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Motivation for Complex Oxide Heteroepitaxy
Unconventional Unconventional 
superconductivitysuperconductivity

Charge,orbitalCharge,orbital,,
spin orderingspin ordering

Colossal Colossal 
magnetoresistancemagnetoresistance

MultiferroicsMultiferroics

Integrated electroIntegrated electro--optics,optics,
ferroelectrics, dielectricsferroelectrics, dielectrics

JosephsonJosephson junctionsjunctions

Magnetic tunnel junctionsMagnetic tunnel junctions

Atomic scale synthesisAtomic scale synthesis

Oa2 for perovskite-based oxides

Resistive switchingResistive switching
0.39 nm

Sr Ti O

Perovskite structure

Fundamental drive Fundamental drive 
to increase the to increase the 

degrees of freedom degrees of freedom 
in semiconductor in semiconductor 
heterostructuresheterostructures

(e.g. (e.g. ““spintronicsspintronics””).

Almost everyAlmost every
ground stateground state

is available foris available for
heteroepitaxyheteroepitaxy!!

).
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What is happening here?What is happening here?

““The interface is the deviceThe interface is the device”” Herbert Herbert KroemerKroemer

Focus here on strong correlationsFocus here on strong correlations

Outline:Outline:
1)1) LaTiOLaTiO33/SrTiO/SrTiO33 superlatticessuperlattices –– role of lattice screeningrole of lattice screening
2)2) LaTiOLaTiO33/LaAlO/LaAlO33 superlatticessuperlattices –– quantum confinementquantum confinement

3)3) LaAlOLaAlO33/SrTiO/SrTiO33 –– aside on polar discontinuities and their couplingsaside on polar discontinuities and their couplings
4)4) Modulation doping of LaVOModulation doping of LaVO33 quantum wells via a polar surfacequantum wells via a polar surface

Presented at the PITP/SpinAps Asilomar Conference in June 2007 Brought to you by PITP (www.pitp.phas.ubc.ca)



Filling Electrons into a Band Insulator

One electron per site
Non-interacting electrons:

Band metal

Strongly correlated electrons: Upper Hubbard band

N-1

N+1
Mott insulator

Lower Hubbard band

Antiferromagnetic ground state
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The electronic structure is a function of the number of electronThe electronic structure is a function of the number of electrons s -- not a rigid single particle band!not a rigid single particle band!
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“Mott Semiconductor” at Interfaces and in 
Confined Geometries

Semiconductor heterojunction Quantum well

These These ““band diagramsband diagrams””, so central to semiconductor , so central to semiconductor 
devices, assume rigid, singledevices, assume rigid, single--particle bands.particle bands.

Questions: Questions: 
•• What is the correlated equivalent of band bending and quantum What is the correlated equivalent of band bending and quantum 

confinement?confinement?
••Can we create new charge states at these interfaces?Can we create new charge states at these interfaces?

Presented at the PITP/SpinAps Asilomar Conference in June 2007 Brought to you by PITP (www.pitp.phas.ubc.ca)



Pulsed Laser DepositionPulsed Laser Deposition

StoichiometricStoichiometric deposition ofdeposition of
multicomponentmulticomponent materialsmaterials

KrFKrF ExcimerExcimer
248 nm248 nm
~25 ns pulse~25 ns pulse
~3 J/cm~3 J/cm22

Highly kineticHighly kinetic
growth processgrowth process
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In-situ RHEED Monitoring
substrate

film

[100]
Unit cell RHEED oscillations
1 unit cell for ~ 25 laser pulses

Reflection High Energy Electron Diffraction

SrTiO3 Homoepitaxy
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1. SrTiO3/LaTiO3 Interfaces/Superlattices

SrxLa1-xTiO3+y/2

LaTiO3

T(
K

)

SC

BI

MI

SrTiO3

10-4 0.01 x’+y’/2=0.075
d-band filling

AF

Sr1-xLaxTiO3-y/2

x+y/2=

Metal
(electron)

0 1

La3+Ti3+O3
Mott Insulator

Sr2+Ti4+O3
band Insulator

cubic  ao=3.905A pseudo-cubic  ap~3.97A 

3.2eV3d0

O2p

Ti3d

E Mott~ 0.2 eV

ECT~4.0 eV
3d1

O2p

Ti3d

o o

Asymmetry can come purely from interactions
(Joel Moore)

3+

4+

LaTiO3SrTiO3

How does Ti valence change across this interface?
• The electronic compressibility

and εeff(x) sets a new length 

• The mixed valence interface
is a confined conductor

•TiO6 octahedral network 
continuous, only changing A-site

Central issue is the control of the Ti oxidation state.
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Atomic Scale Delta-Doping: LaTiO3/SrTiO3 

500 nm

La3+ Sr2+ Ti3+/Ti4+

1
2
3
456

LaTiO3
in SrTiO3

2 nm

1 monolayer Sb in (100) Silicon

2 nm

1 monolayer La in (100) SrTiO3

SuperlatticesSuperlattices by designby design
A. Ohtomo, D. A. Muller, J. A. Grazul, and H. Y. Hwang, Nature 419, 378 (2002). 
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Scanning Transmission Electron Microscopy

Electron Energy 
Loss Spectrometer

Annular Dark Field 
(ADF) detector

y
x

200 kV Incident
Electron Beam 

(∆E=1 eV)
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1 atom wide (0.2 nm)  beam is 
scanned across the sample to
form a 2-D image
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4+

Ti LTi L2,32,3 Edge from LaTiOEdge from LaTiO33 and SrTiOand SrTiO33

Ti3+

Ti4+

Elastic Scattering ~ Elastic Scattering ~ ““Z contrastZ contrast””

A. Ohtomo, D. A. Muller, J. A. Grazul, and H. Y. Hwang, Appl. Phys. Lett. 80, 3922 (2002).
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Electron Distribution on an Atomic Length Scale 

Spectral decomposition of the Ti L edge.

Ti3+
Ti4+

Ti L2,3 La M5

La3+ Sr2+ Ti3+/Ti4+ ?

Screening length: λ= 1.0 ± 0.2 nm
λTF-free = 0.072 nm
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SrTiO3 Dielectric Properties

Muller & Burkhard, 
Phys. Rev. B (1979)

T. Sakudo and H. Unoki, 
Phys. Rev. Lett. 26, 851 (1971).

““Quantum Quantum ParaelectricParaelectric””
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Density Functional Studies of Lattice Polarization
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kk--space distributionspace distribution

Electronic structureElectronic structure
calculations with calculations with 
and without lattice and without lattice 
relaxation. relaxation. 

real space distributionreal space distribution relaxed unrelaxed
D. R. Hamann, D. A. Muller, and H. Y. Hwang, Phys. Rev. B 73, 195403 (2006).
S. Okamoto, A. J. Millis, and N. A. Spaldin, Phys. Rev. Lett. 97, 056802 (2006).
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Diffusion of Cations With Oxygen Defects

(LaTiO3)1(SrTiO3)5 Superlattices grown
at 10-6 Torr of O2.  
The high vacancy
concentration has
led to La diffusion.  
The “fuzzy” quality
of the lattice image
is indicative of
La/Sr disorder.

Superlattices grown
at 10-5 Torr of O2.  
With reduced 
oxygen vacancies,
the structure
remains abrupt and
well ordered.
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Oxygen Vacancies/La Modulate the Ti Valence
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As-grown:
•10% Oxygen deficient
•Weak charge modulation    
from La (hidden by O δ)

Annealed in O2:
•removes O vacancies 
•Strong charge modulation  
from La now visible
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Fuzzy versus Sharp Delta-Layers

Mobility Edge
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(Proximate) Magnetic Ground States?

HartreeHartree--FockFock LDALDA--U + HFU + HF

S. Okamoto and A. J. Millis, 
Nature 428, 620 (2004).

S. Okamoto, A. J. Millis, and N. A. Spaldin, 
Phys. Rev. Lett. 97, 056802 (2006).
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Anomalous Hall Effect - Associated 
with Magnetic Correlations? 

cf.) Bulk SrxLa1-xTiO3+y/2
TN=100 K (x+y/2=0.06)
TN= 145 K (x+y/2=0)

4πMS

4π(R0+RS)MS

µ0H

-ρH

R0RS

ρH=R0H+4π (R0+RS)MS

ρH=R0H

Anomalous Hall

Normal Hall

ρ H
 (Ω

cm
)

appearance of magnetic phase below 100 K?

usually, RS→0 as T→0 for FM
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2. LaTiO3 in LaAlO3 – Confinement

LaTiOLaTiO33 in SrTiOin SrTiO33 can be considered can be considered 
δδ--doping doping -- interesting correlated interesting correlated 

metallic state.

By embedding LaTiOBy embedding LaTiO33 in wider in wider 
bandgapbandgap LaAlOLaAlO33, can we quantum, can we quantum

confine?metallic state. confine?

La state (empty) 

O 2p state (filled) 

EF Ti3+ state (3d1) 

Al state (empty) 

UHB
CB

EF

VB

LaOSrO
TiO2

[001]

(LaAlO3)5 (LaAlO3)5

(LaTiO3)1(LaTiO3)1 (LaTiO3)1

… …

[001]

(LaAlO3)5 (LaAlO3)5

(LaTiO3)1(LaTiO3)1 (LaTiO3)1

… …
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1 2 2 3 31Layers of LaTiO3

LaAlO3SrTiO3

LaTiO3 in LaAlO3
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due to chargingdue to charging

in LaAlOin LaAlO33 and lowand low
density of Ti sitesdensity of Ti sites

Presented at the PITP/SpinAps Asilomar Conference in June 2007 Brought to you by PITP (www.pitp.phas.ubc.ca)



Quantum Confinement of Mott Insulators

LaAlOLaAlO33 confines the electron to confines the electron to 
the thin LaTiOthe thin LaTiO33 layer (increasinglayer (increasing
the peak electron density).the peak electron density).
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Is it a Mott insulator?Is it a Mott insulator? Insulating,Insulating,
gap appears robust. 

+
-

δ-doping
LaTiO3 in SrTiO3

-

+

Quantum confinement
LaTiO3 in LaAlO3

5.6 eV

3.2 eV

gap appears robust. 
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3. Charged Interfaces Between Polar and Nonpolar (Band) Insulators

LaAlO3 on SrTiO3

e/2
e/2
e/2
e/2

e/2

e/2

e/2
e/2

nn--type:type:
Metallic interface Metallic interface ––

electronic electronic 
reconstructionreconstruction

PP--typetype
Insulating interface Insulating interface ––
atomic reconstruction atomic reconstruction 

A. Ohtomo and H. Y. Hwang, Nature 427, 423 (2004).
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Resolving the Potential Divergence at the LaAlO3/SrTiO3 Interface
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N. Nakagawa, H. Y. Hwang, and D. A. Muller, Nature Materials 5, 204 (2006).
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Charges at the SrTiO3/LaAlO3 Interface
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Open Issues on the LaAlO3/SrTiO3 Interface

Growth induced oxygen vacancies?
A. S. Kalabukhov et al., cond-mat/0603501
W. Siemons et al., cond-mat/0603598
G. Herranz et al., cond-mat/0606182

Ferromagnetism at the interface?
LDA-U    R. Pentcheva & W. E. Pickett, Phys. Rev. B 74, 035112 (2006).
A. Brinkman et al.,  Nat. Mater. in press.

Superconductivity (~200 mK, 2D-KT)           Mannhart, Triscone, et al.

0.3 K
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Static Tuning of Polar Interfaces by Proximity Coupling
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ee
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y (
cm

-2
)

M. Huijben, G. Rijnders, D.H.A. Blank, S. Bals, S.V. Aert, J. Verbeeck, 
G.V. Tenderloo, A. Brinkman, H. Hilgenkamp, Nature Materials 5, 556 (2006).
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Dynamic Tuning by Gating (HEMT-type structure)

S. Thiel et al., Science 313, 1942 (2006).

H. Y. Hwang, Science 313, 1895 (2006).
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Band
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Mott

Insula
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LaVO3Band
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x,y z

Polar surface doping

~1.1 eV

4. Modulation-doping LaVO3 Mott Quantum Wells via Polar Surface
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Atomic VS Electronic Reconstruction

Hole injection:
conducting?

No change in V3+:
insulating

XPS measurementCompeting Near-Surface Reconstructions
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Stacked Dipole ShiftAtomic VS Electronic ReconstructionXPS measurementCompeting Near-Surface Reconstructions
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Sheet ResistanceAtomic VS Electronic ReconstructionXPS measurement
Hole Doping - Transport

Critical thickness seen in transportCritical thickness seen in transport
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Seebeck Coefficient @ 300K

Sign of carriers is positive.
> Carriers are holes

Seebeck coefficient
increased as a function of
LaAlO3 capping layers.
> Fewer holes in samples

with thicker capping

Cf. for carriers in a parabolic band

> Consistent with the reconstruction coupling scenario
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Conclusions

(i)(i) Mixed valence and lattice Mixed valence and lattice polarizabilitypolarizability allow significant allow significant 
electronic reconstructions at electronic reconstructions at perovskiteperovskite heterointerfacesheterointerfaces

(ii) By embedding Mott insulators in wide (ii) By embedding Mott insulators in wide bandgapbandgap
hosts, a Mott quantum well can be formed.hosts, a Mott quantum well can be formed.

(iii) A proximate polar surface/discontinuity can be(iii) A proximate polar surface/discontinuity can be
coupled to modulation dope the well.coupled to modulation dope the well.
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