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ABSTRACT: An evolutionary algorithm search in combination
with first-principles calculations is performed to systematically
predict the reconstructed surface structures of nonmetallic
perovskite oxides. Four types of lowest-energy reconstruction
patterns are obtained for the macroscopically stoichiometric (001)
surfaces of NaTaO;, KTaO;, CaTiO;, SrTiO;, YAIO;, and LaAlO,
as representatives of A*B>*0;, A*B*0;, and A**B**O; systems.
We explain chemical trends in the surface energies and band
positions of 10 perovskite oxides, additionally including KNbO;,
BaTiO;, BaZrO;, and LaGaO,, in terms of the atomic environ-
ments at the outermost reconstructed surface layers. Regaining A—
O (B—O) coordination numbers and bond lengths at the surfaces
is found to stabilize the A**B** O and A**B**O; (A*B**05;) surfaces. Decreasing the coordination number of cation A (B) leads to
shallow (deep) valence band maxima and conduction band minima relative to the vacuum level. Our study provides general insights
into the surface reconstruction and band alignment of nonmetallic perovskite oxides.

1. INTRODUCTION

A tremendous amount of research has been devoted to

perovskite oxides because of their versatile physical and
: ) o 1-16 L

chemical Propertles such as ferroelectricity, antiferroelec-

.. 17-19 . 15,16,20,21 . ... 2223
tricity, ferroma§netlsm, multiferroicity, quan-
tum paraelectricity,”" >’ superconductivity,”* > metal—insu-
lator transition,36_ two-dimensional electron gas forma-
tion,"*** catalysis,**"** and photocatalysis.”*~>° These
fascinating properties of perovskite oxides are widely tunable
by utilizing their high flexibility in the structural distor-

S 7—14,36-39,57—59 . L 6—8,20—34

tion, chemical composition, dop-
294243 L. . . 1-4,22,33,60

ing, epitaxial strain modulation, and super-
lattice fabrication.”**** This feature offers great advantages in
the design and optimization of diverse applications using
perovskite oxides.

The energy band position relative to the vacuum level or the
band position of another material is fundamental and essential
information to design surfaces and heterointerfaces in
electronic, electrochemical, and photocatalytic applica-
tions.”’ ~** The band alignment of surfaces, namely, the lineup
of their electron affinities (EAs) and ionization potentials
(IPs), depends on the polymorphism, surface structure,
stoichiometry, polarity, and various environmental conditions
through the change in the surface dipole contribution.”*~"* For
instance, a first-principles study by Buckeridge et al. indicates
that the EAs and IPs of TiO, can be tuned over a 4 eV range
by controlling its polymorphism and surface orientation.’®
Furthermore, the theoretically reported band positions of the
fully AO- and BO,-terminated surfaces of A>*B** O, perovskites
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are considerably different from each other.***® A recent
experimental study by Thapa et al. has shown that SrTiO;
surfaces exhibit a mixture of the SrO and TiO, terminations or
a full SrO termination during the hybrid oxide molecular beam
epitaxy growth of stoichiometric films on SrTiO; (001) single
crystal substrates.”” Our previous first-principles calculations
have predicted that the band positions of reconstructed SrTiO;
(001) surfaces with mixed terminations show up to ~1 eV
differences from those of fully SrO- and TiO,-terminated
surfaces.”® Such theoretical investigation into reconstructed
surface structures and band positions has hitherto been limited
mostly to prototypical systems such as SrTiO;, BaTiO;, and
KTa0;.°*’°"7" Thus, systematically modeling the recon-
structed surfaces of remaining ABO; and understanding the
chemical tendency are pressing issues.

In this study, we focus on the extensively studied
representative (001) surfaces of perovskite oxides and perform
first-principles calculations to investigate their reconstructed
structures, stability, and band positions. Based on a hybrid
functional approach, we evaluate the chemical trends in the
surface energies, EAs, and IPs of 10 nonmetallic perovskites
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Figure 1. Four reconstructed surface structures for A*B>*0;, A**B* 05, and A**B*'O;, which are denoted (a) cation-exchange, (b) checker, (c)
stripe, and (d) zigzag models. The solid lines in the upper view indicate the surface periodicity units; the notations of p(2 X 2) and p(\/ 2X24/2)
are based on a pseudo-cubic representation. See Computational Methods for the reconstructed, relaxed, and fixed regions of the surface models

indicated in (a).

A'B**0,, A¥B*0,, and A**B*'O; using prototypical recon-
structed structure models for macroscopically nonpolar and
stoichiometric (001) surfaces derived by an evolutionary
algorithm search.

2. RESULTS AND DISCUSSION

2.1. Surface Reconstruction, Energy, and Band
Position. It is known that about 90% of the perovskite oxides
have one of the 6 octahedral-distorted structures, the space-
group symmetries of which are Im3 (a*a*a*), R3¢ (a7a"a”),
I4/mem (a°6°c™), P4/mbm (ab°c*), Ibmm (a~a™c°), and Pbnm
(a=a=c¢*).* Among the 7 polymorphs additionally including
the undistorted cubic phase (Pm3m), we found that the Pbnm
phase is the most stable in CaTiO;, NaTaO,;, YAIO; and
LaGaO;, while the cubic phase is the most stable in BaTiO;,
KNbOs;, and KTaOs;. On one hand, in SrTiO; and LaAlOs, the
most stable phases were found to be the I4/mcm and R3¢
phases, respectively (see Figure S1 in the Supporting
Information for the calculation results of the 7 phases for the
10 perovskite oxides and the note on the polar R3m phase of
BaTiO; and KNbO,). We adopted the Pbnm phase for
CaTiOs, NaTaO;, YAIO;, LaAlO;, and LaGaO, and the Pm3m
phase for SrTiO;, BaTiO;, BaZrO;, KNbO;, and KTaOj in the
surface calculations to reduce the complexity associated with
the structural distortion; our previous study has shown that the
surface reconstruction patterns are quite similar to each other
for the I4/mcm and Pm3m phases of SrTiO3.%°
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Our evolutionary algorithm search derived 4 types of lowest-
energy reconstruction patterns: the cation-exchange, checker,
stripe, and zigzag structures are obtained for NaTaO;, KTaO;,
CaTiOj;, SrTiO;, YAIO;, and LaAlO; as illustrated in Figure
la—d (see the Supporting Information for the crystallographic
data). The cation-exchange structure is essentially identical to
the previously reported KTaO; surface model by Deacon-
Smith et al., where the topmost layer and the first sublayer are
completely reconstructed from an ideally cleaved surface with
the half-BO, topmost layer (2 TaO, in unit surface area) and
the full-AO first sublayer (4 KO in unit surface area) so that
cations A and B are exchanged between these layers.”® The
checker structure predicted here also involves cation exchange
and has an AO topmost layer and a half-BO, first sublayer that
are very closely located. The stripe structure was reproduced
from our previous study on A>*B*Oj reconstructed surfaces,’®
which also predicted a similar half-BO,-terminated structure to
the zigzag structure identified here for YAIO; and LaAlO;.
These stripe and zigzag structures preserve the original
stacking sequence of the AO and BO, layers, and hence,
their topmost layers are either half-AO- or half-BO,-terminated
to conform to stoichiometry. Note that the unreconstructed
ABO; perovskite (001) surfaces that are terminated fully by
the AO or BO, planes are nonstoichiometric and polar (Tasker
type 3°"%), while our reconstructed surfaces are macroscopi-
cally stoichiometric and nonpolar. Previous reports on the
ABO; (001) surfaces have indicated that charge compensation
is a key factor for the surface reconstruction, the mechanisms
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of which include the half-topmost layer termination, cation
L 77,8384
exchange, and rumpling.
By using the 4 reconstructed surface models as templates, we
relaxed the structures and calculated their surface energies in
10 ABO; perovskites. The surface energy E is given as

1
E .= —(E,, — NE
surf 28 ( slab ABOS) (1)

where Eg,, and E,po are, respectively, the total energy of a

slab model with reconstructed surfaces on both sides and the
total energy per formula unit for bulk ABO;. N is the number
of the ABO; formula unit in the slab model. S is the ab-plane
unit surface area, and the factor of 2 is due to the presence of
two identical surfaces in the slab model. From Figure 2a, we
can see a chemical trend that the stripe or zigzag structure is
energetically the most favorable in A**B*0, and A**B**0,,
whereas the cation-exchange or checker structure is slightly
preferable in A*B>*O5,
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Figure 2. (a) Surface energies and (b) total surface rumpling for
A*B™0,;, A¥*B*0;, and A>**B*' 0. In the case where anions (cations)
are closer to the vacuum region on average, the total surface rumpling
is defined to be positive (negative), as illustrated in (c). (d)
Schematics of the atomic positions in the half-AO topmost layer and a
BO, region in the AO—BO, mixed first sublayer under the topmost
layer in the cation-exchange surface structure for A*B**05, A*B*0,,
and A¥B*0,.
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Figure 2b shows the degree of surface rumpling in the 4
reconstructed surface structures. We calculated the total
surface rumpling on the topmost layers (s,,) and first
sublayers (sy;), which are defined to be positive (negative)
when anions (cations) are closer to the vacuum region as
illustrated in Figure 2c. The cation-exchange and checker
structures exhibit relatively large and negative surface
rumpling, which corresponds to the outward average displace-
ment of the cations on the topmost layer and the first sublayer.
On the other hand, positive and nearly zero total rumpling
with much smaller composition dependencies is found in the
stripe and zigzag structures, respectively. Positive surface-
rumpling behavior has experimentally been observed in
stoichiometric nonpolar rock-salt (001) surfaces of NaCl and
KCL® which are categorized as Tasker type 1.°"** A recent
first-principles study by Hinuma et al. has shown that the
(001) surfaces of rock-salt oxides tend to have positive
(negative) Stop When the cationic radius is small (large).73 In
the present case of the perovskite surfaces, the negative total
rumpling of the cation-exchange and checker structures could
be attributed to the charge compensation in addition to the
size effect. We can see that the norms of the total rumpling of
the cation-exchange and checker structures for A*B>*O; and
A¥B*0j are, respectively, larger and smaller than those for
A*B*Q; (see the plus and cross marks in Figure 2b). To
explain such rumpling behavior concisely, the half-AO topmost
layer and a BO, region in the AO—BO, mixed first sublayer in
the cation-exchange structure are illustrated in Figure 2d. Both
AO and BO, layers are formally neutral in A**B*O;, while
their formal charges are, respectively, —1 and +1 (+1 and —1)
in A'B*O; (A’'B*'0;). Cation A on the topmost layer is
affected by a repulsive (attractive) force from the BO," (BO,")
region beneath. Cation B in the BO," (BO,”) region of the
first sublayer is affected by an attractive (repulsive) force from
AO~ (AO") and cation A on the first sublayer as well. The
second sublayer is fully composed of BO,* (BO,”) and
interacts repulsively (attractively) with the cations on the
topmost layer and the first sublayer. A similar discussion holds
for the checker structures, explaining the larger and smaller
total rumpling in A*B**O; and A*B*O; than that in
A*B*Q,, respectively, as in the case of the cation-exchange
structures.

Turning to the electronic structure, the band gaps of the 10
perovskite oxides considered in this study are generally well
reproduced, as summarized in Table 1. To clarify the trend, the
calculated band gaps are shown as a function of the lattice

Table 1. Calculated and Experimental Band Gaps of 10
Perovskite Oxides in the Unit of eV”

compound band gap (calc) band gap (exp)
CaTiO, 3.57 3.58%
StTiO; 3.07 3.25%
BaTiO; 2.93 3.20%°
BaZrO, 4.68 5.30%
YAIO; 7.46 7.85%
LaAlO, 5.25 5.6%
LaGaO, 5.29 4.47
KNbO, 2.67 3.23%
NaTaO, 4.08 4.1%
KTaO, 3.38 3.6”

“The experimental values are taken from refs 62, 90, and 93—99.
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constant in Figure 3. It is known that the conduction band
minimum (CBM) and valence band maximum (VBM) of
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Figure 3. Calculated band gaps for 10 perovskite oxides as a function
of the lattice constant.

ABOj; are mainly composed of A- or B-d states and O-2p
states, respectively.””'°>'°" Among isostructural and isovalent
crystals, smaller constituent ions tend to yield larger band gaps
in a simple ionic picture because of greater effects of Madelung
potential, the trend of which is almost the same for the
perovskite oxides as shown in Figure 3. However, there is an
exception: the band gap of BaZrOj; is larger than that of
CaTiO;, SrTiO;, and BaTiOj; despite its larger lattice constant.
This phenomenon might be attributed to strong covalent
interactions between Zr-4d and O-2p states.

The calculated EAs and IPs for the 4 reconstructed surfaces
are shown in Figure 4a—d. The EA and IP, respectively, are the
negative values of the CBM and VBM with respect to the
vacuum level. Hereafter, we use €cpy and eypy as the terms of
the CBM and VBM relative to the vacuum level, respectively.
Figure 4ef shows a clear trend that ecpy and &ypy are
relatively shallow in the cation-exchange structures, moderate
in the checker and stripe structures, and relatively deep in the
zigzag structures. We can get a grasp on the reason for this
chemical trend from the previous experimental and theoretical
studies on ABOj surfaces: €cgy and eypy tend to be shallower
for AO-terminated surfaces whereas deeper for BO,-
terminated surfaces,”>°**® and this tendency holds for the
reconstructed stoichiometric surfaces of A**B*O, with half-
AO- and half-BO,-terminated topmost layers.® As illustrated
in Figure 1, the topmost layers are AO-terminated in the
cation-exchange, checker, and stripe structures and BO,-
terminated in the zigzag structure. Specifically, 2 AO, 4 AO,
2 AQ, and 2 BO, units can be observed per unit surface area in
the respective topmost layers.

Figure 4 also indicates the reported experimental ecgy, and
eypy values.’”®" 7" The detailed structures are unclear for
most of the experimentally investigated surfaces, which makes
a direct comparison between theory and experiment difficult.
For CaTiOj; and SrTiOj;, the experimental values show a large
spread of more than 1 eV, indicating the sensitivity of the band
positions to the surface structures. The shallower and deeper
experimental levels are close to our theoretical band edge
positions of the most stable stripe and the second most stable
zigzag structures, respectively. For the other systems, the
experimental band edge positions tend to agree well with the
theoretical values for the zigzag structures.
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2.2. Chemical Trends of Surface Energy and Band
Position. To further understand the chemical trends of the
surface energies, €cpy, and &ypy, we use the following two
descriptors: M—O coordination numbers n and bond lengths
for both the surface (11,4 L) and bulk (#p lur)- The n and
[ are extracted by considering the cutoff radius for each cation
(see Table S1, Figure S4, and relevant text in the Supporting
Information). For the orthorhombic phases with octahedral
distortions, ny,, of the A-site cations except La is reduced from
the ideal cubic value of 12 to 8 in our definition. In addition,
the estimation of ng, considers the outermost layers that
contain the corresponding cation species. For instance, in the
cation-exchange model of KTaOj;, under the respective bond
length cutoffs of 3.25 A and 2.75 A for K and Ta, ny, of K and
Ta is 3 and 6 on the topmost layer and the first sublayer,
respectively (see the side view of Figure 1a).

In Figure Sa—f, the surface energies are plotted as a function
of Ngye/Mpurc OF L/ g Note that the further away from 1
these ratios are, the difference from the bulk environment
becomes significant in terms of the coordination numbers and
bond lengths. In A*B*0; and A*B*'O,, there is a weak
tendency that the surface energies decrease as both ng,e/ny
and I,¢/ Iy for the A—O bonds are closer to 1. On the other
hand, in A"B*'O,, the surface energies tend to lower as both
Nguet/ Motk a0d L/ hure for the B—O bonds are closer to 1. As
seen from these results, the driving force for the surface
reconstructions in A**B*0; and A¥*B**0, (A*B>*0;) would
partly be regaining the A—O (B—O) coordination numbers
and bond lengths in the bulk as much as possible. It has
previously been reported that the reconstruction of the KTaOj;
(001) surface occurs to fulfill the Ta coordination,”® which is
consistent with our insight. We refer here that the correlation
between E, and the B—O coordination number or bond
length ratio in A**B*O5 and A*'B*'O; is less clear as well as
that between E ¢ and the A—O coordination number or bond
length ratio in A*B>*O; (see Figure S2 in the Supporting
Information). The different chemical trends in the surface
energy among A’*B*0,, A*B**0; and A'B**O; might
originate from the flexibility of A cations” oxygen coordination
environments. For instance, the smallest coordination number
of Na* and K* is 3 in bulk metal oxides whereas that of Ca*,
Sr**, Ba*', Y*', and La®" is larger than 5.'* Thus, the alkali
metal ions in A*B>*O; perovskites would allow for the small
coordination number at the topmost surface layer to make the
cation-exchange structure relatively favorable.

To discuss the surface energy from a concise electrostatics
viewpoint, we calculated the Madelung surface energy, which is
given as

1 Madelun,
- g _ Madelung
(Eslab N. EABO3 )

28

E Madelung —

surf

)

where Ej M98 and EABO\;Maldtﬂurlg are the Madelung energy

of a slab model and that of a bulk model per ABO; formula
unit, respectively, and N and S indicate the same as those given
in eq 1. As shown in Figure 5g—i, there are positive
correlations between E . and Ey, %" in all 10 perovskite
oxides. These results indicate that lowering the Madelung
surface energy is a key factor for the surface reconstruction.
Such a simple insight can also be seen in the rock-salt (001)
ideal surfaces, which have the lowest Madelung surface energy
among ideal nonpolar surfaces with small indices.'”’ Taken
together with all discussions of the surface energy, the
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Figure 4. Band alignments of (a) cation-exchange, (b) checker, (c) stripe, and (d) zigzag reconstructed surfaces for 10 perovskites A*B**O;,
A¥B*0;, and A¥*B*"O;. The green and blue bars schematically show the conduction and valence bands, respectively; only the inner edges of the
bars, which correspond to the CBM and VBM with respect to the vacuum level (the negatives of the EAs and IPs), are meaningful, and the EA and
IP values are shown in the figures. The broken and solid lines, respectively, indicate the experimentally reported values of the CBM and VBM with
respect to the vacuum level.®**”=%2 The whole picture of the theoretical (e) CBM and (f) VBM relative to the vacuum level for the 4 reconstructed
surfaces. The plus, cross, square, and diamond marks, respectively, denote the cation-exchange, checker, stripe, and zigzag reconstructed surface

models.

A*B*0, and A**B*" O, surfaces appear to be stabilized mainly
by large ng¢/ny and ¢/l for cations A, lowering the
Madelung surface energy (see Figure S3 in the Supporting
Information for the correlation between ng,¢/ny i and Lo¢/ T
for cations A and the Madelung surface energy).

We now turn to the tendency in the surface band positions.
The scatter plots of £cgy and eypy, as a function of the relative
coordination number ratio (RCNR) % are shown
surf bulk
in Figure 6. As a whole, negative correlations between the ecpy,
or eygy and RCNR can be seen. We also found weak positive
correlations between é&ypy and the Goldschmidt tolerance
factor (see Figure SS in the Supporting Information), which is
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similar to the trend of the half-AO-terminated surfaces (the
stripe structures) of A>B*03.°° On the other hand,
correlations are unclear between é&cpy or &ypy and total
surface rumpling, as well as those between ecpy and the
Goldschmidt tolerance factor (see Figures SS and S6 in the
Supporting Information).

The case of RCNR < 1 (RCNR > 1) indicates that the
coordination number of cation A (B) at the surfaces decreases
more drastically than that of cation B (A) from the respective
bulk values. In the region of RCNR < 1 (RCNR > 1), shallow
(deep) ecpy and &ypy can be observed in all 4 surface
structures and all 10 ABO; perovskites. These results indicate
that shallow (deep) ecgy and &ypy are created by the drastic
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Figure S. Surface energies against (a—c) coordination number ratio fge/myyg (d—f) bond length ratio I /l.y; and (g—i) Madelung surface
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decrease in the coordination number of cation A (B) at the
outermost surface layer. This chemical trend is consistent with
the previous reports that fully AO-(BO,-)terminated surfaces
have shallow (deep) ecpy and eypy.””°>*® Moreover, this
discussion could be generalized in perovskites other than
oxides as similar trends have been observed in halide
perovskites such as CH;NH;PbI,.' %%

3. CONCLUSIONS

Our evolutionary algorithm search has predicted the 4 types of
reconstructed structures for the (001) nonpolar stoichiometric
surfaces of SrTiO;, CaTiO; YAIO;, LaAlO;, NaTaO;, and
KTaO;. Using the 4 reconstructed surface structures, we
systematically calculated the surface energies for 10 non-
metallic perovskite oxides and their EAs and IPs. We found
that a driving force for the surface reconstruction is to regain
the coordination numbers and bond lengths in the bulk phases
as much as possible. As for A>**B*0; and A’*B**0O,, the
fulfillment of the A-site coordination as much as possible at the
surface lowers the surface energy, whereas that of the B-site
coordination does for A*B°*O;. Thus, the stripe and zigzag
reconstructed structures are stabilized by regaining the A-site
coordination for A>*B* O, and A**B**O;. The cation-exchange
and checker reconstructed structures with significant rumpling
are stabilized by regaining the B-site coordination for A'B>*Os,
Furthermore, we found negative correlations between ecpy or
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eypy and the RCNR of cations A and B, indicating that shallow
(deep) band positions are created by the drastic decrease in
the coordination number of cation A (B) at the outermost
layers. We believe that this study provides general insights into
the surface reconstruction and band alignment of nonmetallic
perovskite oxides.

4. COMPUTATIONAL METHODS

The first-principles calculations were carried out using the projector
augmented-wave (PAW) method,'” the Perdew—Burke—Ernzerhof
functional tuned for solids (PBEsol) within the generalized gradient
approximation,'”” and the Heyd—Scuseria—Ernzerhof (HSE06)
hybrid functional with a Fock-exchange mixin§ parameter of 0.25
and a screening parameter of 0.208 A™'*7"'% a5 implemented in
VASP.""'"'"* The cutoff radii and valence electronic configurations of
the PAW data sets used in the calculations are given in Table S2 in the
Supporting Information. The PBEsol functional was used for bulk and
surface geometry optimization, while the HSE06 hybrid functional
was used to obtain more reliable band gaps and band-edge positions
within the geometries determined using PBEsol. It has been reported
that the HSEO6 hybrid functional well reproduces the band gaps for a
variety of semiconductors including perovskite oxides.’®”"! 113114
The Madelung energies with the formal charges were calculated by
using the Ewald method as implemented in PYMATGEN.'"

By using an ab initio evolutionary structure search method as
implemented in AMADEUS,"" the nonpolar stoichiometric (001)
reconstructed surfaces were modeled for nonmetallic perovskites
A¥B"0;, A*B*0,, and A"B**O; as follows: half coverages of the

https://doi.org/10.1021/acs.chemmater.2c03615
Chem. Mater. 2023, 35, 2047—2057


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03615/suppl_file/cm2c03615_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03615?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03615?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03615?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03615?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

CBM relative to the vacuum level

(a) A*B*O, (b) A*B*O,

2 T T T T T L T T T T T T T T T
{: i =~ + Cation exchange -
~~ 0¥ -
—~ oF ~ - - o ~~ 1 o Checker X |1
% Foxo f‘f %2 E%g‘~\ \O |+ + Stripe
= L [o N i N R TI [T~ Zigzag o]
w4t O 1t x %5 i
R2=0.88 SR R?=0.51 R?=0.78 &~
_ 1 1 1 1 1 = 1 1 1 1 1 1 1 1 1 1
0.2 04 0.6 0.8 1 1.2 0.2 04 0.6 0.8 1 1.2 0.2 04 0.6 0.8 1 1.2
Relative coordination nia! nbae Relative coordination el nfan Relative coordination Moot Mo
i B-O B-O i B-O B-O i B-O B-O
number ratio n&9/ B0 number ratio n&9/nB:2 number ratio n&0/nBo
VBM relative to the vacuum level
(d) A*B*0, (e) A*B>O, (f) A'B>O,
T T L} T Ll T T T T T T Ll L} T T
2r R=0887 [ RR=0687 [ R =074 1
=~ ~H S~
Z T Yo e o
s °f R 17 i 1T i ]
X~ T O " “--g ®
8} oo 1 L % © e 1L X o=
1 1 1 1 1 = L 1 1 1 1 = 1 L 1 1 1 —
0.2 04 0.6 0.8 1 1.2 0.2 04 0.6 0.8 1 1.2 0.2 04 0.6 0.8 1 1.2
A-O; .A-O A-O, A-O A-O, ~A-O
Relative coordination Naurt/ Mk Relative coordination Neurt/ Mouik Relative coordination Naurt/ Mpuik
number ratio nB9/nto number ratio nB9/pBo number ratio nBO/nBo
surf bulk surf bulk 'surf bulk

Figure 6. Relative coordination-number-ratio dependences of (a—c) CBM and (d—f) VBM relative to the vacuum level for A*B*0,, A**B**0;,
and A*B**O;. The plus, cross, square, and diamond marks, respectively, denote the cation-exchange, checker, stripe, and zigzag reconstructed
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topmost layers were considered for 2 types of (001) surface supercells
with different lateral periodicity units, p(2 X 2) and p(\/ 2 X 2\/ 2).
Here, we describe the surface periodicity units of the orthorhombic
phases based on a pseudo-cubic representation. Slab geometry with 6
layers was employed to reduce the computational cost for the
reconstructed surface structure search. On one side of the slab, the
topmost layer and the first sublayer were rearranged with the second
sublayer relaxed and the other layers fixed (see Figure 1). The number
of configurations was set to 30 in the 7population size of the
conformational space annealing algorithm,''” and the surface energy
was used to express the objective function that describes specific
target properties. The optimized outermost 2 layers are placed at both
sides of the 13 subunit layers to construct slab models with a vacuum
layer thicker than 14.8 A for the subsequent surface energy and band
position calculations. The lattice parameters were fixed at the
corresponding relaxed bulk values. For the Brillouin zone integration,
k-point sets were generated using 3 X 3 X 1 and 4 X 2 X 1 meshes for
the p(2 X 2) and p(\/Z X 2\/2) supercells, respectively.

The EAs and IPs were evaluated using a standard procedure
combining the energy levels of bulk and slab models through their
electrostatic 'cllignment.66’118 Supporting Information includes refs 7,
8, 81, 84, and 119—122 and crystallographic data in the CIF format
for our reconstructed surface structures.
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