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The two-dimensional electron gas (2DEG) observed at the interface between LaAlO3 (LAO) and
SrTiO3 (STO) is known to be very sensitive to the proximity of the LaAlO3 surface and the con-
ditions to which the surface is exposed. We use first-principles calculations to study surface recon-
structions on LAO films, taking into account that the LAO surface can be charged. The results for
the charged surfaces and for the coupling between the surface and the 2DEG enable us to account
not only for the behavior of the 2DEG as a function of thickness of the LAO layer, but simulta-
neously determine the stable terminations and reconstructions on the LAO surface under a variety
of conditions. Our studies of charged surfaces are based on an extension of the methodology of
Lozovoi et al. [J. Chem. Phys. 115, 1661 (2001)]. From the calculated electronic structure of the
unreconstructed (but relaxed) AlO2 and LaO surface terminations of LAO, we find surface states
having excess holes (AlO2 termination) or excess electrons (LaO termination). This result is central
to understanding the mechanism of 2DEG formation, and is consistent with a 2DEG of density
3.3×1014 cm−2 being intrinsic to the LaO-TiO2 interface in the LAO/STO system. We explore the
effects of the Al-adatom, O-vacancy and H-adatom surface reconstructions on the 2DEG density,
and find that the stability of different reconstructions is tied to the thickness of the LAO layer as
well as the surface exposure conditions. We find that including the effects of charging of the surface
significantly stabilizes the AlO2 termination versus the LaO termination. Overall, our methodol-
ogy has the advantage of decoupling first-principles calculations for the interface from those for the
charged surface, and constitutes a general approach that can be applied to the commonly occurring
problem of charge exchange between the surface and the interface of a thin film with a substrate,
or between the surface and defects/impurities in the bulk of a material.

I. INTRODUCTION

Observations of a two-dimensional electron gas
(2DEG) with high carrier density (∼ 1013 cm−2) [Refs. 1–
4] at the (001) interface between SrTiO3 (STO) and
LaAlO3 (LAO) have generated great interest. In spite
of a decade of investigations, the mechanisms governing
the 2DEG formation and its density are not yet fully un-
derstood. The polar catastrophe model1,5 is still widely
used to explain interface doping in this heterostructure,
although experimental evidence6 does not seem to sup-
port it. A complete and consistent model that can ex-
plain all the experimental findings in the LAO/STO het-
erostructures is still lacking.

Recent calculations7–11 as well as experiments12–15

have stressed the importance of the LAO surface in de-
termining the density of the 2DEG at this interface. Cen
et al.12 demonstrated the reversible process of inducing
conductivity at the LAO/STO interface using a conduc-
tive tip at the surface of LAO by applying a field. Other
groups13–19 have observed similar phenomena and find
a strong correlation between the environment to which
the surface of LAO is exposed and the 2DEG density at
the interface. Despite the important role played by the
surface, there is a lack of experimental studies to deter-
mine the exact nature and structure of the LAO surface
in this system. Most groups assume the surface to be
AlO2-terminated by counting RHEED intensity oscilla-

tions during growth.12,20 However, the surface termina-
tion and its structure may change upon exposure to con-
ditions under which the 2DEG properties are measured.

It has been previously demonstrated that electrons re-
siding in the 2DEG with a density of 3.3×1014 cm−2

(0.5e− per areal unit) are intrinsic to the interface be-
tween LAO and STO7 along the [001] direction. If the
LAO layer is sufficiently thin, these electrons can trans-
fer to empty surface states on the LAO surface and de-
plete the 2DEG density; indeed, the experimentally ob-
served 2DEG densities are much lower than the nominal
3.3×1014 cm−2.2–4 Such a transfer of electrons from the
interface also leaves the LAO surface charged. This phe-
nomenon of surface charging is a common occurrence in
many other systems of practical interest as well, but has
not been addressed from first principles so far.21 It is the
goal of the present study to rigorously address the physics
involved with surface charging within a first-principles
context, and apply the understanding to model the in-
teractions between the interfacial 2DEG and the surface
in LAO/STO heterostructures. We note that Bristowe et
al.9 adopted an opposite viewpoint for the mechanism of
2DEG formation: they did not consider the 2DEG to be
intrinsic to the LAO/STO interface, but assumed that
the carriers appear at the interface in order to screen the
field in the LAO. Although in the case of thin LAO films
terminated by a surface both viewpoints are equivalent,
the arguments in Ref. 9 break down in the case of a su-
perlattice, or LAO capped with another material.
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Most theoretical efforts to date have focused on
studying the interface properties of the LAO/STO
heterostructures.22,23 Surface studies for these
heterostructures10,24 have been limited to a small
set of surface structures owing to the high compu-
tational cost involved. We overcome this limitation
by formulating a model that represents the coupling
between the LAO surface and the LAO/STO interface,
including the effects of surface charging. This allows us
to calculate the properties of the LAO surface separately
from those of the interface. We can then use the model
to study the heterostructure as a whole. This approach
eliminates the need for studying both STO and LAO
(i.e., the interface and the surface) within the same
calculation, thus greatly lowering the computational
demand and allowing us to more thoroughly explore
surface reconstructions. Even more importantly, the
separation of the surface problem from the interface
problem results in a more general formulation, which
will be useful to address similar systems in the future.
Bristowe et al.9 have proposed a model to consider O-
vacancy defects on the surface, from the viewpoint that
the carriers in the 2DEG arise in order to screen the field
in LAO. Their model uses a number of parameters taken
from different sources, and does not allow for a general
comparison between different surface terminations with
various defects. In our work we overcome this limitation
by an explicit consideration of the absolute surface
energy. There have been other proposed mechanisms for
the origin of carriers at the interface, which are based
on defects in STO bulk, cation intermixing, and oxygen
vacancies near the interface.25–27 These issues will be
not be dealt with in this paper.

In order to study the surface of LAO as a separate en-
tity, and to include the effects of charging the surface,
calculations that treat charged surfaces of a dielectric
are required. The usual theoretical treatment of sur-
face reconstructions assumes that the surfaces always re-
main neutral. Indeed, the computational treatment of
non-neutral surfaces has not been possible in the past,
since a non-neutral system clearly leads to divergences
in energy, and robust methods for providing charge neu-
tralization in the case of semiconductors or insulators
were lacking.28 Charged surfaces do occur, however, in
many situations of practical interest. One example is
the surfaces of doped semiconductors, which typically
exhibit band bending in the near-surface region. Deple-
tion of carriers leads to fixed charge and the formation
of a space-charge region, and the free carriers charge the
surface by occupying surface states.29,30 The amount of
band bending is determined by Fermi-level pinning at
the partially filled surface states. In the case of semicon-
ductor surfaces, the amount of surface charge is typically
small relative to the density of atoms on the surface. In
contrast, in the LAO/STO system the amount of charge
transferred to the surface (0.5 electrons per areal unit
cell) is of the order of the surface atomic density. Due to
the magnitude of the amount of charge added to the sur-

face, careful treatment of the charged surface is essential
to accurately address the energetics.

In this work, we determine the stable surface termina-
tions and reconstructions of LAO films grown on STO
substrates. This is accomplished by first calculating sur-
face energies of various surface reconstructions and termi-
nations on the (001) surface of LAO, using first-principles
calculations based on hybrid density functional theory,
taking into account the effects of charging the surface.
Subsequently, the system consisting of a thin LAO film
on an STO substrate is analyzed, allowing us to exam-
ine the interplay between LAO thickness, density of the
2DEG at the LAO/STO interface, and the stability of
surface reconstructions on the LAO surface. We con-
sider Al-adatom, H-adatom and O-vacancy reconstruc-
tions, which can be regarded as corresponding to a high
density of point defects on the surface. We will also inves-
tigate the consequences of modifying the density of such
point defects. While we do not explicitly calculate iso-
lated surface defects, but estimate the energetics based
on reconstructions with varying coverage, we will use the
term “surface defects” to refer to a uniformly spaced 2D
array of defects (such as Al-adatoms) with a given con-
centration. Overall, our interest will be to quantify the
2DEG density remaining at the LAO/STO interface af-
ter the transfer to the surface, that would minimize the
total energy of the system for a certain thickness of LAO,
and result in a stable LAO surface.

The paper is organized as follows: In Sec. II A we
describe our first-principles calculations to determine
atomic and electronic structure as well as energetics of
surfaces. Section II B describes the methodology in-
volved in calculating the surface energies of neutral recon-
structed as well as unreconstructed LAO surfaces from
first principles. The approach developed by Lozovoi et
al.31 to treat charged surface of metals is generalized to
the treatment of charged surface of dielectrics, as sys-
tematically explained in Sec. II C. In Sec. III, we cal-
culate and discuss the electronic structure of the bulk
and the surface of LAO. In Sec. IV we build on the
methodology of Sec. II C and the results of Sec. III to
formulate a model for the surface energetics of LAO in
LAO/STO heterostructures, i.e., in the presence of an
interfacial 2DEG. By applying the model to various sur-
face reconstructions, we can determine the most stable
surface termination as well as stable surface reconstruc-
tions. Finally, in Sec. V, we discuss the 2DEG density at
the LAO/STO interface for surfaces of LAO with varying
densities of Al-adatom, H-adatom and O-vacancy sur-
face defects. Based on the results obtained for the 2DEG
density, the trends related to the thickness of LAO films
are discussed for a variety of environmental conditions to
which the surface might be exposed.
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II. METHODOLOGY

A. First-principles method

Our first-principles calculations were performed us-
ing density functional theory (DFT) with the screened
hybrid functional of Heyd, Scuseria and Ernzer-
hof (HSE),32,33 and the projector augmented wave
method34,35 as implemented in the Vienna Ab-initio Sim-
ulation Package (VASP).36–38 The use of the HSE hybrid
functional with the default mixing parameter α of 25%
gives an accurate description of the band gap and lattice
parameters of both LAO and STO.39,40

In order to study surfaces, we used the supercell ap-
proach with a symmetric slab geometry based on cubic
LAO with a slab thickness of 5.5 unit cells correspond-
ing to 11 layers of LAO with two identical surface ter-
minations along the [001] direction, separated by ∼15
Å of vacuum [see Fig. 1(a)]. Each layer corresponds
to a plane of atoms, either an AlO2-plane or an LaO-
plane [See also Sec. III]. Therefore, a supercell having
an AlO2-terminated surface will have 6 layers of AlO2

and 5 layers of LaO. Our supercells contain only an LAO
slab along with vacuum, and do not include STO or any
interfaces. We therefore do not explicitly address the
electrons in the 2DEG, but focus on the surface prop-
erties of LAO, for which the HSE functional provides
accurate results.41 Three layers at the center of the slab
were kept fixed to the LAO bulk structure, while atoms
within two unit cells (4 layers) of each surface were al-
lowed to relax. Due to the periodic boundary conditions
there may be interactions between the periodic images
of the surfaces. We have explicitly verified, by indepen-
dently varying the slab thickness and vacuum thickness,
that our geometry leads to results that are converged to
within 0.35 meV/Å2. For bulk calculations, integrations
over the Brillouin zone used a Monkhorst-Pack42 k-point
mesh of 4×4×4, while a 4×4×1 mesh was used for the
(1×1) surface calculations, and a 2×2×1 mesh for the
(2×2) surface calculations. The area of a (1×1) unit cell
is 14.29 Å2.

B. Surface energy of neutral reconstructed LaAlO3

surfaces

The surface energy can be determined from supercell
calculation for a slab with the equation:

γsurface =
1

2
[Eslab(nLAO)− Ebulk(nLAO)

−nLa · µLa − nAl · µAl − nO · µO],
(1)

where Eslab is the total energy of the slab supercell con-
taining two identical surfaces, Ebulk(nLAO) is the total
energy of the corresponding number of bulk LAO cells,
ni is the number of excess atoms of species i in the slab
supercell, and µi is the chemical potential of species i,
which is a variable representing experimental conditions.

Reference
electrode

Reference
electrodeLAO slab

Vacuum Vacuum

(a)

(b)

(c)

Vacuum Vacuum

Vacuum Vacuum

-Lz— 2
-Ls— 2

Ls— 2
Lz— 2

0

Figure 1. (Color online) Schematic illustration of (a) the su-
percell used to calculate a symmetric neutral slab with dielec-
tric constant ε with vacuum on either side, (b) the process of
adding charge (shown in yellow) to the surface of the slab
with a uniform compensating background charge (shown in
blue) spread throughout the supercell, and (c) an auxiliary
system with reference electrodes at the cell edges.

The stability equation of LAO, expressed in terms of
the chemical potentials µi of the constituent elements
referenced to their elemental phases, is:

µAl + µLa + 3µO = ∆Hf (LaAlO3), (2)

where ∆Hf (LaAlO3) is the enthalpy of formation of
LAO. The formation of competing phases such as Al2O3

in the Al-rich limit, and La2O3 in the La-rich limit, im-
poses additional constraints:

Al-rich: 2µAl + 3µO ≤ ∆Hf (Al2O3), (3)

La-rich: 2µLa + 3µO ≤ ∆Hf (La2O3), (4)

where ∆Hf (Al2O3) and ∆Hf (La2O3) are the enthalpies
of formation for Al2O3 and La2O3, respectively.

C. Methodology to treat charged surfaces

The first-principles method to obtain surface ener-
gies described above applies to neutral surfaces. Adding
charge to a slab supercell creates serious complications,
which have stymied calculations for charged 2D systems
in the past: since the energy of an infinite, periodic,
charged system diverges, the added charge must be com-
pensated so the periodically repeated supercell is overall
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charge neutral. The issue of charge compensation has
been thoroughly studied in the case of point defects in the
bulk, where charge compensation is provided by a uni-
form compensating background charge (CBC), and rigor-
ous prescriptions have been formulated for extrapolating
to the dilute limit.43–45 Applying a CBC over the entire
supercell is, in practice, achieved simply by removing the
G = 0 term in the Fourier expansion of the electrostatic
potential.

In the case of charged surfaces, two complications arise.
Applying a uniform CBC to the entire supercell may cre-
ate artifacts, since the presence of a uniform charge in
the vacuum region is unphysical. The second complica-
tion is that, because of the varying dielectric profile the
screening of the CBC is different in different regions of
the supercell. In the case of point defects on the surface,
where the main focus is on removing spurious interac-
tions between defects in neighboring cells in order to de-
termine results for the dilute limit, specific prescriptions
have been formulated to correct the calculated energies.28

In our present system, however, we are interested not
in the dilute limit, but in situations where the concentra-
tion of charge on the surface may be on the order of the
atomic density. Overall charge neutrality could of course
be achieved by calculating the complete system, i.e., in-
cluding the LAO/STO interface in the supercell;10,46,47

however, as discussed in the introduction, this would re-
quire treatment of a system with a very large number of
atoms, exceeding what can be addressed with hybrid den-
sity functional calculations. More importantly, it is not
clear how one would disentangle the properties of the in-
terface and the surface, making it difficult to discuss the
physics and also to present the results in a form that can
productively be used for further analysis of similar sys-
tems (e.g., with different layer thicknesses). Instead, we
focus on calculations for a charged LAO slab with a uni-
form CBC, and correct for spurious effects by adopting a
methodology originally developed by Lozovoi et al.31 for
charged metal surfaces, which we generalize here for the
case of a dielectric slab.

The approach is illustrated schematically in Fig. 1.
The actual DFT calculations are performed for a charged
slab in a compensating background [Fig. 1(b)], but we
will use post-processing corrections to convert the ener-
gies and electrostatic potentials to those of an auxiliary
system consisting of the charged slab compensated by
grounded metal “reference electrodes” at the supercell
boundaries.31 This allows us to separate the electrostatic
effects associated with the addition of surface charge from
the changes in surface energy. The purpose of introduc-
ing the “reference electrodes” in the auxiliary system is
two-fold: (1) to prevent the divergence of the electro-
static potential due to the charged slab (same role as a
compensating charge), and (2) to serve as a consistent
reference for the comparison of the energies of surfaces
with different charges. The electrodes do not contribute
to the energy of the cell as they are infinitely thin, but
they determine the value (set to zero) of the electrostatic

potential at the boundaries. Relaxation of the atomic
positions in a charged supercell could be performed in
principle by relaxing the structure based on forces that
are appropriately corrected to remove the spurious effect
of the CBC. However, such force corrections have not
yet been addressed.28,31 In the present work we fix the
structure to correspond to that of the neutral (relaxed)
structure, and neglect any relaxations that may result
from charge addition.

The methodology to compute the energy of charged
surfaces involves three steps. First, we calculate the to-
tal energy and the macroscopic average of the electro-
static potential energy of a slab cell with charged sur-
faces and a CBC. Second, we correct the macroscopically
averaged electrostatic potential energy and the total en-
ergy of the slab by removing the contributions from the
homogeneous background charge. As the final step, we
separate out the surface-energy change due to the addi-
tion of charge, by referencing to the neutral surface.

In the following discussions, the symbol V (in units of
Volts) will consistently be used to refer to electrostatic
potential, to be distinguished from the electrostatic po-
tential energy that electrons experience. Since electrons
have negative charge (with magnitude e), this potential
energy corresponds to −eV (in units of eV).

1. Macroscopic averaging

We first calculate and extract the surface energy of the
neutral surface, using the supercell approach described in
Sec. II A. As the surface is perpendicular to the z direc-
tion of the supercell, for the quantities of interest such
as the charge density and the electrostatic potential en-
ergy, it is useful to obtain the xy planar average (PA)
and consequently, the one-dimensional macroscopic av-
erage (MA), which is a running average over a period
of the lattice.48 An example for the PA and MA of the
electrostatic potential energy (in units of eV) obtained
from our first-principles calculation is shown in Fig. 2 for
a neutral surface terminated by an AlO2 plane. Note the
constant value of the MA potential energy in the vacuum
region as well as in the center of the slab region between
the two surfaces. This constant value is reached already
within two atomic distances from the surface. This rapid
convergence is reassuring with regard to the ability of the
supercell geometry to capture the results for an isolated
surface, avoiding any spurious interactions between the
two slab surfaces.

2. Removing the contributions due to the background charge

The electrostatic potential calculated from first princi-
ples can be written as a superposition:

Ṽ (r) = V (r) + Vb(r) (5)
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Figure 2. (Color online) Averaged electrostatic potential en-
ergy in a supercell containing a slab of LAO with unrecon-
structed neutral (relaxed) AlO2-terminated surfaces. The
dotted (red) line corresponds to the planar average of the po-
tential energy in the xy plane; the solid (blue) line is the one-
dimensional macroscopic average. The dashed (black) line in-
dicates the average of the electrostatic potential energy taken
over the entire supercell, which is arbitrarily set to zero here
(a common convention in first-principles calculations). The
top panel shows the geometry of the supercell, aligned to the
plot of the potential energy.

where Ṽ (r) is the electrostatic potential of the slab super-
cell including the CBC, Vb(r) is the electrostatic potential
of the CBC, and V (r) is the quantity we want, namely
the electrostatic potential of the charged slab supercell
without the CBC.

In order to obtain an expression for Vb(r), we
make the approximation, as proposed by Komsa and
Pasquarello,28 that the electrostatics of the slab super-
cell can be represented by a macroscopic dielectric pro-
file ε(z) that varies only in the z direction. Within this
approximation we can easily solve for the electrostatic
potential contribution from the CBC, Vb(z), using the
Poisson equation:

d

dz

(
ε(z)

d

dz
Vb(z)

)
= −ρb = − q

Ω
, (6)

where q is the total CBC and Ω is the volume of the
supercell.

In order to define the boundary conditions in solving
for Vb(z) from the Poisson equation in Eq. (6), and also
to pick a suitable reference potential for comparing sys-
tems with different amounts of charge, grounded “refer-
ence electrodes” are placed at the cell boundaries. We
assume that these reference electrodes are far enough

from the slab that the only contribution to the poten-
tial at that distance is from Vb(z). Since the reference
electrodes are grounded, this gives us the boundary con-
ditions, Vb(±Lz/2) = 0, to solve the Poisson equation.

To further simplify the analysis, we approximate the
dielectric profile to be a piecewise constant function with
relative dielectric constant ε in the slab and unity in the
vacuum. Since we neglect relaxations, ε is taken to be the
“clamped ion” static dielectric constant (electronic part
of the static dielectric constant). For LAO, we use ε = 4.0
[Ref. 49]. The approximation of a piecewise constant
function requires defining a boundary. We choose the
boundary to correspond to the atomic positions of the
outermost surface layer. Solving the Poisson equation
gives

Vb(z) =
−q

2ε0Ω
×

(
z2 − L2

z

4

)
, −Lz/2 < z < −Ls/2

1
ε

(
z2 +

L2
s

4 (ε− 1)− εL
2
z

4

)
, −Ls/2 < z < Ls/2(

z2 − L2
z

4

)
, Ls/2 < z < Lz/2.

(7)

Equation (7) is a generalization of the results for a metal-
lic slab obtained by Lozovoi et al.31 to the case of a dielec-
tric slab; the equations for a metal slab can be recovered
by taking the limit ε→∞.

Using Eq. (7) for Vb, we can obtain the corrected elec-
trostatic potential V (r) from the calculated uncorrected

potential Ṽ (r) using Eq. (5). The corrected and uncor-
rected electrostatic potential energies (which differ by a
factor of −e from the electrostatic potential), for the case
of 0.25e− added per areal unit cell, are plotted in Fig. 3
along with the potential energy due to the CBC, −eVb(z).
In this figure, all the potential energies are shifted by a
constant such that their value at ±Lz/2 is set to zero,
as required by the placement of the reference electrodes.
The discontinuity in the slope of −eVb(z) at ±Ls/2 is
due to our choice of the dielectric profile to be piecewise
constant. The corrected potential energy has some key
features that illustrate the procedure involved in remov-
ing the contribution from the CBC.−eVb(z) has a smaller
curvature within the slab compared to the vacuum region
due to the screening present in the slab. Comparing the
profiles of the corrected and uncorrected potential ener-
gies within the slab region, we see that the correction
removes the parabolic contribution that is present in the
uncorrected potential energy due to the presence of the
uniform CBC; the corrected potential energy is flat (cor-
responding to zero electric field) in the interior of the
slab. Similarly, the uncorrected potential energy has a
curvature in the vacuum region, again due to the pres-
ence of the uniform CBC; after correction the potential
energy becomes linear in the vacuum region. This lin-
ear potential profile is equivalent to the potential drop
across a parallel-plate capacitor, with the reference elec-
trode forming one of the plates, and the sheet of excess
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surface charge forming the other plate. The slope of the
potential (in units of V/Å), which gives the field, is posi-
tive in the left vacuum region. This situation corresponds
to a sheet of positive charges on the reference electrode,
and a sheet of negative charges on the surface, indeed
consistent with our addition of 0.25e− per areal unit cell
to the surface, compensated by countercharges on the
reference electrodes.

-25

-20

-15

-10

-5

 0

 5

 10

 15

 20

-15 -10 -5  0  5  10  15

E
le

ct
ro

st
at

ic
 p

ot
en

tia
l e

ne
rg

y 
(e

V
)

z coordinate (Å)

Corrected

Uncorrected

-e〈V〉˜

-eVb(z)

0.25e- per areal unit cell

ref. el. ref. el.

-eṼ
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Figure 3. (Color online) Electrostatic potential energies in
a supercell containing a slab of LAO with unreconstructed
AlO2-terminated surfaces, to which a charge of 0.25e− per
areal unit cell is added. The calculated uncorrected electro-
static potential energy (labelled −eṼ ) shifted to set the value
at ±Lz/2 (supercell boundaries) to 0 eV, is shown by the
dotted (blue) curve. The electrostatic potential energy cor-
rected by removing contributions due to CBC (labelled −eV )
is shown by the solid light (orange) curve, and the poten-
tial energy due to the CBC is shown as solid black curve.
The average value of the uncorrected potential energy, labeled
−e〈Ṽ 〉, is shown by the dotted horizontal line. The positions
of the reference electrodes are indicated by arrows and labeled
“ref. el.”.

It is important to check the sensitivity of the results
to the specific details of the approach, namely the shape
of the dielectric profile and the placement of the surface
plane, Ls/2. As will be reported in Sec. IV C, we found
that the specific choices made here have only minimal
effects on the final surface energies.

For completeness, we should acknowledge that Eq. (5),
which was our starting point, involves an assumption,
namely that we can define the electrostatic potential of
the charged slab supercell without the CBC by subtract-
ing the contributions due to the CBC [Vb(r)] from the
electrostatic potential obtained directly from the first-
principles calculation [Ṽ (r)]. In principle, the ground-

state charge density obtained from first-principles calcu-
lations in the presence of the CBC, which determines
the electrostatic potential, will no longer be the “ground
state” for the auxiliary system in which the CBC is re-
moved. This unavoidable approximation has been dis-
cussed in previous works.50,51

Once we have an expression for Vb, we can determine
the energy associated with the interaction between the
CBC and the slab, and also the self energy of the CBC;
removing these energy contributions from the calculated
energy of the supercell (as in Lozovoi et al.31) gives the
corrected energy:

Ees = Ẽes − q〈Ṽ 〉+
q

2Lz

∫
Vb(z)dz, (8)

where 〈Ṽ 〉 is the averaged electrostatic potential (a non-
zero quantity), obtained from the first-principles calcu-
lation for the supercell, with the boundary conditions
discussed above (see Fig. 3). 〈Ṽ 〉, and thus the surface
energy, depends on the ratio of the thickness of the slab to
that of the vacuum region. This dependence is not spuri-
ous, but a reflection of the fact that the potential due to a
charged surface diverges with distance from the surface.
As will be demonstrated in Sec. IV C, the introduction
of a reference electrode allows a consistent comparison
of surface energies for equally sized cells with different
amounts of charge.

For the case of a piecewise constant dielectric profile,
we can substitute Vb from Eq. (7) into Eq. (8) and obtain

Ees = Ẽes−q〈Ṽ 〉−
q2

24Lzε0Ω

(
L3
s(1−

1

ε
)− L3

z

)
. (9)

3. Koopmans’ theorem for charged surfaces

To analyze the corrected energies, we use “Koopmans’
theorem for charged dielectric surfaces”, which is a gener-
alization of “Koopmans’ theorem for charged metal sur-
faces” developed by Lozovoi et al.31 For a charged dielec-
tric surface, the theorem states that the surface energy
is given by

γ(q) = γ(0) + φσ +
1

ε0

∫ σ

0

t[
Lz
2
− zc(t)]dt, (10)

where γ(0) is the surface energy of the neutral slab; φ (a
positive quantity in units of volts) is the potential differ-
ence between the vacuum level and the lowest unoccupied
level (for electron addition) or the highest occupied level
(for electron removal), calculated for the neutral dielec-
tric surface; q is the total charge of the CBC (in units of
electronic charge); σ is the surface charge density given
by σ = q/2A, where A is the surface area per unit cell;
Lz/2 is the position of the reference electrode; and zc is
the centroid of the excess surface charge given by,

zc(σ) =
1

σ

∫ Lz
2

0

zδρ(σ; z)dz. (11)
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Here δρ(σ; z) = ρ(σ; z) − ρ0(z), i.e., the excess surface
charge is given as the difference between the planar av-
eraged charge density of the charged surface calculation,
ρ(σ; z), and the planar averaged charge density of the
neutral surface, ρ0(z). When presenting our results for
surface energies we will use the explicit definition of zc
[Eq. (11)], but it is interesting to explore the sensitivity
of the result to this value. Reassuringly, we will find in
Sec. IV C that this sensitivity is low; i.e., if zc is approx-
imated to equal Ls/2 (the position of the surface layer
in the neutral slab supercell), this results in only a small
error in γ(q).

The second term in Eq. (10) is the energy contribution
of adding an electron to the lowest unoccupied state or
removing it from the highest occupied state of the neutral
slab with the electrodes serving as a reservoir of electrons.
The third term is the energy of the electrostatic field in
the parallel-plate capacitor formed between the electrode
and the charge on the surface.

The term “Koopmans’ theorem” refers to the fact that
the ionization energy, in the case of electron removal (or
the electron affinity, in the case of electron addition) is
given by the highest occupied molecular orbital (or the
lowest unoccupied molecular orbital). Indeed, this is ex-
pressed by the second term of Eq. (10). We also note
that, if we approximate zc by Ls/2, all of the elements
in Eq. (10) can be determined from a calculation for a
neutral surface, justifying the name “Koopmans’ theo-
rem for charged dielectric surfaces.” “Koopmans’ theo-
rem for charged metal surfaces”31 would be recovered by
setting φ to the difference between the vacuum level and
the Fermi level of the metallic surface.

III. ELECTRONIC STRUCTURE OF THE
BULK AND SURFACE LaAlO3

A. Bulk

LAO has a rhombohedral perovskite structure at
room temperature and transforms into a cubic phase at
∼ 813 K.49 LAO has been observed to grow coherently
in the cubic phase on cubic STO;27,52 therefore, we focus
on cubic LAO in this study [Fig. 4(a)]. Since STO and
LAO have a lattice mismatch of about 3%, LAO thin
films grown on STO substrate might be strained. In our
analysis, we neglect effects due to strain.

The electronic structure of LAO bulk calculated from
first-principles is shown in Fig. 5. The valence-band max-
imum (VBM) at the R-point is composed mainly of O 2p
states and the conduction-band minimum (CBM) at the
Γ-point is composed mainly of doubly degenerate eg La
5d states. The direct band gap of cubic LAO at the Γ-
point is calculated to be 5.04 eV and the R→ Γ indirect
gap is 4.88 eV. Experimental data for the band gap of
LAO is available only for the rhombohedral phase. Our
calculated band gap for the rhombohedral phase is 5.51
eV, in good agreement with the observed value of 5.6

(a) O2-

(b)
AlO2

LaO +

-

LaO +

-

LaO +

-

AlO2

AlO2

AlO2

Al3+

La3+

0.5e-(c)

0.5e-

0.5e-

0.5e-

-½

Figure 4. (Color online) (a) Schematic of the structure of
cubic LAO, showing two unit cells with the AlO6 octahedra.
(b) Alternating layers of AlO2 and LaO in a slab, with the
surface terminating in an AlO2 plane. (c) Schematic depict-
ing alternating charged planes and 0.5e− electron transferred
from LaO planes to the neighboring AlO2-planes in the bulk.
The surface is shown terminated by an AlO2 plane and lacks
0.5 e−.

eV.49

B. Surface

Along the [001] direction, LAO can be viewed as com-
posed of alternating planes of LaO and AlO2, as shown
in Fig. 4(b). In the ionic limit, the La and Al atoms each
contribute 3 valence electrons, assuming a +3 charge,
while O assumes a –2 charge. Thus, in the bulk an LaO
plane (La+3O−2) has a net charge of +1 per unit cell,
whereas an AlO2 plane (Al+3O−2

2 ) has a charge of –1 per
unit cell. Within this ionic picture, we can think of each
LaO plane donating 0.5e− per areal unit cell to the AlO2

plane above and 0.5e− to the AlO2 plane below, as shown
in Fig. 4(c).

At the surface, due to symmetry breaking along the
[001] direction, one of the two neighboring planes to an
LaO or AlO2 plane is absent, which leads to a deficit
or excess of electrons at the surface. As illustrated in
Fig. 4(c), the unreconstructed AlO2-terminated surface
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Figure 5. (Color online) Electronic structure of bulk cubic
phase LAO. The direct (5.04 eV) and indirect (4.88 eV) band
gaps are indicated. The zero of energy was set to the valence-
band maximum at the R-point.

exhibits a deficit of 0.5 e− (or, equivalently, an excess of
0.5 hole) per areal unit cell due to the lack of an LaO
plane above to donate the electrons. Likewise, an un-
reconstructed LaO-terminated surface has an excess of
0.5e− per unit-cell area due to the absence of an AlO2-
plane above to accept the electrons.

The electronic structure of the AlO2- and LaO-
terminated surfaces reflects the physics contained in this
simple ionic picture. Figure 6 shows the calculated sur-
face band structure of LAO projected onto the bulk va-
lence and conduction bands. For the unreconstructed
LaO-terminated surface, the band structure shown in
Fig. 6(a) reveals surface states of La-5d character near
the conduction band, partially filled with an excess of
0.5 e− per areal unit, as expected from the ionic pic-
ture. On the other hand, for the unreconstructed AlO2-
termination [Fig. 6(b)], surface states of O-2p character
appear near the valence band, partially filled with 0.5
hole per areal unit.

We see that these surface structures lead to energet-
ically unfavorable situations: occupied electron states
occur near the conduction band for the LaO termina-
tion, or unoccupied states near the valence band for the
AlO2 termination. Overall these surfaces are expected
to be unstable toward atomic reconstructions that fill
low-lying states with electrons or remove electrons from
high-lying states. In previous work,41 we calculated the
surface energy of stable surface reconstructions for both
the AlO2 and LaO terminations for bulk LAO, assum-
ing the surface to be charge neutral. The energy lower-
ing obtained from surface reconstructions involving va-
cancies or adatoms can be explained with an electron-
counting rule that assumes surface states in the upper
part of the gap (i.e., with predominantly conduction-
band character) should be unoccupied, and states low
in the gap (with predominantly valence-band character)
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Valence band

X M Γ X

Figure 6. (Color online) Projected band structures for un-
reconstructed (but relaxed) (1×1) surfaces of LAO: (a) LaO-
terminated and (b) AlO2-terminated. Solid (gray) curves rep-
resent projected bulk states. Dashed (blue) curves indicate
spin-up (majority spin) surface states and dotted (red) curves
represent spin-down surface states. For the AlO2-terminated
surface in (b), spin-up and spin-down states are degenerate.
The Fermi level EF is indicated by horizontal solid (black)
lines.

should be filled. In the following section, we address situ-
ations in which the electrons that fill the low-lying surface
states on LAO are provided from another source, namely
from the 2DEG at the LAO/STO interface, leading to a
charged surface.

IV. SURFACE ENERGETICS OF LAO IN
STO/LAO HETEROSTRUCTURES

Our situation of present interest, namely a thin layer
of LAO on top of an STO substrate, provides a means
for supplying charge to the surface. As described in
Sec. III B, LAO can be viewed as alternating planes of
AlO2 and LaO, each with a charge of −1 and +1 per areal
unit cell, respectively. A similar ionic picture for STO
yields alternating layers of (Sr+2O−2) and (Ti+4O−2

2 )
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with each layer being neutral. At the interface between
LAO and STO, if the LAO terminates with an LaO plane
and STO terminates with a TiO2 plane forming a LaO-
TiO2 interface, the 0.5e− per areal unit cell given up by
the LaO plane transfers to the TiO2 layer. Indeed, the
TiO2 layer does not require the excess electrons from the
LaO plane for bonding, and the large conduction-band
offset at the LAO/STO interface39 ensures that the 0.5e−

per areal unit cell end up in the STO conduction band,
giving rise to the 2DEG.

This argument is supported by our discussion of un-
reconstructed surfaces in Sec. III B, which provides di-
rect insight in the electronic structure of the interface.
For instance, the calculated electronic structure for the
LaO-terminated surface [Fig. 6(a)], reveals the presence
of excess electrons in surface states near the conduction
band of LAO. If such a layer termination is interfaced
with a nonpolar material such as STO, having a conduc-
tion band lower than that of LAO, the excess electrons
end up occupying the conduction band of STO. There-
fore, a 2DEG of density ∼ 3.3×1014 cm−2 corresponding
to 0.5e− per areal unit cell is intrinsic to the LaO-TiO2

interface in the LAO/STO system.7

At the same time, if the actual surface of LAO in the
LAO/STO heterostructure that is exposed to the sur-
rounding environment terminates in an unreconstructed
AlO2 plane, the surface would have 0.5 holes per areal
unit as in Fig. 6(b). These holes would serve as empty
surface states that could be filled by electrons from the
interfacial 2DEG transferring to the surface in order to
minimize the total energy of the system. We are inter-
ested in quantifying the 2DEG density remaining at the
interface after the transfer, that would minimize the total
energy of the system for a certain thickness of LAO.

A. Reference structure

For our zero-energy reference structure, we choose an
ideal LaO-TiO2 interface between semi-infinite LAO and
semi-infinite STO, which would have an intrinsic 2DEG
completely confined near the interface (since the elec-
trons have nowhere else to go), with a density corre-
sponding to 0.5e− per 2D unit cell (3.3×1014 cm−2).
Charge neutrality is satisfied because the density of the
electrons in the 2DEG exactly equals the density of pos-
itive charges (0.5 positive charge per La atom) on the La
atoms at the interface that have given up 0.5e−. The
Fermi level is determined by the charge-neutrality equa-
tion, and will lie above the bottom of the STO conduction
band in the region where the 2DEG occurs; see the band
diagram in Fig. 7(a).

B. Neutral surfaces of LAO

Now we investigate what happens if the STO remains
semi-infinite (corresponding to a bulk substrate), but the

STO LAO

EF

∆EC(1.89 eV)

∆EV(0.28 eV)

Eg
STO (3.2 eV)

Eg
LAO (4.88 eV)

Conduction band

Valence band

AlO2
-terminated
surface

(a)

(b)

EF

Semi-infinite LAO

Finite LAO

e∆V

3.3e14 cm-2

∆ES

ESTO
VBM

Figure 7. (Color online) Band diagram for the interface
between semi-infinite SrTiO3 and (a) semi-infinite LaAlO3

showing band offsets and the formation of an intrinsic two-
dimensional electron gas (2DEG), and (b) LaAlO3 with a fi-
nite thickness less than the critical thickness, terminated by
an AlO2 plane containing surface states to which electrons
from the 2DEG can transfer, leading to an insulating inter-
face. The values for the band offsets are taken from Ref. 39.

LAO layer has a finite thickness; i.e., the LAO is ter-
minated by a surface. Let us first consider the (hypo-
thetical) situation in which we do not allow any charge
transfer from the interface to the surface. The energy of
this system would then simply correspond to the surface
energy of the LAO. Using the methodology described in
Sec. II B, we have calculated the absolute surface energy
values for different surface reconstructions and termina-
tions on bulk LAO. A full account is given in Ref. 41;
here we summarize the key results and plot the calcu-
lated surface energy values for the unreconstructed as
well as reconstructed surfaces for both LaO and AlO2

terminations in Fig. 8.

The surface energy values in Fig. 8 depend on the
chemical potentials of the constituent atoms, namely µO,
µAl and µLa, as in Eq. (1). These chemical potentials
are representative of the chemical environment in which
LAO is grown and characterized. We plot the surface
energies as a function of µO, which is the variable that is
most commonly controlled in experiments. The stability
region of LAO [shaded regions in Fig. 8] is defined by
these chemical potentials through Eq. (2), which forms
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one constraint. Since there are three variables in total,
we have to choose one additional constraint. As discussed
in Sec. II B, we examine the two limits, namely Al-rich
conditions [dashed boundary lines in Fig. 8], given by
Eq. (3), and La-rich conditions [solid boundary lines in
Fig. 8], given by Eq. (4). Once a limit is chosen, the
surface energy becomes dependent on µO alone.
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2
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Figure 8. (Color online) Surface energy (in eV/Å2) for (2×2)
O-vacancy (VO) (black), (3×2) Al-adatom (Alad) (blue), and
the (3×2) La-vacancy (VLa) (orange) reconstructions on the
LaAlO3 surface as a function of µO. The unreconstructed
AlO2 (green) and LaO (red) terminations are also shown.
The regions shaded by diagonal crosshatching indicate the
range of surface-energy values for LaO-terminated surfaces,
and those shaded by solid colors are for AlO2-terminated sur-
faces, under the conditions within which LAO is stable; the
boundaries indicated by dashed lines correspond to Al-rich
conditions and those indicated by solid lines correspond to
La-rich conditions. Details of stability regions and limiting
conditions are discussed in the text.

Figure 8 illustrates that the surface energies of unre-
constructed surfaces change linearly with µO, but that
the surface energies of the reconstructed surfaces are in-
dependent of µO. The latter occurs because these par-
ticular surfaces are stoichiometric with respect to LAO,
Al2O3, and La2O3. For the purposes of this paper, we
will choose Al-rich conditions. A more comprehensive
treatment, including a discussion of La-rich conditions,
is included in Ref. 41.

The reconstructions that are found to be most stable
are all consistent with the electron counting rule. For ex-
ample, let us consider adding an Al adatom to the AlO2-
terminated surface. The unreconstructed surface has 0.5
holes per areal unit cell [Sec. III B]. An Al adatom can
donate 3 electrons. Therefore, an Al adatom every 6 areal

unit cells will result in an insulating state by completely
filling all the holes. From the calculations, we indeed find
a (3×2) Al-adatom reconstruction to be the most stable
reconstruction on the AlO2 termination, with the (2×2)
O-vacancy slightly higher in energy. On the LaO termi-
nation, the (3×2) La-vacancy is the most stable recon-
struction. Overall, the LaO termination with the (3×2)
La-vacancy has the lowest surface energy, in the absence
of impurities.

Our calculations also indicate that the presence of hy-
drogen alters the stability of the LaO versus the AlO2

termination. Under Al-rich conditions, H binds to an O
atom forming a (2×1) H-adatom reconstruction on the
AlO2-terminated surface, whereas under La-rich condi-
tions a (2×1) OH adsorbate reconstruction forms on the
LaO-terminated surface.

C. Charged surfaces of LAO

In the previous section we considered an LAO layer
of finite thickness on top of an STO substrate, and the
(hypothetical) situation in which no charge transfer is
allowed from the interface to the surface. Not allowing
for charge transfer is unphysical, of course. For instance,
as we saw in Sec. III B, the AlO2 termination has unoc-
cupied surface states in the lower part of the band gap,
which lie well below the Fermi level (which is near the
CBM of STO at the interface); based on the band align-
ment between STO and LAO (Fig. 7), we thus expect
electron transfer from the interface to the surface. On
the other hand, the LaO-terminated surface has no such
empty states low in the gap [Fig. 6(a)], so no electron
transfer will occur and the energy of the system with
an LaO surface will remain unchanged. LaO-terminated
surfaces would therefore be preferable from the point of
view of maintaining a high density of electrons at the
interface; however, such surfaces seem more difficult to
obtain during thin-film growth.52 In the remainder of this
section we focus on the AlO2-terminated surface.

In order to study the effect of charging the surface,
we consider adding or removing electrons from the un-
reconstructed (1×1) AlO2-terminated surface. Our task
will be to calculate the surface energy as a function of
electrons added or removed. I.e., we wish to perform
calculations on LAO slabs with (1×1) AlO2-terminated
surfaces with various amounts of charge added to the
cell using the supercell approach to treat charged sur-
faces as described in Sec. II C. We perform calculations
with the surface charge ranging from −0.5 (addition of
0.5 electrons) to +0.5 (removal of 0.5 electrons, equiv-
alent to addition of 0.5 holes) per 1 × 1 areal unit cell.
This surface charge is related to the total CBC, q, as
−q/2A, where A is the area of a unit cell and the fac-
tor of 1

2 accounts for having two identical surfaces in the
supercell. Figure 9 shows results for the total energy for
different amounts of charge added to the supercell. The
uncorrected surface energy (in meV/Å2) is obtained di-
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rectly from the first-principles calculation, referenced to
the corresponding neutral surface.
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Figure 9. (Color online) Surface energy change (in eV/Å2)
with respect to the neutral surface as a function of surface
charge (in units of the magnitude of electronic charge) per
(1×1) unit. Negative charge indicates added electrons and
positive charge corresponds to electrons removed (or holes
added). Solid squares (blue) are results without correction
and open circles (green) represent corrected values. The solid
(red) line shows the results of Eq. (10), based on Koopmans’
theorem generalized for charged surfaces.

As discussed in Sec. II C, the total energy (and hence
the surface energy) obtained from a charged supercell cal-
culation must be corrected for the spurious interaction
due to the compensating background charge. We obtain
the corrected surface energy by following the steps ex-
plained in Sec. II C leading to Eq. (9). The corrected
energy corresponds to an auxiliary system where charge
compensation is provided by reference electrodes placed
at the edges of the supercell, and is also plotted in Fig. 9.

In order to analyze and disentangle the various en-
ergy contributions, we turn to the generalized “Koop-
mans’ theorem for charged dielectric surfaces” discussed
in Sec. II C 3. According to the theorem, the energy of a
charged surface of a dielectric upon the addition/removal
of charge can be obtained solely from quantities related
to the neutral surface, and is given by Eq. (10). We plot
γ(q) along with our uncorrected and corrected surface
energies obtained from explicit charged-cell calculations
in Fig. 9.

To ensure that the approximations made in Sec. II C
are reasonable, we assess the sensitivity of the corrected
surface energy values to the parameters being approxi-
mated. We performed these assessments for the case of
0.5 e− per areal unit cell added, which can be considered
a “worst case.” We explored different dielectric profiles,
such as the error-function profile suggested by Komsa and
Pasquarello,28 but found that introducing a smearing of
1 Å results in a change of less than 15 meV/Å2 in the
corrected surface energy (which is small compared to the

magnitude of this energy, see Fig. 9). A 0.5 Å change in
the position of the surface plane, Ls/2, also changed the
results by less than 15 meV/Å2. With regard to Eq. (10),
we examined the case where zc is assumed to be indepen-
dent of the charge added. Taking zc = Ls/2 resulted in
an error of only 20 meV/Å2 in the surface energy γ(q).

The approximate expression for γ(q) [Eq. (10)] is re-
markably very close to the results from our full first-
principles calculations. We can therefore conclude that
all of the changes in the surface energy due to charge ad-
dition are extrinsic, by which we mean that they result
purely from the transfer of electrons between a reservoir
of electrons (represented by the electrodes) and the sur-
face. This extrinsic energy change can be separated into
(1) the energy gained or lost due to the transfer of elec-
trons between the reservoir at the vacuum level and the
highest occupied/lowest unoccupied level on the surface
[second term in Eq. (10)], and (2) an electrostatic contri-
bution, which is equal to the energy required to charge
a parallel-plate capacitor of separation equal to the vac-
uum thickness [third term in Eq. (10)].

Any deviation between the full, corrected result and
the result based on Koopmans’ theorem must be at-
tributed to intrinsic contributions, i.e., due to changes
in the electronic structure of the surface upon charge
addition. Our results indicate that these contributions
are quite small, amounting to changes in the surface
energy by less than 10 meV/Å2 for amounts of added
charge up to a magnitude of about 0.4e− per areal unit
cell. This is small compared to the absolute value of the
neutral AlO2-terminated surface energy, which is about
130 meV/Å2(under Al-rich conditions at µO = 0 eV; see
Fig. 8). Larger deviations in the surface energy occur
for charge addition exceeding 0.4e− per areal unit cell.
We attribute this to electrons spilling out into the vac-
uum, which occurs due to the lowering of the potential
in vacuum for such large CBC densities. This is actually
an artifact of our first-principles calculations due to the
presence of CBC in the vacuum region, and does not indi-
cate that Koopmans’ theorem [Eq. (10)] is less accurate.

D. Energetics of LAO/STO with surface charging

We can now apply the general formalism for the
surface-energy correction to the case of a thin layer of
LAO on STO. We start from our zero-energy reference
structure [Sec. IV A], which is the interface between semi-
infinite LAO and semi-infinite STO, at which an intrin-
sic 2DEG with a density of 0.5e− per 2D unit cell area
(3.3×1014 cm−2) is present [Fig. 7(a)].

When the thickness of LAO is finite, an energy cost
needs to be paid associated with the creation of a sur-
face. In the case of a neutral AlO2-terminated surface,
and given our definition of the reference structure, this
cost is simply equal to the surface energy for an unre-
constructed AlO2-terminated surface, γAlO2

(µO), which
is shown in Fig. 8. But it is clear from Fig. 7 that the
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energy can be lowered by transferring electrons from the
2DEG to unoccupied surface states on the surface, which
in the case of the AlO2-terminated surface occur in the
lower part of the band gap. This energy gain can be
obtained from the approach discussed for LAO slabs in
Sec. IV C: the surface-energy change is given by the en-
ergy related to the transfer of electrons from the electrode
to the LAO surface. Within that formalism, the electrode
acts as a reservoir for electrons, and its potential was set
to zero. In a realistic LAO-STO system, which we are
discussing now, the intrinsic 2DEG at the interface acts
as the electron reservoir.

As charge is transferred between the 2DEG and the
surface, a field builds up across the LAO layer, as shown
in Fig. 7(b). This is the same type of field that was
present in the vacuum, within the methodology for an
isolated LAO slab discussed in Sec. IV C. This field con-
tributes to the parallel-plate capacitor energy accounted
for by the third term in Eq. (10). If we assume zc to
be constant (as discussed at the end of Sec. II C 3), then
(Lz/2 − zc) is equivalent to the thickness d of the LAO
layer. Equation (10) can then be rewritten for the spe-
cific case of LAO/STO, where the field is present across
the LAO film, as

γ
LAO/STO
AlO2

(µO) = γAlO2(µO)−
σt

e

[(
EF − ESTO

VBM

)
−∆Ev −∆Es

]
+

1

2

σ2
t d

ε

= γAlO2
(µO)− σt∆V +

1

2

σ2
t d

ε

(12)

where γAlO2
(µO) is the surface energy of the neutral

AlO2-terminated surface [which depends on µO, see
Sec. II B], σt is the charge density transferred from the
interface to the surface, d is the LAO film thickness,
and EF, ESTO

VBM, ∆Ev, and ∆Es are defined in Fig. 7.
In the third line, we have combined these terms as
∆V =

[(
EF − ESTO

VBM

)
−∆Ev −∆Es

]
/e, which is the

potential change when an electron is transferred from the
2DEG to the surface states, analogous to the quantity φ
in Eq. (10).

Comparing this expression to that developed by Bris-
towe et al. [Eq. (16) in Ref. 9], we see that we have a
very similar expression, but with opposite signs on the
terms. The difference in the signs is due to the choice
of the zero-energy reference structure, which in Ref. 9 is
taken to be the LAO/STO structure with an insulating
interface and a field in LAO. The energy that they derive
is for electron-hole pairs being created and separated by
the field to form the 2DEG and charge the surface. We,
on the other hand take the 2DEG as intrinsic to the in-
terface between semi-infinite LAO and semi-infinite STO,
which is our zero-energy reference structure [Sec. IV A].
We feel our choice more accurately reflects the physics,
and clearly identifies the origin of the electrons in the
2DEG.

Equation (12) shows that the surface energy depends
on d and σt. Since there is an equal density of elec-

trons in the interfacial 2DEG and excess holes on the
AlO2-terminated surface, there will be full transfer of
electrons from the interface to the surface if the thick-
nesses d is small enough. The upper limit on this “small
enough” thickness will be set by the situation where the
surface states are raised high enough in energy to co-
incide with the Fermi level. This raising of the surface
states occurs because of the presence of an electric field in
the LAO layer. The field arises from the electron trans-
fer, which leaves both the interface and the surface with
a net charge, and can be calculated from Gauss’ law:
E = σt/εε0. For the case σt/e = 3.3× 1014 cm−2, using
ε = 25 [Ref. 53], this leads to a field E = 2.4×107 V/cm.
The critical thickness is reached when the potential dif-
ference over the LAO layer, given by E ·d, becomes equal
to ∆V (calculated to be 3.1 V), the difference between
the Fermi level at the LAO/STO interface for the case
of semi-infinite LAO (including band bending in STO
due to the 2DEG), and the surface-state level Es on the
LAO surface; at that point the surface states are raised
to the level of the Fermi level. This determines the max-
imum potential difference, because for larger values of d
the electric field will be reduced by the transfer of elec-
trons from the surface back to the interface. For a field
E=2.4×107 V/cm and with ∆V=3.1 V, the critical thick-
ness is 1.3 nm (∼ 3.5 unit cells), in agreement with the
experimental value of 4 unit cells.

In general, for any given thickness d, the total charge
transferred to the surface depends on ∆V as discussed
above. Defining σint to be the intrinsic 2DEG density
corresponding to 0.5e− per areal unit, we can write σt as
a function of d:

σt =

{
∆V ε
d , ∆V ≤ σint

ε d

σint, ∆V ≥ σint

ε d
(13)

In Eq. (13), as the thickness of LAO becomes large (d→
∞), the density of 2DEG electrons transferred to the
surface becomes small (σt → 0) with a 1/d dependence
because the cost of transfering electrons to the surface
becomes forbiddingly large. As a result, the 2DEG is
restored back to the interface for very thick LAO.

V. SURFACE STABILITY AND ITS EFFECT
ON 2DEG DENSITY

A. Unreconstructed AlO2-termination

The discussion in Sec. IV D shows that, for small thick-
nesses of LAO, the system with an unreconstructed but
charged AlO2-terminated surface can significantly re-
duce its energy with respect to the neutral surface. In
the present section we will address that energy lowering
quantitatively, and also investigate whether the energy of
the charged unreconstructed surface would become lower
than the energy of reconstructed surfaces. The (cor-
rected) surface energy for a 2-unit-cell thick LAO layer
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with an AlO2-terminated surface is plotted in Fig. 10;
the energy gained by charging the surface lowers the sur-
face energy by 85 meV/Å2. We see that under O-rich
conditions (µO ≥ −1 eV) this charged surface is lower in
energy than all of the reconstructed surfaces considered.
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Figure 10. Surface energy (in eV/Å2) for AlO2-terminated
thin films of LAO as a function of µO under Al-rich con-
ditions [see Eq. (3)]. Results for an LaO-terminated surface
with a (3×2) La-vacancy reconstruction are included for com-
parison. The dotted (gray) line labeled “2uc AlO2” is the
corrected surface energy after electron transfer to the unre-
constructed AlO2-terminated surface for a 2-unit-cell LAO
film. Solid lines refer to the minimized surface energy un-
der a combination of electron transfer and an Al-adatom
surface density of CAlad at each µO corresponding to a 2-
unit-cell LAO film [light (orange) line] and a 4-unit-cell film
[dark (blue) line]. The dashed lines refer to surface ener-
gies of (3×2) La-vacancy [VLa(3×2)] (red), (2×2) O-vacancy
[VO(2×2)] (black), and (3×2) Al-adatom [Alad(3×2)] (blue)
reconstructions, and the unreconstructed (but relaxed) AlO2-
terminated surface (green).

B. Energetics due to surface defects and
reconstructions

In Sec. IV, we considered the unreconstructed AlO2-
terminated surface, and showed that charging the sur-
face can significantly lower its energy, for small thick-
nesses of LAO films. The resulting energies need to be
compared with those of the reconstructed surfaces; as
discussed in Sec. IV B, reconstructions on neutral sur-
faces can also significantly reduce the surface energy.41

For the AlO2-terminated surface, the energetically favor-
able reconstructions are the ones that fill the holes in

surface states in the lower part of the band gap. For in-
stance, Al adatoms act as donors, supplying 3 electrons
per adatom; electron counting then indicates that a re-
construction consisting of one Al adatom in a 3× 2 unit
cell will exactly fill all the holes on the AlO2-terminated
surface.

The result for a fully reconstructed Alad 3× 2 surface
is included in Fig. 10. We observe that for µO values
above –2.4 eV the energy of the charged surface (in the
2-uc case) is lower than that of the reconstructed Alad

3 × 2 surface. However, in order to obtain a complete
picture, we need to allow for the possibility that the fill-
ing of low-energy unoccupied surface states could result
from a mixture of electron transfer and atomic recon-
structions. Each Al adatom can compensate three holes
on the surface. Energy is gained by filling the low-lying
surface states, but there is a cost associated with the
formation of the adatom “defects”. (We use the term
“surface defects” here not to imply that we performed
explicit calculations of surface point defects, but to re-
fer to a uniformly spaced 2D array of a specific defect
with a given concentration on the surface.) The process
of forming a surface defect competes with the transfer of
electrons from the 2DEG at the interface, which also has
a cost, reflected in the third term of Eq. (12) (essentially
the energy of a capacitor).

Let us assume we have donor defects of type i with a
surface defect density Ci, which each contribute qi elec-
trons to the AlO2-terminated surface states. The sheet
charge density of electrons transferred from the 2DEG
to the surface, σ′t, is now reduced because a fraction of
the surface holes are compensated by the donor defects,
leading to a modified version of Eq. (12):

γ
LAO/STO
AlO2

(µO) = γAlO2
(µO)− σ′t∆V +

1

2

(σ′t)
2d

ε

+
∑
i

Ci
Cmax

∆γi.
(14)

σ′t is given by

σ′t =

{
∆V ε
d , ∆V ≤ (σint−

∑
i Ciqi)

ε d

σint −
∑
i Ciqi, ∆V ≥ (σint−

∑
i Ciqi)

ε d
(15)

Cmax is the defect density on the surface that would
correspond to a completely reconstructed surface (i.e.,
completely filling the hole states) formed by the defect
species; for instance, for Al adatom defects this corre-
sponds to one Al adatom every six surface unit cells. ∆γi
is the energy difference per areal unit between the com-
pletely reconstructed surface and the unreconstructed
surface. Since energy is gained by forming the defect,
∆γi is a negative quantity. In our model, we approxi-
mate the surface energy in the presence of defects by a
linear interpolation between the unreconstructed surface
and the completely reconstructed surface formed by the
defect. This allows us to obtain ∆γi from the calculated
surface energies for a fully reconstructed surface (denoted
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γi) compared to that of the unreconstructed surface:

∆γi = [γi(µO)− γAlO2(µO)] . (16)

Given a specific defect, and a thickness of LAO, our
task will be to find the density of surface defects, and
the 2DEG density remaining at the surface, that mini-

mizes the energy of the system given by γ
LAO/STO
AlO2

(µO)

in Eq. (14). The constraint we impose for this minimiza-
tion is the requirement that there are no empty states
present on the surface in the lower part of band gap; i.e.,
all the holes on the surface are completely filled either
by electrons transferred from the 2DEG or by electrons
donated by surface defects.

C. Effect of surface defects and reconstructions on
the 2DEG density

We now investigate the effect of surface reconstructions
and defects on thin LAO films and the 2DEG density at
the interface. As discussed earlier, the formation of these
defects cause a reduction in the available surface states
because of their donor nature. Due to this, there will now
be fewer electrons, σ′t transferring to the surface from the
interface, in comparison to the case where there are no
such surface defects, for a given thickness d. The effect of
these surface defects will be to alter the 2DEG density at
the interface from the intrinsic density value, σint. There-
fore, the resulting 2DEG density at the interface is given
by (σint − σ′t). For a specific surface defect, our task will
be to determine σ′t, for a given thickness d, which mini-
mizes the energy of the LAO/STO system (compared to
our zero-energy reference system) given in Eq. (14). As
a consequence, we also determine the density of surface
defects, Ci that also simultaneously minimizes the energy
in Eq. (14) for a given d.

Oxygen vacancies as surface defects have been exten-
sively discussed in the literature [Ref. 9 and references
therein]. Our own calculations indicate, however, that Al
adatoms (Alad) in a 3×2 configuration are more stable
for all experimental growth conditions than O-vacancies
(VO) in a 2×2 configuration41 [Fig. 8]. In addition, it may
be necessary to consider adsorption of impurities. In par-
ticular, hydrogen is present in most growth and annealing
environments. We therefore also consider the effect of H
adatoms on the 2DEG density. Indeed, from our previous
calculations41 we found that H adatoms (Had) serve as
donors on the AlO2-termination by completely filling the
holes on the surface and forming a (2×1) surface recon-
struction. In the following analysis, we focus on these
specific surface defects, namely Alad, VO and Had, and
study their effect on the surface energies of the AlO2-
terminated surface and the resulting 2DEG densities at
the interface.

The number of electrons donated by a specific defect
is obtained from the charge state of the defect. An Alad

donates 3e−. Therefore, for any given surface density of

Alad, CAlad , the sheet density of empty states on the sur-
face, which can take up electrons, can be determined. In
practice, to determine CAlad that minimizes the energy
of the LAO/STO structure, we calculate the energy in
Eq. (14) at different values for CAlad , for a given thick-
ness and fixed chemical potentials (for example µO = 0
eV) with the constraint that the holes in surface states
are completely filled either by electrons donated by sur-
face defects or by electrons transferred from the 2DEG or
a combination of both. The minimum of the surface ener-
gies computed determines CAlad , as well as the resulting
2DEG density at the interface (σint − σ′t), for a given d
and chemical potential. The minimized values for the
surface energy in the presence of Al-adatom defects for
2- and 4-unit-cell thick LAO are plotted as a function µO

in Fig. 10. We see that for these thicknesses, it is more
favorable to transfer electrons to the surface under O-
rich conditions. As we move towards O-poor conditions,
CAlad increases, tending towards the value correspond-
ing to the (3×2) reconstruction under extremely O-poor
conditions.

The resulting 2DEG density is plotted as a function
of thickness d for two oxygen chemical-potential values,
µO = 0 eV (O-rich conditions) [Fig. 11(a)] and µO = −2
eV (O-poor conditions) [Fig. 11(b)]. Due to the con-
straint imposed on the surface to be insulating, as holes
in LAO surface states are energetically unfavorable, the
density of Al adatoms on the surface, CAlad , exhibits the
same trend with thickness as does the 2DEG density at
the interface. A treatment for VO leads to similar trends
in the 2DEG density with thickness, as plotted in Fig. 11.
Each VO donates 2e−. For both Alad and VO the criti-
cal thickness and the 2DEG density strongly depend on
the oxygen chemical potential µO, with O-rich conditions
favoring a higher 2DEG density.

Results for Had, which donates 1e−, are also included
in Fig. 11. Since the energy of surfaces with Had de-
pends on the hydrogen chemical potential µH, in addi-
tion to its dependence on oxygen chemical potential µO,
we present results for two cases: µH = −1 eV (H-rich),
and µH = −2 eV (H-poor). The critical thickness and
the 2DEG density are strongly altered by the hydrogen
chemical potential, with H-rich conditions giving a higher
2DEG density. We note, however, that the 2DEG density
for Had is independent of µO. This is because the AlO2-
terminated surface with H adatoms has the same stoi-
chiometry as an unreconstructed AlO2-terminated sur-
face, which leads to an identical dependence on µO for
γHad

(µO) and γAlO2
(µO). Therefore, the energy gain in

Eq. (16) becomes independent of µO. The 2DEG den-
sity in the absence of surface defects is also plotted in
Fig. 11 for comparison. It can be seen that the presence
of surface defects increases the 2DEG density and alters
the critical thickness required to form the 2DEG. These
trends are consistent with experimental observations by
Xie et al.15,17,18 They observed that increasing the ex-
posure of the surface to adsorbates modulates the 2DEG
density, and for certain cases even switches the interface
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Figure 11. 2DEG density (in units of 1014 cm−2) under Al-
rich conditions as a function of LAO thickness for different
surface defects, namely, Al-adatom (Alad) (green), O-vacancy
(VO) (red), and H-adatom (Had) for µH = −1 eV (solid or-
ange) and for µH = −2 eV (dotted blue) at (a) µO = 0 eV,
and (b) µO = −2 eV. For comparison, the 2DEG density
in the absence of surface defects is plotted in gray (labeled
“no defects”). The maximum 2DEG density corresponding
to 3.3×1014 cm−2 is indicated by the black horizontal bar.

from an insulating to a conductive state. This is due to
the strong influence of the exposure conditions on the
adsorbate density on LAO.

Our calculated values for the 2DEG densities and for
the critical thickness are in qualitative agreement with
the majority of experimental reports;4,13–19,54 however,
quantitative agreement is still lacking. One reason for

the discrepancies might be the sensitivity of the results
to the value of the dielectric constant. We used ε = 25
[Ref. 53], but ε is known to be dependent on strain and
electric field, as noted by Chen et al.25 Values ranging
from 21 to 46 have been used in the literature,8,9,25 rec-
ognizing that the critical thickness and the 2DEG den-
sity are sensitive to ε. We also note that there is a lack
of agreement between different experimental methods of
measuring the 2DEG density; specifically, transport and
optical measurements give different results.55 The exper-
imentally reported 2DEG densities obtained for differ-
ent samples vary by an order of magnitude. Our aim
in the present work was to comprehensively address the
effects of the LAO surface on the 2DEG density. We
are confident that the trends obtained from our anal-
ysis are correct and informative. However, the actual
2DEG density probed by experiments can be affected by
a number of other mechanisms, such as carrier localiza-
tion, defect-related trapping centers, and stoichiometry.
These effects are beyond the scope of the present paper,
but could be readily incorporated into the general model
we have developed. Specifically, our model can be ex-
tended to various surface processes that might occur on
the LAO surface, and can be used to explore heterostruc-
tures other than LAO/STO.

VI. CONCLUSIONS

We have outlined a general methodology for address-
ing the commonly occurring problem in surface science
where there is an exchange of charge between the surface
and a source/sink of charge within the system. This in-
cludes semiconductor surfaces, where exchange of charge
between an interface or dopants/defects near the surface
(reservoir) and surface states gives rise to band bend-
ing. Instead of performing first-principles calculations
on the complete system (including the surface as well
as the reservoir), which is often computationally pro-
hibitive, our approach allows us to treat the surface in iso-
lation and simultaneously take the charge exchange into
account by way of charged surface calculation, thereby
greatly reducing the computational cost involved. In or-
der to assess the surface energetics for such charged sur-
faces we developed a methodology for charged dielectric
surfaces.

Equipped with this methodology, we have addressed
LAO/STO heterostructures and established a consistent
model that describes the 2DEG formation as well as
charge transfer and interactions between the 2DEG and
the LAO surface. Quantitative results were obtained us-
ing first-principles calculations based on hybrid density
functional theory. A 2DEG of density 3.3×1014 cm−2 is
intrinsic to the LaO-TiO2-type interface. However, in the
presence of an LAO surface, the electrons from the 2DEG
may transfer to surface states leaving the interface insu-
lating or with a smaller 2DEG density. In particular, an
AlO2-terminated surface exhibits empty states near the
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valence band that can be filled by the 2DEG electrons.
Indeed, we find that filling these surface states stabilizes
the AlO2-termination significantly, and provides an ex-
planation for the observed insulating behavior of samples
below a certain critical thickness.2–4

We also allowed for the presence of defects on the sur-
face. Using first-principles values for surface energies, we
then obtained the 2DEG density as a function of thick-
ness of the LAO layer. We find that the critical thick-
ness required to form the 2DEG is sensitive to the oxy-
gen chemical potential (as well as the hydrogen chemical
potential, in case of hydrogen being present in the envi-
ronment), and that increasing the surface defect density

reduces the critical thickness.
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34 P. E. Blöchl, Phys. Rev. B 50, 17953 (1994).
35 G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
36 G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).
37 G. Kresse and J. Furthmüller, Comp. Mater. Sci. 6, 15

(1996).
38 G. Kresse and J. Furthmüller, Comp. Mater. Sci. 6, 15

(1996).
39 L. Bjaalie, B. Himmetoglu, L. Weston, A. Janotti, and

C. G. Van de Walle, New J. Phys. 16, 025005 (2014).
40 A. Janotti, D. Steiauf, and C. G. Van de Walle, Phys.

Rev. B 84, 201304 (2011).



17

41 K. Krishnaswamy, C. E. Dreyer, A. Janotti, and C. G.
Van de Walle, Phys. Rev. B 90, 235436 (2014).

42 H. Monkhorst and J. Pack, Phys. Rev. B 13, 5188 (1976).
43 C. Freysoldt, J. Neugebauer, and C. G. Van de Walle,

Phys. Rev. Lett. 102, 016402 (2009).
44 C. Freysoldt, J. Neugebauer, and C. G. Van de Walle,

Phys. Status Solidi B 248, 1067 (2011).
45 C. Freysoldt, B. Grabowski, T. Hickel, J. Neugebauer,

G. Kresse, A. Janotti, and C. G. Van de Walle, Rev. Mod.
Phys. 86, 253 (2014).

46 J. Lee and A. A. Demkov, Phys. Rev. B 78, 193104 (2008).
47 Y. Li and J. Yu, J. Phys. Condens. Matter 25, 265004

(2013).
48 A. Baldereschi, S. Baroni, and R. Resta, Phys. Rev. Lett.

61, 734 (1988).

49 S.-G. Lim, S. Kriventsov, T. N. Jackson, J. H. Haeni,
D. G. Schlom, A. M. Balbashov, R. Uecker, P. Reiche,
J. L. Freeouf, and G. Lucovsky, J. Appl. Phys. 91, 4500
(2002).

50 M. Leslie and N. Gillan, J. Phys. C Solid State Phys. 18,
973 (1985).

51 G. Makov and M. C. Payne, Phys. Rev. B 51, 4014 (1995).
52 M. Huijben, G. Rijnders, D. H. A. Blank, S. Bals, S. Van

Aert, J. Verbeeck, G. Van Tendeloo, A. Brinkman, and
H. Hilgenkamp, Nature Mater. 5, 556 (2006).

53 X.-b. Lu, Z.-g. Liu, Y.-p. Wang, Y. Yang, X.-p. Wang,
H.-w. Zhou, and B.-y. Nguyen, J. Appl. Phys. 94, 1229
(2003).

54 Y. Yamada, H. K. Sato, Y. Hikita, H. Y. Hwang, and
Y. Kanemitsu, Appl. Phys. Lett. 104, 151907 (2014).

55 G. Berner, S. Glawion, J. Walde, F. Pfaff, H. Hollmark,
L.-C. Duda, S. Paetel, C. Richter, J. Mannhart, M. Sing,
and R. Claessen, Phys. Rev. B 82, 241405 (2010).


