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Understanding the interactions between oxygen vacancies at SrTiO3 (001) surfaces
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We examine the role of neutral divacancies on the electronic and atomic structure at SrTiO3 (001) surfaces
using a density functional theory + U approach. Our results show that the interactions between divacancies are
significantly less repulsive at the SrO-terminated surface (0.05 eV) than at the TiO2-terminated one (0.38 eV),
mainly due to the increased electrostatic screening at the ionic SrO layer compared to the covalently bonded
TiO2 layer. The interaction energies are a nonmonotonic function of distance, with the fourth-nearest-neighbor
oxygen-oxygen divacancy showing a significantly reduced repulsion at 0 K on the TiO2-terminated surface
where the defects are in the equatorial oxygen plane. This enhanced reduction in the repulsive interaction is a
consequence of the much larger reduction in local symmetry relative to other divacancy arrangements arising
from strong coupling with in-plane octahedral distortions. On the SrO-terminated surface, due to increased
electrostatic screening, the interaction energy begins to decrease beyond the third-nearest neighbor. On both
surfaces, the reduced repulsion (0.05 and 0.38 eV) should permit oxygen vacancy ordering at finite temperatures.
Finally, we discuss the emergence of a two-dimensional electron gas due to oxygen divacancies at both the TiO2-
and SrO-terminated SrTiO3 (001) surfaces and contrast them with the case of a single oxygen vacancy. Neutral
oxygen vacancies on the SrO termination lead to more electron localization than on the TiO2 surface. These
results suggest an explanation for the local ordering observed in experiment, thereby highlighting the importance
of ordering both for enhanced conductivity and carrier densities at oxide surfaces and at heterostructure interfaces.
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I. INTRODUCTION

The discovery of a two-dimensional electron gas (2DEG)
at the SrTiO3/LaAlO3 interface [1] has motivated many
investigations in order to understand this phenomenon. 2DEGs
have also been discovered in heterointerfaces with other band
insulators such as LaGaO3 [2]. Interfaces between STO and
Mott insulators, e.g., SrTiO3/LaNiO3, also show an increase in
conductivity [3]. While oxygen vacancies are not, in general,
thermodynamically stable at oxide surfaces and interfaces
[4,5], they are metastable during and after growth. The level
of metallicity is strongly dependent on the growth conditions.
For example, growth under oxygen-poor conditions leads to
increased interfacial free-electron densities by nearly two
orders of magnitude relative to oxygen-rich conditions [6].

Surprisingly, experiments show that even bare STO surfaces
can generate 2DEGs [7,8] and δ doping can further lead
to superconductivity [9]. Although the mechanism of the
presence of 2DEG at STO surfaces remains unclear, oxygen
vacancies have been suggested to play a central role [7,8,10].
Previous theoretical works have addressed the importance of
a single oxygen vacancy in creating 2DEGs at STO surfaces
[11,12]. Hybrid density functional theory (DFT) calculations
suggest that a single neutral oxygen vacancy introduces a
defect state ∼0.57 eV below the conduction-band minimum
[13,14]. The vacancy is thought to be a n-type donor with a
localized spin-polarized electron deep in the in-gap state and
another electron delocalized in the conduction-band minimum
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states. However, experiments also indicate the presence of
ordered vacancies, both in bulk perovskite oxides and at
oxide heterostructures [15–19]. Regions with ordered oxygen
vacancies in YMnO3 are found to be conducting [20], implying
that ordered vacancies may also be metallic. A theoretical
study of oxygen vacancies in bulk CaMnO3 suggests that the
ordering of vacancies is favored at finite temperatures [21].
This makes it necessary to quantify the interactions between
oxygen vacancies even at bare STO surfaces and understand
their effects on structural and electronic reconstructions.

In this paper, we quantify the interactions between oxygen
vacancies as a function of separation on the SrO- and TiO2-
terminated surfaces of STO in order to understand how the
interactions in different divacancy arrangements couple to
the underlying atomic and electronic structure. We observe
that the interactions between divacancies are significantly less
repulsive at the SrO-terminated surface (0.05 eV) than at the
TiO2-terminated surface. This is possibly due to the ionic
nature of the SrO layer. In addition, at the TiO2-terminated
surface, the fourth-nearest-neighbor oxygen divacancy has
a significantly reduced repulsion at 0 K, i.e., 0.38 eV, less
than the other divacancies considered, implying that vacancies
can order at STO surfaces at finite temperatures. Here,
divacancies which result in significant symmetry breaking
due to larger distortions of the neighboring Ti-centered
octahedra lead to larger reductions in the vacancy-vacancy
repulsion. This feature is most significant for vacancies ordered
along the 〈1,3〉 direction. In addition, all possible divacancy
arrangements lead to the emergence of 2DEGs, thus explaining
the increased conductivity observed in oxide heterostructures
grown under oxygen-poor conditions that also show ordered
vacancy arrangements [15,16,20]. The largest contribution
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to the 2DEG is mainly from the pristine TiO2 layer closest
to the defective layer. The SrO layer never contributes to
the metallicity due to its intrinsic ionicity. In addition, the
nature of electron localization is very different on the two
different terminations. This implies that while the 2DEG at
ABO3 oxide heterostructure interfaces can arise from neutral
oxygen vacancies, the contribution to the metallicity comes
from the closest lying BO2 layers. While electrons tend to
delocalize occupying high-mobility metallic bands on the
TiO2-terminated surface, for the SrO-termination, vacancies
lead to strongly localized heavy bands. This might be the
reason heavy bands are seen in addition to lighter metallic
bands.

II. METHODS

We perform DFT calculations using the projected aug-
mented wave method with the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) functional as
implemented in the plane-wave code VASP [22–24]. The Sr
4s4p5s, Ti 3p3d4s, and O 2s2p electrons are treated as
valence electrons. To deal with the localized d electron states
in Ti, we utilize the Dudarev method with an onsite Coulomb
interaction U = 5.0 eV and on-site exchange interaction
J = 0.64 eV [25], consistent with the U and J values
commonly used in other reports [11,26]. For all calculations,
a cutoff energy of 500 eV for the plane-wave basis set is used
to converge the total energy to within 1 meV per formula
unit. To model a single oxygen vacancy in bulk STO, we
use a 4 × 4 × 4 supercell. For the simulations of surface
vacancies, we use a 4 × 4 supercell in the in-plane directions
and nine atomic layers along the STO 〈001〉 direction. This
large in-plane supercell is chosen to minimize the interactions
of vacancies with their periodic images. Each surface slab
consists of two symmetric surfaces with or without vacancies.
As a result, the surface slabs without vacancies and with TiO2

or SrO terminations contain 368 and 352 atoms, respectively.
A vacuum spacing of 20 Å ensures that the interactions
between the two symmetric surfaces are negligible. The
k-point sampling uses the Monkhorst-Pack scheme [27] and
employs a �-point-centered 8 × 8 × 8 mesh for the unit cell
of bulk STO and �-point-centered 2 × 2 × 1 mesh for surface
calculations. The atomic positions of the middle three layers in
the surface slabs are fixed to their bulk positions, whereas all of
the other atomic positions are optimized until the interatomic
forces are smaller than 0.03 eV/Å.

Similar to previous studies [11,12], we consider both the
TiO2 and SrO surface terminations, which have also been
experimentally observed by scanning tunneling microscopy
[28]. To facilitate ensuing discussions of various divacancies at
the (001) surfaces, we notice that oxygen atoms in the topmost
layer of the TiO2- or the SrO-terminated surfaces occupy the
sites of a square lattice, as illustrated in Fig. 1(a). The distance
between nearest-neighbor oxygen atoms in this square lattice is
a0 for the SrO termination and a0/

√
2 on the TiO2-terminated

surface, where a0 is our relaxed bulk STO lattice parameter
3.968 Å. This is close to the experimental lattice parameter
of 3.905 Å and similar to other DFT studies. We fix the first
isolated oxygen vacancy at site 0, then the second isolated
oxygen vacancy is located at the sites varying from 1 to 5.
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FIG. 1. (Color online) (a) Oxygen sublattice at the topmost layer
of STO (001) surfaces. Zero indicates the location of the first
oxygen vacancy, while the other numbers denote the positions of
the second vacancy in order to form a divacancy at the surface.
(b) Calculated interaction energies between the vacancies forming
the various divacancies at TiO2- and SrO-terminated surfaces.

Consequently, each divacancy can be explicitly identified by a
two-digit notation. For example, the 0-4 divacancy represents
the fourth-nearest-neighboring oxygen vacancy with reference
to the 0 reference vacancy site.

III. RESULTS

We first compute the formation energy Ef of a single
oxygen vacancy in bulk STO and at its (001) surfaces with the
two types of terminations. Within bulk STO, Ef is calculated
as [29]

Ebulk
f = Ebulk(1VO) − Ebulk(0VO) + μO, (1)

where Ebulk(1VO) and Ebulk(0VO) are the total energies of
the 4 × 4 × 4 STO supercells with and without an oxygen
vacancy, respectively. μO is the temperature- (T ) and pressure-
(P ) dependent chemical potential of oxygen defined as [30]

μO = 1
2EO2 + �μO(T ,P ). (2)

Similarly, the surface vacancy formation energy for our
symmetric surface is defined as [31]

Esurface
f = 1

2 [Esurface(2VO) − Esurface(0VO) + 2μO], (3)
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FIG. 2. (Color online) Bulk and surface vacancy formation ener-
gies of SrTiO3 as a function of oxygen chemical potential.

where Esurface(2VO) is the total energy of a STO surface slab
containing two symmetric single vacancies. Esurface(0VO) is
the total energy of a pure STO surface.

To define the relevant range of μO in Eqs. (1) and (3),
we take into account both the upper and lower limits of μO,
corresponding to O-rich and O-poor conditions, respectively
[32]. The upper limit is set to half of the DFT total energy of
an oxygen molecule EO2 , and all values of μO are reported
relative to this upper limit. The lower limit is determined as
one-third of the formation energy of bulk cubic STO, i.e.,

μO = 1
3

(
ESTO − ESr − ETi − 3

2EO2

)
, (4)

where ESTO, ESr, and ETi are the total energies for the bulk
phases of STO, Sr, and Ti, respectively. Equation (4) yields
−4.30 � �μO � 0 eV.

Figure 2 shows the calculated bulk and surface vacancy
formation energies as a function of μO. The bulk vacancy for-
mation energy is the highest in bulk STO for the same oxygen
chemical potential, indicating that an oxygen vacancy forms
more readily at surfaces than in the bulk, due to the reduced
coordination. Comparing the two surface vacancy formation
energies, we see that oxygen is more easily removed from the
TiO2-terminated surface than from the SrO-terminated surface.
This is because the SrO layer is strongly ionic, leading to
stronger Sr-O bonds than Ti-O bonds in the covalent TiO2

layer. Indeed, in the same rock-salt structure, the formation
energy of SrO is higher (−6.14 eV) than TiO2 (−5.62 eV)
[33]. The more covalent nature of the Ti-O bond in STO is
further supported by the large Born effective charge observed
for the Ti cations. Although it is more difficult to create a
single oxygen vacancy on the SrO-terminated surface due to
its ionicity, the same ionicity helps in screening the interactions
between oxygen divacancies, as we will see shortly below.

A range of calculated values for Ebulk
f has been reported us-

ing different methods [13,14,31,34–36]. For example, Scuseria
and co-workers [13] employed hybrid DFT calculations
to obtain a maximum Ebulk

f = 7.43 eV, under oxygen-rich
conditions. Wang and co-workers [31] report a value 4.40 eV
for the bulk using an O2 molecule for the oxygen reference,
using the PBE + U approach, with U = 4.5 eV. Mitra et al.

[14] report a neutral vacancy formation energy of 6 eV
by hybrid DFT, referenced to the oxygen molecule. Ertekin
and co-workers [36] discussed many of the uncertainties and
sources of variance in these studies in their analysis of a range
of neutral and charged defects. These include variations due to
the use of different DFTs, supercell sizes, and any corrections
applied, e.g., for the formation energy of the oxygen molecule
which is not well reproduced in PBE [37] and not corrected
within a DFT + U scheme.

Our calculated limits of Ebulk
f , i.e., 1.19 < Ebulk

f < 5.48 eV,
are in reasonable agreement with the above literature. In con-
trast, few studies have provided the vacancy formation energies
at STO (001) surfaces. For instance, Ref. [12] determines
Esurface

f as 2.92 and 4.40 eV for TiO2 and SrO-terminated
surfaces, respectively, using PBE DFT. Both values lie within
the limits of our calculated surface vacancy formation energies
shown in Fig. 2.

We next calculate the interaction energy Eint between two
single vacancies at the STO (001) surfaces. Eint is evaluated
according to the following formula [38]:

Eint = 1
2 [Esurface(4VO) + Esurface(0VO) − 2Esurface(2VO)], (5)

where Esurface(4VO) is the total energy of a STO surface
consisting of two equivalent divacancies on the top and
the bottom of the slab. This corresponds to measuring the
interactions between surface divacancies with respect to two
noninteracting isolated surface vacancies on the same type of
surface termination. The factor of two in Eq. (5) occurs because
we use symmetric surfaces for all slabs with/without vacancies.
A similar equation is used to describe the interactions between
two isolated oxygen vacancies in bulk STO [38].

Figure 1(b) shows the calculated Eint for different divacan-
cies at the STO (001) surfaces. At the TiO2-terminated surface,
the 0-4 oxygen divacancy exhibits reduced repulsion compared
to other divacancy arrangements, implying that divacancies
at the surface tend to order along specific crystallographic
directions, in this case along the 〈1,3〉 set of directions on
the surface. We note that this vacancy ordering pattern is
consistent with cluster expansion predictions [39]. We tested
the sensitivity of these results to a different pair of U and
J parameters, e.g., U = 3.2 eV and J = 0.90 eV, which
were used in Ref. [38], and found slightly different interaction
energies for the 0-3 and 0-4 divacancies (different by 0.025
and 0.042 eV, respectively), indicating that these interactions
are not highly sensitive to the choice of U .

The interaction energies at the SrO-terminated surface are
significantly less repulsive than for the TiO2 termination. This
is due to the fact that the SrO layer is more ionic than the TiO2

layer, leading to a significant amount of screening between
the neutral oxygen vacancies, thereby reducing the repulsion
between them. The interaction energy nevertheless has a
nonmonotonic function of distance, suggesting that its subtle
variations are possibly due to other electronic and structural
couplings to the underlying STO lattice. The 0-5 divacancy at
the SrO-terminated surface is the most stable configuration,
suggesting a strikingly different vacancy ordering pattern,
where three chains of oxygen atoms lie between the 0 and 5
vacancy sites, as shown in Fig. 1(a). Due to the low interaction
energies of the 0-4 and 0-5 divacancies at the TiO2 and
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FIG. 3. (Color online) Top views of the relaxed atomic positions
and electron localization function (ELF) of TiO2-terminated STO
(001) surfaces with (a) a single oxygen vacancy and (b) the 0-4
divacancy. (c) and (d) are side views for a slice along the dashed line
in (a) or (b). Titanium and oxygen atoms are represented by blue and
red spheres, respectively. Ti-O bond lengths are numerically labeled
in units of Å. The vacancies are located at the VO positions. The color
bar of the ELF is shown in the inset of (d).

SrO-terminated surfaces, respectively, we henceforth narrow
our discussion to these two specific divacancies.

The inclusion of a single vacancy or divacancy has two key
effects on the STO (001) surfaces. First, the vacancies cause
structural distortions of surrounding Ti-centered octahedra.
The distortions can be seen from Fig. 3, which shows the
optimized TiO2 layers consisting of a single vacancy and the
0-4 divacancy. At the TiO2-terminated surface [Fig. 3(a)], a
single oxygen vacancy leads to a notable readjustment of the
atomic positions of its neighboring Ti atoms; TiA and TiB.
Here, the atomic rearrangement is symmetric. For example,
the annotated Ti-O bond lengths in Fig. 3(a) are identical
(1.904 Å). However, the appearance of a divacancy breaks
the symmetry and results in different Ti-O bond lengths,
as denoted in Fig. 3(b). This is most evident for the 0-4
oxygen divacancy which significantly reduces the otherwise
local cubic symmetry, strongly coupling to octahedral tilts.
The interaction energy is strongly reduced because of the
additional relaxation under this reduced symmetry. In addition,
there is a slightly compressive tetragonal distortion of 1%. This
exemplifies the importance of the interactions between the
two single vacancies and how their ordering along different
directions couples to structural distortions in perovskites.

The structural distortions due to the vacancies at the SrO-
terminated surfaces are less significant. Figures 4(c) and 4(d)
show the cross-sectional views along the dashed line drawn
in Figs. 4(a) and 4(b) for the relaxed atomic geometries in
the presence of a single- and the lowest-energy 0-5 divacancy
arrangement, respectively. The Ti-O bond lengths around the
vacancy are only slightly smaller than the theoretical bulk STO
value of 1.98 Å. An additional vacancy (i.e., a divacancy) has
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FIG. 4. (Color online) Top views of the relaxed atomic positions
and electron localization function (ELF) of SrO-terminated STO
(001) surfaces with (a) a single oxygen vacancy and (b) the 0-5
divacancy. (c) and (d) are side views for a slice along the dashed line
in (a) or (b). Strontium, titanium, and oxygen atoms are represented
by cyan, blue, and red spheres, respectively. Ti-O bond lengths are
numerically labeled in units of Å. The vacancies are located at the VO

positions. The color bar of ELF is shown in the inset of (d).

negligible effects on the structural distortions. This can be
inferred from the minimal changes in bond lengths, depicted
in Fig. 4(d). Unlike the TiO2-terminated surface where the
vacancies are strongly coupled via octahedral distortions
because they are comprised of sites of equatorial oxygen atoms
occupying the octahedra, the vacancies in the SrO termination
are in the apical sites of the octahedra and therefore are
not strongly coupled to in-plane octahedral distortions. The
strong interactions between equatorial oxygen vacancies were
also recently seen in bulk CaMnO3 [21]. Also, the increased
ionicity of the SrO layer, as seen in the ELF [Fig. 4(b)],
leads to a stronger screening of oxygen vacancies, thereby
significantly reducing its repulsive interaction energy for all
possible configurations as compared to divacancies in a TiO2

layer. This agrees with the much lower divacancy interaction
energies that are seen at the SrO-terminated STO (001) surface.
Since the vacancies on the SrO-terminated surface are created
by removing underbonded oxygen atoms that essentially bind
to the underlying Ti atom via hybridization with its dz2 orbitals,
the removal of an oxygen ion leads to a strong electron
localization, much more than is seen on the TiO2 layer. This
is a key result, which demonstrates how the localization of
electrons on the STO surface strongly differs between the two
surface terminations.

It has been previously shown that single oxygen vacancies
(albeit at high vacancy densities) create metallic states on STO
(001) surfaces [11]. Here, we investigate the role of surface
divacancies in the emergence of metallic surface states and
contrast these with our results for single oxygen vacancies.
Figures 5(b) and 5(c) show the density of states (DOS) of
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(c) are DOS of TiO2- and SrO-terminated STO (001) surfaces with
vacancies, respectively. Inset figures show DOS around the Fermi
level.

the two STO (001) surface terminations with a single oxygen
vacancy and the 0-4 (TiO2 surface) and 0-5 (SrO surface)
divacancies. The DOS of pure STO surfaces with both the
TiO2 and SrO terminations are shown in Fig. 5(a) for the sake
of comparison and, as expected, they remain insulating with
computed band gaps of 1.36 and 2.14 eV, respectively. These
two band gaps are both smaller than our bulk STO GGA + U

band gap (2.21 eV).
Figures 5(b) and 5(c) confirm that STO (001) surfaces with

a single vacancy and the 0-4 and 0-5 divacancies become
metallic. For both surface terminations, the inset depicts the
DOS around the Fermi level that contribute to the metallicity.
Other types of divacancy ordering lead to similar metallicity,
as shown in Fig. 6. To assess whether the metallic states
found at the STO (001) surface systems with single vacancies
or divacancies give rise to a 2DEG, we examine their band
structures around the Fermi level (Fig. 7). For the TiO2-
terminated surface with a single vacancy and divacancy, three
and eight bands cross the Fermi level, respectively. On the
other hand, for the SrO-terminated surface, only one and three
bands cross the Fermi level. However, two common features
are shared by all four band structures: (i) the parabolic band
dispersions observed at the � point. Such dispersive bands are
a typical indicator of the appearance of a 2DEG [40]. (ii) Lower
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symmetry in the presence of a divacancy leads to significant
band splittings around the � point. The fat band analysis in
Fig. 7 indicates that the metallic carriers are mainly in the
Ti-d orbitals. Due to the octahedral crystal-field splitting, it
is mainly the t2g orbitals that participate in the metallicity,
but because of the local symmetry reducing distortions, there
are additional subband splittings leading to their unequal
electron filling. On the TiO2-terminated surface, the dxz and
dyz orbitals show increased contribution to the metallicity
than the dxy orbital. In the case of the SrO termination, the
metallicity comes mainly from the nearest TiO2 layer and has
predominantly a dxy character. However, due to localization of
the electron, heavier bands are also seen in the gap.

To understand which atomic layers participate in the metal-
licity, we plot the layer-decomposed partial density of states
(PDOS) in Figs. 8 and 9 for the TiO2- and SrO-terminated
surfaces, respectively. At the TiO2-terminated surface, the
tetragonal splitting leads to increased occupation of the dxz

and dyz orbitals compared to the dxy orbital. The degree of
this splitting decreases in layers below the defective layer.
Looking at the total d-orbital DOS, we find that the metallicity
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FIG. 8. (Color online) Layer-resolved PDOS for a single va-
cancy (left column) and the 0-4 divacancy (right column) on the
TiO2-terminated surface. Since only the TiO2 layers contribute to
metallicity, decomposition of the DOS is shown for the top three
distinct TiO2 layers for each case.
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cancy (left column) and the 0-5 divacancy (right column) on the
SrO-terminated surface. Since only the TiO2 layers contribute to
metallicity, decomposition of the DOS is shown for the top two
distinct TiO2 layers in each case.

has much higher contributions from the TiO2 layer just
below the defective top surface. It is worth noting that the
occupation of the dxz and dyz orbitals versus the dxy is different
than previously observed in STO/LaAlO3 heterostructures or
δ-doped STO. This is dependent on the degree of tetragonal
splitting. In our case, the c/a ∼ 0.992 for the TiO2-terminated
surface and ∼0.975 for the SrO-terminated surface in the
presence of divacancies. Tight-binding simulations suggest
that there is strong orbital ordering and, as a result, the dxy

orbitals are strongly localized and therefore in a two-carrier
model they represent the high-density, low-mobility carriers
[41]. Conversely, the dxz and dyz orbitals have nonzero hopping
parameters (but lower carrier densities) and are therefore
low-density, high-mobility carriers. As such, the increase in
the relative populations of the two may signal an enhancement
in the overall mobility of these carriers. Such changes in orbital
populations are thought to be the origin of the higher mobilities
observed in fractionally δ-doped superlattices [42].

Interestingly, for the SrO termination, in addition to the flat
defect band as seen in Fig. 7 which is predominantly of dz2

character (Fig. 9), the 2DEG is mainly derived from the dxy

orbitals (which suggests that they would be strongly localized
and perhaps have low mobilities due to orbital ordering).
Interestingly, both TiO2 layers below the surface significantly
contribute to the 2DEGs, but their contribution is still much
smaller than what is seen on a TiO2-terminated surface. The
common aspect in both terminations is that the metallicity
mainly comes from the TiO2 layers with the layer closest to
the defective surface contributing the most towards metallicity.
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IV. CONCLUSIONS

In summary, we have systematically investigated the role
of divacancies at SrTiO3 (001) surfaces using the DFT + U

method. We find that vacancy interaction energies are generally
less repulsive on the SrO-terminated surface than on the
TiO2-terminated surface due to the increased ionicity of
the Sr-O bond. On the TiO2 surface, we observe strong
directional ordering on the TiO2 surface which is due to
the coupling of vacancy sites to the local octahedral tilts.
This results in a significant reduction in the repulsion for
the 0-4 divacancy ordered along the crystallographic 〈1,3〉
direction. The low 0.05 and 0.38 eV interaction energies
suggest that these short-ranged ordered vacancies should be
visible by, e.g., electron microscopy at finite temperature.
At higher vacancy concentrations, these types of divacancies
could form, e.g., long-ranged line defects that interact with
each other to form clusters. The coupling between ordering
direction and local octahedral distortions suggests that this
effect may be a general phenomena in ABO3 compounds
and needs thorough investigation. Both terminations exhibit
some metallic character in the presence of single vacancies
and divacancies, which is confined to the TiO2 layers. In
all cases, the resultant 2DEG lies mainly in the t2g orbitals
of the Ti atoms with the TiO2 layer closest to the defective

layer having the largest occupations. In the case of the SrO
termination, oxygen vacancies lead to a strongly localized
surface state. This suggests that while TiO2-terminated layers
can be adequately doped to increase metallicity and 2DEG
character, SrO-terminated surfaces are, in general, good for
thermoelectric applications due to the heavy bands [31]. While
current studies focus on oxygen vacancies and divacancies, the
rich physics here suggests the necessity of a comprehensive
study of the different types of atomic defects and interactions
between them in ABO3 bulk systems and heterostructures
using, e.g., a high-throughput methodology.
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