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some recent work involving this system
archetypal cuprate : SrCuO2 correlated ferromagnet : SrRuO3

atomically thin nickelates : LaNiO3

D.E. Shai et al., Phys. Rev. Lett. 110, 087004J.W. Harter et al., Phys. Rev. Lett. 109, 267001

E.J. Monkman et al., Nature Materials 11, 855

oxide interfaces : LaMnO3 / SrMnO3

P.D.C. King et al., Nature Nanotechnology 9, 443
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•  what are the many-body interactions 
for a single hole in the undoped 
insulator? 

•  generic behavior for different parent 
insulating iridates? 

•  similarities / differences with undoped 
parent cuprates?

Ruddlesden-Popper series of iridates : Srn+1IrnO2n+1



electronic structure of Sr2IrO4 : Jeff = 1/2 insulator

B.J. Kim et al., Phys. Rev. Lett. 101, 076402 (2008)
G. Cao et al., Phys. Rev. B 57, 11039 (1998)

Y.K. Kim et al., arXiv 1506.06639

Y.J. Yan et al., arXiv 1506.06557

high-Tc superconductivity?



electronic structure of Sr2IrO4 : Jeff = 1/2 insulator

Y.K. Kim et al., arXiv 1506.06639

Y.J. Yan et al., arXiv 1506.06557

high-Tc superconductivity?

• S or J = 1/2 Heisenberg antiferromagnet 
• Comparable values of exchange J ~ 100 

meV  
• Correlated insulator with ~ 1-2 eV 

charge gap 
• Hopping integrals are similar (scaled 

within factor of 2) by particle-hole 
transformation

Similarities between Undoped 
Cuprates & Iridates

any other similarities between 
parent cuprates & iridates?



a single hole in Sr2IrO4 & Ca2CuO2Cl2 : polaron formation

P.D.C. King, K.M.S, H. Takagi, F. Baumberger

Sr2IrO4

Phys. Rev. B 87 241106R (2013)

Ca2CuO2Cl2

KMS et al. Phys. Rev. Lett. 87, 267002
KMS et al. Phys. Rev. B  75, 075115

• very broad, non-Fermi liquid lineshapes (Gaussian vs. Lorentzian) 
• chemical potential pinned well above the peak location 
• strong temperature & momentum dependent broadening



Franck-Condon broadening for small polarons
Parent cuprate Ca2CuO2Cl2

K.M.S. et al., Phys. Rev. Lett. 93, 267002
K.M.S. et al., Phys. Rev. B  75, 075115 



structure & properties of Ba2IrO4 thin films
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• MBE-grown epitaxial thin films 
grown on PrScO3 at 800o C at 
10-6 torr of 100% O3  
(adsorption controlled) 

• films typically ~ 10-20 nm;         
a = 4.021 A; c = 13.34 A

x-ray diffraction

RHEED resistivity
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M. Uchida et al., Phys. Rev. B 90, 075142 (2014)



comparison of electronic structure of Sr2IrO4 vs Ba2IrO4
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comparison of electronic structure of Sr2IrO4 vs Ba2IrO4
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• Sr2IrO4 & Ba2IrO4 show quantitatively similar bandwidths and band 
positions (to within 10% for the lowest energy states)



temperature dependence of Franck-Condon broadening

A : Jeff = 1/2

Binding Energy (eV)
EF0.20.40.60.8

C : Jeff = 3/2
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Binding Energy (eV)

Temperature (K)
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M. Uchida et al., Phys. Rev. B 90, 075142 (2014) KMS et al., Phys. Rev. B 75, 075115 
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• how does the electronic 
structure of Sr3Ir2O7 (bilayer) 
compare to Sr2IrO4? 

• does polaron formation persist 
in Sr3Ir2O7? 

Ruddlesden-Popper series of iridates : Srn+1IrnO2n+1



electronic structure of Sr3Ir2O7

*see also : L. Moreschini, M. Grioni et al., PRB 89, 201114R (2014) 
                 Q. Wang, D.S. Dessau et al., PRB 87, 245109 (2013) 
                 B.M. Wojek, O. Tjernberg et al., J.Phys.C 24, 415602 (2012)

P.D.C. King, K.M.S, H. Takagi, F. Baumberger 
Phys. Rev. B 87 241106R (2013)
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• bandwidths similar to Sr2IrO4, but with bilayer splitting, qualitatively consistent with LDA
+SO+U (band maximums incorrect) 

• LHB maximum pinned close to EF (consistent with optical measurements)



polaron formation also exists in Sr3Ir2O7

P.D.C. King, K.M.S, H. Takagi, F. Baumberger, Phys. Rev. B 87 241106R (2013)

Sr2IrO4 Sr3Ir2O7

• fitted boson energy :      = 15 meV; coupling constant g ~ 6!0

• LHB maximum pinned close to EF (consistent with optical 
measurements of a smaller gap than Sr2IrO4)



temperature dependence of broadening in Sr3Ir2O7

P.D.C. King, K.M.S, H. Takagi, F. Baumberger, Phys. Rev. B 87 241106R (2013)

Sr3Ir2O7

• temperature-dependent broadening consistent with boson energy 
of ~ 15 meV and coupling constant of g ~ 6 

• large spin gap in Sr3Ir2O7 (~ 90 meV) suggests that this is due to 
low-energy phonons
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Jeff = 1/2 
AF semiconductor

Sr2IrO4  
Ba2IrO4

Jeff = 1/2 
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•  are the bandwidths in SrIrO3 much wider 
than in Sr2IrO4, as naively expected?  

•  what is the character of the low-energy 
states?

Ruddlesden-Popper series of iridates : Srn+1IrnO2n+1



evolution from insulator to metal with increasing dimensionality

S.J. Moon, T.W. Noh et al. Phys. Rev. Lett. 101, 226402 (2008)

optical conductivity increasing bandwidth 
with dimensionality?



electronic properties of SrIrO3

• possibility of line nodes in the bulk, or topological surface 
states

J.M. Carter, H.Y. Kee et al., Phys. Rev. B 85, 115105 (2012) 
H. Kim, Y. Chen, H.Y. Kee, arXiv:1411.1406 (2014) 



electronic properties of SrIrO3

D. Hirai, J. Matsuno, H. Takagi, APL Materials 3, 041508 (2012) 

• possibility of line nodes in the bulk, or topological crystalline 
metallic surface states 

• realization of exotic electronic, magnetic, or topological 
phases in SrIrO3-based superlattices or bilayers

J.M. Carter, H.Y. Kee et al., Phys. Rev. B 85, 115105 (2012) 
H. Kim, Y. Chen, H.Y. Kee, arXiv:1411.1406 (2014) 

D. Xiao et al., Nature Comm. 2, 596 (2011) 



SrIrO3 epitaxial thin films : structure & properties
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• bulk single crystals not available 
• MBE-grown epitaxial thin films grown on 

LSAT at 700o C at 10-6 torr of 100% O3 

Yuefeng 
Nie



ARPES shows a complex Fermiology
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individual bands of SrIrO3 are narrower than Sr2IrO4 
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effects of octahedral rotations on band structure

Jeff=1/2 vs. 3/2 in Band structure of Sr2IrO4

!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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FIG. 2 (color online). Theoretical Fermi surfaces and band
dispersions in (a) LDA, (b) LDAþ SO, (c) LDAþ SOþU
(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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Hubbard bands, which could facilitate the IMT driven by
the increase of W with a small U value of a 5d TMO.

To gain insight into the electronic structure changes of
Srnþ1IrnO3nþ1, we performed local density approximation
ðLDAÞ þU calculations with SO coupling included [22].
We used a U value of 2.0 eV, which produced electronic
structures consistent with our experimental !ð!Þ. Most
band structure calculations on 3d Mott insulators have
usually taken a U value of 4–7 eV [12]. Figures 3(a)–3
(c) show the band dispersions of Sr2IrO4, Sr3Ir2O7, and
SrIrO3, respectively. In the energy region between $2:5
and 0.5 eV, the Ir 5d t2g states were the main contributors.
The light and dark lines represent the Jeff;1=2 and Jeff;3=2
bands, respectively. For Sr3Ir2O7 and SrIrO3, the Jeff;1=2
bands split due to the increase in interlayer coupling. When
z increased, the neighboring Ir ions along the c axis had
stronger hybridization of the d bands through the apical O
ions. The hybridization split the bands into bonding and
antibonding states, which resulted in an increase in W.

Figures 3(d)–3(f) show the total density of states (DOS)
of Sr2IrO4, Sr3Ir2O7, and SrIrO3, respectively. The Jeff;3=2
states contributed strongly to the DOS between $0:5 and
$1:5 eV. In Figs. 3(d) and 3(e), the DOS between 0 and
0.5 eV ($0:5 eV) was from the UHB (LHB) of the Jeff;1=2
states. In Fig. 3(f), the DOS between$0:5 and 0.5 eV was
from the Jeff;1=2 bands. For Sr2IrO4, the separation between
the centers of the UHB and LHB (Jeff;3=2 bands) was
approximately 0.5 eV (1.0 eV), consistent with the position
of peak " (#) in Fig. 2(a). As z increased, the Jeff;1=2 and
Jeff;3=2 bands clearly broadened. The W values of the

Jeff;1=2 bands in the DOS were estimated to be about
0.48, 0.56, and 1.01 eV. As the Jeff;1=2 bands broadened,
the Mott gap closed. These first-principles calculations
demonstrate that an increase in W due to the dimension-
ality increase induces the IMT in Srnþ1IrnO3nþ1.
Experimental evidence for the systematic changes in W

of the Jeff;1=2 bands was obtained from !ð!Þ. As shown in
Fig. 2, peaks " and # broadened and decreased in energy
with the increase of z. For quantitative analysis, we fitted
!ð!Þ using the Lorentz oscillator model. For the insula-
tors, we used three Lorentz oscillators, which corre-
sponded to peaks ", #, and a charge transfer excitation
from the O 2p bands to the Ir 5d bands. For SrIrO3, we
used the Drude model for metallic response and two
Lorentz oscillators which corresponded to peak # and
the charge transfer excitation. From this analysis, we ob-
tained the peak positions and widths of peaks " and #, i.e.,
!", !#, $", and $#. According to Fermi’s golden rule,
!ð!Þ should be proportional to a matrix element and a joint
density of states. Therefore, the width of an absorption
peak should reflect the W of the initial and final bands. As
shown in Fig. 4(a), both the $" and $# values increased as
z became larger. This confirmed that the IMT in
Srnþ1IrnO3nþ1 should be driven by the change in W.
The Lorentz oscillator model analysis provided further

information on the electronic structure changes. As shown
in Fig. 4(a), both the !" and !# values decreased system-

FIG. 3 (color online). Results from the LDAþU calculations
including spin-orbit coupling: Band structures of (a) Sr2IrO4,
(b) Sr3Ir2O7, and (c) SrIrO3, and total DOS of (d) Sr2IrO4,
(e) Sr3Ir2O7, and (f) SrIrO3. The positive and negative DOS
values represent spin-up and spin-down bands, respectively. The
light and dark lines represent the Jeff;1=2 and Jeff;3=2 bands,
respectively.

FIG. 4. (a) Results from Lorentz oscillator model analysis. The
solid symbols show the positions of the " and # peaks, i.e., !"

and !#. The open symbols indicate the widths of the " and #
peaks, i.e., $" and $#. (b) Frequency-dependent mass enhance-
ment %ð!Þ of correlated metal SrIrO3. The %ð!Þ data of SrRuO3

(our data) and Sr2RuO3 (Ref. [24]) are included for comparison.
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[B.J. Kim, PRL (2008)] [S.J. Moon, PRL (2008)]
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octahedral rotations in SrIrO3 thin films
synchrotron x-ray diffraction 

of half-order peaks
TEM measurements 
of half-order peaks

• synchrotron x-ray, TEM, and LEED 
measurements show out-of-plane 
[110] and in-plane [001] octahedral 
rotations

LEED



intriguing features in electronic structure of SrIrO3
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intriguing features in electronic structure of SrIrO3
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future directions : strain control of properties

tensile 
strain?

BaIrO3

• large enhancement of bandwidths and mobilities in AIrO3 by “unrotating” 
octahedra, e.g. through tensile strain? 

• BaIrO3 in perovskite structure (larger cation) has 180o Ir-O-Ir bonds, and 
exhibits more metallic behavior (high pressure growth of polycrystalline)

J.G. Cheng et al., Phys. Rev B 88 205114 (2013)



2D 3D
Sr3Ir2O7 

Jeff = 1/2 
AF semiconductor

Sr2IrO4  
Ba2IrO4

Jeff = 1/2 
AF insulator

SrIrO3 

semimetallic

Ruddlesden-Popper series of iridates : Srn+1IrnO2n+1



2D 3D
•  does additional connectivity 
beyond perovskite lead to 
further metallicity? 

•  how do the edge & corner-
shared octahedra change 
the electronic structure? 

• how do SOC and Coulomb 
U affect electronic structure?

rutile 
IrO2 

corner 
sharing

edge 
sharing

Beyond the Ruddlesden-Popper iridates : Rutile IrO2



exotic magnetotransport in IrO2

Masaki  
Uchida

M. Uchida, R. Arita, Y. Tokura, M. Kawasaki, 
et al. Phys. Rev. Lett. (submitted)

K. Fujiwara, H. Takagi, et al.  
Nature Comm. 4:2893 (2013)

hole or electron transport can 
be switched with field direction

large spin Hall 
resistivity



future directions : iridate-based heterostructures

Jason 
Kawasaki 

(Kavli  
Fellow)

• IrO2 : a = 4.498 A; c = 3.154 A 
• TiO2 : a = 4.594 A; c = 2.959 A

(π,0)&('π,0)& (π,0)&('π,0)& (π,0)&('π,0)& (π,0)&('π,0)&

IrO2 / TiO2 x-ray diffraction large spin Hall

K. Fujiwara, H. Takagi, et al.  
Nature Comm. 4:2893 (2013)

• IrO2 grown on TiO2 (110) 
• T = 300 K @ 1.5 x 10-6 torr O3 

(adsorption controlled)

20 ML 10 ML 8 ML 4 ML

IrO2

TiO2



final thoughts

• epitaxial stabilization allows us to explore a wider 
variety of iridate structures 

• single-particle excitations in insulating perovskite 
iridates (Sr2IrO4, Ba2IrO4, Sr3Ir2O7) are best described 
by small polarons, very similar to the parent cuprates 

• [001] & [110] octahedral rotations play a critical role in 
narrow band semimetal SrIrO3 

• metallic bands in SrIrO3 have strongly mixed Jeff = 1/2 
and 3/2 character
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