cannot lead
to an insulating state as seen from the fact that Sr2RhO4

is a normal metal. As the SO coupling is taken into
account, the t2g states effectively correspond to the orbital

angular momentum L ¼ 1 states with  ml¼'1 ¼ (ðjzxi'
ijyziÞ=

ffiffiffi
2

p
and  ml¼0 ¼ jxyi. In the strong SO coupling

limit, the t2g band splits into effective total angular mo-
mentum Jeff ¼ 1=2 doublet and Jeff ¼ 3=2 quartet bands
[Fig. 1(c)] [17]. Note that the Jeff ¼ 1=2 is energetically
higher than the Jeff ¼ 3=2, seemingly against the Hund’s
rule, since the Jeff ¼ 1=2 is branched off from the J5=2
(5d5=2) manifold due to the large crystal field as depicted in
Fig. 1(e). As a result, with the filled Jeff ¼ 3=2 band and

one remaining electron in the Jeff ¼ 1=2 band, the system
is effectively reduced to a half-filled Jeff ¼ 1=2 single band
system [Fig. 1(c)]. The Jeff ¼ 1=2 spin-orbit integrated
states form a narrow band so that even small U opens a
Mott gap, making it a Jeff ¼ 1=2Mott insulator [Fig. 1(d)].
The narrow band width is due to reduced hopping elements
of the Jeff ¼ 1=2 states with isotropic orbital and mixed
spin characters. The formation of the Jeff bands due to the
large #SO explains why Sr2IrO4 (#SO ) 0:4 eV) is insulat-
ing while Sr2RhO4 (#SO ) 0:15 eV) is metallic.
The Jeff band formation is well justified in the LDA and

LDAþU calculations on Sr2IrO4 with and without in-
cluding the SO coupling presented in Fig. 2. The LDA
result [Fig. 2(a)] yields a metal with a wide t2g band as in
Fig. 1(a), and the Fermi surface (FS) is nearly identical to
that of Sr2RhO4 [12,13]. The FS, composed of one-
dimensional yz and zx bands, is represented by holelike
$ and %X sheets and an electronlike %M sheet centered at
", X, and M points, respectively [12]. As the SO coupling
is included [Fig. 2(b)], the FS becomes rounded but retains
the overall topology. Despite small variations in the FS
topology, the band structure changes remarkably: Two
narrow bands crossing EF are split off from the rest due

FIG. 1. Schematic energy diagrams for the 5d5 (t52g) configu-
ration (a) without SO and U, (b) with an unrealistically large U
but no SO, (c) with SO but no U, and (d) with SO and U.
Possible optical transitions A and B are indicated by arrows.
(e) 5d level splittings by the crystal field and SO coupling.
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(2 eV), and (d) LDAþU. In (c), the left panel shows topology
of valence band maxima (EB ¼ 0:2 eV) instead of the FS.
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 Now what about magnetism in Sr2IrO4?

Results of x-ray-diffraction patterns from powdered Sr2IrO4
single crystals show no impurity peaks. The refinement of a

tetragonal cell yielded a!5.494 A and c!25.796 A, consis-
tent with those published.4

Shown in Fig. 1 is the temperature dependence of the

magnetic susceptibility !(T) of Sr2IrO4 along the two prin-
cipal crystallographic directions in a field cooled sequence

"FC# with H!0.5 T "for T"TM , the magnetic ordering tem-

perature, we determined that a field of 0.5 T was low enough

to define ‘‘zero field’’ susceptibility#. The evidence for weak
ferromagnetism in the vicinity of TM!240 K is obvious for
both directions. The large anisotropy of the magnetic suscep-

tibility clearly indicates that the easy axis is aligned with the

a axis.

Fitting to a modified Curie-Weiss law for T"TM yields

the following parameters "see the inset in Fig. 1#: The
temperature-independent susceptibility !o!8.8#10$4

emu/mole, the Curie-Weiss temperature $cw!251 K and ef-
fective paramagnetic moment %eff!0.50 %B/Ir. $cw is com-
parable to the magnetic ordering temperature, and suggestive

of a ferromagnetic spin coupling, but %eff is significantly

lower than the Hund’s-rule value 1.7%B/Ir for S! 1
2. This

reduction may indicate a strong hybridization between Ir

ions and oxygen.8 !o is relatively large compared to those

for ordinary metals, but the low-temperature specific heat

coefficient & is found to be nearly zero "%0.2 mJ/mol K2).
This behavior is characteristic of the Stoner enhancement

where !o is significantly enhanced, but & has no equivalent
enhancement. In oxides with a narrow band such as in

LaNiO3 and LaCuO3, the exchange interaction is commonly

enhanced by spin fluctuations and thus drives the paramag-

netic state unstable, leading to a nearly ferromagnetic state.

The magnetic properties observed in Sr2IrO4 appear to be

consistent with this contention.

Shown in Fig. 2 is isothermal magnetization M at T!5 K
in fields to 7 T for the two principal crystallographic direc-

tions. The large magnetic anisotropy between the directions

is apparent, and the easy axis is evidently along the a axis

consistent with Fig. 1. M (H) at H"0.5 T appears to be

nearly saturated below TM , however, the saturation moment

%S extrapolated is 0.14%B/Ir, only 14% of the expected spin-

only moment of 1%B /Ir which would be increased by any

orbital contribution (J!L&S). There are a number of ways

in which such a reduced moment may arise, including spin

canting, as asserted in Ref. 4. However, Sr2IrO4 may be a

band ferromagnet with low-density of charge carriers be-

cause the system appears itinerant (%eff /%S"1, and d'/dT
"0 though the magnitude of ' is large at low temperatures#.
If so, the density of states becomes spontaneously exchange

split. As a result, there is an excess of electrons with spin up

"majority-spin band# as compared to those with spin down
"minority-spin band#. The net overall magnetic moment then
is largely determined by the exchange splitting of the 5d

electrons and is necessarily nonintegral. The observed low

moment reflects a small exchange splitting or unequal popu-

lation of the two subbands. A larger t2g band compared to a

small exchange splitting may also result in a small polariza-

tion of d electrons. Yet it cannot be ruled out that the re-

duced moment may result from hybridization between Ir ions

and oxygen which is presumably strong in 4d and 5d com-

pounds such as Sr2IrO4. Measurements of magnetization up

to 30 T are planned to search for possible high-field spin

reorientations. A low-field spin reorientation is observed, and

is clearly evidenced in the inset of Fig. 2 where M (T!5 K#
for the a axis vs H is plotted for $0.5(H(0.5 T. The
mirror image, typical of a spin reorientation transition, illus-

trates the presence of such a transition at Hsr! 0.2 T. This

spin reorientation transition also takes place along the

‘‘hard’’ axis, the c axis, at a higher field "see Fig. 2#. It is
possible that such a transition in the weak ferromagnet is due

to the strong electron-lattice coupling, i.e., the interplay be-

tween the magnetic energy and the elastic energy,10 which is

related to the change in volume at low temperatures reported

in Ref. 4.

It is also remarkable that the ratio of %eff /%S "!3.5#
qualitatively fits the Rhodes-Wohlfarth plot, %eff /%S vs TC ,

yielding a corresponding TC near 200 K.
9 This qualitative

agreement indicates that spin fluctuations may be significant,

and that Sr2IrO4 is in an intermediate region "which may be
described by the Stoner model# between a ferromagnetic in-

FIG. 1. Magnetic susceptibility M /H vs temperature at H!0.5
T for the two principle crystallographic directions. Inset: )!$1 vs

temperature at T"TM where )!!!(T)$!o .

FIG. 2. Isothermal magnetization M vs magnetic field H at T

!5 K for the two principle crystallographic directions. Inset: Iso-

thermal magnetization M (T!5 K# along the a axis vs magnetic
field H for $0.5(H(0.5 T.
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Canted Antiferromagnetic State: Sr2IrO4 
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LDA+U+SO calculation predicts canted AF orderingAFM ordering with small canted moments

mAFM = 0.36 µB mC = 0.063 µB
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One-band Jeff=1/2 Hubbard model for Sr2IrO4
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∑

〈ij〉mj

tijd
+
imj

djmj + U
∑

i

nimj=+1/2nimj=−1/2

1

|jeff = 1/2,±1/2〉 = ∓ 1√
3
|xy〉|±〉 − 1√

3
(|yz〉± i|zx〉) |∓〉



Effective exchange Hamiltonian for the doublet subspace 
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αRotation of IrO6 octahedron by α

Hij = I0Ji · Jj + I1JziJzj + Dij · Ji × Jj

I0 = 4(t̄20 − t̄21)/Ū

I1 = 8t̄21/Ū

Dij = Dz ẑ

Dz = 8t̄0t̄1/Ū

t̄0 ≈
2t0
3

t̄1 ≈ −
2t0
3

sinα

Dzyaloshinskii-Moriya interaction: 

∣∣∣∣
Dz

I0

∣∣∣∣ ≈
∣∣∣∣
2t1
t0

∣∣∣∣ ∼ 2α

Jin et al., Phys. Rev. B (2009) 



Effective Pseudo-Spin Hamiltonian

 Unquenched orbital degrees of freedom:
Jeff=1/2 state

Heff =
∑

〈ij〉

!Dij · !Si × !Sj

27

Heff = 〈γ|HSO +HSO
1

ε −H′HSO + ...|γ〉

=
∑

iµ,jν

diµ,jνJiµJjν + ...



Summary

• New form of Mott insulator Sr2IrO4:
     spin-orbit entangled jeff=1/2 ground state  

✓ Strong anisotropic magnetic interactions:
Dzyaloshinskii-Moriya interactions driven by the Jeff=1/2 
state

• Proximity to spin-orbit or topological insulator in 
Na2IrO3

✓ Not jeff=1/2 but SO-entangled eg’ state

✓ AFM insulator with strong anisotropy

• Both on-site Coulomb and spin-orbit interactions 
contribute to the non-trivial spin and orbital 
orderings. 
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