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Why LaAlO ,/SrTiO ;? Motivation
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The interface between the two band insulators LgAiQ SrTiQ
can be highly conducting...

Ohtomo and Hwand\ature 427 (2004) 423
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Perfect LaAlO4(001) surfaces: terminations

LaO-terminated AlO,-terminated
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Why LaAlO ,/SrTiO ;? Motivation

e Depending on film thickness and preparation method
LaAlO,/SrTiO; interface can bansulating or exhibit high
carrier mobility exceeding @nr V-1 st (O vacancies,
La/Sr intermixing?)

» Hole-doped interface (p-type) is found to be insulating!

 Electronic structure calculations have contributed significe
but the physical nature of the polar discontinuity at interface is
still unclear.

* In this contribution we simulate plane-by-plane epitaxial
growth of LaAlG, thin film atop SrTiQ. Calculated electron
charge redistribution at the interface allows us to provide
deeper insight into the origin of its conductivity.
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Theoretical background: Hartree-Fock method

Wave functions as g y_ r )=

Slater determinants:

A(r) o Pu(n)
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Hartree-Fock equatiofs = m=e=1 :)
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AP T k) +V(r:k)+ J(r:k) + K(r:k)

T. V. J and K are kinetic, electron-nuclei, Coulomb and non-local
exchange operators

Electron correlation problem!!!



Theoretical background: Density Functional Theory

The expectation value of a Hamiltonian, i.e. the total enprgy
In the ground state, is a functional of thelectronic density.

()] =T+ Ve ()00 + [[ 22 arar+ £, [o(r)
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The Kohn-Sham equation:

—EV-2+Z ~ s +jp(rl), dr +j /);C([/))] o (r)=&p(r)

with p(r) =2 g, (1)

Approximations folE, .

EMLpl= [ oDz (p())dr ; EZ*[p]= | p(1)s,(p(r), Vo(r))dr



Theoretical background: Hybrid exchange-correlation functionals

E)Tgbrid (0) =a, E;IF (0) +aper E)?gT (o)

E,. = EXP 4 ag(EE* — EL* )+ a, AED® + a AES™

Semiempirical coefficientsa, = 020, a, = 072, a. = 081

Lee, Yang, and Parr 83LYP

GGA correlation = >> perdew and Wang S3PW

* A.D.Becke,J.Chem.Phys. 98(7), 5648 (1993)
* C.Lee, W.Yang, R.G.ParPhys. Rev. B 37 (2), 785 (1988)
« J.P.Perdew, Y.Wandhys. Rev. B 45 (23), 13244 (1992)
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Results on bulk perovskites: Optical band gap

AE
Conduction band

Optical band
gap

i

The calculated optical band gap (eV) by means of fierent Hamiltonians.

Velonce band
LDA | GGA |B3PW | B3LYP | HF EXP.

SITIO, | 2.04 1.97 | 3.63 357 | 11.97 | 3.25

LaAlO , 6.15 6.5
BaTiO, | 1.92 1.84 | 3.50 3.42 | 1173 | 3.2
PbTiO, | 1.40 156 | 2.87 292 | 1001 | 3.4




Flow chart of the CRYSTAL code
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Perfect LaAlO4(001) surfaces: Choosing of model

Infinite crystal

e|o(e|ofe|o|e]|e
olefe|e|o|e|e]|e
e|lo|e|[ofe|afe]|e
olefo|e|o|e|o]|e
ejofe|o|e|o|0]|e
ojlefo|e|e|e|o]|e
o(o(o|ofe|o|e]|e
olefo|e|o|e|o]e
\@Q&‘ d%lill%le ‘902‘4;/%/
% o
Semi-infinite crystal Slab Multi-slab
o|le|o|e|o|e]|e olefe|e ° ojlo|ofe|o]e
e|lofefo|o|o|e oo ofe ejofe|o|e
ole|ofe|afe|e o|le|o|e oo ole|ofe]e °
o(ofo|o|e|o|e e
ole|eo|e|o|e|e

Models for simulating surfaces starting from
a perfect 3D crystal.

Slab model:

Less computationally demanding
No spurious interactions

Proper boundary conditions

LaO-terminated

AlO ,-terminated

III

(001) slab unit cells periodicaly repeated in
x-y plane as adopted in present calculations.
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Thermodynamic stability of perfect LaAlO,(001) surfaces
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Thermodynamic grand potential fh@AlO;(001)as calculated by means
of B3PW. Formation of LaO-terminated surfacexethermicreaction.
14



LaAlO ,/SrTiO 4(001) surfaces structures we study
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Number of LaAIQ(001) planes (LaO- or Algterm.)

atop SrTiQ substrate (n-type interfaces)
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The same sequence for p-type interfaces.



LaAlO 4/SrTiO 4(001): Conductancevs. termination

n-type p-type

Nr. of planeg Terminatiory Gap, eV Termination Gap, ¢
1 LaO- Cond. AlQ- Cond.
2 AlO,- 3.65 LaO- 4.00
3 LaO- Cond. AlQ- Cond.
4 AlO,- 2.91 LaO- 4.05
5 LaC- Cond AlO - Cond
6 AlO,- 1.96 LaO- 4.05
7 LaO- Cond. AlQ- Cond.
8 AlO,- 1.07 LaO- 3.80
9 LaO- Cond. AlQ- Cond.
10 AlO,- Cond. LaO- 2.92
11 LaO- Cond. AlQ- Cond.
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LaAlO ,/SrTiO 4(001) of n-type: PDOS
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Conductance due to closing the gap. Typical n-type conductor



LaAlO ,/SrTiO 4(001) of p-type: PDOS
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LaAlO ,/SrTiO 4(001): electron charge redistribution

Calculated Mulliken effective net charge with respte bulk.

n-type Cond. p-type Cond.
LaO Cond. 0.19 |AIO, Ins. -0.28
AlO, -0.26 -0.50 LaO 0.08 0.45
LaO 0.44 0.45 AlQ -0.38 -0.38
AlO, -0.44 -0.48 LaO 0.43 0.42
LaO 0.47 0.48 AlQ -0.39 -0.38
AlO, -0.46 -0.48 LaO 0.39 0.41
LaO 0.47 0.49 AlQ -0.38 -0.38
AlO, -0.46 -0.47 LaO 0.38 0.42
LaO 0.48 0.49 AlQ -0.38 -0.38
AlO, -0.47 -0.46 LaO 0.38 0.46
LaO 0.52 0.44 AlQ -0.42 -0.38
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Summary and conclusions

e Quantum chemistry accompanied withab initio thermodynamics is
a reliable tool to predict stability and electronicproperties of a
complex surface structures such as LaAlIQSrTiO ; heterointerface.

e LaO-terminated LaAlO 4(001) is the most stable surface at elevated
temperatures.

 Our calculations predict the conductance for AlQ-term. n-type
interface due to closing of the band gap if the Lal®,(001) film is
thicker than 5 u.c., while LaO-term n-type interface is typical n-type
conductor. LaO-term. p-type interface is always inslator. However
AlO ,-term. p-type heterostructure is predicted to be a-type
conductor.
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