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Heterostructures of transition-metal oxides
- Experiment, mainly spectroscopy -

Atsushi Fujimori
University of Tokyo
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New opportunities with oxide thin films
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Metal-insulator transition through collapse
of Mott gap — Bandwidth control
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Metal-insulator transition through carrier
doping into Mott insulator - Filling control
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Bandwidth- versus filling-controlled
metal-insulator transition
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Electronic structure change across bandwidth-
controlled metal-insulator transition

Hubbard picture
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Electronic structure change across bandwidth-
controlled metal-insulator transition

Dynamical mean-field theory (DMFT) calculation
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Bandwidth- versus filling-controlled
In Mott-Hubbard systems

Perovskite structure
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Electronic structure change across bandwidth-

controlled metal-insulator transition

Photoemission spectra of Ca,_Sr, VO,(d") DMFT calc.

) (arb. units)

0
k

D(e

P expi( @) (arb. units)

-2 -1 0

4_21:_/\_[‘\_./\__

T I L] l L ”;
— CaV03 / [ ] ! i
---SrVO, y
— . [ U/ W<l /\ |
~—

I * Coherent part
) ’ w (ans&g’ article band
w (eV) * [ U/ W=>1 _/‘-lz\ I ; y
Incoherent part H |
Coherent part * € *

Incoherent part
H.I. Inoue et al., Phys. Rev. Lett. 1995 (Hubbard bands)



Bandwidth- versus filling-controlled
In Mott-Hubbard systems

Perovskite structure

<«— Bandwidth control —
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Filling-controlled Mott-Hubbard system
La, Sr,TiO,

Electronic specific heat &

Pauli-paramagnetic suseptibiulity

Kodowaki-Woods relationship
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Bandwidth control —

Perovskite-type transition-metal oxdies
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Zaanen-Sawatzky-Allen diagram
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Metal-insulator transition through collapse
of charge-transfer gap — Bandwidth control
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Metal-insulator transition through carrier
doping into charge-transfer insulator
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Perovskite-type transition-metal oxdies
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Perovskite-type Mn oxdies

Electronic structure of Mn ion

Mn4+ Mn3*
(a8, S=3/2) (d* S=2)
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Double exchange model for magneto-
resistance in Mn oxdies

| eg + + % + —1> e
10Dgq LaM-r'15+ g Hpe=Mt Heuna »
t TR T
% 444 M=t (ot He),
Mn3+ ($=2) I (if)
Lay_,SrMnOq (T<<T,) v
- -
t=tcos(6/2) Y7 oNT Hpring =~ ]HZ $.-a;,
A A AN A ) z
M3+ Mntt La1.,Sr,MnOg (T2, S; e, spin
j: 7"; 7 oX -+ o ; 1, spin
H
+ * 7‘ -“ + J.-Hund coupling constant
” La1.,Sr,Mn0O3 (T2 T) - upling

H=0



Colossal magnetoresistance of Mn oxdies
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Perovskite-type transition-metal oxdies
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Spin-charge-orbital ordering in perovskite-type
Mn oxdies

Pr,,Ca,MnO;, Jahn-Teller distortion of
MnO, octahedron




Even bigger magnetoresistance in
narrow-band Mn oxdies
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MBE using pulsed laser deposition (PLD)

PLD system

Laser heating

Single crystal
substrate

Monitoring RHEED oscillations

Intensity (arb. units)
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Characterization of epitaxially grown thin
film on SrTiO;(001) substrate

Atomic force microscope
(AFM)

Transmission electron
Microscopy (TEM)

K. Yoshimatsu et al.

Reciprocal space mapping
of XRD pattern
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Characterization of epitaxially grown
superlattice on SrTiO;(001) substrate

[(LaMnO,),, ¢/ (SrMnO0O,), ,]s superlattice

TEM image X-ray reflection
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X-ray Reflectivity (arb. units)

Soft x-ray scattering from
[(LaMnO,), /(SrMn0O,),..],, superlattice
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In-situ ARPES measurement system of
PLD-grown oxide thin films

AFM image

Combined photoemission-laser MBE system
Oshima-Kumigashira group
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K. Horiba et al., Rev. Sci. Instrum. 74, 3406 (2003).



Photoemission spectroscopy of buried
interfaces

Probing depth-aof photoelectrons

—~ 10
? S 100
()}
e o
o B
hv & 10
\\ Q)
. —
Sensitivity s 1 [
. 1 10\ 100 1000
« interface : .\/
Kinetic energgl g{eV)
uv oft
X-rays
1-2 uc

Depth



Photoemission spectroscopy of buried
interfaces
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Photoemission spectroscopy of buried
interfaces

Probing depth of puo{oelectrons
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Polarized soft x-ray absorption spectroscopy
(XAS)

Magnetic circular x-ray dichroism
(XMCD)
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XMCD of buried interfaces
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Interfacial electronic structure

Metallic states between two insulators
-States near the Fermi level-

Interfaces === = HEA

substrate . -
v eengs SrTrOg .




Metallic behavior of interfaces between
Mott insulator and band insulator

Perovskite-type oxides ABO,

@ A S La2*
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SrTiO;: d° (Ti**) band insulator

Metallic interfaces !

LaTiO,: d' (Ti**) Mott insulator




LaTiO; layers embedded in SrTiO;:
Penetration of Ti 3d electrons into SrTiO,

LaTiO,: d' (Ti3*) Mott insulator Atomically resolved EELS
SrTiO,: d° (Ti**) band insulator ' '
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A. Ohtomo et al., Nature 02
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Lattice Ceonstant (nm)

Metallic transport of SrTiO,/LaTiO,

superlattices
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Intensity (arb. units)

Photoemission spectra of SrTiO,/LaTiO,

interfaces
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Photoemission spectra of SrTiO,/LaTiO,
interfaces

Ti 2p-3d resonant photoemission

Intensity (arb. units)
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Metallicity at SrTiO,/LaTiO; interfaces resulting
from electronic reconstruction

Layer DMFT calculation
including long-range Coulomb interaction
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Interfacial electronic structure

Metallic states between two insulators
-Charge transfer in electronic reconstruction-

Interfaces === = HEA

substrate . -
v eengs SrTrOg .




High mobility of n-type carriers at interfaces
between two band insulators

Unreconstructed state Reconstructed state

LaAlO,: band insulator
Charge density Electric potential

SrTiO3: band insulator Charge density  Electric potential
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Critical thickness of ~4 uc for conductivity
transition at LaAlO,/SrTiO, interface
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Polar (111) surface of K,C¢, and its
electronic reconstruction

I+ I+ 1+ 3- I+ 1+ 1+ 3 1+ 1+ 1+ 3-

v v
A A
C - — —r‘ - —I‘| - — _.| C
u 8]
u 8]
M M
&
=
2
&
7 " X
1.5e Position 1.5e
L1+ 1+ 1+ 3 1+ I+ I+ 3= 1+ I+ I+ 1.5
¥ . . V
A . . A
C :I— * L4 —] & - | — * - —h: C
o v
Mo ' M
i
A VARV N
R. Hepster et al., PRB ‘00 £

Position



Photoemission spectroscopy of buried
interfaces
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Intensity (arb. units)

Evidence for Ti3* states at the n-type
LaAlO,/SrTiO, interface

Ti 2p core-level spectra
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Intensity (arb. units)

LaAlO; overlayer thickness dependence of Ti3*
concentration at LaAlO,/SrTiO; interface

LaAlO,(x uc)/SrTiO,

[
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p-type LaAlO,/SrTiO, interface

Unreconstructed state Reconstructed state

Charge density Electric potential ~ Charge density Electric potential
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A. Ohtomo and H.Y. Hwang, Nature '04; N. Nakagawa et al, Nat. Mater. ‘06
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Intensity (arb. units)

LaAlO; overlayer thickness dependence of Ti3*
concentration at LaAlO,/SrTiO; interface

LaAlO,(x uc)/SrTiO,

Ti2p

hv=1253.6 eV
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Interfacial electronic structure

Metallic states between two insulators
-Potential change in electronic reconstruction-
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Polar catastrophe model of LaAlO,/SrTiO,
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Probing the potential slope in the LaAlO, layer
of LaAlO,/SrTiO,
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Probing the potential slope in the LaAlO, layer
of LaAlO,/SrTiO,

La 3d and Al 2p core levels
referenced to Sr 3d

Polar catastrophe model | — ..
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Probing the potential slope in GaN (0001) layers
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Calculated potential in polar GaN/SiC(0001)
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Short summary
- Metallic states between two insulators -

Electronic reconstruction at insulator-insulator interfaces:

v Charge transfer occurs as expected to avoid the polar
catastroph, but the charge transfer starts well below
the critical thickness of transport.

v’ Potential slope as expected to avoi
catastrophe model is much reduct

gradual reconstruction which st
critical thickness.



Preparation dependence of carrier distributions at
the n-type LaAlO,/SrTiO, interface

Intensity (arb. units)

Core-level photoemission
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Novel physical properties of
LaAlO,/SrTiO; interfaces
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Gate-voltage control of superconductivity at
LaAlO,/SrTiO; interface

Resistivity for various gate voltages
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Sheet resistance (2 /0)

Gate-voltage-controlled LaAlO,/SrTiO; interface:
Filling control or mobility control?

Resistivity for various Gate-voltage dependence of
gate voltages carrier density and mobility
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Interfacial electronic structure

Ferromagnetism between non-magnetic materials
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Ferromagnetism in [(LaMnQO,) . /(SrMnO;)..]1,

(1y/Mn)
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Soft x-ray scattering from
[(LaMnO,)g/(SrMnO,),],/SrTi0,(001)

STEM image Temperature dependence
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Ferromagnetism in AF insulator-paramagnetic
metal interfaces

CaMnOg: AF insulator

CaRuO; : PM metal Magnetization and Tc
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CaMn,_Ru,O, thin films

XMCD spectra
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Mechanism for ferromagnetism in
CaMn,_ Ru, O, - CaMnO,;/CaRuO,, too ?

Mn (t,5, &5) Ru (t) Mn (t,,, €)
t t

—_——— ———— —

hybridization ~

L @ """" i itinerant \\\\-Q

|
localized localized

exchange-split exchange-split

cf.) Double peroskite Sr,FeMoOg D.D. Sarma et al., PRL '00, Z. Fang et al., PRB ‘01



Interfacial electronic structure

Interface between different ground states
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Interface between superconductor YBa,Cu,0,
and ferromagnet (La,Ca)MnO,
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Interface between superconductor YBa,Cu,0,
and ferromagnet (La,Ca)MnO,
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Interfacial electronic structure

Chemical potential
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To deduce chemical potential from
I-V characteristics of junction

[-V characteristics of STRuO,/SrTiO,
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To deduce chemical potential shift from
I-V characteristics of junction

Chemical potential shift from the built-in potential of
La, Sr,MO,/SrTiO; p-n (Schottky) junction
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Fermi level shift (eV)
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To deduce chemical potential shift from
I-V characteristics of junction

Chemical potential shift from core-level XPS

Chemical potential shift
from the built-in potential
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Magnetic field-induced chemical potential shift
in La,3Sr,3MnO,/organic conductor junction
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To deduce chemical potential shift from
core-level photoemission

Photoemission

spectrum
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Carrier doping utilizing chemical potential
differences

Manganite Cuprate
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Effects of finite thickness

Metal-insulator transitions

Finite thickness
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v eengs SrTrOg y




Metal-to-insulator transition in SrvVO,

with decreasi

ng film thickness of
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Intensity (arb. units)
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Metal-to-insulator transition in SrRuO,
with decreasing film thickness of
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« Small W - large UW ?
* Orbital-ordering > AFMI ?
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Electronic structure of transition-metal
oxides

Fabrication and characterization
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Effects of epitaxial strain
Superconductivity

Epitaxial strain -3




Band structure of La,_Sr,CuO, (x=0.15)
under compressive strain studied by ARPES

La, Sr,CuO,/SrLaAlO,(001) Bulk Strained film
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Fermi surface of La,_ Sr,CuQ, (x=0.15) under
compressive strain studied by ARPES
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Empirical correlation between T, .., and
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Effects of epitaxial strain

Metal-insulator transitions

Epitaxial strain -3
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Electronic phase diagram of
La,  Sr,MnO, under epitaxial strain
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Intensity (arb. units)

HX-PES spectra of La,_,Sr,MnO,; (x=0.4)
under epitaxial strain
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Electronic phase diagram of
La,  Sr,MnO, under epitaxial strain
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12

HX-PES spectra of La,_,Sr,MnO, (x=0.5)
under epitaxial strain
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Summary

Electronic structure of transition-metal oxides
Fabrication and characterization

nterfacial electronic structure

— Metallic states between two insulators
« States near the Fermi level
« Charge transfer in electronic reconstruction

« Potential change in electror
— Ferromagnetism between
— Interface between differen
— Chemical potential

ffects of finite thicknes
— Metal-insulator transitions

ffects of epitaxial strain
— Metal-insulator transitions
— Madelung potential shifts

.

-
S

— Changes in chemical potential shift



Acknowledgement

VUV, soft x-ray photoemission
M. Takizawa, H. Wadati, M. Takizawa, T. Yoshida, K. Maekawa (U of Tokyo)
H. Kumigashira, K. Horiba, K. Yoshimatsu, T. Okabe, M. Oshima,

A. Maniwa, M. Minohara (U of Tokyo)

Hard x-ray photoemission

S. Shin, Y. Takata, K. Horiba, M. Matsunami, M. Yabashi,

K. Tamasaku, Y. Nishino, D. Miwa, T. Isikawa (SPring-8, RIKEN)

E. lkenaga, K. Kobayashi (JASRI)
Materials synthesis

H.Y. Hwang, Y. Hotta, S. Tsuda, T. Higuch
M. Lippmaa, K. Shibuya, N. Mihara (ISSP)
M. Kawasaki (Tohoku U), H. Koinuma (U 1
Y. Muraoka (Okayama U), Z. Hiroi (ISSP)

Supported by: a Grant-in-Aid for Scientifl

& Quantum Beam Technolo





