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• Oxide heterostructures

• Motivation

• Designing novel quantum states

Quantum spin Hall effects (DFT)

Correlation-induced Mott transition (DMFT)

Approach from Mott insulators (slave boson)
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superconducting transition temperature by 

anisotropic strain effect in (001) 
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Thin films of high-Tc cuprates

Early work on “complex” oxide heterostructures

Thin films of CMR manganites

Sato & Naito

Konishi et al.
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(Strain) control of bulk properties



• A. Ohtomo, et al. Artificial charge-modulationin atomic-scale 

perovskite titanate superlattices, Nature 419, 378 (2002). 

• A. Ohtomo and H. Y. Hwang, A high-mobility electron gas at 

the LaAlO3/SrTiO3 heterointerface, Nature 427, 423 (2004). 

• N. Nakagawa, et al. Why some interfaces cannot be sharp, 

Nature Materials 5, 204 (2006). 

• Metallic interfaces can become superconducting and 

magnetic (~400 papers by Web of Science from 

“LaAlO3/SrTiO3” and “2004-2014’). 

Mott insulator (LaTiO3)-band insulator (SrTiO3) heterostructures

Band insulator2 (LaAlO3 and SrTiO3) heterostructures

Nakagawa et al.

Ohtomo 2004

There are a lot of other heterostructures: manganites, nickelates, cuprates, etc. 

and also ferroelectric materials

Ohtomo 2002

Work on oxide heterostructures

Exploring new electronic states: 21st century alchemy



ZnO with wurtzite structure

Quality of oxide heterostructures is becoming comparable with that of semiconductors.

It is a right moment to explore novel phenomena using complex oxides. 

• A. Tsukazaki, et al. Quantum Hall effect in polar oxide 

heterostructures. Science 315,1388 (2007).

• A. Tsukazaki, et al. Observation of the fractional quantum 

Hall effect in an oxide, Nature Materials 9, 889 (2010). 

Quantum Hall effects

Recent work on ZnO heterostructures
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Zhang, et al., Nature 438, 201 (2005).

Motivation of our study

Quantum Hall effects with massless Dirac fermions

: Graphene



PRL 61, 2015 (1988)
PRL 95, 146802 (2005)

Even more exotic phenomena are anticipated in interacting 

electron models on honeycomb lattice

PRL100, 156401 (2008)

Leading to one of the hottest areas 

in condensed matter physics: 

Topological insulators

Still under debate

Jia, et al., PRB 88, 075101 (2013).

Daghofer and Hohenadler, PRB 89, 035103 (2014).

Scherer, Scherer, and Honerkamp, arXiv:1507.08123.



Question: Can we explore such novel physics using 

complex (perovskite) oxides?

• In principle, electron-electron interactions and spin-orbit 

coupling can be controlled.

• Different exotic phases can be combined in heterostructures, 

such as SC, magnetism & Mott insulators.

Merit using perovskite oxides
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How can we realize honeycomb lattice?

Poor man’s strategy

1. Mimic graphene (create honeycomb lattice)

2. Locate the Fermi level at Dirac points

3. Spin-orbit coupling would create 2D TI states

Square lattice

Perovskite structure from the [001] direction



Perovskite structure from the [111] direction

Trigonal symmetry

How can we realize honeycomb lattice?

Poor man’s strategy

1. Mimic graphene (create honeycomb lattice)

2. Locate the Fermi level at Dirac points

3. Spin-orbit coupling would create 2D TI states



Perovskite structure from the [111] direction confined in “bilayer”

“Buckled” honeycomb lattice

How can we realize honeycomb lattice?

Poor man’s strategy

1. Mimic graphene (create honeycomb lattice)

2. Locate the Fermi level at Dirac points

3. Spin-orbit coupling would create 2D TI states



AB’O3 substrate 

with [111] surface

AO3 layer

B’ layer
AB’O3 unit

How to stabilize (111) bilayer of perovskite ABO3

1st ABO3 block

2nd ABO3 block

AB’O3 capping layers

Pulsed Laser Deposition or molecular beam “hetero” epitaxy

ABO3 (111) 

bilayer

Inside of a PLD chamber

by courtesy of H.-N. Lee@ORNL
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Vallin, PRB 2, 2390 (1970).

Chen, Balents, Schnyder, PRL 102, 096406 (2009).

projected on the t2g multiplet
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Flat bands/quadratic band crossing w/o SOC 

Even more exotic phenomena?



Transition metals

PERIODIC TABLE OF THE ELEMENTS

d8 in 

LaMO3

d5 in 

SrMO3
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Zigzag slab of SrTiO3/SrIrO3/SrTiO3

-0.5

-1.0

-1.5

0.0

-2.0

-1 0 1
7.0

7.5

8.0

8.5

9.0

9.5

10.0

 

 

E
 (

eV
)

k // zigzag

Zigzag slab of LaAlO3/LaAuO3/LaAlO3

1.0

0.5

0.0

1.5

-0.5

-1.0

DFT confirmation: (111) bilayers of LaOsO3, SrIrO3, LaAgO3, and LaAuO3 are 2D TIs.

-2

0

-1

DFT results

How about correlation effects??

LaReO3, LaRuO3 and SrRhO3 are topological semimetals, and LaCuO3 is an AF trivial insulator.
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Correlation effects

W0 W

W0: bare band width
W: renormalized band width

W/W0~Z: quasiparticle weight

1/Z: mass enhancement

Upper Hubbard

Lower Hubbard

No correlation Strong correlation

Dynamical mean-field theory [Georges (previous talk), Kotliar]: 

A methodology that can deal with correlation effects beyond a 

static mean-field approximation

DOS                Dispersion

Z0

Infinite effective mass

Mott insulator

Moderate correlation

1. Symmetry breaking (spin, orbital, charge, etc)

2. Mott “metal”-insulator transition



Static mean-field theory

Dynamical mean-field theory
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Local observable

A. Georges, et al. RMP 68, 13 (1996).

Local observable: electron Green’s function

* Finite temperature exact diagonalization impurity solver

(work on other systems in progress using CT-QMC)

M. Caffarel and W. Krauth, PRL 72, 1545 (1994).

C. A. Perroni, et al. PRB 75, 045125 (2007).

M. Capone, et al. PRB 76, 245116 (2007). 
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Comparison between DFT (Wannier) band structure and DMFT spectral function

SrIrO3

(111) bilayer

LaAuO3

(111) bilayer

DFT (Wannier) band structure

• Correlation effects are strong in SrIrO3 bilayer, especially near the Fermi-level regime with 

strong “Jeff=1/2” character (the separation between Jeff=1/2 and Jeff=3/2 is not complete).

• Moderate band renormalization in LaAuO3 bilayer. 

“Jeff=1/2”

“Jeff=3/2”

Typical DMFT spectral function, U=2, J=0.2 eV

Two Kramers

states

“Jeff=1/2”

“Jeff=3/2”
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DMFT results: Mott metal-insulator transition without magnetic ordering

• At the metal-insulator transition of SrIrO3 bilayer, only “Jeff=1/2” states have strong 

mass renormalization: orbital-selective topological Mott transition. 

• For LaAuO3 bilayer, two Kramers states show nearly identical mass renormalization. 

SrIrO3 (111) bilayer LaAuO3 (111) bilayer
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DMFT results: Transition to Néel antiferromagentic phases 
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SrIrO3 (111) bilayer LaAuO3 (111) bilayer

Parameter 

estimation 

by cRPA:
U=1.80, J=0.225 eV

[present work by Nomura, Arita]

U=2.232, J=0.202 eV
[Arita et al., PRL, 108, 086403 (2012)]
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• The critical U for an AF ordering is small ~0.5eV 

for SrIrO3 (111) bilayer  narrow band width of 

“Jeff=1/2 state”.

• LaAuO3 (111) bilayer is in a TI regime. 

• AF ordering is essential for the insulating nature,  

similar to Sr2IrO4 [Arita, Imada et al., PRL 108, 086403 

(2012), Zhang, Haule, Vanderbilt, PRL 111, 246402 (2013) ]. 
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• SrIrO3 (111) bilayer is an AF trivial insulator. 

Two Kramers

states
“Jeff=1/2”

“Jeff=3/2”

AF Trivial Ins.

T
o

p
o

lo
g

ic
a

l 
in

s
u

la
to

r

AF Trivial Ins.



0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.00

0.05

0.10

0.15

0.20

0.25

 

  S
 
, 
  L

 
 /

/ 
[1

1
1
]

U (eV)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

g
ap

 (
eV

)

2.0 2.5 3.0 3.5 4.0
0.0

0.2

0.4

0.6

0.8

1.0

 

  S
 
 /

/ 
[1

1
1
]

U (eV)

0.0

0.5

1.0

1.5

2.0

2.5

g
ap

 (
eV

)

AF Trivial Ins.

AF Trivial Ins.

AF TI

DMFT results: Transition to Néel antiferromagentic phases 
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Parameter 

estimation 

by cRPA:
U=1.80, J=0.225 eV

[present work by Nomura, Arita]

U=2.232, J=0.202 eV
[Arita et al., PRL, 108, 086403 (2012)]

• SrIrO3 (111) bilayer is an AF trivial insulator, while LaAuO3 (111) bilayer is a TI.

“Jeff=1/2”

“Jeff=3/2”

Two Kramers

states
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Generic phase diagram of integer-filling correlated systems

T

Metal

U

Mott ins.

Tc(N)

Magnetically (AF) 

ordered Ins.

Magnetically (AF) 

ordered metal

• AF insulator phases at small U (Slater AF insulator) and large U (Mott insulator with AF 

ordering) are adiabatically connected. 

• SrIrO3 (111) bilayer is indeed very strongly correlated, and approach from the Mott insulator 

side may be also valid to discuss magnetic ground states, excitations, and doping effects. 

SrIrO3 (111) bilayer



What is the effect of strong correlations in  Mott insulating states with 

the strong  spin-orbit coupling as in (111) bilayer of SrIrO3?

t2g
5

Low-energy Hamiltonians for such systems (t2g
5 electronic systems) 

could be described in terms of “Jeff=1/2”.

SrTiO3/SrIrO3/SrTiO3

Novel phenomena???
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Rotationally symmetric Coulomb interactions

For the minimum excitation energy 

become positive, U>3J

Trigonal crystal field 
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 DFT estimates: 

l~0.1 eV

D~0.01 eV

Derivation of effective interactions

Second-order perturbation with respect to hopping term

c.f. deriving Heisenberg interaction from single-band Hubbard model
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Effective Hamiltonian

• t2g
5 AFM Kitaev-AFM Heisenberg model

Kitaev model

(1st term)

Kitaev, Ann. Phys. 321, 2 (2006).

“gapless Z2 spin liquid”
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Exact diagonalization results on 24-site clusters

• Néel AF state is indeed the ground state, 

consistent with our DMFT results.

• A novel spin liquid phase is too far…

|JK/JH|81.33

FM Kitaev-AFM Heisenberg

Chaloupka et al., PRL 

105, 027204 (2010).
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Leading terms

How about carrier doping??

Let’s try slave boson mean field calculation

Lee, Nagaosa, and Wen, RMP 78, 17 (2006).

Jackeli and Khaliullin, PRL 101, 216804 (2008)  
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SU(2) slave-boson mean-field phase diagram

t2g
5 AFM Kitaev-AFM Heisenberg model

• Broken time-reversal symmetry 

in d+id SC, p SC

x2y2

1
xy

+ i

d + i d:

=

As in tJ model on honeycomb lattice

• Realistic regimes are very similar to the doped tJ model on a honeycomb lattice.

• Other systems may show even more exotic phases (not fully explored). 

Black-Schaffer and Doniach, PRB 75, 134512 (2007).

Talk by Le Hur (July 24). 
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p SC

SL
C.f., d(x2-y2)-wave SC in doped Sr2IrO4; 

Wang and Senthil, PRL 106, 136402 (2011), 

Watanabe et al., PRL 110, 027002 (2013), 

Meng, Kim, Kee, PRL 113, 177003 (2014). 

Similar p SC in a doped FM Kitaev model by You, 

Kimchi, and Vishwanath, PRB 86, 085145 (2012).

Spin-charge-Chern liquid at n=1/4, Jiang, Mesaros, 

Ran, PRX 4, 031040 (2014); Talk by Y. Ran (July 21). 



SU(2) slave-boson mean-field phase diagram for Kitaev-Heisenberg model

• Broken time-reversal 

symmetry in p SC1, 

d+id SC, and FM

p SC2:

c.f., B-phase of superfluid 3He

Edge of SC

p SC1 Topol. p SC2

22  tJJ HK
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FM Kitaev & AFM Kitaev models are quite different when carriers are doped.

Chalopuka et al., 

PRL 110, 097204 

(2013). 

• Possibility of exotic SC states

• Materials realization?

Hyart et al., PRB 85, 

140510 (2012)

SO, PRB 87, 064508 (2013).
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Theoretical proposal:

Designing novel quantum phenomena in (111) 

bilayers of perovskite transition metal oxides

• (111) bilayer of LaAuO3 is a good candidate for a 2-

dimensional topological insulator. 

• (111) bilayer of SrIrO3 is on the verge of a correlation-

induced Mott transition, and it is most likely an AF 

trivial insulator. 

• From strong coupling, low energy electronic states of 

SrIrO3 bilayer are described by a Kitaev-Heisenberg 

model, and carrier doping may induce d+id-wave

superconductivity. 

• More interesting phenomena may be possible, 

topological Mott insulator, fractional QH, etc? 

• Waiting for experimental realizations 

Summary
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SL

Phys. Rev. B 89, 195121 (2014)
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1. Mimic graphene

2. Locate the Fermi level at Dirac points

3. Turn on the spin-orbit coupling 
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Ca0.5Sr0.5IrO3 (111) bilayer is strongly insulating (with magnetic ordering).

(111) trilayer, quadralayer, etc, of SrIrO3 and (111) bilayer of SrRhO3

should be examined using DFT+DMFT?

APL Materials 3, 041508 (2015)

Very recent experimental result 

Talk by Takagi-sensei
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