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The complex polar oxide heterojunction of SrTiO3/LaAlO3 (STO/LAO) is of great interest due to the emergent
physical phenomena observed at the interface. STO and LAO separately are wide band-gap insulators. However,
upon joining them at the 001, 110, and 111 crystallographic planes, the interface undergoes a transition to a
conductive state. Although first-principles modeling of the 001 plane interface has been widely studied, there
is a lack of reports regarding the 110 and 111. This paper expands the theoretical model of the STO/LAO
heterointerface to the three crystallographic planes (001, 110, and 111) where the conductivity has been
experimentally reported. The calculations showed that whereas at the 001 interface the conductivity appears
at a critical thickness of 4 monolayers of LAO, the 110 and 111 planes have no clear critical thickness; these two
interfaces were always conductive. Nevertheless, the number of conductive electrons per unit cell increases with
the thickness of the LAO layer in the 110 and 111 interfaces. This is related to the energy levels downshifting
due to the electrostatic potential buildup (which was in the opposite direction respect to the 001 interface),
increasing the number of conductive sates below the Fermi level. Given the absence of a critical thickness and the
fact that chemical intermixing and oxygen vacancies at the interface were not considered, the main mechanism
responsible for the conductivity in the 110 and 111 planes was attributed to the large structure reconstruction that
locally changes the energy levels at the interface causing charge transfer and accumulation at the layers close to
the interface.
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I. INTRODUCTION

Heterointerfaces between materials with different polarity
have been widely studied due to the observation of unex-
pected and interesting emergent properties not present in the
individual components [1,2]. The polar discontinuity together
with the lattice mismatch induce a mixture of ionic and elec-
tronic reconstruction close to the interface, which are the main
contributors behind the emergent phenomena. These devices
can be made of different elements and thickness allowing
fine-tuning of the heterojunction, obtaining a wide variety
of properties that range from insulator to superconductor. A
practical application of these principles is found in current
oxide thin-film technology and are also of main interest in
the development of novel electronic devices [3]. An exam-
ple of such polar oxide heterointerface is the one between
strontium titanate (STO) and lanthanum aluminate (LAO).
Both wide band-gap insulators, when epitaxially joined a 2D
high electron mobility at the interface of STO/LAO has been
measured. An interesting feature of the STO/LAO system is
that the 2D conductivity suddenly increases by several orders
of magnitude when the LAO layer is at a critical thickness of
4, 7, and 9 mono layers at the 001, 110, and 111 interfaces, re-
spectively [4,5]. The conductive behavior in addition with 2D
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superconductivity and ferromagnetism has also been reported
[6–10].

There are four proposed mechanisms that may contribute
to the 2D metallic behavior in STO/LAO interface: polar
discontinuity [4,11], structural reconstruction [12], chemical
intermixing [11,13], and oxygen vacancies [14]. Due to the
different polar nature of the materials, polar discontinuities
result in asymmetrical buildup of electrostatic potential along
the direction perpendicular to the interface. As is the case for
STO/LAO at the 001 plane, STO is neutral whereas LAO
is polar. At the critical thickness the electrostatic potential
buildup causes the energy of the valence states in the LAO
outer layers to rise above the Fermi level. The electrons on
this level tunnel to the nearby STO, giving rise to metal-
induced gap states that are very localized at the interface [15].
A schematic of this process is shown in Fig. 1. Structural
reconstruction of the nearby layers close to the interface is
the result of the lattice mismatch between the two materials.
LAO and STO have a lattice mismatch of 2.8%, resulting in a
strain-induced structural reconstruction which locally changes
the band structure and increases the carrier density. The chem-
ical intermixing effect is the result of the interfaces not being
atomically sharp. Depending on the growth conditions the
stoichiometry at the interface can change due to intermixing
of lanthanum and strontium species effectively creating an
alloy. Due to its similar atomic radius and electronegativity,
lanthanum (La+3) is a good donor dopant for STO, replacing
strontium (Sr+2) making it n-type conductive [16]. Finally,
lattice defects in the STO/LAO structure in the form of oxygen
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FIG. 1. Energy bands diagram of the electronic reconstruction
due to the polar discontinuity at 001 when the thickness of LAO is
smaller (left) and larger (right) than the critical thickness (tc).

vacancies can dope the STO interface increasing the carrier
density.

Theoretical modeling of STO/LAO has been a vital tool in
the studying of this system. In general, there are two main
approaches in the simulation of the STO/LAO interface: a
superlattice or a slab. The superlattice cell is composed of
continuous interlacing stacks of STO and LAO, while the
slab model is composed of a STO/LAO supercell separated
by a vacuum layer. Lee and Demkov [11] simulated the
critical thickness of 001 STO/LAO interface using a sym-
metric slab supercell. They showed more evidence in favor
of the electronic reconstruction scenario previously proposed
by Ohtomo and Hwang [4]. Janika et al. [10,15] used the
superlattice model to study the magnetic and electron confine-
ment at 001 STO/LAO interface. They were able to replicate
the conductivity at the TiO2-terminated 001 STO/LAO inter-
face, and also found that for thinner STO layers the system
should be magnetic. Additional evidence in favor of the elec-
tronic reconstruction was also shown by Pentcheva and Pickett
[17,18]. They used an asymmetric slab supercell, and also
demonstrated the importance of a proper ionic relaxation us-
ing a slab system to obtain the critical thickness at the 001
interface. Guan et al. [19] made a comparison between the
superlattice and slab models at the 001 interface, showing the
general picture that the superlattice is capable of simulating
the conductivity but, to obtain the insulator to metal transi-
tion, a slab model is needed. Annadi et al. [20] study the
anisotropy of the two-dimension electron gas formed at the
110 STO/LAO interface (observed experimentally by them)
using a symmetric slab supercell. Beltrán and Muñoz [21]
used a superlattice to show that for the 111 STO/LAO inter-
face there should exist correlated-electron ground states that
depend on the STO layer thickness, which yields different
behaviors from nonmagnetic metal to antiferromagnetic Mott
insulator. The vast majority of these first-principles studies
has been focused at the interface along the 001 plane; this
paper further expands those studies to the 110 and 111 planes,
giving an overall comparison of the metallic behavior of
STO/LAO interface on all three crystallographic planes. See
Refs. [22–25].

II. LAO AND STO PROPERTIES

LAO (LaAlO3) and STO (SrTiO3) are wide band-gap ce-
ramic oxides with a perovskite crystalline structure (ABO3);
their simple-cubic unit cell is shown in Fig. 2. At room tem-
perature LAO has a rhombohedral unit cell which changes
to simple cubic at about 815 K. The cubic to rhombohedral
distortion is very small (0.087° at 300 K); therefore, LAO

FIG. 2. Hexahedron and octahedron formed by the simple-cubic
perovskite structure ABO3. The green and red spheres are A and O
atoms; the blue sphere at the center is a B atom.

can be described as pseudocubic at room temperature with a
lattice constant of 3.790 Å [26–28]. This value was obtained
dividing the room-temperature rhombohedral lattice constant
of 5.360 Å by �2. The reported experimental band gap for
bulk LAO ranges from 5.6 to 6.5 eV and it has a relatively
high dielectric constant ranging from 20 to 27 [29,30]. STO
at room temperature has a simple-cubic unit cell with a lat-
tice constant of 3.905 Å [30]. At about 110 K the structure
changes to tetragonal due to a small distortion in the c axis
of c/a = 1.0005 [28,29]. The reported experimental band gap
for STO ranges from 3.25 to 3.41 eV [30,31].

III. STO/LAO SUPERCELL MODELING

The system simulated was an epitaxial thin film of
LAO over a substrate of STO, schematically represented in
Fig. 3(a). In this model there are two interfaces that dictate the
behavior of the heterojunction: the interface of the bulk STO
with the LAO thin film and the interface of LAO with vacuum.
To simulate the structure of this system, a large supercell
containing the interfaces of interest was used [Figs. 3(b) and
3(c)]. The planar dimensions of the supercell were keep as
small as possible with just one unit cell, while the height
was adjusted to account for the bulk STO and LAO layer of
different thickness. The details of the supercell simulation are
explained later.

FIG. 3. Schematic representation of the real STO/LAO device
(a), nonsymmetric supercell used for the structure optimization (b)
and symmetric super cell used for the electronic properties calcula-
tions (c).
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FIG. 4. Primitive representation of the cubic (001), tetragonal
(110), and hexagonal (111) perovskite symmetries. The top three
structures are the full unit cells and the lower three the translational
cells. Green, red, and blue spheres represent A, O, and B atoms,
respectively.

The main property analyzed was the emergence of the
metallic behavior in the STO/LAO heterojunction in the form
of conductivity along the 001, 110, and 111 crystallographic
planes. Each plane requires its own crystallographic sym-
metry description and also all possible surface terminations
within one unit cell were accounted. The most intuitive and
less complex crystal description for LAO and STO is the
simple-cubic perovskite (ABO3) shown in Fig. 2, which can be
directly used to model the 001 interface. The cubic perovskite
representation consists of overlay slabs of AO and BO2 atoms
separated by a distance of ½ unit cell. The primitive cell
(shown in Fig. 4) has a total of 5 atoms (1 A, 1 B, and 3 O).
The Bravais vectors describing the lattice are simple or-
thonormal; the atoms’ positions and Bravais vectors are listed
in Table I.

The 110 and 111 unit cells were modeled from the sim-
ple cubic, doing a transformation to the Bravais vectors and
atomic positions to accommodate the new representations.
Here just a brief overview will be presented with emphasis on
the STO/LAO system; the general process was explained in
detail by Sun and Ceder in Ref. [32]. First the new Bravais
vectors (B1, B2, B3) were redefined; note that they are not
unique and the newly obtained vectors might not be the ones
for the minimal representation. The B1 and B2 vectors must
be coplanar with the interface or surface needed and the B3

will be out of plane. To find the plane defined by B1, B2

three points are needed, which were calculated from the cubic
Bravais vectors and the Miller index of the new plane. Then,
calculating the distance between those points, the new Bravais
vectors were obtained. For the case of 001 to 110 and 001

to 111 the transformations to the B1, B2 vectors are given by
Eqs. (1) and (2), respectively:

B2 = A3 B1 =
(

A2

k
− A1

h

)
, (1)

B2 =
(

A3

l
− A1

h

)
B1 =

(
A2

k
− A1

h

)
, (2)

where (A1, A2, A3) are the cubic Bravais vectors and (h,k,l)
are the new Miller index (110 or 111). Then, the B3 vector
was chosen such that is as small as possible to get closer to
the primitive representation; note that it might not be perpen-
dicular to B1 and B2. Now the positions of the atoms must
be redefined according to the new set of Bravais vectors. This
can be achieved using the covariant transformation defined by
Eq. (3):

P′ = [(OT )
−1

P]T , (3)

where P′ is a matrix describing the new position of one atom,
P is the atom position in the cubic unit cell, and O is the
transformation matrix given by A = OB (A and B corresponds
to the cubic and new Bravais vectors, respectively). Figure 4
shows the obtained primitive unit cells and Table I shows
the corresponding Bravais vectors and atoms positions. The
description of the 110 plane resulted in a tetragonal unit cell
with overlay slabs of ABO and O2. The 111 plane resulted in a
hexagonal unit cell with overlay slabs of AO3 and B. Both 110
and 111 translational cells have the same number of atoms as
the 001; the same volume and the overlay slabs are separated
by the same factor of 1/2 times the height of the unit cell.

Given the electronic configuration of LAO, the overlay
slabs in all unit cells (cubic, tetragonal, and hexagonal) are
polar, where the net excess charge leads to a buildup of elec-
trostatic potential along the A3 direction. In the 001 plane
LAO has a net charge of (LaO)+1–(AlO2)−1, the 110 of
(LaAlO)+4–(O2)−4, and the 111 of (LaO3)−3–(Al)+3. In the
case of STO the cubic cell is neutral, (SrO)+0–(TiO2)+0, but
the tetragonal cell has a net charge of (SrTiO)+4–(O2)−4 and
the hexagonal of (SrO3)−4–(Ti)+4. The cubic unit cell has two
surface terminations of AO and BO2. This implies that the
001 plane has two possible interfaces, between TiO2/LaO and
SrO/AlO2. The tetragonal cell has terminations on ABO and
O2; therefore, at the 110 plane there will always be an O2 layer
between the overlay slabs. Then just one interface is possible,

TABLE I. Bravais vectors and fractional atom positions for the cubic (001), tetragonal (110), and hexagonal (111) representations of the
perovskite structure. The complete equations describing the Bravais vectors of the hexagonal unit cell are shown in the Appendix.

Cubic Tetragonal Hexagonal

Bravais vectors A1 1 0 0 A1 �2 0 0 A1 a∗ b∗ 0
A2 0 1 0 A2 0 1 0 A2 b∗ a∗ 0
A3 0 0 1 A3 �2/2 0 �2/2 A3 c∗ c∗ d∗

Atoms fractional positions A 0 0 0 A 0 0 0 A 0 0 0
O 1/2 1/2 0 O 1/2 0 0 O 1/2 1/2 0
O 1/2 0 1/2 O 0 1/2 1/2 O 0 0 0
O 0 1/2 1/2 O 1/2 1/2 1/2 O 0 1/2 0
B 1/2 1/2 1/2 B 1/2 1/2 0 B 0 0 1/2
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LaAlO/O2/SrTiO. The hexagonal cell has two terminations
AO3 and B; hence, the 111 plane has two interfaces, between
LaO3/Ti and Al/SrO3.

IV. FIRST-PRINCIPLES CALCULATIONS

Calculations of the electronic and structural properties
was done using the formalism of density-functional the-
ory (DFT) [33,34] implemented in the Vienna Ab initio
Simulation Package (VASP) [35]. The description of the ex-
change and correlation functionals used was the generalized
gradient approximation by Perdew-Burke-Ernzerhof (PBE)
[36]. Although the PBE functional is known to severely under-
estimate the band-gap energy, the density of states (DOS) and
energy bands structure obtained are accurate enough to de-
scribe the conductive behavior in STO/LAO [36]. PBE gives
an accurate description of the interatomic distances, which is
of great importance at the simulation of the structure recon-
struction of the interface. Also, PBE has the benefit to be not
that computationally expensive compared to other functional
descriptions. Hybrid (HSE06) and modified Becke-Johnson
functionals were tested (shown in Figs. S1 and S2 of the
Supplemental Material [37]), yet PBE proves to be the best
for this system.

The polar discontinuity was simulated with a dipole cor-
rection along the direction perpendicular to the interface.
Although interfacial magnetic properties have been reported,
spin-polarized calculations were not considered given that
none of the atomic species has unpaired electrons. By itself,
a regular spin-polarized calculation will not have any effect.
The supercell ionic optimization simulates the structural re-
construction of the lattice. A perfectly sharp interface (no
La, Sr intermixing) and a perfect lattice with no oxygen va-
cancies was considered. Scalar relativistic pseudopotentials
were used, where the valence electrons are 5s, 5p, 4 f , 5d ,
6s for La (standard); 2s, 2p for O (standard); 3s, 3p for Al
(standard); 4s, 4p, 5s for Sr (Sr_sv, semicore s states treated
as valence), and 3d , 4s for Ti (standard). The Brillouin-
zone (BZ) sampling was done using the process described
by Monkhorst and Pack [38]. Given that in principle the
conductive behavior of the systems was unknown, the par-
tial electron occupancies were described using a Gaussian
smearing with a sigma value of 0.03 eV. To ensure the insen-
sitivity of the DOS to the electronic smearing, several sigma
values were tested, shown in Fig. S3 in the Supplemental
Material [37]. For the bulk calculations a convergence study
was done, finding that a BZ grid of 5 × 5 × 5 was enough
to obtain a converged system. A grid of 5 × 5 × 1 was
used for the structure optimization and a denser grid of 7 ×
7 × 1 for the DOS calculation. Convergence test of the lattice
parameter, energy band gap, and total energy with respect to
the energy cutoff value showed that 650 eV is enough to get a
precision of 1 mÅ and 1 meV, respectively.

Although there are several possible interfaces depending
on the layer where the crystal is cleaved, experimentally
the metallic behavior is observed at TiO2/LaO for 001,
SiTiO/O2/LaAlO for 110, and Ti/LaO3 for 111 planes. For
this reason, the results shown will be limited to those in-
terfaces. To keep the stoichiometry of the LAO layers the
vacuum surface termination chosen was AlO2, LaAlO, and

Al for the 001, 110, and 111 planes, respectively. STO surface
energy convergence was analyzed to find the thickness needed
to decouple the two STO/LAO interfaces in the symmetric su-
percell. The surface energy calculation followed the procedure
described in Ref. [39]. This analysis showed that at 2 unit cells
of STO the surface energy difference was smaller than 1 meV.
To keep both STO surface terminations symmetric, 3.5 unit
cells in thickness was used, shown in Fig. 5. The analysis
of the total energy convergence of the systems as function of
the vacuum gap thickness showed that above 6 Å the energy
difference is on the order of 1 meV. A vacuum gap of 20 Å was
used to decouple the two open surfaces. LAO layers with dif-
ferent thickness were evaluated, ranging from 1 to 9 unit cells.
To simplify the discussion the results shown will be for LAO
layers around the conductive transition presented in the exper-
imental data in Refs. [4,5]. For the 001 plane, just the results
from the LAO thickness of 3 and 4 unit cells will be shown.
For the 110 plane the results show will be for a LAO thickness
of 6 and 7 unit cells, and for 111 plane 8 unit cells. Figure 5
shows the nonoptimized STO/LAO supercells structures for
all three planes with a 3-unit-cell LAO layer thickness.

Because of the complexity of the supercell, the structure
optimization was performed in several steps until the total en-
ergy variation and atomic forces were less than 1.0 × 10−7 eV
and 1.0 × 10−3 eV/Å respectively. Due to the computational
cost of the ionic minimization for large systems, a smaller
nonsymmetrical supercell with just one STO/LAO interface
was used to analyze the structural reconstruction (a schematic
representation is shown in Fig. 3 and the relaxed structures
are shown in Fig. 6). The thickness of the STO and LAO
layers in the nonsymmetrical supercell were the same as for
the symmetric one. To make the ionic minimization easier the
initial in-plane lattice dimensions were set up to those of bulk
STO, stretching the LAO layers, and the height positions of
the atoms of each material were scaled correctly to match their
respective bulk dimension. In addition, the atoms of the lower
two layers of STO were fixed, then the system was relaxed,
allowing all other atoms, cell volume, and shape to change. Fi-
nally, the symmetric LAO/STO/LAO supercell was assembled
using the optimized nonsymmetrical cell doing an inversion
operation through the central atomic layer in STO to obtain
the two LAO/STO/LAO interfaces. The use of a symmetric su-
percell for the electronic structure calculation is advantageous
because it allows further analysis of the stability of the LAO
surface at different terminations. For all intended purposes in
this paper, the symmetric cell left and right sides have exactly
the same properties. Due to this reason, the data presented
below are limited to the right side of the symmetric supercell.

V. RESULTS

Three characteristics (structure reconstruction, interface
polarization, and charge transfer) of the STO/LAO heteroin-
terface at the 001, 110, and 111 crystallographic planes were
analyzed in the calculations, which will be broken into three
subsections. The bulk parameters and the optimization of the
ions will be discussed in Sec. V A. The effects of the net
excess charge in the STO and LAO layers to the intrinsic
electric field and the polar discontinuities will be discussed
in Sec. V B. Finally, the charge-transfer mechanism and the
origin of the metallic behavior are discussed in Sec. V C.
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FIG. 5. Symmetric supercells showing the net excess charge of each layer. Based on the ionic model, it represents the intrinsic electric
field ( �E ) and the electrostatic potential (V ). The atomic representation of each sphere is as follows: blue-Sr, orange-Ti, green-La, gray-Al, and
red-O.

A. Structure reconstruction

First a conventional bulk calculation was performed to find
the optimized lattice dimensions of LAO and STO at the
symmetry description of each interface plane (001 cubic, 110
tetragonal, and 111 hexagonal) and ensured that the physical

properties calculated (lattice constant, band gap, etc.) were
identical. The ionic configuration of each material was op-
timized relaxing the cell dimensions. The optimized cubic
lattice parameters for bulk STO and LAO obtained were 3.95
and 3.81 Å, respectively, in good agreement with the exper-
imental values (3.905 Å STO and 3.790 Å LAO) and with

FIG. 6. Structural representation of the optimized STO/LAO structures at (a) 001 (3 LAO layers), (b) 110 (7 LAO layers), and (c) 111 (8
LAO layers) showing the deformation of the lattice. The colors of the bonds are the same as Fig. 5.
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previous DFT calculations (3.92 Å STO and 3.84 Å LAO)
performed in Refs. [8,9,13,15–17]. As expected, the energy
band gaps were underestimated by 38% (3.49 eV) and 49%
(1.67 eV) for LAO and STO, respectively, although a wide
band-gap insulator was still predicted. The lattice parameter
and energy band gap obtained for the tetragonal (STO: 3.9478
Å, 1.671 eV; LAO: 3.8113 Å, 3.517 eV) and hexagonal (STO:
3.9485 Å, 1.678 eV; LAO: 3.8113 Å, 3.624 eV) symmetry
was virtually identical to the cubic one with a difference of
less than 1%.

The ionic reconstruction of STO/LAO is fairly complex
and dependent on the plane of interface the atoms can move
in the height (c) or planar (ab) directions as shown in Fig. 6.
The thin layer of LAO is subjected to tensile strain due to
STO 2.8% larger mismatch and also to the lattice periodic-
ity disruption at the solid-vacuum interface. The STO layers
near the interface are subjected to compressive strain, which
rapidly relaxes to almost zero from the second layer on all
interfaces. The optimization of the 001 interface resulted in a
deformation of the atom positions along the a axis, with the bc
positions remaining unchanged. The relative displacements of
the oxygen atoms with respect to the aluminum or titanium
in the AlO2 and TiO2 layers are the most significant. This
produced a bending of the O-Al-O and O-Ti-O bonds along
the a axis, shown in Fig. 6(a) for 3 LAO layers. For the 110
structure [shown in Fig. 6(b) for 7 LAO layers], the defor-
mations were along the c and a axis; the b positions did not
change. In this case the distortion can be visualized as a ro-
tation of the octahedron formed by the oxygen-aluminum and
oxygen-titanium atoms. The optimization of the 111 structure
resulted in a deformation of the atom positions in the a, b, and
c directions [shown in Fig. 6(c) for 8 LAO layers]. The most
significant distortion was along the c axis, where the oxygen,
aluminum, and lanthanum atoms displaced up to 0.40, 0.34,
and 0.37 Å, respectively. Increasing the thickness of LAO
resulted in a relaxation of its outermost layers (close to the
vacuum interface) from the tensile strain at the STO interface
on all interfaces. This effect is particularly notable at the 110
and 111 interfaces, where up to 9 LAO layers were used
according to the experimental data in Ref. [5].

Although the calculations were performed starting from a
LAO layer thickness of 1 unit cell for all planes (001, 110, and
111), the convergence of all systems was not possible. For the
110 and 111 cases the lowest number of LAO layers possible
was 5 and 7, respectively. Thinner LAO layers on those planes
were very difficult to converge and, in most cases, just failed.
This was attributed to the large structure reconstruction on
these planes compared to the 001, which might destabilize the
LAO layer to the point of disintegration.

B. Interface polarization

The polarity between the STO and LAO depends on the
crystallographic plane and the termination layer at the inter-
face between STO/LAO and vacuum. For the 001 plane with
STO/LAO interface at (TiO2)+0/(LaO)+1 and LAO vacuum
termination layer in (AlO2)−1 the discontinuity is from neutral
STO to polar LAO (+1, −1) layers, represented in Fig. 5. This
produces an electrostatic potential buildup starting from the
first LAO layer [(LaO)+1 interfacing with (TiO2)+0] towards

TABLE II. Intrinsic electric field of the LAO layer and the num-
ber of conducting electrons per unit cell.

LAO layer 001 110 111

Electric field (V/Å) 3 0.178
4 0.178
6 −0.086
7 −0.086
8 −0.008

No. electrons/unit cell 3 0
4 2.16 2.92
6 3.97
7 3.77 2.81
8 2.84 2.87
9 2.86

the LAO/vacuum interface (AlO2)−1. In the 110 plane with
interface at (SrTiO)+4/(O2)−4/(LaAlO)+4 and LAO vacuum
termination layer in (LaAlO)+4 there is no polar discontinuity.
The polarity of the layers in both STO and LAO are the same
(+4, −4), but there still is a buildup of electrostatic potential
in the opposite direction with respect to the 001. For the 111
plane with interface at (Ti)+4/(LaO3)−3 and LAO vacuum
termination layer at (Al)+3 the polar discontinuity is between
(−4,+4) STO layers to (−3,+3) LAO layers; the buildup of
electrostatic potential is in the same direction as the 110 plane.

To analyze the polar behavior, the total electrostatic
potential was calculated including the ionic, Hartree, and
exchange-correlation contributions. The averaged potential on
the bc plane as function of the c direction was obtained, then
further processed to smooth down the fast oscillations be-
tween consecutive atomic layers, obtaining the overall buildup
of electrostatic potential in the whole system. The smoothing
process consists of calculating the average of the electro-
static potential values around some “smoothing radius,” which
varies between 20 and 40 data points depending on the fre-
quency of the oscillations. In some cases, the oscillations
persisted and more than one smoothing step was performed.

FIG. 7. Average electrostatic potential as function of the c posi-
tion for STO/LAO at the 001 (a), 110 (b), and 111 (c) planes. The red
curve is the ab plane average potential at each c point and the black
curve is the result of the smoothing process. The black vertical lines
mark the limits of the LAO layer, where at the left the STO layer is
located and at the right the vacuum.
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FIG. 8. Layer-projected DOS for STO/LAO at the 001, 110, and 111 planes. The zero at the energy scale corresponds to the Fermi level,
also indicated by the red horizontal line. The black stepped line across all STO/LAO layers highlights the changes in the band gap along the
interface, representing a detailed energy band diagram of the system. The ellipses (b), (c), (d), (e), (f), and (g) highlight the points where DOS
crosses the Fermi energy level.

The smoothed curve is a representation of the average electro-
static potential at the direction perpendicular to the interface
as function of position. The slope of this graph between the
LAO layers gives an estimate of the average internal electric
field, as shown in Table II for all planes. In Fig. 7(a) can be
seen the electrostatic potential increasing towards the vacuum
layer for the 001 interface with a calculated electric field
of 0.178 V/Å. As expected, in the other two interfaces the
electrostatic potential increase negatively towards the vacuum
with an electric field of −0.086 and −0.008 V/Å for the 110
and 111 planes, respectively, shown in Figs. 7(b) and 7(c).

C. Charge transfer

One of the most important tools in understanding how
charge carriers behave in complex heterointerfaces is the edge
alignment of the valence and conduction states through the

interface. Figure 8 shows the density of states projected for
each layer of STO/LAO. Using the well-studied interface at
the 001 plane as a benchmark, the shift of the DOS to a higher
energy, crossing the Fermi energy in the LAO layers replicates
the electronic reconstruction scenario shown in Fig. 1. In
Fig. 8(a) it can be appreciated that for the 001 super cell with
3-unit-cell thickness LAO layer there is no DOS crossing the
Fermi level, and hence is nonmetallic. For the supercell with
4 unit cells of LAO in thickness, the valence states at the
LAO/vacuum interface have been shifted high enough (due
to the electrostatic potential buildup) such that the electronic
reconstruction happens [Fig. 8(b)]. The electrons tunnel to the
nearby available conduction states at the STO/LAO interface
[Fig. 8(c)] which are at a distance of 10 to 15 Å, enabling the
2D conductivity. Integrating the DOS crossing the Fermi level
the number of available conducting electrons was calculated
to change from 0 to 2.16 electrons per unit cell when the LAO
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thickness increased from 3 to 4 unit cells. It is also important
to notice that the conduction states are localized at the TiO2

layers close to the interface.
The 110 and 111 interfaces are very similar but behave

differently from 001. The ionic reconstruction of both deforms
more the LAO lattice (shown in Fig. 6) and the electrostatic
potential buildup is in the opposite direction and in smaller
magnitude than the 001 plane. Figures 8(d)–8(g) show the
points where the DOS crosses the Fermi energy level, proving
their metallic behavior. The main contribution to the conduc-
tive states at the 110 plane comes from the LaAlO interfacing
with vacuum and the two SrTiO layers close to the STO/LAO
interface. The calculated number of conducting electrons
(shown in Table II) increases up to a LAO thickness of 6
layers, then it decreases. This is also shown in Fig. 8 for 110 at
7 LAO layers, where the bottom of the conduction band is at a
higher energy compared to 6 LAO layers, causing a reduction
on the number of DOS crossing the Fermi level. This behavior
agrees with Ref. [5], where they reported that the conductivity
of STO/LAO at the 110 plane increases to a maximum around
a thickness of 6–7 LAO layers and then decreases. The charge
accumulation at the 110 interface is partially driven by the
shift of the conduction states to lower energies because of the
negative buildup of electrostatic potential. The fact that the
charge accumulation reaches a maximum could be attributed
to the decreasing electron tunneling probability at large dis-
tances from the STO layers.

For the 111 plane interface the contribution to the conduc-
tive states comes from the last two LAO layers interfacing
with vacuum (LaO3 and O2) and the first two Ti layers at
the STO/LAO interface. The number of available conductive
electrons in the 111 plane also increases with thickness for
the same reason as the 110 case. A nonconductive to conduc-
tive transition was not observed in the 110 and 111 planes;
even the 5 and 7 LAO layers showed conductivity (lowest
possible number of LAO layers successfully converge for the
110 and 111, respectively). This implies that the electronic
reconstruction due to the polar discontinuity is not the main
mechanism behind the conductivity in these interfaces. Figure
S4 of the Supplemental Material [37] shows a comparison
of the DOS for an isolated LAO layer before/after the ionic
optimization and the complete STO/LAO. In this figure it can
be seen that after ionic optimization the 110 and 111 systems
become conductive, whereas the 001 is not (the interface at
this plane needs the electrostatic potential buildup of the entire
STO/LAO to become conductive). Discarding the chemical
intermixing and oxygen vacancies, they were not considered
in the supercell models; this makes the structural reconstruc-
tion of the mechanism responsible for the conductivity at the
110 and 111 planes.

A further projection of the DOS at the atomic orbitals for
the 001 plane (shown in Fig. 9) reveals that the electrons
initially come from the p orbitals of the oxygen atoms close
to the LAO/vacuum interface and tunnel to the titanium d
orbitals close to the STO/LAO interface. For the 110 and
111 planes, shown in Fig. 9, it can be seen that the con-
ductive states come mainly from the titanium d orbitals and
the oxygen p orbitals with a small contribution of the alu-
minum p orbital. The aluminum contribution is smaller than 1
#states/eV and is too small to be seen in Fig. 9.

FIG. 9. Projection of the density of states on the atomic orbitals
of STO/LAO at the 001 (4 LAO layers), 110 (6 LAO layers), and 111
(8 LAO layers). The black curve represents the total density of states
of STO/LAO, red represents the oxygen p projection of the entire
LAO layer; blue and green represent the oxygen p and titanium d
projections of the entire STO layer.

VI. CONCLUSION

First-principles modeling of the STO/LAO interface at the
001, 110, and 111 crystallographic planes was presented.
The emergence of the conductive behavior was analyzed
simulating the electronic and structural reconstruction in a
LAO/STO/LAO symmetric supercell with LAO layers of dif-
ferent thickness. For the atomically sharp interface with no
oxygen vacancies, the emergence of conductivity is the result
of charge transfer to the layers close to the interface driven by
different mechanism depending on the plane of interface. For
the 001 interface the main mechanism behind the conductivity
was the polar discontinuity where the electronic reconstruc-
tion was found to occur when the LAO layer reached 4 unit
cells in thickness undergoing a transition to the conductive
state, which is in agreement with other experimental and
theoretical studies. The calculated intrinsic electric field was
0.178 V/Å and the number of conductive electrons was found
to increase from 0 to 2.16 electrons per unit cell with a LAO
layer thickness of 3 and 4 unit cells, respectively.

For the 110 and 111 interfaces the main mechanism re-
sponsible for the conductivity was different from the 001
plane. A transition from a nonconductive to conductive state
was not found; the STO/LAO interface was conductive regard-
less of the thickness of the LAO layer. However, the number
of conductive electrons per unit cell was found to increase
with the thickness of the LAO layer (up to a certain point in

155306-8



FIRST-PRINCIPLES MODELING OF CONDUCTIVITY … PHYSICAL REVIEW B 104, 155306 (2021)

the 110 system) given a downshift of the DOS caused by the
buildup of electrostatic potential, which was in the opposite
direction compared to the 001 plane interface. For the 110
interface the number of conductive electrons per unit cell
reached a maximum value of 3.97 at a LAO thickness of 6 unit
cells, then decreased, in agreement with experimental data.
The calculated intrinsic electric field was −0.086 and −0.008
V/Å for the 110 and 111 interfaces, respectively. Given the
absence of a critical thickness in the 110 and 111 planes,
excluding the chemical intermixing and oxygen vacancies, the
main mechanism for the conductivity was attributed to the
large structure reconstruction at those interfaces.
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APPENDIX

Equations describing the Bravais vectors for the hexagonal
symmetry of the perovskite structure shown in Table I:

a =
√

2 ×
√

2 + √
3

2

b =
√

2 ×
√

2 − √
3

2
,

c =
√

3/2 × cos(tan−1(
√

2) − tan−1[
√

2/2)],

d =
√

3 − 2 × c2.
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