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In this paper, we perform a comparative study based on ab initio modeling for perovskite A BO; (001) surfaces
and surface defect energetics in order to understand the influence of polarity and redox active Mn in the LaMnO;
system. We consider LaMnOs3, LaAlO3, SrTiO;, and briefly LaFeO; systems for comparison, which illustrate
the interplay between properties of polar surfaces and the varying d-electron shell of transition metals. We are
motivated by the need to understand the surfaces of mixed electronic and ionic conductors typically used in
solid oxide fuel cell cathodes and other ion conducting technologies, which are represented here by the LaMnOj3
system. We focus on the influence of the metal character and surface polarity on the surface and surface defect
chemistry in these selected systems. We demonstrate that the facile redox of the TM (34*) in LaMnO; with
partial e, orbital occupation (or specifically e, occupancy close to 1) allows the polar surfaces to be compensated
by changes in charge density over relatively short length scales (3 to 4 unit cells or ~1.5 nm) near the surface as
compared to LaAlOs;. In contrast to LaAlOs3, this low-energy and short-range screening mechanism leads to low
surface energies without any additional reconstruction, rapidly converging surface properties with film thickness
(by ~8 unit cells), bulklike defect chemistry more than ~1.5 nm from the surface, and surface defect energetics
that are primarily governed by the local charge doping or the created electric field near the polar surfaces. We
show that LaMnOj; exhibits very different surface properties from LaAlO; and StTiOs, thereby demonstrating
that these properties are due to the presence of the redox active transition metal with partial e, orbital occupation
and a polar surface, respectively. These understandings can help guide qualitative analysis, computational study,

and design of surfaces of mixed electronic and ionic conductors.
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I. INTRODUCTION

Transition metal (TM) perovskite mixed ionic-electronic
conductors are widely used as solid oxide fuel cell cathodes,
among a number of other applications [1,2]. (La;_,Sr,)MnO3
(LSM) is presently a widely used choice of the cathode mate-
rial in commercial solid oxide fuel cells due to its good electri-
cal conductivity, good stability, reasonable catalytic activity for
the oxygen reduction reaction, thermal expansion properties,
and relatively low cost [2,3]. Point defects, including ionic and
electronic defects, play a crucial role in the oxygen reduction
reaction activity of perovskite type mixed ionic-electronic
conductors, as both ionic/electronic conductivity and oxygen
surface exchange are strongly influenced by the content
of point defects in perovskite type mixed ionic-electronic
conductors [2,4—6]. The dominant charge carriers in LSM (for
x < 0.5in LSM) are electron holes in the entire oxygen partial
pressure region before decomposition [7,8], while the low
oxygen vacancy concentration in bulk LSM leads to poor ionic
conductivity under most conditions. The low oxygen vacancy
concentration distinguishes LSM from most other cathode
materials, which have higher oxygen vacancy concentrations
and therefore allow transport oxygen through their bulk during
their operation in a solid oxide fuel cell cathode [2]. It is
generally assumed that transport along a surface path plays
a critical role in the LSM cathodic reaction rate, although

“Corresponding author: ddmorgan @wisc.edu

1098-0121/2015/91(19)/195430(26)

195430-1

PACS number(s): 82.47.Ed, 68.47.Gh, 61.72.J—, 73.20.Hb

at high over potential the substantially reduced LSM can
create a large content of oxygen vacancies and the bulk
path will become colimiting [2,9]. Although understanding
of the LSM bulk defect chemistry under solid oxide fuel cell
conditions (900-1200 K in air) has been improved over the
last two decades [8,10-15], surface defect chemistry, which
is critical to oxygen reduction reaction performances [4,5],
still remains largely unknown. This limited knowledge is
due to difficulties in characterizing perovskite surfaces and
the sensitivity of the chemistry to processing history and
operating conditions. For example, in various experimental
papers [16-24], researchers have reported Sr surface en-
richment/segregation on LSM surfaces under polarization or
change of oxygen partial pressure or temperature. Factors
leading to surface Sr enrichment/segregation, however, still
remain unclear and potentially include elimination of surface
charge/polarity [25], electrostatic interaction between Sr and
oxygen vacancies [20,24], surface strain relaxation [24,26],
demixing [27], and potentially other factors. In addition,
it is well known that LaMnOz; and LSM can exhibit sub-
stantial cation vacancy content (correspond to oxygen over-
stoichiometry) under typical solid oxide fuel cell operating
conditions, and almost nothing is known about how cation
vacancies may behave near LSM surfaces. Hence, a detailed
picture of surface defect chemistry remains largely unresolved.
Furthermore, while we here focus on LaMnO; as a repre-
sentative of the LSM system, other TM-based mixed ionic-
electronic conducting oxides [e.g., (La;_,Sr,)CoO3 [28,29]
and (La;_,Sr,)(Co;_,Fe,)O3 [30,31]] are being explored for
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solid oxide fuel cells, and similar uncertainty to that in
LSM exists about their surface defect chemistry. The present
studies focus on general trends associated with the surface
energetics and TM properties, particularly for TM-based
mixed ionic-electronic conducting perovskites with an e,
orbital degeneracy, which exhibit energetically facile redox
capability, and are commonly used in solid oxide fuel cell
cathode applications.

A number of ab initio studies have been performed
on perovskite (001) surfaces. These studies have led to a
good understanding of surface reconstruction stabilization
mechanisms for polar surfaces of ionic-based oxides [32-35].
However, as we will show in this paper, different stabilization
mechanisms can occur in mixed ionic-electronic conducting
oxide polar surfaces, as the energetic cost of surface charge
doping in mixed ionic-electronic conductors is comparable
to or lower than the change of surface stoichiometry. Within
the family of TM-based mixed ionic-electronic conducting
perovskites, there have also been a range of ab initio studies of
perovskite surfaces, primarily (001) surfaces, including for the
LSM system. In particular, a number of studies have addressed
the defect energetics of AO and BO, terminate surfaces. For
example, Lee ef al. showed that the oxygen vacancy formation
energy in LaMnOj is about 1 eV lower (higher) than the bulk
value for BO, (AO) terminated surfaces [36,37]. Similar re-
sults were found by Kotomin et al. [38] and Piskunov et al. [39]
for LaMnO3;/LSM, and similar trends have been found for
other TM systems [e.g., LaCoO3/(La,Sr)CoO; [36,40]]. A few
studies have also looked at cation defect energetics, although
almost entirely focused on Sr or dopant segregation rather
than cation vacancies [19,20,24,29,41]. These studies have
found that St segregation is coupled with the change of oxygen
chemical potential (temperature and oxygen partial pressure),
although opposite oxygen partial pressure dependences on sur-
face Sr segregation were both reported, e.g., Refs. [19,20,29]
vs Ref. [24].

While previous studies have established that defect ener-
getics are different at the surfaces of many perovskites, there
is still an insufficient understanding of what the mechanisms
driving these differences between TM and other non-TM
systems are, of how these mechanisms differ and lead to
different surface chemistry, and of how these mechanisms
relate to fundamental factors such as nature of metal-ligand
field and polar surface compensation. Such understanding is
important for robust modeling, experimental interpretation,
and material design relating to surfaces and interfaces of these
materials.

In this paper, we present detailed investigations of surface
defect energetics for LaMnOj3 (001) polar surfaces, including
oxygen vacancies, cation vacancies, and Sr (Ca and Ba)
doping. Two other canonical examples of ABQOj perovskite
(001) surfaces, SrTiO3; and LaAlOs3, are also included to serve
as comparative cases to highlight the fundamentally different
metal-ligand characteristics for surface defect behavior of
LaMnO3/LSM, as well as to understand the role of polarity
and redox active TMs on the surface defect energetics. We
note that this paper is not intended for investigating surface
defect chemistry of LaAlO; and SrTiO3, which, due to their
significant band gaps, require significantly more efforts to treat
defect charge states, band gap error in density functional theory
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(DFT), surface space charge, etc. Such studies are beyond the
scope of this paper. Instead, only results of slab calculations
in LaAlO5; and SrTiOj; that are similar to those we discuss in
LaMnOj; are considered, as these are essential for comparison
and are useful for understanding of the influence of redox
active Mn and polarity on LaMnO; surface defect energetics.

Due to complexity as well as a lack of experimental
information on LaMnO3; /LSM surface reconstructions, in this
paper we focus on surfaces constructed through simply cleav-
ing the bulk and allowing for only local relaxations within fixed
size supercells. This approach does not allow for significant
atomic rearrangements, which might be separated by a barrier
from the cleaved surface, nor reconstructions that might be
incommensurate with our unit cell. However, these surfaces are
adequate to compare mechanisms of charge accommodation
of surface polarity vs surface defect energetics among the
different systems, which is the focus of this paper. We note
that while these cleaved surfaces are certainly oversimplified
for LaAlO5 [33,34] and SrTiO3 [35], it is quite possible
that these are the correct surface for LSM/LaMnO;3. These
surfaces have been predicted to be a possible stable surface
structure [39,42,43] under solid oxide fuel cell operating
conditions and have been found experimentally for similar
systems both at low temperature and high temperature in
recent studies [44-47]. This paper demonstrates how facile
charge motion can stabilize LaMnO3/LSM surface without
significant atomic reconstruction, thereby further supporting
the use of these ideal surfaces. Furthermore, these simple
surfaces have been widely and successfully used to model
perovskite surface activities [48—50] as well as LSM surface Sr
segregation [24], which provides additional support for their
relevance to both modeling and catalytic activity. Although
there have been theoretical studies in the literature focusing
on surface properties of each of these perovskite systems
individually [24,32,39,51-55], we here provide our own set
of comprehensive calculations rather than relying on previous
studies. These repeated calculations are necessary as the
calculated surface properties may vary depending on the
adopted computation approaches or modeling methods (e.g.,
slab thickness, symmetric vs asymmetric slab models), which
add difficulty/uncertainty in comparing different theoretical
papers reported in the literature. Our systematic study for
unreconstructed (001) surfaces of the three representative per-
ovskites using consistent computational modeling approaches
provides a consistent set of data for distinguishing key
factors that govern perovskite surface properties from material
perspectives.

This paper is organized as follows. Section II describes our
ab initio modeling approach. Section III discusses results of
calculated LaAlOj3, SrTiO3, LaMnOj3 (001) surface electronic
structures, charge doping, slab electrostatic potential profiles;
and surface energies. These calculations provide clear evi-
dence of how LaMnOjs surface properties are distinct from
LaAlOj; and SrTiOj3. Section IV discusses surface segregation
energetics for point defects and dopants for LaMnO3 (001)
surfaces vs LaAlOs, SrTiOs, where it is demonstrated that
only LaMnO; exhibits a correlation between surface dipole
compensating charge and surface point defect segregation
energies normalized with respect to the point defect charge.
Section V summarizes the key results and fundamental factors
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TABLE I. Calculated bulk lattice constants, Bader charge, and bulk defect formation energies of LaAlOs, SrTiO3, and LaMnOj in this paper.

LaAlO3
Lattice constant, a,, (A) araai03 = 3.816
Bader charge La Al 0
2.043 3.000 —1.681
Defect formation energy (eV) vy %4 Vo
Eva(def) + E(@i) — Epux(perf) La,0;3/LaAlO3/0,
in the A-site metal oxide rich condition equilibrium
25 32 6.8
Evu(def) + E(i) — Epux(perf) AL O3/LaAlO;/0,
in the B-site metal oxide rich condition equilibrium
2.1 3.6 6.8

SrTiO; LaMnO;
asrTioz = 3.931 a1.aMn0O3 = 3.941
Sr Ti (6] La Mn o
1.595 2.207 —1.266 2.076 1.728 —1.268
Vi Vi’ Vo vy (Sr)) %4 Vo
SI'O/SI'TIOg /Oz La203 /LaMnO3 /02
equilibrium equilibrium
5.40° 0.2 3.6°
2.3 3.3 —1.1
5.57° (—1.2)¢ 3.9¢
TlOz/SI'TlO3 /02 MH203 /La.MIlO";/Oz
equilibrium equilibrium
5.40° —0.6 3.6°
1.0 4.6 0.7
5.57° (—1.6)¢ 3.9¢

Vo in the AO plane of the 2 x 2 x 8 perovskite supercell (the AO plane is defined perpendicular to the z direction).

"V 6 in the BO, plane of the 2 x 2 x 8 perovskite supercell (the BO, plane is defined perpendicular to the z direction).
“The chosen E (i) reference for Sty , doping is [E(SrO) — 1/2 ¢ E(O,)] — 1/2 ¢ [E(La;03) — 3/2 ¢ E(Oy)].

4The chosen E(i) reference for Sry, doping is [E(SrO) — 1/2 e E(O,)] — [E(LaMnO3) — 1/2 @ E(Mn,03) — 3/2 e E(O5)].

leading to distinct behavior for the LaMnOj surface properties
shown in this paper, and finally Sec. VI gives the conclusions.

II. AB INITIO CALCULATION APPROACH

Calculations were performed with the Vienna Ab initio
Simulation Package (VASP) [56,57] using DFT and the
projector augmented plane wave (PAW) method [58,59].
Exchange correlation was treated in the Perdew-Wang-91
(PW-91) [60] generalized gradient approximation (GGA). The
Brillouin zone was sampled by a Monkhorst-Pack k-point
mesh of 4 x 4 x 4 for a five atom perovskite unit cell.
Energy convergence with respect to k-points was better than
a 3 meV per perovskite formula unit. Octahedral distortion in
perovskites is included by using 2a, x 2a, x 2a, supercells,
with internal relaxation starting from experimental symmetry
for LaAlOj3 [61], SrTiO3 (with no octahedral distortion) [62],
and LaMnOs3 [63], where a,, is the DFT-based lattice constant
of an ideal perovskite unit cell (summarized in Table I below).

Standard DFT-GGA calculations were performed in the
cases of LaAlO5 and SrTiO5; (001) surfaces, while GGA + U
calculations with an effective U (Ugr) of 4 eV (fit to the
experimental oxidation enthalpy of binary oxides [36,64]) was
used for the Mn 3d electrons in the LaMnOj3 system. The use of
GGA + U has been shown to improve the accuracy of LaBO3
energetics over just GGA [15,36]. Since DFT with the standard
GGA level has been shown to provide good description
on SrTiO; formation energies from binary oxides [65] and
Ti-based oxide chemistry [66], in this paper we did not employ
Hubbard U correction for calculating the SrTiO; system;
therefore, the band gap of SrTiOj; calculated with GGA is
underestimated (this is the same for LaAlO3). Improved band
structures can be further obtained with DFT + U or hybrid-
functional and Green-CoulombGW calculations (at higher
computational cost). However, in this paper we take these two
systems only as comparative cases, and therefore do not make
an effort to correct the band gap deficiency. Both LaAlO3 and
SrTiO; preserve their insulating and semiconducting nature,

respectively, as well as their polar character, despite their
underestimated band gaps. The standard DFT-GGA approach
is thereby suitable for our goals here, which are to investigate
trends in defect energetics relative to the bulk of polarized and
weakly polarized surfaces for TM and non-TM oxide systems.

Table 1 lists calculated bulk lattice constant, Bader
charges [67] of metal and oxygen constituents, and point defect
formation energy of bulk LaAlOs;, SrTiOs;, and LaMnOs.
Figure 1 shows the total density of states (DOS) normalized as
per formula unit of bulk LaAlOj3, StTiO3, and LaMnOs. These
DOS are in agreement with previously reported DFT-based
band structures of LaAlO3, SrTiO3, and LaMnQOj5 [34,36,52].
Note in this paper that LaMnOs3 is more metallic than the
ground state LaMnOj3 [which is in the A-type antiferromag-
netic state and contains Jahn-Teller (JT) distortion for the
local Mn-O environment] due to the adopted ferromagnetic
state and the constrained structure we apply. The constraints
therefore mimic the LaMnO3 and LSM properties under solid
oxide fuel cell conditions [15,36] and represent the mixed
ionic-electronic conductor character of LaMnQOs3. We note that
the DOS plots in Fig. 1 show a relative low resolution in
the energy axis, which is due to low k-point sampling in the
DFT calculations. The main purpose of the DOS plots
in Fig. 1 in this paper is for comparison with the DOS
of the slabs, where the calculations using a large k-point
mesh are too computationally demanding. In Fig. 24 (in the
Appendix), we provide the DOS of bulk LaMnO3, LaAlOs,
and SrTiOj calculated with a finer k-point mesh, where the
main characteristics of the electronic structure near the Fermi
level are consistent with those shown in Fig. 1 (LaMnOs is
metallic, while both LaAlO3 and SrTiO3 contain a band gap).
We also note that the Fermi level in this paper refers to the
zero-temperature Fermi level output by VASP, which is just
the energy of the highest occupied electronic state.

Surface calculations were performed using periodic slab
models with a 10 A vacuum placed between the truncated
(001) surfaces. Two slab models were included in this
paper: (1) symmetric slabs (where both surfaces have the
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FIG. 1. (Color online) Plots of calculated total DOS (normalized
as per formula unit) for bulk (a) LaAlOs3, (b) SrTiOs, and (c) LaMnO;.
For each material system, two sets of DOS plots with different y
axis presentation are included. The upper plot gives absolute y axis
with positive numbers for up-spin states and negative numbers for
down-spin states and the lower plot gives the logarithm scale y axis
with deep color for the up-spin states and light color for down-spin
states. The logarithm scale plots exclude zero states in the DOS, which
allows one to easily distinguish systems with and without band gaps.
In each plot, the Fermi energy level is aligned at zero, and the shaded
area represents the size of the band gap.

same termination) and (2) asymmetric slabs (where the system
has two different surfaces). In the symmetric slab model, two
sets of calculations are needed for the two types of the (001)
surface terminations (AO and BQO;). In-plane surface area is
set to 2 x 2 perovskite unit cells for both the symmetric and
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FIG. 2. (Color online) The slab models used in this paper for
simulating perovskite (001) surfaces (a) asymmetric (stoichiometric)
slab with the AO and BO, terminations, (b) symmetric AO terminated
slab, and (c) symmetric BO, terminated slab. Octahedral rotation (due
to ionic radii mismatch) is included in these slab models.

asymmetric slab models. All the slab models are illustrated
in Fig. 2. For asymmetric slabs, dipole corrections [68,69]
are applied to correct the error from interaction between two
surfaces through vacuum via the artificial macroscopic field
resulting from periodic boundary conditions.

All bulk LaAlOs3, SrTiO3, and LaMnOj3 defect calculations
were performed with supercells of the same or similar
thickness of the slab calculations in order to cancel artificial
defect interactions in both slab and bulk calculations. By
using the bulk supercell with the same size as the slab
model (slab without vacuum space), the lower symmetry in
the bulk supercell may lead to different defect formation
energy at symmetry distinct lattice sites (e.g., bulk O vacancy
formation energy in SrTiO3; and LaMnO3). In the following
discussions, we note that the slab point defect segregation
energies, Eqg(def)s, are calculated by referencing the bulk
defect formation energies at the same local symmetry, i.e.,
the BO, (AO) layer defect formation energy in the slab is
referenced to the bulk BO, (AO) plane defect formation
energy, for better cancellation of spurious defect interaction
in the finite size supercell calculations between bulk and slabs.
In symmetric slab models, point defects are created on one side
of slab (with dipole corrections [68,69]) instead of adopting
symmetric defect containing slab configurations. All defect
calculations in this paper are done for neutral defects, by which
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it is meant that the ab initio cells used in the calculations
are charge neutral. This approach is fully appropriate for the
LaMnO; system under solid oxide fuel cell conditions, which
is close to metallic at higher temperatures [70] and high oxygen
partial pressure (e.g., ambient air condition) due to self-doping
by cation vacancies [71] and does not produce various charged
defect states for oxygen vacancies and cation vacancies. In fact,
only the neutral point defect species are included in most of the
developed bulk LaMnOj3 defect models in the literature [8,10—
15]. However, for the insulating LaAlO; and semiconducting
SrTiO; systems, additional charged defect states are possible
depending on Fermi level [72,73]. To keep the calculations
tractable and to best illustrate differences between the LaAlOs,
SrTiO3, and LaMnOj; systems, we exclude these additional
charge states. The calculations for defects in LaAlO3; and
SrTiO; are fully correct for the physics of the defects in
the otherwise pristine system, with no additional intrinsic or
extrinsic defects.

Surface defect segregation energies, Eq(def), where “def’
defines which type of point defects, i.e., O vacancy (Vo based
on the Kroger-Vink notation; the same for the following point
defects), A-site vacancy (V)" in LaAlO3/LaMnO3 and V} in
SrTiO3), B-site vacancy (V' in LaAlO3/LaMnOs and V" in
SrTiO3), or Sr dopant (Sr/, in LaMnO3) is used in the DFT
calculations, are calculated with the equation

Eseg(def) = [Eqa(def()) + E@i) — Ega(perf)]
— [Evu(def) + E(@i) — Evux(perf)]. (1)

Here Eqap(def (D), Eqa(perf), Evux(def), and Evw(perf)
are the calculated total energy of a slab with a point defect in
the /™ layer (first layer is the surface layer), the calculated total
energy of a perfect slab, the calculated total energy of a bulk
supercell with a point defect, and the calculated total energy
of a perfect bulk, respectively. E(i) (i = La, Sr, Al, Ti, Mn,
and O) is the ab initio reference energy of metal cations
and oxygen, as defined as follows. At a given oxygen
partial pressure and temperature, which sets the chemical
potential of oxygen, there are two other degrees of freedom
for the chemical potentials of metals in perovskites. By
using the calculated ab initio total energy of perovskites
as a constraint, one independent degree of freedom is still
left, and the chemical potential references for the metal
constituents cannot be uniquely determined [74]. Therefore,
we consider the two boundary conditions for the metal
chemical potentials in the oxygen rich environment: (1) A-site
metal rich condition where the perovskites are in equilibrium
with the A-site metal binary oxides (LaAlO3z/La;03/0O,,
SrTiO3/SrO/0,, and LaMnO;3/La;03/0, equilibrium)
and (2) B-site metal rich condition where the perovskites
are in equilibrium with the B-site metal binary oxides
(LaAlO3/Al,03/0,, SrTiO3/TiO,/0O,, and LaMnOs/
Mn,03/0, equilibrium). At these two boundary conditions,
the chemical potentials of metals of perovskites are uniquely
defined. For example, at the LaMnOj3/La;03 /0, equilibrium,

0 _ DFT DFT 0 —
MLaMnOg(La)O_ l/ZELaZO3 - 3/4E02 ’ MLGOMI‘IO3(Mn) -
DFT DFT —
ELaMnO3 - MLaMnOg(La) - 3/4E02 ’ and MLaMnOg(O) -

1/2EZO)ZFT' Here M%(JMVL03 (La)’ MgaMnO3 (Ml’l), and MgaMn03(0)
are the chemical potentials of La, Mn, and O in the LaMnO;

: : DFT DFT DFT
perovskite, respectively, and E LaMnOs» E Las 057 and EO2
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are the calculated DFT total energy of LaMnOj, La,Os,
and O,, respectively. E5"" contains an energy correction
fit with the formation energy of binary metal oxides as in
Ref. [36], which corresponds to the standard condition of 1
atmosphere oxygen partial pressure at room temperature. We
note that in order for the perovskite oxides to remain stable
relative to the constituent metal binary oxides, the chemical
potentials of metals are confined within the two boundary
conditions. The specified equilibrium conditions allow one to
constrain the metal chemical potential references and hence
the point defect formation energies of the metal cations.
The bulk values of the point defect formation energies,
[Evux(def) + E(i) — Epux(perf)], at the two specified
boundary conditions are provided in Table I.

III. PROPERTIES OF PEROVSKITE (001) SURFACES

A. Bader charge doping of layers for LaAlOj3, SrTiO;,
and LaMnOj; (001) surfaces

The calculated charge changes of each layer (surface
layer charge relative to the bulk layer charge) for LaAlOs,
SrTiO3, and LaMnOj3 (001) surfaces based on Bader charge
analysis [67] are provided in Fig. 25 in the Appendix. Our
LaAlO; and SrTiOj surface charge results are in agreement
with previous theoretical works [54,75,76] except that overall
the Bader charge analysis in this paper exhibits smaller
magnitude of charge density changes as compared to the results
of Mulliken charge analysis.

Due to bulk polarity [32], all the LaAlO3, SrTiOs, and
LaMnO; (001) surfaces are effectively charge doped (see
Fig. 25 in the Appendix), with holes created near the BO,
surfaces and electrons formed near the AO surfaces, except
for the LaAlO; 16-layer asymmetric slab model, where surface
lattice polarization occurs to screen the electrical field in the
slab along with a minor amount of charge transfer between
the AO and BO, surfaces [54,77]. In contrast to LaAlOs, lattice
polarization does not occur in the LaMnOj3 (001) 16-layer
asymmetric slabs: both LaMnO; 16-layer asymmetric and 15-
layer symmetric slab models exhibit almost identical surface
charge doping, as shown in Fig. 25(c) in the Appendix. That the
layer charge of LaMnO3 (001) and the 16-layer symmetric slab
is similar to that of the 15-layer symmetric slabs suggests that
the LaMnO3 (001) 16-layer slab model has extra surface charge
introduced to the (001) surfaces to accommodate the total
dipole moment of the slab. Such difference in surface charge
compensation between the LaMnOs and LaAlO; 16-layer
(001) slabs reflects that the facile redox of Mn in LaMnQOj;
allows it to accommodate extra charge doping at a low-energy
cost, while introducing charge to LaAlO; is energetically
unfavorable; therefore, surface stabilization with charge is
substituted by lattice polarization in the slab at low thickness.

In the case of weak polar SrTiO3 (001) surfaces, the simi-
larity of layer charge doping between the 16-layer asymmetric
and 15-layer symmetric slab models can be attributed to the
fact that surface bond breaking on its own is sufficient to
compensate the weak polarity [32], and thereby the surface
charge doping is mainly a result of local bond breaking near the
surface region instead of a macroscopic dipole effect (which
leads to the LaMnOj surface charge). Nonetheless, slight layer
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FIG. 3. (Color online) Macroscopic average (thick line) and mi-
croscopic average (thin line) electrostatic potential profiles (relative
to the Fermi level of the slabs) along the direction perpendicular to
the surfaces of the (001) slab models for the perovskite (a) LaAlOs,
(b) SrTiO3, and (c) LaMnQOs;. The black lines are the electrostatic
potential profiles of the 16-layer asymmetric slab models, while the
blue and red lines are the electrostatic potential profiles of the 15-layer
(001) BO, and (001) AO slabs, respectively.

charge differences are observed in Fig. 25(b) of the Appendix
for the top surface layer between the 16-layer asymmetric
and 15-layer symmetric slab models, suggesting that a certain
degree of electronic redistribution between the two surfaces
may still occur in the asymmetric slab models.

B. Electrostatic potential through the LaAlOj;, SrTiO3,
and LaMnO; (001) slabs

To further demonstrate distinct surface properties of
LaMnO; vs LaAlO; and SrTiOj, in Fig. 3 we show the
calculated macroscopic average [78] and microscopic average
electrostatic potential (relative to the Fermi level, Egemi) along
the direction perpendicular to the slab surfaces. Among the
three perovskite systems, only the LaMnOj slabs [Fig. 3(c)]
exhibit almost the same electrostatic potential profile across
the slab between the 16-layer asymmetric (black lines)
and 15-layer symmetric slab (blue and red lines) models,
suggesting that both the LaMnO; 15-layer symmetric and
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16-layer asymmetric (001) slabs have converged with respect
to thickness and contain a bulklike region between the two
surface terminations. On the other hand, distinct electrostatic
potential profiles can be clearly seen between the LaAlO;
(001) slab 15-layer symmetric and 16-layer asymmetric (001)
slabs. Furthermore, despite weak polarity of the SrTiOs, the
electrostatic potential profiles of the SrTiO3 (001) symmetric
and asymmetric slabs also show clear differences: there
is a downshift of the valleys of the electrostatic potential
profiles from the 15-layer symmetric (001) AO slab, to the
16-layer asymmetric (001) slab, to the 16-layer symmetric
BO, slab as the lowest, which indicates the three slab models
contain different Fermi levels when one aligns their core-level
energies. As will be discussed below in %Sec. IIIC2, the
difference in the Fermi level of the three slab models are due
to the existence of the (001) BO, (i.e., TiO,) surface states,
which pins the Fermi level of the slabs containing the (001)
BO; (TiO,) termination(s), and charge transfer between the
(001) AO (SrO) and BO, (TiO,) terminations of the 16-layer
slab models originated from the empty d-shell configuration
of SrTiO3, which leads to a band gap in SrTiOs.

C. Electronic structures of perfect (001) surfaces
1. Polar LaAlOs (001) surfaces

Figure 4 shows the DOS plots of LaAlO3 (001) asymmetric
(stoichiometric) 16-layer slab and symmetric (nonstoichiomet-
ric) BO, as well as AO terminated 15-layer slabs compared
to the bulk DOS (represented with a thin gray line in each
plot). Although all three LaAlO; (001) slab models exhibit
metallization of their surfaces, distinct band structures are
clearly observed in their DOS plots.
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FIG. 4. (Color online) Plots of calculated DOS for LaAlO; (a)
asymmetric 16-layer-slab, (b) symmetric 15-layer-AO-terminated
slab, and (c) symmetric 15-layer- BO,-terminated slab. In each plot,
thick and thin solid lines represent the slab and the bulk DOS
respectively, and the Fermi energy level is aligned at 0.
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For the 16-layer asymmetric slab model [Fig. 4(a)], the
more dispersed band structure compared to the bulk [Fig. 1(a),
where values for the slab extend almost 3 eV below those
of the bulk] is due to band bending or alignment of the
Fermi level between the two opposite surfaces (similar results
are also shown in Fig. 6 of Ref. [54]), which can also be
observed in the slab electrostatic potential profile shown in
Fig. 3(a). As discussed previously in Sec. III A, the built-in
electric field in the relaxed 16-layer asymmetric slab is
mainly stabilized by slab lattice polarization instead of surface
electronic compensation, with minor contribution from surface
metallization, with charge transfer taking place between the
two counter terminations [the critical thickness above which
LaAlO5; (001) metallizes is 4 to 5 unit cells [54,77]]. In other
words, slab lattice polarization accompanied with little surface
compensating charge is introduced in the 16-layer asymmetric
slab model [Fig. 25(a)], and the built-in electric field (total
dipole moment) in the slab leads to the observed band bending
between the two surface terminations.

The symmetric slab calculations have excess charge doping
from off-stoichiometry available to compensate their polar
surfaces in exactly the same way as would be compensated
in the high thickness limit. Therefore, lattice polarization does
not occur in the LaAlO3 15-layer symmetric slabs except for
the top surface layers. These top layers still exhibit ionic
polarization although to a smaller extent than those of the
16-layer asymmetric slab, and the coordinates of atoms below
the surface layers are close to the bulk symmetry.

Assuming that the slab thickness is large enough so that the
surface compensating charge screens the dipole within half
the cell and there is a bulklike region in the slab, one would
expect that there is no interaction (or charge transfer) between
the two counter surfaces for the asymmetric slab. From the
electrostatic potential profiles shown in Fig. 3(a), it is clear that
the two surfaces of the 16-layer LaAlO3 asymmetric slab are
still interacting with each other, suggesting there is no bulklike
region in the LaAlO; asymmetric slab. The nonconverged
surface properties of the LaAlO; 16-layer (001) slab models
are also supported by the LaAlO; surface energy results below
in Sec. III D, where the surface energy of an asymmetric slab is
still much lower than those averaged from the two symmetric
slabs.

The Epermis of thel5-layer AO and BO, symmetric models
are both pinned by the surface states with almost no band
bending observed in the DOS plots [see the electrostatic
potential profiles in Fig. 3(a) as well as the slab band structure
in Fig. 4 below, i.e., almost no spreading of band structures
in Figs. 4(b) and 4(c) vs dispersed band structure in Fig. 4(a)]
between the surface and the central layer of the slab. Therefore,
all the discussed results above suggest screening of the dipole
for the perfect LaAlO3 (001) surfaces, requiring a large number
of layers, and consequently the simulated slabs in this paper
(thickness up to 15 or 16 layers) do not contain a bulklike
region.

2. Weakly polarized SrTiO; (001) surfaces

Figure 5 shows the DOS plots of SrTiO3 (001) asymmet-
ric/stoichiometric 16-layer slab and symmetric BO, as well
as AO terminated 15-layer slabs, compared to the bulk DOS
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FIG. 5. (Color online) Plots of calculated DOS for SrTiO; (a)
asymmetric 16-layer (001) slab, (b) symmetric 15-layer-SrO-
terminated (001) slab, and (c) symmetric 15-layer-TiO,-terminated
(001) slab. Plot (d) is a zoom-in and overlapped DOS between
the asymmetric 16-layer slab [i.e., plot (a)] and the symmetric
15-layer-TiO,-terminated slab [i.e., plot (c)]. In each plot, thick and
thin solid lines represent the slab and the bulk DOS, respectively. The
Fermi energy level is aligned at 0, and the arrows indicate the TiO,
surface states. The slight downshift of the whole band structure for the
symmetric 15-layer-TiO,-terminated slab relative to the asymmetric
16-layer slab shown in plot (d) suggests the different surface Fermi
level pinning or surface band bending between the two slab models.

(represented with a thin gray line in each plot). As addressed
previously in Sec. III A, bond breaking compensates for the
weakly polar SrTiO3; (001) surfaces so that the band structure
of SrTiO; is only slightly modified with respect to its bulk.
Nonetheless, a ~0.5 eV downshift of the entire slab band
structure relative to the Fermi energy as compared to the bulk
can be observed in both the DOS plots of 16-layer asymmetric
slab [Fig. 5(a)] and 15-layer BO; (or TiO,) terminated slab
[Fig. 5(c)], while the 15-layer SrO terminated slab exhibits
very similar band structure with no energy shift [Fig. 5(b)].
Such downshift of the whole band structure in Figs. 5(a)
and 5(c) is caused by the existence of surface states from
less hybridized surface O2p orbitals with Ti3d states [52].
In other words, if we align the core level band structures
of the slab models containing TiO, surfaces with the bulk,
the existence of the TiO, surface states, in fact, shifts up the
Fermi level, which suggests an increase of electron chemical
potential of the whole slab relative to the bulk. In addition,
Fig. 5(d) shows that the 15-layer TiO, symmetric slab has
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a slightly higher Fermi level than the 16-layer asymmetric
slab, consistent with the surface layer charge results shown in
Fig. 25(b) of the Appendix, which was ascribed to electronic
redistribution between the two counter surface terminations of
the 16-layer SrTiO; asymmetric slab. As will be shown below,
such an increase in electron chemical potential of the slab
due to the existence of the TiO, surface states and electronic
redistribution between the two surfaces of the asymmetric
slab leads to slight differences in the surface energy averaged
between the two symmetric slabs vs that of the asymmetric
slab (Sec. III D) and further leads to the stabilization of cation
vacancies relative to the bulk across the whole slabs as well
as dissimilar surface cation vacancy energies among the three
SrTiOj3 slab models in this paper (%Sec. IV B 2).

3. Polar LaMnOs (001) surfaces

Figure 6 shows the DOS plots of the LaMnOj; (001)
asymmetric 16-layer slab and the symmetric BO, and AO
terminated 15-layer slabs, as compared to the bulk DOS
(represented with a thin gray line in each plot). It is seen
that the DOS plots of the three slab models all resemble
their bulk, except for a slight shift of the whole band and
broadening of the peaks (become wider and smoother than the
bulk). The broadening of the peaks is due to a superposition of
the projected layer band structures with a slight shift in energy
level (i.e., surface band bending), due to the introduced surface
compensating charge. The introduction of additional surface
compensating charge produces local electric field near the
surface terminations but removes the macroscopic electric field
caused by the layer charge dipole of the 16-layer stoichiometric
slab. The almost identical band structures of stoichiometric
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FIG. 6. (Color online) Plots of calculated DOS for LaMnO; (a)
asymmetric 16-layer-slab, (b) symmetric 15-layer-AO-terminated
slab, and (c) symmetric 15-layer- BO,-terminated slab. In each plot,

thick and thin solid lines represent the slab and the bulk DOS,
respectively, and the Fermi energy level is aligned at 0.
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bilayers (adjacent AO + BO, layers) between the 16-layer
stoichiometric slab and 15-layer symmetric slabs shown in
Fig. 7 suggest that the two slab model surfaces are essentially
identical, which supports that the surface compensating charge
is effectively screened in both LaMnOj slabs. That the 15-layer
slab surface band structures are found to be the same as those
of the 16-layer surfaces is consistent with the surface energy
results shown in Sec. III D, where the surface energies of the
15-layer and 16-layer slab models are almost identical.

D. Surface energy of perfect LaAlQ3, SrTiO;,
and LaMnO; (001) surfaces

Figure 8 shows calculated surface energies (with both
symmetric and asymmetric slab models) vs slab thickness
for LaAlO3, SrTiOs, and LaMnOj3. The surface energies are
derived via the following equations:

) 1 N
AE:S}fn = E (Easymslab(N) - Z L4 E2><2><2bulk> s

(N =4,8, and 16) 2)

]
AE:ynrf = Z( A0_slab(NV) + EBo, s1ab(V)

N
-5 Erox2bulk |

(N = 5,9, and 15), (3)

where AE3T and AEST are the calculated surface energies
of the asymmetric and symmetric slabs, respectively, and
Easyms1ab(N), Eaosta(N), EBo,stan(N), and Eay2x2 puik are
the calculated total energies of N-layer asymmetric slab
(N =4,8, 16), N-layer AO terminated symmetric slab (N =
5,9,15), N-layer BO, terminated symmetric slab (N =
5,9,15), and 2 x 2 x 2 bulk, respectively. Both AEjz'}flfn and
AE:;‘rrfl represent the averaged surface energy of the AO
and BO, surface for the asymmetric and symmetric slab
models. While one could estimate the AO or the BO, surface
energy separately in the symmetric slab models at given
metal and oxygen chemical potential references [74], a direct
comparison of surface energies among the three systems based
on such method is inaccessible, since there is no unique
choice of metal chemical potential reference determined at
a specified oxygen chemical potential for comparison among
the LaMnOs, SrTiOs, and LaAlOj systems. Therefore, when
we refer to surface energy below we will always mean it to
be the average surface energy, which allows us to use the bulk
energy as the reference and make direct comparison of surface
energy between the symmetric and asymmetric slab models
among the three materials systems.

In Fig. 8, the surface energy of symmetric slabs does
not show significant thickness dependence for any of the
three systems in this paper. For the strong polar systems,
the symmetric slab calculations contain excess surface charge
doping in exactly the same way as the polar surfaces would
be compensated in the high thickness limit. Therefore, the
thickness independent surface energy mainly reflects on the
enforced charge doping by the off-stoichiometry of the slab
models. Interestingly, although the LaMnO3 (001) and LaAlO3
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FIG. 7. (Color online) Plots of calculated projected DOS for stoichiometric bi-layers (two adjacent AO and BO, layers) of LaMnOs (a)
(001) AO surfaces and (b) (001) BO, surfaces. In each plot, thick (lighter) and thin (darker) lines are the projected stoichiometric layer DOS of
the 16-layer asymmetric slab and the 15-layer symmetric slab, respectively, and a dashed line represents the normalized bulk DOS. The Fermi

energy level is aligned at 0.

surfaces are much more polar than the SrTiO3 (001) surface,
the difference in energy between LaMnO3; and STO is only

0.16
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FIG. 8. (Color online) Calculated surface energy of the (001)
slabs vs slab thickness for LaAlO; (red squares), SrTiO; (green
triangles), and LaMnOs; (blue circles). Data of asymmetric slabs
and symmetric slabs are plotted with solid and empty symbols,
respectively. The lines connecting the data shown in the plot are
guides to the eye. Note that the ordinate axis scale changes at 0.8 to
enable more complete visualization of the data.

~0.01eV/A> (0.16J/m?) but is as large as ~0.08eV /A’
(1.287] /mz) between LaAlO; and SrTiOs;. The similarity
of LaMnO; to SrTiO; and the large difference of LaAlO;
compared to SrTiOjs likely reflects the lower energy cost for
electron redistribution at mixed ionic-electronic conducting
oxide polar surfaces (LaMnO;/LSM) compared to polar
surfaces of a wide band gap insulator (e.g., LaAlOs3).
Although the order of surface stability relative to the bulk
for the three systems remains the same using the asymmetric
slab model, the surface energies of LaAlO3 and LaMnO3 (001)
polar surfaces exhibit strong thickness dependence due to the
fact that the total dipole moment or the built-in electric field
potential in the slab grows with N. Interestingly it is seen
in Fig. 8 that the LaMnO; (001) asymmetric slab surface
energy converges to that of symmetric slabs at just ~8 layers.
This LaMnO;3 behavior is in contrast to the LaAlO3; (001)
surfaces, which would require a very thick slab model to
see the convergence of the asymmetric slab surface energy
to the infinite thickness limit [the extrapolated intercept of the
(001) surface energy vs thickness lines between the LaAlO;
asymmetric and symmetric slab models shown in Fig. 8 is
located at thickness ~26 layers]. Also, in the low thickness
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regime (<8 layers), surface energy of the LaMnO; (001)
asymmetric four-layer slab is close to that of the SrTiO3 (001)
four-layer slab, suggesting that when the total dipole moment
is reduced by decreasing the slab thickness, LaMnOj3; (001)
could have comparable or even smaller surface energy than
SrTiO3 (001).

Unlike LaAlO3; and LaMnQOs, the weak polar (or nonpolar
in terms of the formal charge) SrTiO;3 surface energy exhibits
no clear thickness dependence for the asymmetric slabs and
is lower than the other two strong polar systems. This result
can be understood by the fact that the weak polarity of SrTiO3
(originated from covalency between the metal-oxygen bond)
does not require introducing additional surface compensating
charge. Despite the lower (001) surface energy for SrTiO;
than LaMnOs, a small energy difference exists between the
surface energies of SrTiO; symmetric and asymmetric (001)
slabs, which is due to different Egem,; pinning (vs aligned band
features such as O 2p band) by the TiO, surface states among
the simulated slab models. The variation of the Egems among
the slab models suggests that although SrTiO; contains a TM
and is not a strong polar system, the Ti3d" character with
a charge transfer gap (the GGA gap in this paper is 1.5 eV
between the occupied O2p band and the unoccupied Ti3d
band) still leads to nonconverged surface energy between the
asymmetric and symmetric slab models. While in surface
energy results, the TiO, surface states only cause a slight
energy difference, more significant influence appears in the
cation vacancy formation energies, which will be discussed in
%Sec. IV B 2.C below.

IV. SURFACE DEFECT ENERGETICS

In this section we discuss the surface defect energies and
how they couple to properties of each surface and compound.
We first summarize the charge nature of the point defects
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and the polar surfaces as a guide for understanding their
electrostatic interactions in Sec. IV A. Then the overall surface
defect energetic results are categorized into two point defect
types based on the nature of the point defect charge [i.e.,
oxygen vacancies vs cation vacancies and Sr/, doping for the
two (001) AO and BO, surface terminations in the two slab
models—the 15-layer symmetric and 16-layer asymmetric
slabs], which consists of a total of eight cases for each material
system. In Sec. IV B, the surface defect energetics results of
each material system are discussed by a general pattern that
we first focus on oxygen vacancies and compare the surface
defect energetics for the two types of surface terminations in
two different slab models. We then move on to discussions for
cation vacancies/Sr/, doping. Additional notes or results that
are specific to a material system may be added at the end of
discussions.

A. Charge of point defects and (001) surfaces

Table II summarizes formal charge and charge doping for
cation and anion point defects (here we focus on vacancies as
interstitials are generally not energetically favorable to form
in the close packed perovskite systems) and (001) AO and
BO, surfaces for LaAlOs3, SrTiOs, and LaMnOs, based on
the fully ionic limit. The charge doping for defects represents
the electrons or holes that used to reside on an atom and
which are returned to the material by creation of the defect.
The charge doping for surfaces represents the compensating
charge needed at the polar surfaces to avoid electrostatic
divergence according to Tasker’s criteria [79]. We note that
covalency effects between metal and oxygen bonding may
influence the magnitude of charge doping for point defects and
surface compensating charge for strong polar (001) surfaces
and also cause weak polarity for SrTiO3; (001) surfaces [32].
Nonetheless, the fully ionic limit provides guidance of how
point defects are likely to interact with the polar surfaces

TABLE II. Formal charge and charge doping of point defects and (001) AO and BO, surfaces (defined as the surface layer charge relative
to the bulk layer) for LaAlO;, SrTiOs3, and LaMnO; based on the scenario of the fully ionic limit.

Electronically compensated
(001) AO surfaces

Point defects

Electronically compensated
(001) BO, surfaces

Formal charge Charge Formal charge
Formal Charge (0 =172 o gk, Doping? (0" =1/2 ec™%,  Charge Doping®
Defect charge Doping per perovskite (per perovskite per perovskite (per perovskite
type (per defect) per defect) unit cell area) unit cell area) unit cell area) unit cell area)

LaAlO; [Vo] +2 -2 +0.5 0.5 0.5 +0.5

[V///A] _3 +3

[V"g] -3 +3
SrTiOs [Vo] +2 -2 0 0 0 0

[V7al -2 +2

[V ] —4 +4
LaMnO; [Vo] +2 -2 +0.5 0.5 0.5 +0.5

[V/// A ] -3 +3

[V"7g] -3 +3

[S¥ 4] —1 +1

aThe surface charge doping (A Q) is derived based on the AQ = o — o™ where o

surf bulk

and o™ are the surface and bulk layer charge,

respectively. For polar (001) surfaces, polarity requires o™ = 1/2 o 6™/ to eliminate divergence of the electrostatic energy at high thickness
limit [32,79]. Therefore, in the fully ionic limit, the (001) polar surfaces will have surface charge doping equal to o™ — g™ = —1/2 e o™k,
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based on the positive or negative nature of the introduced
charge doping. For example, both V6 and strong polar (001)
AO surfaces are positively charged (or both contain negative
charge doping), and their interaction can be considered as
repulsive, while attractive interaction is expected between Vo
and strong polar (001) BO surfaces.

B. Defect Es of perovskite (001) surfaces
1. Defect Es of perfect LaAl O5 (001) strong polar surfaces

(a) Defect Es of LaAlOs bulk. Due to the large band
gap in LaAlOs;, the bulk point defect energetics are strongly
influenced by the electron chemical potential or Fermi level of
LaAlOs. An ab initio-based study for LaAlO; bulk defect
energetics vs Fermi level has been investigated by Luo
et al. [72], where bulk point defect formation energies can vary
by 5-15 eV depending on the Fermi level of the LaAlO3 bulk
and the defect charge states. Since only one defect charge state
(i.e., defect calculations without manually adding/removing
background charge in the DFT models) is considered in this
paper, and the introduced point defect concentration based on
the finite size supercell models is significantly higher than
the dilute limit, the defined bulk references for calculating
Ees for LaAlO;3 in the discussions below are mainly for
comparison among the three investigated perovskite systems
and should not be taken as a guide for bulk defect formation
energies in LaAlO3. We note that by altering the Fermi level of
the LaAlO; bulk surface band bending will also be adjusted,
leading to a change in the surface energy and surface point
defect formation energies. Therefore, significant further work
beyond the scope of this paper is required to properly treat
point defects at different charge states in the bulk and slab
models [80].

(b) Oxygen vacancy segregation energy of perfect LaAl O
(001) polar surfaces. Figure 9 shows the calculated O vacancy
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FIG. 9. (Color online) O  vacancy  segregation  energies,

Ews(V0) = Eqi(V0) — Epu(V0), for the top eight layers of
LaAlO; (001) slabs: filled blue circles represent the data of a
15-layer BO, terminated slab (two BO, surfaces), empty red circles
represent the data of a 15-layer AO terminated slab (two AO
surfaces), and filled purple squares represent the data of a 16-layer
stoichiometric slab (with one AO and one BO, surfaces). The
subplots at the bottom are rescaled from the plots above to illustrate
the surface effect in Eg,(V0) from the top layer to the middle layer
of the slab. The use of larger and smaller symbols is to highlight
the dissimilar trends of the Ey,(V6)s in the AO and BO, layers,
respectively.
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segregation energies [Eqo(V0)] for the top eight layers of
LaAlOj; (001) slabs, including both 15-layer symmetric and
16-layer asymmetric slab models. For the 15-layer BO,
terminated slab (filled blue circles in Fig. 9), the Vo is the
most stable at the top BO, terminated surface (stabilized by
~6 eV relative to the bulk) and is gradually destabilized in
going from the top surface layer to the central plane, where
the Eo(V0) is still —4.3 eV more stable as compared to the
bulk. The large stabilization of O vacancy (—4.3~—6 eV) in
the BO, terminated slab is due to intrinsic hole doping in the
15-layer symmetric LaAlO3 slab model, as previously shown
in Fig. 4(c). Formation of V¢ liberates two electrons, and in
the bulk system these electrons fill defect states in the gap
close to the conduction band minimum (CBM) [81], while in
the hole-doped LaAlO; symmetric slab these electrons can fill
levels near the valence band maximum (VBM), which costs
significantly less energy than filling near the CBM. Again, the
fact that E,(V 0) in the center layer of the 15-layer slab does
not converge to the bulk (i.e., yield a zero segregation energy) is
consistent with the fact that the surface charge screening length
is much longer than the thickness of the simulated symmetric
slab for LaAlO;.

In the case of electron doped LaAlO; (001) symmetric AO
slab, the Epemi is pinned by the AO surface states and is
close to the CBM, as shown previously in Fig. 4(b). While the
energy of Vo formation in mixed ionic-electronic conductors
can often be described by two electrons going from the O 2p
band center to Eremi [6], the energy levels of the Vo defect
states localized around the O vacancy in the metallized AO
surface are lower in energy than the AO surface states [81].
The energy of the electrons involved in this defect formation is
quite similar to the case of the bulk vacancy formation, where
two electrons move from the O2p band to the defect states
close to the CBM. Therefore, both the AO terminated slab
and the bulk exhibit comparable O vacancy formation energy
in this paper. The small stabilization of O vacancy formation
(~—0.4 eV) relative to the bulk for the top surface layer of
the AO terminated slab may be attributed to breaking fewer
or weaker metal-oxygen bonds at the surface layer than in the
bulk in forming an O vacancy. Note that although the formation
of a subsurface BO; layer O vacancy has the same number of
bonds breaking as in the bulk, it involves the breaking of four
bonds between a subsurface layer O and four undercoordinated
top surface layer La atoms, which have La-O bonds that are
weaker than the La-O bonding in the bulk due to extra electrons
(from surface polarity compensation) filling in the antibonding
states.

For the 16-layer stoichiometric slab, Fig. 9 shows that there
is much less stabilization of Vo at the BO, surface layer
[Ese(V0) is about 3 eV higher] as compared to that of the
15-layer BO, terminated slab. We propose that this reduction
is due to the large positive compensating charge introduced
by off-stoichiometry in the 15-layer slab, whose charge does
not occur in the 16-layer asymmetric slab. The Vo is generally
destabilized due to it donating negative charges to high-energy
states; therefore, the presence of excess positive charge can
stabilize the Vo significantly.

(c) Cation vacancy segregation energy of perfect LaAl O;
(001) polar surfaces. Figure 10 shows the calculated cation
vacancy segregation energies [E,(V,'/Vy)] for the top
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FIG. 10. (Color online) Cation vacancy segregation energies,
E(Vy'/ V"), for the top eight layers of LaAlO3z (001) slabs: filled
blue diamonds represent the data of a 15-layer BO, terminated slab
(two BO, surfaces), empty red diamonds represent the data of a
15-layer AO terminated slab (two AO surfaces), and filled purple
triangles represent the data of a 16-layer stoichiometric slab (with the
BO, surface on the left and the AO surface on the right). The subplots
at the bottom are rescaled from the plots above to illustrate the surface
effect in Eq,(V,"/Vy") from the top layer to the middle layer of the
slab. The larger and smaller symbols represent B-site cation vacancy
and A-site cation vacancy segregation energies, respectively.

eight layers of LaAlO3; (001) slabs, including both 15-layer
symmetric and 16-layer asymmetric slab models. It is seen that
the Eq(V}'/Vy") trends are similar to the case of Eg(V0)
but now they go in the opposite direction, and the magnitude of
Ews(V{'/ Vg )s are larger than that of E4(V0)s. The change
in sign and increased magnitude of E,(V}’'/V}')s compared
to Ege(V0)s can be understood in terms of the change in sign
and increased magnitude of the defect charge on compared to
Vo defects.

(d) The influence of the LaAl Oz band gap, defect states,
and surface states on surface defect Es. When the defects have
the same charge doping as the LaAlOj3 polar surface to which
they are segregating, it is seen that point defects have almost
zero segregation energies. For example, E,(V}'/Vy')s near
the BO, termination (both have positive charge doping) of the
16-layer (001) slab are almost the same as those of the 15-layer
BO; slab and are quite close to zero [i.e., the defect energy
near the surface is close to that in the bulk (see Fig. 10)].
A similar result is observed previously for Egg(V0)s near
the AO termination (both have negative charge doping) of the
16-layer slab and the 15-layer AO symmetric slab (Fig. 9). That
the surface defect energetics for point defects with the same
charge doping type as that of polar surfaces are much closer to
the bulk defect energetics than those at the counter surfaces can
be explained by surface Fermi level pinning and localization of
defect states due to the large band gap of LaAlOs. In Fig. 11,
we show the energy level diagrams for electron transfer in
formation of Vo and V)"/V}’ between the bulk LaAlO; and
the (001) surfaces. To reflect on the Fermi level pinning by the
existence of the (001) AO and BO, surface states, all energies
shown in Fig. 11 are referenced to the top of the O 2p band. It
is seen that when point defects contain the same charge type
as the polar surfaces, the energy for the electron interchange in
formation of V¢ and V|"/ V" is very close to that of the bulk.
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FIG. 11. (Color online) Energy level diagram for electron trans-
fer in formation of (a) bulk Vo, (b) (001) AO surface Vo, (c) (001)
BO; surface Vo, (d) bulk V" /V’, (e) (001) AO surface V" / V', and
(f) (001) BO;, surface V" / V" for the LaAlO5 bulk and (001) AO and
BO, surfaces of the symmetric slab models. All energy is referenced
to the top of the O2p band, including Fermi level of the bulk and
surfaces. The dashed line in (a) for Vo formation in the bulk LaAlO3
represents the Fermi level of the bulk supercell containing Vo. The
red and blue dash-dotted lines indicate the O 2 p band center and the
metal references of LaAlOs, respectively. The metal references are
not uniquely defined in perovskites (see discussions in Sec. II), and
their range is indicated by the blue double arrow (only for guiding
without quantitative meaning). The schematic plots shown here do
not include band structure change due to surface relaxation and bond
breaking.

On the other hand, formation of point defects with the counter
charge to the strong polar surfaces accommodates surface
charge by filling the surface hole states near VBM in the case
of Vo atthe BO, surfaces or removing the AO surface electron
states near CBM for V,'/V,’ at the AO surfaces, which
leads to significant stabilization of the surface point defects
relative to the bulk. In addition, it is seen that the top surface
layer Eg (Vo) of the 15-layer BO, symmetric slab (—5.8 eV,
Fig. 10) is close to twice the energy level difference between
the BO,; surface state (—0.1 eV relative to the top of the O2p
band) and the bulk Vo defect state (+2.5 eV vs the top of the
O2p band). Similarly, the top surface layer Eq(V}'/Vj)s of
the 15-layer AO symmetric slab —11.7 eV (Fig. 9) is close
to triple the energy level difference between the Fermi level
of the AO surfaces (43.8 eV) and the Fermi level of the bulk
(0 eV relative to the top of the O2p band). Therefore, our
results suggest energy level differences in electron exchange
in formation of point defects between surfaces and bulk are
the main driving force for the observed surface Eq,(V 0) and
Es(V}'/Vy")s shown in Fig. 9 and Fig. 10 (with relatively
small contributions at the scale of a few hundred meV from
other factors, e.g., surface strain relaxation and bond breaking).
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2. Defect Es of perfect SrTiO; (001) weakly polar surfaces

(a) Defect Es of SrTiOs bulk. The ideal SrTiO; (001)
surfaces contain weak polarity, and no additional surface
charge is needed for compensating the dipole divergence as
seen in the case of the strong polar surfaces. However, similar
to LaAlOs, SrTiO; also contains a band gap due to the Ti (d°)
configuration. An ab initio based study for SrTiO3 bulk defect
energetics vs Fermi level has been investigated by Tanaka
etal. [73], where bulk point defect formation energies can vary
by 5-15 eV depending on the Fermi level of the SrTiO3 bulk
and the defect charge states. Similar to the LaAlO3 system,
we note that the defined bulk references for the Eg,s of
SrTiO3 (001) surfaces in the discussions below are mainly
for comparison with the LaMnOj3 system, and further work
would be needed to include different charge states for the point
defects, to obtain correct band gap and defect energy levels,
to consistently bridge the surfaces with the bulk through the
electron chemical potentials or Fermi level, and to properly
treat spurious electrostatic interaction in the finite size periodic
supercells [80].

(b) Oxygen vacancy segregation energy. Figure 12 shows
the calculated E.,(V 0)s for top eight layers of SrTiO3 (001)
15-layer symmetric and 16-layer asymmetric slabs. Carrasco
et al. [53] reported that the SrTiOs; (001) TiO, surface
Ee(V0)s is about 1.5 eV, which is 0.7 eV lower than the
value in this paper. The difference comes from the supercell
size dependence in calculating the bulk and slab O vacancy
formation energies (spurious electrostatic interaction in the
supercell with different dimensions), which we have made a
particular effort to cancel effectively in this paper.

The E.¢(V 0)s are much closer to the SrTiO; bulk reference
value (within —1.0-0.6 eV) as compared to those of the
LaAlO;3 (001) polar surfaces. Such difference between the
trends of LaAlO; and SrTiO; surface Eg(V0)s is due to
the fact that the SrTiO3 (001) surface electronic structures
remains close to its bulk since surface bond breaking allows
SrTiO; surfaces to compensate their weak polarity [32] and
no metallization occurs for the SrTiOs; (001) surfaces (as
shown in Fig. 5). It is noticed that although Egpem; of the
SrO 15-layer symmetric slab (no TiO, surface states in the
gap) is lower than those of 15-layer TiO, symmetric and
the 16-layer stoichiometric slab (the TiO, surface states
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FIG. 12. (Color online) O  vacancy segregation energies,
E«(V0), for the top eight layers of SrTiOz (001) slabs: filled blue
circles represent the data of a 15-layer BO, terminated slab (two
BO, surfaces), empty red circles represent the data of a 15-layer
AO terminated slab (two AO surfaces), and filled purple squares
represent the data of a 16-layer stoichiometric slab (one AO and one
BO, surfaces). The use of larger and smaller symbols highlights
the dissimilar trends of the Ey,(V6)s in the AO and BO, layers,
respectively.
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shifts up the Egemis), the Epenm; difference does not affect
electron interchange between the O 2 p band and the Vo defect
states [6]. Therefore, the E,(V 0)s of both the SrTiO3; (001)
symmetric and asymmetric slab models are found to be almost
identical since E4(V 0)s are governed by filling of the defect
states at the energy level of close to the CBM relative to the
occupied O 2 p states, regardless of the Epermi difference caused
by the presence of the (001) TiO, surface states.

The oscillation of the E,(V0)s near the SrTiO3; (001)
surface terminations is likely to be caused by the finite size
along in-plane [orthogonal to the (001) surface] directions of
the periodic slab simulations. In this paper, our slab models
contain a 2 x 2 cross-section, and creating a Vo (in-plane
concentration = 1/4 for Vo in the AO plane and = 1/8 for
Vo in the BO, plane) leads to a strong perturbation in the
weakly polar SrTiO3 (001) slabs, which would cause a change
in the in-plane layer charge and hence influence the slab energy
through change of the total electrostatic field.

Note that for the top surface layer, reduced bonding of
surface atoms (coordination) and relaxation of strain near
point defects on the surfaces vs the bulk also contributes to
surface defect segregation energies. Both coordination effect
and surface strain relaxation are expected to stabilize cation
and oxygen vacancies at surfaces vs the bulk since surface
atoms contain less bond breaking and more relaxation is
allowed at the surfaces to accommodate strain induced by the
point defects. Overall, our calculated SrTiO3 (001) Eg(V0)s
are within the range of £1 eV, which is a relatively small
fraction of the overall large bulk O vacancy formation energy
(5.5 eV in Table II), suggesting that the amount of surface O
vacancies would still be very small (although likely orders of
magnitude higher than in the bulk) in the oxygen-rich limit.

(c) Cation vacancy segregation energy. In contrast to the
similar Eqq(V 6)s, dissimilar results of E,(V/Vy")s for the
SrTiO; 15-layer symmetric vs 16-layer asymmetric (001) slab
models are revealed in Fig. 13. To understand what causes
such a difference, we first examine the Eq,(Vy/Vy") of the
central region of the three slab models. It is seen that the
Ee(V]/Vg")s of the SrO terminated symmetric slab are
close to the bulk value, while the Eq(V}/Vy")s of the TiO,
symmetric slab are about —1.2 to —1.5 eV lower than the
bulk, and the E, (V) /V")s of the asymmetric slab model are
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FIG. 13. (Color online) Cation vacancy segregation energies,
E«s(V/VE")s, for the top eight layers of SrTiOs (001) slabs: filled
blue diamonds represent the data of a 15-layer BO, terminated slab
(two BO, surfaces), empty red diamonds represent the data of a
15-layer AO terminated slab (two AO surfaces), and filled purple
triangles represent the data of a 16-layer stoichiometric slab (with the
BO, surface on the left and the AO surface on the right). The larger
and smaller symbols represent B-site cation vacancy and A-site cation
vacancy segregation energies, respectively.
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between the previous two cases. Considering that a bulklike
region in the simulated slab model will have defect energetics
the same as the bulk (i.e., defect segregation energy = 0),
we conclude that only the SrO terminated symmetric slab
contains a bulklike region, while the other two slab models
do not. By inspecting Fig. 5 of %Sec. IIC2, it is seen
that the main differences among the 15-layer (001) SrO
terminated, 15-layer (001) TiO, terminated, and 16-layer (001)
stoichiometric (SrO + TiO,) slabs are the relative shift of
the Egemi due to the existence/absence of the TiO, surface
states. The increased stabilization in E(V}/Vy")s in the
central region of the (001) TiO, terminated symmetric slab
compared to the SrO terminated symmetric slab suggests that
holes created from cation vacancy formation are interacting
with the TiO, surface states and that such interaction with
surface states still persists when creating a cation vacancy in
the central region of the TiO, symmetric and stoichiometric
slabs. In fact, the monotonically lower E,(V}/Vy")s of the
stoichiometric slab compared to the SrO terminated symmetric
slab suggests that the TiO, surface states even interact with
the holes from creating cation vacancies on the SrO side of the
asymmetric slab, suggesting that the interacting depth of the
TiO, surface states with hole doping is larger than the thickness
of the slab model. In addition, the evenlower Eq (V) /V5")s of
the TiO, symmetric slab than those of the stoichiometric slab
are consistent with the higher Epemmi of the 15-layer symmetric
TiO; slab vs the 16-layer asymmetric slab, as shown previously
in Fig. 5(d), leading to a further stabilization of the cation
vacancies in the symmetric TiO, terminated slab. Overall these
results demonstrate that even with the weak polarity effect,
the surface states can interact significantly with point defects
throughout even a quite large unit cell, suggesting the slab
models containing the TiO, surfaces in this paper do not have
a bulklike region.

(d) The influence of theSrTiOsband gap, defect states, and
surface states on surface defect Es. In Fig. 14, we show an
energy level diagram for electron transfer in formation of Vo
and VJ/Vy” for the SrTiOz bulk and (001) AO and BO,
surfaces. In Figs. 14(a)-14(c), it is seen that the same electron
transfer occurs in formation of V o [the electrons are transferred
to the Vo defect states, despite the Epem; differences (relative
to the band features) between the symmetric and asymmetric
slab models]. As a result, there is no clear influence on
the Es¢(V0)s between the symmetric and asymmetric slab
models (Fig. 12). On the other hand, Figs. 14(d)—14(f) illustrate
how the Fermi level differences caused by the TiO, surface
states and electron redistribution between the SrO and TiO,
surfaces of the asymmetric slab leads to the observed trends
in Eeg(Vy/Vg")s. Since the (001) SrO symmetric slab model
does not contain the TiO; surface state, the relative position of
band features vs the Egermi 0f the slab [Fig. 14(e)] are similar to
the bulk [Fig. 14(d)]. This similarity causes the Eqs(V4/Vg")s
close to the central region of the 15-layer symmetric SrO slab
to converge to the bulk values (Fig. 13). The Eq (V) /Vg")s
near the SrO termination are still lower than the bulk, which
is expected due to surface strain relaxation and reduction of
surface charge from surface bond breaking in the formation of
cation vacancies. The monotonically lower E ., (V7 /V;")s in
the 16-layer asymmetric slab model than those of the 15-layer
symmetric SrO slab reflects on the upshift of the Epemi of
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FIG. 14. (Color online) Energy level diagram for electron trans-
fer in formation of (a) bulk Vo, (b) (001) AO surface Vo, (c) (001)
BO, surface Vo, (d) bulk Vy/V;", (e) (001) AO surface V/Vy",
and (f) (001) BO, surface V/V}"” for the SrTiO3 bulk and (001) AO
and BO, surfaces. All energy is referenced to the O 2p band of the
bulk and surface layers. The solid (dotted) horizontal line indicates
the Fermi level of the SrO-terminated symmetric (asymmetric) slab
model, and the solid (dotted) single arrows represent the energy
of electron transfer for defect formation in the SrO-terminated
symmetric (asymmetric) slab model. The red and blue dash-dotted
lines indicate the O2p band center and the metal references of
S1TiOs, respectively. The metal references are not uniquely defined
in perovskites (see discussions in Sec. II), and their range is indicated
by the blue double arrow (only for guiding without quantitative
meaning). The schematic plots shown here do not include band
structure change due to surface relaxation and bond breaking.

the 16-layer asymmetric slab caused by the presence of the
TiO, surface states [dotted lines in Figs. 14(e) and 14(f)], with
further adjustment through electron redistribution between the
SrO and TiO, surfaces. The even lower Eq(V)/Vy")s of the
15-layer symmetric TiO, slab than the 16-layer asymmetric
slab is due to the fact that the 15-layer symmetric TiO, slab
contains two TiO, surfaces with no electronic redistributions
between the two surfaces, which leads to the largest upshift
of the Egem; relative to the band features among the three
slab models [Fig. 14(f)]. The origin of the oscillation of
Ews(V}/VE")s in the SITiO3 slab models is not totally clear
at this time but may be attributed to different amount of
defect charge between V) and V" (which is two and four
holes, respectively) coupling differently to the surfaces of the
slabs.
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FIG. 15. (Color online) O  vacancy segregation energies,
E(V0), for the top eight layers of LaMnOj3 (001) slabs: filled blue
circles represent the data of a 15-layer BO, terminated slab (two
BO, surfaces), empty red circles represent the data of a 15-layer
AO terminated slab (two AO surfaces), and filled purple squares
represent the data of a 16-layer stoichiometric slab (one AO and one
BO, surfaces). The use of larger and smaller symbols highlights
the dissimilar trends of the Eq,(Vd)s in the AO and BO, layers,
respectively.

3. Defect Es of perfect LaMn O3 (001) polar surfaces

(a) Defect Es of LaMn O3 bulk. The energetic influence by
shifts of the Fermi level (electron chemical potential) from the
introduced charge perturbation in the point defect formation is
much smaller in the metallic LaMnO3/LSM than systems with
large band gaps, since the spurious electrostatic interaction of
a point defect in a finite size supercell is effectively screened
in LaMnO3/LSM by the more delocalized 3d e, electrons
and can be effectively described by a defect concentration
dependent term [15]. Therefore, more robust bulk defect
energetic references for the surface point defect Eggs can be
obtained with the DFT periodic supercells [15]. As will be
illustrated below, the availability of filling and removing TM
3d e, electrons near the Fermi level in point defect formation
and electronic compensation to the polar surfaces leads to the
distinct surface defect properties for LaMnO3s/LSM vs LaAlO3
and SrTiOs.

(b) Oxygen vacancy segregation energy. Figure 15 shows
the calculated E.4(V 0)s for the top eight layers of LaMnO;
(001) 15-layer symmetric and some partial results of
16-layer asymmetric slabs. The symmetry of LaMnOs bulk
with further symmetry breaking by surfaces results in two
distinct Eq,(V0)s at each BO, layer near the surface ter-
minations, but they gradually converge to the bulk reference
when approaching to the central region of the slabs. The
near zero value of E(V0)s near the central region of the
slabs and as well as the very similar E,(V0) values for
both symmetric and asymmetric slab models suggest that the
surfaces of the slabs influence only a nearby region [82],
leaving the center of the slab similar to bulk. These results are
in agreement with our previous findings: (1) layer-projected
DOS plots shown in Fig. 7, where layer projected DOS plots
near the central region of both the asymmetric and symmetric
slabs are similar to the bulk DOS and the layer-projected
DOS plots of 15-layer symmetric vs 16-layer asymmetric
slabs can be found to be almost identical; (2) the LaMnOs3
(001) surface energies of both asymmetric and symmetric slab
models converge to the same value at a small thickness (8 to
9 layers), as shown in Fig. 9; and (3) Bader charge analysis of
Fig. 25(c) (in the Appendix) show charges similar to bulk near
the middle of the slabs. By all our measures it is found that
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FIG. 16. (Color online) Cation vacancy segregation energies,
E (V' / V"), for the top eight layers of LaMnOs (001) slabs: filled
blue diamonds represent the data of a 15-layer BO, terminated slab
(two BO, surfaces), empty red diamonds represent the data of a
15-layer AO terminated slab (two AO surfaces), and filled purple
triangles represent the data of a 16-layer stoichiometric slab (with the
BO, surface on the left and the AO surface on the right). The larger
and smaller symbols represent B-site cation vacancy and A-site cation
vacancy segregation energies, respectively.

the metal-like nature of LaMnOj3 leads to effective screening
of surface dipole, and the screening is short range (~1.5 nm)
and eliminates interactions between the two counter surfaces
of the asymmetric slab.

(c) Cation vacancy and Sr segregation energy. In Fig. 16
and Fig. 17, we show that the calculated E,(V}’/V} )s and
Eqe(Sry)s of the LaMnO; (001) surfaces exhibit similar
profiles as moving from surface layers to the center region
of the slabs, but the segregation tendency near the two surface
terminations is reversed as compared to the Eq(V 0)s. While
the magnitude of the defect segregation energies seem to vary
among the three defects (Vo, V,'/V},', and Sr), doping) in
the LaMnOj3 (001) slab models, after normalizing the defect
segregation energies with respect to the formal defect charge
doping (i.e., +3 for V;"/Vy', +1 for Sr),, and —2 for Vo),
it is seen that the profiles of defect segregation energies vs
location of the slab almost fall on top of each other, as shown
in Fig. 18. The overlapping of charge normalized surface
defect segregation energy vs location profile for the LaMnOj3
(001) slabs indicates that defect energetics of unreconstructed
LaMnO; (001) surfaces are mainly governed by interaction
between the charge doping introduced from formation of
point defects and the charge doping introduced by the surface
polarity through changing 3d e, electron filling of the TM
metal (oxidation states of TM). In Fig. 19, we show an energy
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FIG. 17. (Color online) Sr), segregation energies, Eg(Sr)), for
the top eight layers of LaMnO; (001) slabs: filled blue triangles
represent the data of a 15-layer BO, terminated slab (two BO,
surfaces), empty red triangles represent the data of a 15-layer
AO terminated slab (two AO surfaces), and filled purple triangles
represent the data of a 16-layer stoichiometric slab (with the BO,
surface on the left and the AO surface on the right).
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FIG. 18. (Color online) LaMnO; defect (Vo: red circles;
V' /Vy': blue diamonds; and Srj: green triangles) segregation
energies normalized with formal charge of defects (—2, 43, and +1
for Vo, V)’ /V}', and Sr),, respectively) of a 15-layer BO, terminated
slab (left figure with filled symbols) and 15-layer AO terminated slab
(right figure with empty symbols). Note the more stable E,(V 0)s of
the two distinct O sites of each BO, layer (as shown in Fig. 15) are
chosen to represent the Eq.,(V 0) of each plane.

level diagram for electron transfer in formation of Vo and
vy /Vy'/Sr), for the LaMnO; bulk and (001) AO and BO,
surfaces to illustrate how LaMnO3/LSM surface point defect
segregation energies are influenced by shifts of the Fermi level

(a) Bulk (b) (001) AO surface

(c) (001) BO; surface
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FIG. 19. (Color online) Energy level diagram for electron trans-
fer in formation of (a) bulk Vo, (b) (001) AO surface Vo, (c)
(001) BO, surface Vo, (d) bulk V}'/Vy'/Sr), (e) (001) AO surface
vy /vy /Sry, and (f) (001) BO, surface V)'/Vy'/Sr, for the
LaMnO; bulk and (001) AO and BO, surfaces. All energy is
referenced to the O 2 p band of the bulk and surface layers. The single
arrows represent the energy of electron transfer in the point defect
formation. The red and blue dash-dotted lines indicate the O 2 p band
center and the metal references of LaMnQO;. The metal references are
not uniquely defined in perovskites (see discussions in Sec. II), and
their range is indicated by the blue double arrow (only for guiding
without quantitative meaning). The schematic plots shown here do
not include band structure change due to surface relaxation and bond
breaking.
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FIG. 20. (Color online) Surface dopant segregation energies
(Bd/,: blue diamonds; Sr/: green triangles; and Ca/,: red crosses)
of the LaMnOj3 16-layer (001) slab. Arrows indicate the location of
top surface layers of the slab.

relative to the O 2p band of the surfaces (i.e., surface band
bending). The doping of electrons (AO) and holes (BO,) into
the 3d e, bands raise and lower the Fermi energy, respectively.
The increased Fermi energy for the AO-terminated surfaces
then destabilized the electron doping from V6 and stabilized
the hole doping charge from V’/Vy'/Sr),. The decreased
Fermi energy causes the opposite trend for the BO,-terminated
surfaces.

(d) Additional notes on dopant size effect for dopant
segregation energies. In early and recent theoretical papers,
it was proposed that the two fundamental factors governing
defect and dopant segregation near grain boundaries and
surfaces of oxides or ionic systems are electrostatic interaction
and strain (elastic) energy [24,41,83,84]. Yan et al. [84]
demonstrated that both electrostatic and elastic driving forces
can be coupled for dopant segregation near grain boundaries of
ionic solids, and one may be affected by the other under certain
conditions. Recently, Lee et al. [24] investigated the oxygen
partial pressure and temperature dependences for dopant
segregation among the Ca/y, Sr);, and Ba/;-doped LaMnO;
surfaces of epitaxial thin films on the SrTiOs substrate
and suggest that cation size mismatch (strain) and charge
interactions (electrostatics) are the main driving forces for the
observed dopant segregation on Ca/,, Sr;, and Ba/,-doped
LaMnOj; surfaces vs temperature and oxygen partial pressure.
To further understand the effect of strain energy relative to the
surface polarity on the dopant segregation energetics, we vary
the dopant size by replacing Sr with Ba and Ca to compare
their Egs in the 16-layer LaMnOj stoichiometric (001) slab
model, as shown in Fig. 20. Interestingly, almost identical Eeg
vs slab layer location profiles are observed for all the three
dopants, with that largest variation E,s at the surface layer.
The Egs of the three dopant types at the top (001) AO surface
layer in this paper are similar but lower (by —0.3~—0.5 eV)
than those reported by Lee et al. [24], which could be due to
the difference in the DFT modeling approaches for calculating
surface segregation energy (i.e., in this paper we calculate
dopant segregation energy based on Eq. 1, while in Ref. [24]
the dopant segregation energy are calculated by explicitly
taking the total energy difference of slabs vs the bulk, with
the slab energy derived from averaging between the undoped
LaMnO; and doped LaMnOj; nine-layer slabs). Nonetheless,
the trend of the AO surface Eg,s vs the dopant size shows
good agreement with Ref. [24], and we would follow Lee
et al. [24] in attributing the trend to surface strain relaxation
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FIG. 21. Moving average of layer charge doping obtained from
Bader charge analysis shown in Fig. 25(c) of the Appendix for
LaMnO; (data based on the 15-layer symmetric slab model). The
moving average of layer charge doping (AQ) is calculated by
averaging the layer charge doping with it nearest-neighbor layers
(one layer below and one layer above, except for the surface layers
that only include one layer below).

associated with dopant size mismatch vs the host A-site
cation.

Our result suggests that in the case of the ideal LaMnO3
(001) surfaces with dilute dopants, the main driving force of
the observed LaMnO;3 E, profile is due to the electrostatic
interaction between the surface compensating charge origi-
nated from bulk polarity (which creates a strong electric field
near the surfaces) and point defects (as well as the cation
dopants), and surface strain relaxation leads to additional
but secondary contribution to the top surface layer dopant
segregation energies. We note upon increasing Ca/y, Sr’,, and
Ba/, dopant concentration in bulk LaMnOs (or in heavily
doped LaMnOs3), the surface dipole effect will be reduced
since both the AO and BO, layer charge is modified by the
presence of the 24 cation dopant in the AO layer and an
increase of the TM valence in the BO, layer, and thereby
reducing the total dipole moment and the surface compensating
charge. Therefore, it is expected that with increasing Ca, Sr,
and Ba 24 cation dopant concentration, the elastic strain effect
will become increasingly important relative to the electrostatic
effect from charge interaction between surface charge and
dopants and may be dominant over the surface polarity in
heavily doped LaMnOs.

Finally, it can be seen that the surface layer charge doping
results of the LaMnO3 (001) 15-layer and 16-layer slabs shown
in Fig. 25(c) of the Appendix are not trivially correlated
with the normalized defect segregation energy profiles shown
in Fig. 18. In particular, the charges seem to fluctuate as
one moves from the surface while the defect segregation
energies are changing monotonically, and the charge appears
to reach bulk values somewhat closer to the surface than the
defect energies. However, one should remember that defining
charge doping in this layer-by-layer manner is a specific
choice to quantify charge changes and the defects may be
responding to the average charge over multiple layers. In
fact, by taking moving averages of layer charge doping with
nearest-neighbor layers (shown in Fig. 21), it is seen that
the moving average of the layer charge doping profile now
resembles that of the normalized surface defect segregation
energies. This result suggests that an average charge density
of nearby layers is a more appropriate measure of local charge
doping near the LaMnO;3; (001) surfaces than a single layer
charge.
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V. DISCUSSIONS

While LaAlO3, StTiOs;, and LaMnOs3 all belong to the
perovskite family, in this paper we have shown that the three
systems exhibit distinct behavior in surface charge, electro-
static potential profiles between the 16-layer asymmetric and
15-layer symmetric slab models, surface energies, and surface
defect energetics for the unreconstructed (001) surfaces. These
differences result from coupling of a number of factors but
originate in the different surface dipole compensating charge
(the role of bulk polarity) and the way that surface charge
can be accommodated in these materials (the role of TM
redox capability). Here we first summarize the key results
for LaMnOj3 surface energy (Sec. V A) and surface defect
energetics (Sec. V B) and then discuss the fundamental factors
leading to distinct surface energy and surface defect chemistry
for LaMnOs vs LaAlO5 and SrTiO3 in Sec. V C.

A. LaMnOs; surface energy—short surface charge screening
length and rapid surface energy convergence with slab thickness

In this paper, we show that for unreconstructed polar
surfaces, LaMnO3 (001) surfaces can screen the surface
dipole compensating charge in a shorter length (~3 unit
cell depth) than LaAlO; and that consequently a bulklike
region forms at a shallower depth when compared to the
LaAlOs;. The bulklike region is illustrated by (1) convergence
of surface energy vs slab thickness at thickness ~4 unit cells
(Sec. IIID); (2) convergence of central-region layer DOS to
bulk by ~3 unit cell depth (Sec. III C 3); and (3) convergence
of the defect energies to bulk values by ~3 unit cell depth
(Figs. 14-16 of %Sec. IV B 3). The ability to screen the
surface charge with low-energy cost is expected to enable
much more stable polar surfaces in TM mixed ionic-electronic
conducting perovskites than more ionic perovskites. This
hypothesis is consistent with the low LaMnO3 (001) surface
energy [which is close to that of SrTiOs (see Fig. 8)] and
is also suggested by recent ab initio surface thermodynamic
stability analysis [39,42]. For the more localized electronic
characteristics of LaAlOs3, the large band gap creates a large
energy penalty for surface metallization and leads to a much
higher (001) surface energy than that of LaMnOs.

The weakly polar SrTiO3 (001) surfaces exhibit the lowest
surface energy among the three systems (see Fig. 8), which
is believed to be at least in part due to the weak polar nature
of SrTiO3, as bond breaking of the truncated (001) surfaces
is sufficient to compensate for their weak polarity and only a
small energy cost is paid to move charge around to compensate
the dipole [e.g., metallization does not occur at the SrTiO3
(001) surfaces]. Therefore, the surface energy of weakly polar
SrTiO3 exhibits weak or almost no thickness dependence.
However, the presence of TiO, surface states causes Fermi
level pinning of the whole slab to a higher energy level and
leads to Epermi going from low to high in the following order:
SrO-terminated 15-layer symmetric slab, 16-layer asymmetric
slab, and TiO,-terminated 15-layer symmetric slab. This trend
in Egerm; further causes a slightly split surface energy between
the asymmetric and symmetric slab models. In other words,
our results suggest that for the SrTiO3 slab models containing
the TiO, surfaces, there is still no bulklike region, despite no
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additional surface charge being generated to compensate the
weak polarity.

B. LaMnO; surface defect energetics—correlation between
polar surface compensating charge doping and
point defect segregation energies

For the unreconstructed LaMnOs3 (001) surfaces, our sur-
face defect segregation energies suggest that the main driving
force for surface defect segregation is governed by surface
charge introduced by bulk polarity. We demonstrate that the
profiles of Ewg(V0), Ewg(Vy'/Vy"), and Ego(Cal, /Sr),/Ba’,)
vs the slab layer location of the LaMnOs (001) slab models
collapse onto a single master curve when normalized with
respect to the formal defect charge and are also highly
correlated with the surface charge doping profile when it is
properly averaged. In contrast, although polarity compensation
also occurs in LaAlO3 (001) surfaces, the non-TM LaAlOj;
perovskite exhibits no simple correlation between surface
charge and surface defect segregation energies. This different
behavior is due to the fact that there is much longer range
electrostatic interaction in a more ioniclike system and that the
large band gap leads dissimilar compensation for defects with
the opposite charge vs the same charge relative to the charge
of the polar surface. Specifically, strong segregation of defects
with the opposite charge as the electron doping at the polar
surface occurs in LaAlOs, just as in LaMnOs, but segregation
of defects with the same charge as the electron doping at the
polar surface remains close to the bulk value. Such distinction
of surface defect energetics between the LaMnOj3 and LaAlO3
(001) polar surfaces reflects the role of the redox active TM
with an e, orbital degeneracy in accommodating the same
type of charge from strong polar surfaces and point defects:
in LaMnOs, the introduced charge from surface polarity
compensation and the point defects interact through change of
the d (or more specifically e, ) electron filling (i.e., TM redox),
while in LaAlOj3 both the surface states and the defect states of
point defects are localized and the surface states pins the Fermi
level of the slabs. Therefore, creating a point defect with the
same doping charge type as the polar surfaces does not alter the
surface Fermi level relative to the band features (i.e., surface
band bending). In Fig. 26 and Fig. 27 of the Appendix, we
show the electrostatic profiles of the Vo containing 16-layer
asymmetric slab vs the perfect slab (Fig. 26 for Vo at the
BO, surfaces and Fig. 27 for Vo at the AO surfaces) to
demonstrate the different electrostatic potential profile change
when forming a surface point defect at the LaMnO3 surfaces
vs at the LaAlO3 and SrTiO; surfaces.

The weakly polar SrTiO3 (001) surfaces do not have signif-
icant surface electronic redistribution as compared to the bulk
(i.e., surfaces remain insulating and are not metallized) and
only contain minor dipole compensating charge from surface
bond breaking. Although Ti is a TM and one would consider
that changing valence state is at a lower energetic cost than
the band insulator of LaAlQs, it does not behave like LaMnO3
because it does not have strongly polar (001) surfaces and has
a charge transfer gap between the occupied O2p band and
the unoccupied d band due to the empty d shell configuration
(d°). We demonstrate that the defect segregation energies at
the SrTiO3 (001) surfaces are not strongly influenced by weak
surface polarity and are instead governing by reduction of bond
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breaking (coordination number) in surface vs in bulk and the
presence of TiO, surface states, which interact strongly with
cation vacancies.

C. Factors leading to distinct LaMnQj; surface properties
1. Surface charge compensation due to bulk polarity

Abundant studies and discussions on the surface/interface
charge compensation (surface/interface electronic compen-
sation) for strong polar perovskites can be found in the
literature, and it is often described as the “polar catastro-
phe” [32,54,77,79,85-90]. Here this phenomenon is briefly
summarized for the investigated perovskite systems. The
formal charge in the perovskite layers cause LaMnOj; and
LaAlOs; to be a strongly polar system where additional surface
compensating charge is generated at the polar surfaces [see
the slab layer Bader charge in Fig. 25 of the Appendix and
Fig. 4 and Fig. 6 for the DOS of the LaAlO3; and LaMnO3
(001) slabs, respectively]. On the other hand, the charges in
the perovskite layers cause SrTiOj to be only a weakly polar
system, and a relatively small amount of surface charge is
introduced locally due to surface bond breaking, which can
sufficiently compensate for the weak polarity of the bulk
without metallizing the surfaces [see the slab layer Bader
charge in Fig. 25 of the Appendix and Fig. 5 for the DOS
of the SrTiO3 (001) slab]. As will be discussed below, the
coupling between the surface compensating charge and the
facile redox of the Mn*t further leads to distinct LaMnOs
surface energetics as compared to those of LaAlO;.

2. Roles of TMs with an e, orbital degeneracy and the charge
transfer gap for TMs with d° and d*

In this paper, we have shown the effective screening of
surface compensating charge and point defects in LaMnOj3
through facile redox of Mn** (d*), which leads to a bulklike
region existing at lower slab thickness than LaAlOsz and
converged bulk point defect segregation energies between 15-
layer symmetric and 16-layer asymmetric (001) slab models.
In contrast, nonconverged surface energy and surface cation
segregation energy in SrTiO; suggests a lack of screening
of the weak surface charge by Ti** (d°). To address distinct
surface properties arising from varying the TM cations, here
we discuss the roles of TM with partially filled e, orbital
occupation (which are generally used as solid oxide fuel cell
cathode materials) in strong polar TM perovskite surface
energetics and the role of the charge transfer gap in TM
perovskite surfaces with d° and d> configurations.

(a) The role of TM with partial occupation of e,orbital. The
reduction and oxidation energetics of TM oxides are associated
with the electronic structures near the Fermi level, which can be
described by the TM-ligand field splitting, d-electron filling,
and the degree of metal-oxygen hybridization [49,91]. In solid
oxide fuel cell cathode applications, the TM-based mixed
ionic-electronic conducting perovskites generally contain d
shell configurations with a partially filled e, band (e.g.,
La;_,Sr,MnQO;3, La;_,Sr,Co0Os3, La;_,Sr,Co;_,Fe, 03, etc.).
When the TM cation d-shell configurations contain a partially
filled e, band in the cubic perovskite symmetry, the e, states
are degenerate in their energy level and strongly interact with
the O2p states of coordinating oxygens, forming broad o*
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bands [91]. Therefore, the Fermi level of these TM-based
mixed ionic-electronic conducting perovskites at the cubic
symmetry lies within the e, band and can lead to metallic
properties. It is noted that the e, orbital degeneracy can
be removed at lower symmetry, e.g., due to JT distortion,
which results in a substantial gap between the occupied and
unoccupied e, states. Nonetheless, typical solid oxide fuel
cell operating temperatures (7 =~ 1000K) are above the
orbital ordering transition temperature, and the solid oxide fuel
cell perovskite materials are generally doped with aliovalent
cations such as Sr’* (which stabilizes the ferromagnetic
phase), which together lead to the cubic or close-to-cubic
symmetry. For example, the JT transition temperature is about
750 K for LaMnOs; and above 750 K LaMnQOj exhibits average
cubic symmetry [92] and a significant reduction of the band
gap vs the room temperature orthorhombic phase [70]. The
availability of partially filled e, states (or with small splitting
energy between occupied and unoccupied e, states) near the
Fermi level allows accommodation of strong polar surface
compensating charge and surface defect charge at low-energy
cost by shifting the surface Fermi level within the available ¢,
states relative to the core electron level or the vacuum level.
This process leads to effective screening of the electrostatic
field near the polar surfaces of the slabs and a relatively low
thickness requirement for converged surface properties (i.e.,
slabs become bulklike after just a few layers).

An exception to the above situation is for the partial e,
orbital occupation with a half-filled d-shell (d°) configuration
(with e, occupation equal to two) in the cubic perovskite sym-
metry. This configuration does not lead to metallic behavior
due to strong d-electron exchange interaction (the penalty for
pairing d electrons in the same orbital) [93], which splits the
majority and minority spin states and leads to a large charge
transfer gap, such as seen in LaFeO3 (~2 eV band gap) [93,94].
The existence of a charge transfer gap can further lead to
distinct surface properties from the mixed electronic-ionic
conducting perovskites, as will be further discussed below.

(b) Charge transfer gap for TM perovskites with d° and d°.
The discussion in this section addresses the TM perovskites
with d shell configurations containing zero or weak ligand
field splitting (i.e., d° and d° configurations), which share
similar features with non-TM oxides. For these systems the
top of the filled valence band is predominantly composed
of the O2p band [93] and a substantial charge transfer gap
exists between the filled valence band and the unoccupied
conduction band (typical band gaps are 2—4 eV) [94,95]. The
existence of a charge transfer gap creates a significant electron
chemical potential contribution in surface defect energetics
through Fermi level pinning by the surface states at the polar
surfaces vs the bulk, which shifts the surface Fermi level close
to the CBM and VBM or within the band gap (depending on
the energy level of the surface states). As shown previously
in the LaAlO; surface energies vs slab thickness and surface
defect energetics, the screening of the electrostatic field caused
by the surface dipole in strong polar perovskites with a large
band gap is less effective as compared to those of LMO. We
therefore expect that the TM-based strong polar perovskites
with empty or half-filled d shell can exhibit similar surface
energetics to those shown previously in the LaAlO3 system
due to a large charge transfer gap.
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FIG. 22. (Color online) Plots of calculated DOS for LaFeO; (a)
G-type antiferromagnetic bulk, (b) asymmetric 14-layer slab, (c)
symmetric 15-layer AO-terminated slab, and (d) symmetric 15-layer
BO,-terminated slab. In plot (a), the upper plot is the DOS with y
axis in the absolute scale, and the lower plot is the DOS with y axis in
the logarithm scale. The shaded area represents the size of the band
gap. In plots (b), (c), and (d), thick and thin solid lines represent the
slab and the bulk DOS respectively, and the Fermi energy level is
aligned at zero.

For example, the antiferromagnetic LaFeO; exhibits a
~2 eV band gap [94], which is consistent with the high-energy
cost for redox of the Fe3' (half-filled d shell, d°), and
this large gap means the surface properties of ideal polar
antiferromagnetic LaFeO3 (001) surfaces may behave similar
to LaAlOj;. To assess this claim we show in Fig. 22 the DOS
of LaFeO3; G-type antiferromagnetic bulk (nearest-neighbor
Fe antiferromagnetic coupling) and 14-layer asymmetric and
15-layer symmetric (001) slab models calculated using the
same slab modeling approach as LaMnOs3 with the Uegr = 4eV
for the Fe 3d electrons [36,64]. It is seen that the spreading
(covering more range of energies) of the band structures of
the 14-layer asymmetric (001) slab vs bulk is similar to the
DOS plot of LaAlO3; shown in Fig. 4(a), as expected from
the fact that both have a significant band gap (the calculated
G-type antiferromagnetic LaFeOs has a band gap of ~1.8 eV).
However, we note that there is a smearing (less sharp peaks
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FIG. 23. (Color online) Calculated surface energy of the (001)
slabs vs slab thickness for LaAlO; (red squares) and LaFeO; (grey
diamonds). Data of asymmetric slabs and symmetric slabs are plotted
with solid and empty symbols, respectively. The lines connecting the
data shown in the plot are guides to the eye.

in the DOS) of band features in the DOS plots of the 15-layer
symmetric slab models [Figs. 22(b) and 22(c)] that occurs in
LaFeOj; but is not seen in LaAlO3. These smearings originate
from band bending between the surface layer and the central
region of the slab and show that there is more band bending
in LaFeO3 than LaAlOj3. Another similarity between LaFeO;
and LaAlOs; can be seen in Fig. 23, which shows the calculated
(001) surface energy of the G-type antiferromagnetic LaFeO3
vs slab thickness. It is seen in Fig. 23 that the LaFeO3 surface
energy thickness dependence is similar to that of LaAlOs,
suggesting that the thickness of the simulated LaFeO; (001)
slab models is insufficient to provide a converged bulklike re-
gion. Both G-type antiferromagnetic LaFeO3 (001) slab DOS
and surface energy results suggest that the role of band gap
in the G-type antiferromagnetic LaFeO3 may lead to surface
properties more similar to LaAlO3 than LaMnOj3. However, by
introducing sufficient Sr and Co doping in LaFeO3, acceptor
states are introduced to the VBM, and the ferromagnetic
arrangement is promoted [96], and hence removing or adding
charge will take place using the available e, states close to
the Fermi level. Thus we expect that the surface properties
of heavily Sr and Co doped LaFeO; may behave more
similarly to LaMnO3/LSM than to LaAlOs3. In fact, most mixed
ionic-electronic conducting perovskites in solid oxide fuel cell
applications contain either the TM elements such as Mn, Co,
Ni with smaller band gaps and facile redox, or high doping
content, or both. Therefore, we believe that the qualitative
trends shown in this paper for LaMnO; are expected to hold
for polar mixed ionic-electronic conducting perovskites, which
will generally be quite different from the weakly polar SrTiO3
and non-TM LaAlO;. However, the quantitative values of
properties such as surface charge screening lengths, surface
energies, and surface defect energetics, will likely depend on
the specific system being studied.

VI. CONCLUSIONS

In this paper, we perform a comparative study for LaMnOs3,
LaAlOs3, and SrTiO3 (001) surfaces and surface defect ener-
getics based on ab initio modeling. Despite the structural simi-
larity, it is demonstrated that unreconstructed (001) surfaces of
LaMnO; (TM polar perovskite with the Mn d* configuration)
are chemically quite distinct from those of LaAlO3 (non-TM
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polar perovskite) and SrTiO3 (TM non-polar perovskite with
an empty d shell). Specifically, we have shown major dif-
ferences in their surface charge, electrostatic potential profile
normal to the surfaces of the slabs, surface electronic struc-
ture, location of dipole compensating charge, surface energy
thickness dependence, and surface defect energetics. These
differences have been explained in terms of the presence or
absence of a surface dipole and a redox active TM with partial
e, orbital occupation in the system. Overall, our comparative
study highlights that coupling of the TM cation redox abilities
originated from short-range metal-ligand field interactions and
d-electron fillings, and long-range electrostatic interactions
can result in distinct surface chemistry for perovskite oxides.
We also demonstrate how surfaces of mixed ionic-electronic
conducting perovskite oxides are fundamentally different from
those of polar non-TM (LaAlO3) and nonpolar TM perovskites
with an empty d shell (SrTiO3). In addition, we show for the
case of LaMnOj ideal (001) surfaces with dilute Sr/Ba/Ca
doping that the dopant segregation energy profile is mainly
governed by interaction between dopants and the surface
compensating charge near the polar surfaces. Nonetheless,
upon increasing Sr/Ba/Ca doping, it is expected that the elastic
(strain) effect may become increasingly important or even
dominant over the electrostatic effect from surface polarity
due to reduction of the layer charge (the slab dipole moment).
Although real surfaces could deviate from the ideal surface
models used in the ab initio modeling, we believe that the
same fundamental factors will still play an important role
in the perovskite surface chemistry even in the presence of
other reconstructions. These different surface chemistries are
a fundamental piece of understanding for rational design of
perovskite oxides for solid oxide fuel cell cathodes and other
applications, e.g., oxygen permeation membranes.
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APPENDIX

1. Bulk DOS plots of LaAlO;, SrTiO;, LaMnQj; calculated
with a 3 x 3 x 3 k-point mesh.

Figure 24 in this Appendix provides higher resolution DOS
plots for the bulk systems being studied.
2. Bader charge doping of layers for LaAlO;, SrTiOs, and
LaMnOj; (001) surfaces

Figure 25 shows calculated charge changes of each layer
(surface layer charge relative to the bulk layer charge) for
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FIG. 24. (Color online) Plots of calculated total DOS, normal-
ized per formula unit, for bulk (a) LaAlOs, (b) SrTiO;, and (c)
LaMnO; with a 3 x 3 x 3 k-point mesh. For each material system,
two sets of DOS plots with different y axis presentation are included.
The upper plot gives absolute y axis with positive numbers for up-spin
states and negative numbers for down-spin states, and the lower plot
gives the logarithm scale y axis with dark color for the up-spin states
and light color for down-spin states. The logarithm scale plots exclude
zero states in the DOS and allows one to easily distinguish systems
with and without band gaps. In each plot, the Fermi energy level is
aligned at zero, and the shaded area represents the size of the band
gap.

LaAlO3, SrTiO3, and LaMnOs; (001) surfaces based on
Bader charge analysis [67]. Our LaAlO3 and SrTiO; surface
charge results are in agreement with previous theoretical
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FIG. 25. (Color online) Charge doping, AQ, in each layer of
the (001) slabs for the perovskite (a) LaAlOs, (b) SrTiOs, and (c)
LaMnOj;. Charge doping is calculated in terms of the Bader charge
of each layer of the slab relative to the bulk layer.

works [54,75,76] except that overall the Bader charge analysis
in this paper exhibits a smaller magnitude of charge density
changes as compared to the results of Mulliken charge analysis.

In Fig. 25, it is seen that all of the LaAlO3, SrTiOs, and
LaMnOj; (001) surfaces are charge doped, with holes created
near the BO, surfaces and electrons formed near the AO sur-
faces, except for the LaAlO; 16-layer asymmetric slab model.
For strong polar 15-layer symmetric (001) slab systems, e.g.,
LaAlO;3 and LaMnOs, an extra AO plane has formal charge +1
(all charges are measured in units of electrons) and therefore
effectively gives up one electron and donates it to the system,
creating an n-type system. Similarly, an extra BO, (AlO, or
MnO;) plane has a formal charge —1 and therefore donates one
hole to the system, creating a p-type system. The excess charge
created due to nonstoichiometry is +1 (—1) in a symmetric
BO; (AO) terminated slab and is exactly the right magnitude
and sign of charge doping needed for surface compensation
of Tasker’s type 3 polar surfaces [32,79]. To understand this
relationship better, we note that the charge compensation
mechanism of Tasker’s type 3 polar surfaces requires surface
layer charge, Ogur tayer» €qual to negative half of the bulk
atomic layer charge, opuiayer [79]. Thus for a BO, (AO)
terminated surface the compensating charge doping is +0.5
(—0.5). For a symmetric slab with two identical surfaces, the
compensating charge needed for BO, (AO) terminated slabs
is +1 (—1), exactly the amount of extra charge created due to
nonstoichiometry. Such balancing means that the symmetric
slab calculations not only have no net dipole (due to their
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symmetry) but also have excess charge doping available to
compensate their polar surfaces in exactly the same way as
would be compensated in the high thickness limit. Therefore,
for even a moderate number of layers, the surfaces in the
symmetric slab model can be considered to be a good approx-
imation to the case of surfaces in the thick film limit [32,85].

The layer Bader charge of the 16-layer slab asymmetric
model is very close to the bulk layer charge, which indicates
that electronic compensation (introduction of extra surface
compensating charge) does not occur as the main surface
stabilization mechanism to accommodate the total dipole
moment of the LaAlO3 (001) 16-layer slab. Instead, the dipole
moment has been found to lead to lattice polarization to screen
the electrical field in the slab and slight charge transfer between
the AO and BO, surfaces [54,77]. The different (001) surface
charge between the LaAlO3 15-layer symmetric slab and the
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FIG. 26. (Color online) (a) 16-layer asymmetric slab model and
(b) LaAlOs, (c) SrTiO;, and (d) LaMnOs electrostatic potential
(relative to the Fermi level of the slabs) profiles along the direction
perpendicular to the surfaces of the (001) slab models for the
perovskite. The blue lines are the electrostatic potential profiles of
the perfect 16-layer asymmetric slab models, while the red lines
are electrostatic potential profile of the oxygen vacancy containing
16-layer asymmetric slabs, respectively. The location of the oxygen
vacancy in the 16-layer asymmetric slab is in the surface BO, layer
on the right hand side and is also specified with a red square in the
schematic, shown in (a).
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16-layer asymmetric slab models further results in distinct
surface energies and defect energetics between the two slab
models, as discussed in Sec. III D and Sec. IV B of the main
text.

In the case of weak polar SrTiO3 (001) surfaces, the simi-
larity of layer charge doping between the 16-layer asymmetric
and 15-layer symmetric slab models can be attributed to the
fact that surface bond breaking on its own is sufficient to
compensate the weak polarity [32], and thereby the surface
charge doping is mainly aresult of local bond breaking near the
surface region instead of a macroscopic dipole effect. Nonethe-
less, slight layer charge differences are observed in Fig. 25(b)
of the Appendix for the top surface layer between the 16-layer
asymmetric and 15-layer symmetric slab models, suggesting
that a certain degree of electronic redistribution between the
two surfaces may still occur in the asymmetric slab models.

For the LaMnO; (001) surfaces, both 16-layer asymmetric
and 15-layer symmetric slab models exhibit almost identi-
cal surface charge doping, as shown in Fig. 25(c) of the
Appendix. That the layer charge of LaMnO3 (001), the 16-
layer symmetric slab, is similar to that of 15-layer symmetric
slabs suggests that the LaMnO3s (001) 16-layer slab model
has extra surface charge introduced to the (001) surfaces to
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FIG. 27. (Color online) (a) 16-layer asymmetric slab model and
(b) LaAlOs, (c) SrTiOs, and (d) LaMnOj; electrostatic potential
(relative to the Fermi level of the slabs) profiles along the direction
perpendicular to the surfaces of the (001) slab models for the
perovskite. The blue lines are the electrostatic potential profiles of
the perfect 16-layer asymmetric slab models, while the red lines
are electrostatic potential profile of the oxygen vacancy containing
16-layer asymmetric slabs, respectively. The location of the oxygen
vacancy in the 16-layer asymmetric slab is in the surface AO layer
on the left hand side and is also specified with a red square in the
schematic shown in (a). A zoom-in subplot on the left of the main
plot for LaAlO; (and LaMnOs) shows the clear distinction of the
electrostatic potential profiles near the AO surface.
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accommodate the total dipole moment of the slab, which is
in contrast to LaAlO3;, where the total dipole moment of
the 16-layer (001) slab is stabilized by lattice polarization
and does not contain significant surface compensating charge.
Such difference in surface charge compensation between the
LaMnOj; and LaAlOj3 16-layer (001) slabs reflects the fact that
the facile redox of Mn in LaMnQOj3 allows it to accommodate
extra charge doping at low-energy cost, while introducing
charge to LaAlOj is energetically unfavorable and therefore
surface stabilization with charge is substituted by lattice
polarization in the slab at low thickness.

3. Electrostatic potential profiles for LaAlOj;, SrTiO3, and
LaMnOj; (001) surfaces with an oxygen vacancy

In this Appendix section, the electrostatic profiles of the
Vo containing 16-layer asymmetric slab vs the perfect slab
for Vo at the BO, surfaces and at the AO surfaces are shown
in Fig. 26 and Fig. 27, respectively. Different electrostatic
potential profile change can be observed when forming a
surface point defect at the LaMnQOj3 surfaces vs at the LaAlO;
and SrTiOj5 surfaces.

4. Symmetric vs asymmetric slab models

The different chemistry of LaMnO3; vs LaAlO3 has impli-
cations for how ab initio calculations must be used to study
these types of systems. Calculations of surface properties
of LaMnOj are fairly well converged when slab thickness
exceeds the distance needed for screening the surface dipole
compensating charge, which occurs relatively quickly with
respect to number of layers (~7-8 layers). Therefore, with
sufficient slab thickness to screen the surface compensating

PHYSICAL REVIEW B 91, 195430 (2015)

charge, both the asymmetric and symmetric slab models will
have almost identical surface energies and surface defect
energetics. On the other hand, in the more ionic LaAlO3
with longer range electrostatic interaction and more localized
electrons, the surface properties are sensitive to the number
of layers and surfaces present for any presently practical
cell size, unless the compensating charge is explicitly added
to the system. Specifically, the two types of the (001) slab
models, asymmetric (stoichiometric) and symmetric (nonsto-
ichiometric) slabs, exhibit different surface stability thickness
dependence. Interaction between the two counter surfaces
remains in the LaAlOj; stoichiometric slabs up to eight unit
cell thickness (extrapolation of surface energy vs thickness
for LaAlO3 asymmetric and symmetric slab models suggests
crossover occurs at ~26 layers or ~13 unit cells of thickness).
The nonstoichiometry of the symmetric slab forces surface
charge equal to half of the bulk layer charge and gives
rise to higher surface energy with no thickness dependence.
Surprisingly, interactions (electron redistribution) between the
two counter surfaces also occurs in the 16-layer asymmetric
slab of the weakly polar SrTiOs, which leads to distinct
cation vacancy segregation energies between the symmetric
and asymmetric slab models as well as the nonconverged
surface energy. Therefore, researchers must choose surfaces
carefully to properly represent the physics of interest. To
model a thin-film system, the correct surfaces of the actual
system must be used to properly account for how dipole surface
compensation occurs when surfaces can interact. To model a
thick film, where one surface should be independent of the
other, symmetric slabs can be used, as they naturally provide
the compensating charge that would otherwise come from the
large bulklike region of a thick film.
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