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Ionic relaxation contribution to the electronic reconstruction at the n-type
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Density-functional theory calculations reveal that the compensation mechanism at the isolated n-type inter-
face in LaAlO;/SrTiO5 superlattices involves both ionic and electronic degrees of freedom. Strong polar
distortions screen the local electric field and reduce the band discontinuity across the interface. We find that the
electronic reconstruction depends sensitively on whether structural optimization is performed within GGA
(conventional exchange and correlation effects) or GGA+ U (which includes strong intra-atomic interactions).
For a structural optimization within GGA+ U the excess charge is confined to the interface TiO, layer with a
charge-ordered, orbitally polarized arrangement of Ti** and Ti**. While the charge-ordered phase represents
the ground state, optimization within GGA leads to more pronounced lattice polarization, suppression of charge
order (with remaining d,,-orbital occupation in the interface layer), and a delocalization of the excess charge

extending over a few SrTiOj; layers.
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I. INTRODUCTION

Correlated electrons in oxide heterostructures open up
new possibilities for electronic behavior that is unanticipated
from the properties of the bulk constituents and can thus lead
to new functionality. Although SrTiO; (STO) and LaAlO;
(LAO) are two conventional nonmagnetic band insulators,
their interfaces were reported to be conducting.! Recently,
there are indications for magnetism?>> and superconductivity*
in this system at low temperature. These new functionalities
lend extra urgency to the effort to understand the unantici-
pated properties of this interface.

In the perovskite structure there is a natural charge modu-
lation in the [001] direction; e.g., in LaAlO; positively
charged LaO layers alternate with negatively charged AlO,
layers, while in SrTiO; both the SrO and TiO, layers are
charge neutral. At both interfaces, the electron-doped n-type
(LaO/TiO,) and the hole-doped p-type (AlO,/SrO), local
charge neutrality as inferred from the formal valences is dis-
rupted. This violation of charge neutrality turns out to be a
driving force toward the unexpected behavior emerging at
the interface.

Theoretical studies so far concentrate on explaining the
reported conductivity in this system (e.g., Refs. 5-7) by con-
sidering the ideal (defect-free) interface. However, on the
experimental side there is meanwhile a consensus that the
oxygen pressure during growth and post annealing plays a
crucial role. The initially measured high conductivity is at-
tributed to oxygen defects rather than being an intrinsic
property.®~1? Rijnders and Blank'? related recently the three
novel functional properties to three regions of oxygen pres-
sure: (i) high conductivity is measured in samples grown at
or below Po,~ 1075 mbar oxygen pressure in the chamber;
(ii) superconductivity was found for intermediate pressures
of po,~ 1074=107> mbar; (iii) magnetism and nonconduct-
ing behavior were observed only for Po,™ 10~ mbar. The
higher oxygen pressure is widely thought to mitigate the for-
mation of oxygen vacancies, resulting in more nearly stoichi-
ometric materials.
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In this paper we concentrate on the intrinsic effects in the
case where the influence of oxygen defects is minimized and
study the (effectively) isolated n-type interface. Using
density-functional theory (DFT) calculations and including a
Hubbard U we have found previously that the charge mis-
match at the n-type LAO/STO interface is accommodated by
charge disproportionation on the Ti sublattice in the interface
layer with Ti** and Ti** ordered in a checkerboard
arrangement.'* This diluted layer of Ti** spins shows a slight
preference for antiferromagnetic coupling,'® as found also
for LaTiO5/SrTiO5 superlattices.'® First experimental indica-
tions for localized magnetic moments at the interface were
obtained by Brinkman ef al.”> Because the above-mentioned
calculations were done for a superlattice containing a single
unit cell of each material and ideal (bulk) positions of the
ions in the cell, we study here the compensation mechanism
in more separated interfaces containing thicker slabs of both
materials. We focus specifically on the crucial role of lattice
relaxations on the electronic state at the interface, since the
largest contribution to the static dielectric constant in both
materials arises from the lattice response. In addition we ex-
plore how the level of treatment of correlation for the Ti 3d
bands influences the structural and electronic properties at
the interface. Finally, the band alignment across the interface
is determined.

II. CALCULATIONAL DETAILS

The DFT calculations are performed using the all-electron
full-potential augmented plane-wave (FP-APW) method in
the WIEN2K implementation'” and the generalized gradient
approximation (GGA) (Ref. 18) of the exchange-correlation
potential. Because at the n-type interface a LaO layer is
placed next to a TiO, layer which is the building unit of the
Mott insulator LaTiO3, we have considered an on-site Cou-
lomb repulsion on the Ti 3d states within the fully localized
limit (LDA+U) (Ref. 19) using U=8 eV and J=1 eV.
These values are necessary to describe the insulating nature
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of undistorted bulk LaTiO5.2° Additionally, U=7.5 eV is
used to shift the unoccupied La f states to higher energies.
However, due to the localized nature of the f states this does
not influence qualitatively the electronic behavior of the sys-
tem. The muffin-tin (MT) radii are as follows: Rys,
=2.30 bohr, RY}';=1.80 bohr, and R} =1.60 bohr. We use
a mixed APW+lo and LAPW basis set with the following
convergence parameters: Inside the muffin tins wave func-
tions are expanded in spherical harmonics up to le =10 and
nonspherical contributions to the electron densuy and poten-
tial up to /2% =6 are used. The energy cutoff for the plane-
wave representation in the interstitial is £y =19 Ry for the
wave functions and EP% =196 Ry for the potential.

To allow the possibility for more complex symmetry
breaking and charge ordering, the calculations are performed
in cells with a ¢(2 X 2)-lateral periodicity and 15 k points in
the irreducible part of the Brillouin zone. We have used the
lateral lattice constant of the SrTiO5 substrate obtained from
GGA (3.92 A) and ¢=10a. We note that other studies’”
have used LDA together with the LDA lattice parameter
(3.84 A), but we choose here the GGA value also because it
is in closer agreement with the experimental lattice constant
(3.905 A). Thus the LaAlO; film (3.79 A) is subject to ten-
sile strain on SrTiO; due to a lattice mismatch of 3%. In
order to avoid the formation of a nonperiodic potential in an
asymmetric setup, the superlattice (SL) is modeled by a sym-
metric supercell containing two n-type interfaces. To explore
the effect of treatment of electronic correlations on the struc-
tural properties a full structural optimization of the internal
parameters within the tetragonal unit cell was performed
both within GGA and GGA+U.?!

II1. IONIC RELAXATIONS

While previous studies concentrated on superlattices con-
taining one,'* two,%!% and four’ unit cells of each material,
here we investigate the compensation mechanisms in more
separated interfaces using a slab containing 4.5 and 5.5 unit
cells of the respective bulk compounds as shown in Fig. 2.
This system will be denoted as LAO, 5/STOs 5 in the follow-
ing. Generally, displacements from the ideal structure due to
strain should affect cations and anions equally, thus giving
no lattice polarization. Effects that result in differing dis-
placements for cations and anions have a polar character; i.e.,
they produce an electric field or are a response to an electric
field, caused in the present case by the change mismatch
across the interface.

The lattice relaxations obtained within GGA and GGA
+U are presented in Fig. 1. The biggest displacements are
observed at the interface where the differences in electronic
distribution are largest. Generally, within GGA+ U the relax-
ations are smaller than within GGA and confined closer to
the interface (IF) with the displacements being more pro-
nounced on the LAO side compared to the STO side. Within
GGA, oxygen relaxations are more symmetric across the in-
terface. While both Ti and O in the interface TiO, layer
move toward the LaO layer, the shifts are stronger for oxy-
gen (0.32 A for GGA; 0.22 A for GGA+U), leading to a
distinct layer polarization of 0.17 A (GGA) and 0.12 A
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FIG. 1. (Color online) Vertical displacements of ions Az in A in
the LAO, 5/STOs 5 superlattice with respect to the bulk positions
obtained within GGA (solid black line) and GGA+U (red dashed
line). The x axis shows the distance from the interface (I) TiO,
layer. A, B, O4, Op denote the positions of ions in the layered
ABO; perovskite lattice.

(GGA+U). These values are similar to ferroelectriclike dis-
tortions found in the interface TiO, layer in LTO/STO
superlattices?>?3 although the direction of Ti displacement is
opposite, which we attribute to the different sign of lattice
mismatch. Taking into account the ionic charges, the polar
distortions correspond to a layer-resolved dipole per inter-
face of —0.68 eA (GGA) and —0.48 eA (GGA+U) and a
change in potential across the interface TiO, layer of 0.70 eV
(GGA) and 0.45 eV (GGA+U).

Within GGA polar distortions are observed also in the
SrO layer next to the interface, where the Sr ion remains
nearly at its bulk position while the oxygen moves toward
the interface by 0.21 A leading to a ferroelectriclike shift
between Sr and O of 0.19 A. Because both La and O on the
other side of the interface shift by 0.22 and 0.25 A, respec-
tively, the La-Sr separation is increased by 0.20 A. This
value agrees well with the 4.9% elongation inferred from a
high-resolution transmission electron microscopy study.?*
While Maurice et al.?* attributed this result to a stretching of
the TiOg octahedron at the interface due to a Jahn-Teller
effect, we find no indication for this as both apical oxygens
shift by nearly the same amount (0.21 and 0.25 A). On the
other hand within GGA + U the polar distortion is confined to
the interface and an elongation of the TiO4 octahedron of
0.12 A is observed.

Strong relaxations at the interface were also obtained
from pseudopotential calculations using a LAOgs/STOg 5
superlattice.”> DFT-GGA studies with smaller simulation
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FIG. 2. (Color online) Crystal structure of a LAQ,5/STOs s
superlattice showing half of the simulation cell with atomic relax-
ations obtained within (a) GGA+U and (b) GGA. Additionally, the
charge-density distribution of the occupied Ti 3d states obtained for
both geometries is displayed. For the geometry obtained within
GGA+U the Ti3d occupation is confined to the interface layer
with Ti** and Ti** arranged in a ¢(2 X 2) manner with an occupied
d,, orbital at the Ti** sites. For (b) the strong polar distortions
suppress charge order and delocalize the excess charge throughout
the STO slab, while orbital order (d,, partial occupation) is retained
in the interface layer.

cells give qualitatively the same behavior but the actual val-
ues of interfacial buckling are smaller (0.02—-0.10 A) (Refs.
5 and 7) and the elongation of the TiOg4 octahedron is 2.9%
(0.11 A).5 By reducing further the symmetry in a
LAO, 5s/STO, 5 supercell, Zhong and Kelly'> found indica-
tions for an additional octahedron tilting.

IV. ELECTRONIC RECONSTRUCTION

The differences in relaxations obtained within GGA and
GGA+U are closely related to the different compensation
mechanism of the polar discontinuity at the interface. Here
we discuss how relaxations influence the electronic proper-
ties. The checkerboard arrangement of Ti** and Ti** at the
interface is found both in the LAO,;/STO, heterostructure
studied previously'* and the LAO, 5/STOs 5 superlattice for
the ideal positions of the ions. The structural optimization
performed within GGA+U strengthens further the charge-
ordered (CO) state. The spatial distribution of the occupied d
states in the interface TiO, layer in Fig. 2(a) shows a dispro-
portionation in Ti** and Ti** with an occupied d,, orbital
(and a magnetic moment of 0.76 up) at the Ti** sites. More-
over, the lateral relaxation of oxygen by 0.04 A away from
Ti**(breathing mode) leads to a further localization of the
excess electron and an increase of the gap between the lower
Hubbard band (d,, orbital) and the unoccupied Ti 3d orbitals
from nearly zero to 0.3 eV as shown in the projected density
of states (DOS) in Fig. 3(a).
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FIG. 3. (Color online) Layer-resolved density of states of a
LAO,5/STOs 5 SL obtained within GGA + U with atomic positions
relaxed within (a) GGA+U and (b) GGA. The two topmost panels
show the two Ti ions at the interface; the succeeding panels show
the behavior of the Ti ions in deeper layers of the STO part of the
slab. For the geometry obtained within GGA the excess charge is
confined to the IF with a Ti**, Ti** layer and rapid relaxation of the
deeper layers toward bulk behavior. The structure relaxed within
GGA leads to a metallic STO part, suppressed charge order and a
residual orbital order (d,, —red/dark gray filling) at the Ti (I) sites
and degenerate 1,, states in deeper layers.

For comparison we have performed a GGA+U calcula-
tion using the geometry obtained in the GGA optimization.
This configuration lies 0.45 eV above the CO ground state.
We find that here the strong relaxations and polar distortions
lead to a suppression of the charge ordering at the interface.
As shown both in Figs. 2(b) and 3(b) the excess charge at the
interface becomes more delocalized, resulting in partial oc-
cupation of the Ti 3d bands in deeper layers on the STO side.
This is in agreement with Hamann et al.,”> who suggested
that the lattice polarization at the IF acts to overscreen the
charge in the LaO layer and reduce the trapping of the 2D
electron gas at the interface. While at the interface the occu-
pied Ti 3d states still have d,, character, in deeper layers the
t,, orbitals are degenerate. Still, the magnetic moments are
almost identical (0.14 wp) throughout the STO part.

Thus we find two distinct solutions resulting from a ge-
ometry optimization within GGA and GGA+U: a ground
state where the excess charge is localized at the interface in a
charge-ordered and orbitally polarized (d,,) insulating state
and an energetically higher solution showing stronger ferro-
electriclike distortions resulting from the relaxation within
GGA. In the latter case the charge order at the interface is
suppressed and the excess charge is delocalized to several
STO layers, and the system is metallic. This solution is con-
sistent with other studies (GGA and GGA+U) using a (1
X 1) unit cell.?*?® Samples grown at high oxygen pressures
(~1073 mbar) show a sheet resistance at 5 K of 5
% 10* Q/0 that is 7 orders of magnitude higher than the
initially reported one at po,=107° mbar.> This suggests a
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FIG. 4. (Color online) Positions of O 1s core levels (with re-
spect to the Fermi level, E,), across the interface in the
LAQ, 5/STOs 5 superlattice before (dashed) and after (solid) relax-
ation obtained within GGA (black line) and GGA + U (red/dark gray
line). The x axis shows the distance from the interface (I) TiO,
layer. The Fermi levels of all systems are set to zero and only
relative variations of the O ls levels from layer to layer are of
interest.

(nearly) insulating ground state for high oxygen pressures.
Moreover, Ry exhibits a logarithmic decrease up to 50 K,
which seems to be consistent with the localization of carriers
at T=0 K as the CO ground state implies.

V. BAND DISCONTINUITIES ACROSS THE INTERFACE

The GGA gap for bulk SrTiO; is 2.0 eV (experimental
value 3.2 eV) separating filled O 2p bands and unfilled Ti 3d
bands. Applying GGA+ U enhances the band gap to 2.7 eV,
but does not influence the electronic behavior of the system
(e.g., in terms of Ti 3d occupation). For LaAlO; we obtain a
band gap within GGA of 3.7 eV (experimental value 5.6 eV)
between filled O 2p bands hybridized with Al p bands and
unfilled conduction bands comprised of La 5d and Al 3s, 3p
states.

How the bulk band gaps line up across the interface is one
of its most fundamental characteristics. Especially when “ex-
cess” charge must be accommodated at an interface, the rela-
tive positions of the valence-band maxima E, and conduc-
tion band minima E, may have a large impact on the charge
distribution. In principle these band edges can be identified
through the layer projected DOS in successive layers away
from the interface.”?” However, valence and conduction
wave functions, and the local DOS, can be relatively slow to
approach their bulk values. A more efficient approach is to
use core eigenvalues. The charge density, and hence the po-
tential, reaches its bulk value more quickly than the Bloch
wave functions, and hence the core eigenvalues attain their
bulk values only a few layers from the interface.

In the current system the O 1s eigenvalues are the natural
choice as they give an idea how the local potential changes
across interface. Four cases are displayed in Fig. 4: both
GGA and GGA+U calculations, each with ideal and with
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FIG. 5. Schematic picture of the band alignment at the n-type
interface in the LAQO,s/STOs5 superlattice calculated using the
variation of the O 1s core levels across the interface and the experi-
mental band gaps Agpp=3.2 eV and Ap ,0=5.6 eV.

relaxed atomic positions. We note that O 1s energies in the
AO and BO, layers are distinct near the interface, and attain
the (identical) bulk value already two or three layers from the
interface. For the ideal geometry, this convergence is slower
in GGA than in GGA+ U on the STO side, because in GGA
the charge is accommodated over a few STO layers, while in
GGA+U the charge is localized at the interface.

The overriding result is that relaxation, using either
method, leads to a large decrease in the variations in posi-
tions of the O ls core levels across the interface. Although
the electronic behavior at the interface layer is very different,
the O 1s energy difference E3!°—ErA? in the central (most
distant from the interface showing bulklike behavior) layers
in the STO and LAO part of the superlattice turn out to be
identical both for GGA and GGA+U: the core levels are
0.20 eV higher in LAO than in STO.

From Fig. 4, the O s eigenvalues in the respective cen-
tral LAO (STO) layers appear to have reached their
asymptotic values and thus are expected to align with the
corresponding level in a reference bulk system.?® Hence, us-
ing the E,—E|,, extracted from a separate calculation for
each bulk material, as well as E}!°—ET*° from the slab cal-
culation discussed above, the valence-band alignment across
the interface is determined as follows:

EEAO — ESTO = [E5A0 — L)+ [E1AO - £
—[ESTO_ ETTO. (1)

To obtain the conduction band discontinuity, we correct for
the underestimation of the band gaps within GGA, by using
the experimental band gaps of LaAlO; and SrTiOj:

EMO=EN0-0.15 eV,

EMAO = E3TO 41205 eV, ()

The schematic band lineup is pictured in Fig. 5. Because the
STO band gap lies completely within the LAO band gap,
charge carriers of either sign (electrons or holes) near the
interface will go into the STO side of the IF.

It is clear from Fig. 4 that the band lineup is very sensitive
to relaxation, but also other details of the calculation may
play a role. For example, Albina et al.” used smaller simula-
tion cells and a compensating background charge and re-
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ported values of 0.3 to 0.5 eV depending on the number of
layers in the supercell and the method: They applied both the
macroscopic potential averaging technique and the local
DOS, illustrating the difference these two methods can give.
On the other hand, Lee and Demkov?® reported a very simi-
lar valence-band offset (=0.1 eV) using the reference poten-
tial method.

VI. SUMMARY

In summary, we find that the polar discontinuity at the
isolated n-type LAO/STO interface is accommodated
through an intricate combination of an ionic relaxation and
an electronic reconstruction. The strong polar distortions lead
to a reduction in the valence-band discontinuity at the inter-
face compared to the ideal structure and partially compensate
the excess charge. This appears to be consistent with the
measured lower carrier density of 1.8X10'* cm™ corre-
sponding to ~0.27 instead of the expected 0.5 electrons per

PHYSICAL REVIEW B 78, 205106 (2008)

unit cell.'® Charge accommodation at the isolated n-type in-
terface requires occupation of the Ti 3d band. Within GGA
+U the ground state is a charge-ordered checkerboard ar-
rangement of Ti** (d,, orbital occupation) and Ti** ions in
the interface layer. Lattice relaxations within GGA lead to
longer ranged and more pronounced relaxations, and to a
suppression of charge order as the excess charge spreads
over a few STO layers near the interface. The residual orbital
polarization d,, in the interface TiO, layer and the degener-
ate Tit,, bands in deeper layers may lead to interesting
transport properties in this system.
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