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In this paper, the review of recent results of calculations of surface relaxations, energet-
ics, and bonding properties for ABO3 perovskite (001), (011) and (111) surfaces using
mostly a hybrid description of exchange and correlation is presented. Both AO and
BO2-terminations of the nonpolar (001) surface and A, BO, and O terminations of the
polar (011) surface, as well as B and AOs-terminations of the polar (111) surface were
considered. On the AO-terminated (001) surface, all upper-layer A atoms relax inwards,
while all second layer atoms relax outwards. For the BO2-terminated (001) surface, in
most cases, the largest relaxations are on the second-layer metal atoms. For almost all
ABOj3 perovskites, the surface rumpling is much larger for the AO-terminated than
for the BOs-terminated (001) surface, but their surface energies are always quite simi-
lar. In contrast, different terminations of the (011) ABOs3 surface lead to very different
surface energies for the O-terminated, A-terminated, and BO-terminated (011) surface,
respectively. A considerable increase in the Ti—O or Zr—O, respectively, chemical bond
covalency near the (011) surface as compared both to the bulk and to the (001) surface
in ABOgs perovskites were predicted. According to the results of ab initio calculations
for Nb doped SrTiO3, Nb is a shallow donor; six nearest O ions are slightly displaced
outwards from the Nb ion. The F' center in ABO3 perovskites resembles electron defects
in the partially-covalent SiO2 crystal rather than usual F' centers in ionic crystals like
MgO and alkali halides. The results of calculations for several perovskite KNb;Ta;_ O3
(KTN) solid solutions, as well as hole and electron polarons in ABOgs perovskites are
analyzed.
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PACS numbers: 68.35.Ct, 68.35.Md, 68.47.Gh

1. Introduction

Oxide perovskites are in demand for a variety of high-tech applications as a result of
their diverse physical properties. 2 Thin films of ABO3 perovskite ferroelectrics are
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important for many industrial applications including high capacity memory cells,
catalysis, optical wave guides, integrated optics applications, substrates for high-
T, cuprate superconductor growth, etc.* % For all these applications, the surface
structure and the associated surface electronic and chemical properties are of key
importance. Ab initio calculations of SrTiO3, BaTiO3, PbTiO3, CaTiO3, SrZrOs,
PbZrO3 and BaZrOs surface characteristics are useful to understand processes in
which surfaces play a crucial role, such as the chemistry of surface reactions, in-
terface phenomena, and adsorption. In this study, theoretical calculations dealing
with relaxed atomic structures of the SrTiO3, BaTiO3, PbTiO3, CaTiOgs, SrZrOs,
PbZrO3 and BaZrOz (001), (011) and (111) surfaces were reviewed.

Due to intensive development and progressive miniaturization of electronic de-
vices, the surface structure as well as the electronic properties of the ABO3 per-
ovskite thin films have been extensively studied experimentally in recent years.
Among all ABOj3 perovskites, experimentally most intensively have been studied the
(001) surface of the technologically very important SrTiO3 perovskite. For example,
Bickel et al.” analyzed the (001) surface structure of SrTiO3 at 7' = 120 K by means
of low-energy-electron diffraction (LEED). They got the best theory-experiment fit
results for a surface containing domains of two different layer terminations.” Four
years later, Hikita et al.® experimentally studied the electronic and atomic struc-
ture of TiO2 and SrO terminated SrTiO3 (100) surface using reflection high energy
electron diffraction (RHEED), X-ray photoelectron spectroscopy (XPS) and UPS.
According to their results, the oxygen atoms on the outermost SrTiOg surface are
pulled out for 0.10 A and 0.16 A, respectively.® Note, however, that the LEED?
and RHEED?® experiments contradict each other in the sign of the near-surface in-
terplanar separation between the first and the second surface plane Adi, for SrO-
terminated SrTiOz (001) surface. Ikeda et al.® determined the surface relaxation
and rumpling of TiOs-terminated SrTiO3 (001) surface by means of medium energy
ion scattering (MEIS). Charlton et al.'® used the X-ray diffraction in order to deter-
mine the 300 K structure of SrTiO3 (001) 1 x 1 with a termination of 78% TiO and
22% of SrO. Their data indicated that a lateral ferroelectric distortion was absent
on both terminations.’® Van der Heide et al.!’ analyzed the chemical and struc-
tural properties of several SrTiO3 (001) surfaces prior to and following UHV and O»
annealing using XPS, time-of-flight and recoiling spectrometry (TOF-SARS), and
LEED. Their simulations of the TOF-SARS azimuthal scans indicated that the O
atoms are located 0.1 A above the Ti-terminated surface layer.'’ Maus-Friedrichs
et al.'?2 experimentally investigated the SrTiO3z (001) surface with the metastable
impact electron spectra (MIES) and ultraviolet photoelectron spectroscopy (UPS)
methods, as well as performed complementary ab initio calculations.!?

Enterkin et al.'3 reported a solution to the 3 x 1 SrTiO3 (110) surface structure
obtained through transmission electron diffraction, and confirmed through density
functional theory (DFT) calculations and scanning tunneling microscopy (STM)
images and simulations.!® In contrast to ABOjs perovskite (001) surfaces, their
(011) surfaces are experimentally considerably less studied. Most of the experimen-
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tal work dealing with ABO3 perovskite (011) surfaces was focused on the SrTiOg
(011) surface using STM, UPS, XPS techniques, Auger spectroscopies, and LEED
experiments. 420

There exist several experimental studies dealing with SrTiO3 (111) surfaces. For
example, Tanaka and Kawai have obtained clean surfaces of reduced SrTiO5 (111)
crystals and observed them by means of STM combined with reflection high energy
diffraction. They have observed two different surface structures. One obtained by
annealing at the temperature ~ 1.180°C, is assigned to have a SrO3 outermost layer.
The other, obtained by annealing at the temperature ~ 1.220°C, is assigned to have
a Ti outermost layer.2! More than 10 years later Chang et al.?? also reproducibly
obtained an atomically well-defined SrTiOs (111) surface by a combined chemical
etching and thermal annealing process.

It is not surprising that the high technological importance of SrTiO3, BaTiO3,
PbTiO3, CaTiO3, SrZrOs, PbZrOs; and BaZrOs perovskites has motivated sev-
eral ab initio and classical shell-model studies of their (001) surfaces.?* 32 ABOj
perovskite (011) surfaces, in general, and SrTiOs (011) surfaces, in particular, are
considerably less well studied than the corresponding (001) surfaces. Due to the very
complex polar structure, only very few ab initio studies of ABO3 perovskite (011)
surfaces exist. The first ab initio study of the electronic and atomic structures of
several (1 x 1) terminations of the (011) polar orientation of the SrTiO3 surface was
performed by Bottin et al.®3 One year later, Heifets et al.®* performed very com-
prehensive ab initio Hartree—Fock (HF') calculations for four possible terminations
(TiO, Sr, and two kinds of O terminations) of the SrTiOs (011) surface. Recently,
simultaneously, Eglitis®* and Heifets et al.8® performed ab initio density-functional
calculations of the atomic structure and charge redistribution for several different
terminations of the BaZrOs (011) surfaces. Regarding other ABOj3 perovskite (011)
surfaces, Eglitis and Vanderbilt recently performed first ab initio calculations based
on hybrid HF and DFT exchange functionals by using Becke’s three-parameter
method combined with the nonlocal correlation functionals of Perdew and Wang
(B3PW) for the technologically important BaTiO3 and PbTiO3 (011) surfaces.*”
Only two ab initio studies exist for the CaTiO3z (011) surfaces. The ab initio study
of CaTiO3 (011) polar surfaces was performed by Zhang et al.? and recently also by
Eglitis and Vanderbilt.5” Finally, first ab initio calculations for SrZrO3z and PbZrO3
(011) surfaces were performed by Eglitis and Rohlfing.58

ABOg perovskite polar (111) surfaces, on the theory side, are even less studied
than their (011) surfaces. Pojani et al.,® relying on the results obtained by a to-
tal energy, semi-empirical HF method, discussed polarity effects at the (111) and
(110) surfaces of SrTiOg3. For these orientations, they considered some prototypical
(1 x 1) configurations, which differ by their surface composition and the coordina-
tion number of the surface atoms. They argued that the compensation for these
polar orientations is achieved through anomalous filling of surface states, which,
in principle, should be detectable by surface spectroscopies. Only three theoretical
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ab initio studies up to now exist dealing with CaTiOs (111) polar surfaces. Liu
et al.87 constructed the stoichiometric and nonstoichiometric terminations for the
CaTiO3 (111) surface. The cleavage and surface energies, surface grand potential,
and surface electronic structure have been calculated for the two main classes of
terminations using an ab initio plane wave ultrasoft pseudopotential method based
on the local density approximation (LDA). Some preliminary results of ab ini-
tio B3LYP calculations for CaTiO3 (111) surfaces are reported in Ref. 88. One
year later, Eglitis and Rohlfing®:99
CaTiO3 and SrTiO3 polar (111) surface relaxations, rumplings, energetics, optical
bandgaps, and charge distributions using the ab initio code CRYSTAL and a hybrid
description of exchange and correlation. Finally, Eglitis performed the first ab initio
calculations for polar BaTiO3, BaZrO3 and SrZrOsz (111) surfaces.t 93

ABOg3 perovskite-type oxide crystals have numerous technological applications,
and in particular, KNbO3, KTaO3 and their solid solutions KTa;_,Nb,O3 (KTN)
are used in electro-optics, holography, and second-harmonic generation applica-
tions.?* As the temperature decreases, KNbOs goes through three ferroelectric
phase transitions, whereas KTaOj3 is only an incipient ferroelectric which becomes
ferroelectric already at very low Nb impurity concentrations, > 0.01. This raises
a question about the nature of the phase transition in KTN.? XPS has shown?®
that Ta ions are replaced by the Nb ions. Additionally XAFS measurements®
have demonstrated that the Nb sits in off-center positions. Its [111] displacement
is 0.145 A at 70 K, and changes less than 20% as the temperature increases to the
room temperature.

Nb-doped SrTiOg is also important for several high tech applications including
anodes and cathodes of solid oxide fuel cells?”?® and nonvolatile resistive switching
memories.?® Donor-doped SrTiO3 ceramics have found applications also in sensors,
varistors, grain boundary layer capacitors and catalysts. For these reasons, a de-
tailed understanding of the bulk and surface structure and electronic properties
of Nb doped SrTiOs is of primary importance. Considering high technological im-
portance of Nb doped SrTiOsg, it is not surprising that during the last years it
has been the subject of many experimental studies,'%9 192 but better theoretical
understanding is still necessary. The existing ab initio calculations were performed
using DFT method combined with the plane wave basis set (BS) (CASTEP com-
puter code),'®3 full-potential linearized augmented plane waves (FLAPW)%4 and
linear muffin—tin orbital approach (LMTO-ASA).1% The common disadvantage of
the DFT method is considerable underestimate of the bandgap of solids, typically
1.5-2.0 eV for SrTiO3 instead of the experimental value of 3.3 eV. Due to this fact
in most DFT calculations, energy levels of donors fall erroneously into the conduc-
tion band. The second DFT problem is lack of analysis of effective atomic charges
and charge redistribution caused by defects. Lastly, in most of these calculations
rather small supercells were used, which do not eliminate artificial interaction of
periodically distributed Nb ions. Finally, Eglitis and Kotomin'%® performed the HF
calculations, which typically overestimates the bandgap.

performed ab initio calculations dealing with
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Along with the impurities, most of the real crystals are nonstoichiometric and
thus contain large concentration of intrinsic defects vacancies. Oxygen vacancies
are known to give rise to F'T and F centers (vacancy with trapped one or two
electrons, respectively).!97 110 Properties of F-type centers, as well as hole and
electron polarons, in ionic oxides are well studied. In this paper, the latest results
dealing with large-scale computer modeling of basic point defects — F' centers, hole
and electron polarons in ABOj3 perovskites were discussed.

2. Preliminaries
2.1. Computational method for surface calculations

First-principles calculations in the framework of DFT using the CRYSTAL com-
puter code!!! have been carried out. Unlike the plane-wave codes employed in many
previous studies, 12113 CRYSTAL uses localized Gaussian-type BSs. In calculations
by Eglitis and co-workers, the BSs were developed for SrTiO3, BaTiOz and PbTiO3
in Ref. 114. In this paper, for most of the calculations, for O atoms, this new BS
which differs from previous calculations??:3% by inclusion of polarizable d-orbitals on
O ions were used. The CRYSTAL BS are believed to be largely transferable, so that,
once determined for some chemical constituent, they may be successfully applied in
the calculations for a variety of chemical substances, for example SrF5, BaFy and
CaF5,"15 124 where the latter participates. Most of the calculations in this review
were performed using the hybrid exchange-correlation BSPW functional involving
a mixture of nonlocal Fock exact exchange, local-density approximation (LDA) ex-
change, and Becke’s gradient corrected exchange functional,!?5 combined with the
nonlocal gradient corrected correlation potential of Perdew and Wang.!26~128 The
hybrid B3PW functional for most of ABO3 perovskite surface studies were selected
because it yields excellent results for the SrTiO3, BaTiO3, and PbTiO3 bulk lattice
constant and bulk modulus.?%-114

The reciprocal-space integration was performed by sampling the Brillouin zone,
in most cases, with an 8 x 8 x 8 Pack Monkhorst mesh,!2°
anced summation in direct and reciprocal spaces. To achieve high accuracy, large
enough tolerances of 7, 8, 7, 7 and 14 were chosen for the dimensionless Coulomb
overlap, Coulomb penetration, exchange overlap, first exchange pseudo-overlap, and
second exchange pseudo-overlap parameters, respectively.''! An advantage of the
CRYSTAL code is that it treats isolated two-dimensional slabs, without any ar-
tificial periodicity in the z direction perpendicular to the surface, as commonly
employed in most previous surface band-structure calculations (e.g., Ref. 41).

The elastic constants are calculated in the standard way.!'"'!3% The bulk mod-
ulus could be calculated in two ways, first as

which provides a bal-
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or using the elastic constants!!!:

B = (011 + 2012)/3. (2)

The results for both type of bulk modulus were presented in Ref. 114.

2.2. ABOs3 perovskite surface geometries

The SrTiO3 (001) surfaces were modeled using symmetric (with respect to the mir-
ror plane) slabs consisting of seven alternating TiOs and SrO layers, respectively.
(Henceforth, SrTiO3 will be used for presentation purposes, but everything that
is said will apply equally to the BaTiOs, PbTiOg3, CaTiOs, SrZrOgs, PbZrOs and
BaZrOg cases). One of these slabs was terminated by SrO planes for the SrTiOs
crystal and consisted of a supercell containing 17 atoms. The second slab was ter-
minated by TiOs planes and consisted of a supercell containing 18 atoms. These
slabs are nonstoichiometric, with unit cell formulas SryTizO1¢ and Sr3TizOq; for
the SrTiO3 perovskite. These two (SrO and TiOgz) terminations are the only two
possible flat and dense (001) surfaces for the SrTiOs perovskite lattice structure.
The sequence of layers with definition of surface rumpling s and the near-surface
interplanar separations Adjs and Adss at the TiOs-terminated (001) surface of
SrTiOg is illustrated in Fig. 1.

Unlike the (001) cleavage of SrTiOs, which naturally gives rise to nonpolar
SrO and TiO2 terminations, a naive cleavage of SrTiO3 to create (011) surfaces
leads to the formation of polar surfaces. For example, the stacking of the SrTiO;
crystal along the [011] direction consists of alternating planes of O and SrTiO units
having nominal charges of —4e and +4e, respectively, assuming O?~, Ti**, and Sr?+
constituents. Thus, a simple cleavage leads to Os-terminated and SrTiO-terminated
(011) surfaces that are polar and have nominal surface charges of —2e¢ and +2e

1 .“- 4 ® ---. ;
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Fig. 1. TiOgz-terminated SrTiO3 (001) surface with definitions of surface rumpling s and the
near-surface interplanar separations Adj2 and Adas.
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Fig. 2. Side views of slab geometries used to study SrTiOz (011) surfaces. (a) Stoichiometric
eight-layer slab with Ogz-terminated and SrTiO-terminated surfaces at top and bottom, respec-
tively. (b) Seven-layer slab with O-terminated surfaces. (c) Seven-layer slab with TiO-terminated
surfaces. (d) Seven-layer slab with Sr-terminated surfaces.

per surface cell, respectively. These are shown as the top and bottom surfaces
in Fig. 2(a), respectively. If uncompensated, the surface charge would lead to an
infinite electrostatic cleavage energy. In reality, the polar surfaces would probably
become metallic in order to remain neutral, but in view of the large electronic gaps
in the perovskites, such metallic surfaces would presumably be unfavorable. Thus,
we may expect rather generally that such polar crystal terminations are relatively
unstable in this class of materials.*

On the other hand, if the cleavage occurs in such a way as to leave a half layer
of Og units on each surface, we obtain the nonpolar surface structure shown in
Fig. 2(b). Every other surface O atom has been removed, and the remaining O
atoms occupy the same sites as in the bulk structure. We shall refer to this as the
“O-terminated” (011) surface, in distinction to the “Os-terminated” polar surface
already discussed in Fig. 2(a). The nonpolar nature of the O-terminated surface can
be confirmed by nothing that the 7-layer 15-atom Sr3TizOg slab shown in Fig. 2(b),
which has two O-terminated surfaces, is neutral. It is also possible to make nonpolar
TiO-terminated and Sr-terminated surfaces, as shown in Figs. 2(c) and 2(d), re-
spectively. This is accomplished by splitting a SrTiO layer during cleavage, instead
of splitting an Og layer. For the TiO- and Sr-terminated surfaces, we use seven-
layer slabs having composition SroTisO1¢ (16 atoms) and SrsTisOg (14 atoms) as
shown in Figs. 2(c) and 2(d), respectively. These are again neutral, showing that the
surfaces are nonpolar (even though they no longer have precisely the bulk SrTiOg
stoichiometry).

As a next step, the ABO3 perovskite (111) surfaces will be discussed. For exam-
ple, in Ref. 92, the BaZrO3 (111) surfaces have been modeled with two-dimensional
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Fig. 3. Sketch of the cubic BaZrOgs perovskite structure showing two possible (111) surface
terminations: BaOs and Zr.

(2D) slabs, consisting of nine planes perpendicular to the [111] crystal direction. To
simulate BaZrOgs (111) surfaces, symmetrical slabs consisting of nine alternating Zr
and BaOjs layers were used (see Fig. 3). One of these slabs is terminated by Zr planes
and consists of a supercell containing 21 atoms (Zr-BaOs-Zr-BaOs-Zr-BaOs—Zr—
BaO3z—Zr) [see Fig. 4(a)]. The second slab is terminated by BaO3 planes and consists
of a supercell containing 24 atoms (BaOs—Zr-BaOs—Zr-BaO3sZr-BaO3-Zr-BaOs)
[see Fig. 4(b)]. These slabs are nonstoichiometric, with unit cell formulas BasZr;012
and BasZr,O15, respectively (see Fig. 3). As it is well known from previous studies
dealing with polar CaTiO3z and SrTiOz (111) surfaces,36 89131 a strong electron
redistribution takes place for such terminations in order to cancel the polarity, but
the Zr or BaOs-terminated BaZrOg (111) surface keeps its insulating character, and

a) b)

Ba ©
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F 0@ s —e—
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Fig. 4. Sketch of the side views of slab geometries used to study BaZrOs (111) surfaces. (a) Non-

stoichiometric nine-layer slab with Zr-terminated surfaces. (b) Nonstoichiometric nine-layer slab
with BaOgs-terminated surfaces.
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such calculations are feasible. Of course, it is not possible to perform calculations for
asymmetric slabs with different terminations, for example, Zr-BaOs—Zr-BaOs—Zr—
BaO3s-Zr-BaOs, since this would lead to a large dipole moment for an asymmetric
slab.

The second well established approach for ABOj3 perovskite polar (111) sur-
face calculations, which was not used by Eglitis et al.87 for SrTiOs, BaTiOs,
CaTiOg, SrZrOs and BaZrOgs (111) surfaces, is artificial modification of surface
structure by removing O atoms from the BaOs-terminated BaZrOs (111) surface
and adding O atoms onto the Zr-terminated surface, respectively. Such surface
structure changes, (BaOo—Zr-BaOs—Zr-BaOs-Zr-BaOs-Zr-BaOs) or (ZrO-BaOs—
Zr-BaOs-Zr-BaOs-Zr-BaO3-ZrO) can, in principle, provide the polarity compen-
sation and calculations for such artificially neutral BaZrOgs (111) surfaces may also
be feasible.

2.3. ABOs perovskite surface energies

In order to calculate ABOj3 perovskite, for example, the SrZrOs (001) surface en-
ergy, I started with the cleavage energy for unrelaxed SrO- and ZrOs-terminated
(001) surfaces. Surfaces with both terminations simultaneously arise under (001)
cleavage of the crystal, and I adopt the convention that the cleavage energy is
equally distributed between the created surfaces. In my calculations, the nine-layer
SrO-terminated (001) slab with 22 atoms and the ZrOs-terminated one with 23
atoms represent, together, nine bulk unit cells (45 atoms) so that

1
surf (©2) = 7 [E5jap (S10) + B, (ZrOz2) — 9Epuid , (3)

where Q denotes SrO or ZrOs, ENo} (2) are the unrelaxed energies of the SrO- or
ZrOa-terminated (001) slabs, Epyx is the energy per bulk unit cell, and the factor
of 1/4 comes from the fact that I create four surfaces upon the crystal cleavage
procedure. Next, I can calculate the relaxation energies for each of SrO and ZrOq
terminations, when both sides of the slabs relax, according to

Bra(9) = 5E() -~ BYLO), 0

where EX, () is the slab energy after relaxation (and again Q = SrO or ZrO,).
The surface energy is then defined as a sum of the cleavage and relaxation energies,
Egure (Q) = ;é]rrf(Q) + Erel(Q) : (5)

In order to calculate the SrZrOg (011) surface energies for the ZrO- and Sr-
terminated surfaces, I consider the cleavage of eight bulk unit cells (40 atoms)
to result in the ZrO- and Sr-terminated slabs, containing 21 and 19 atoms, respec-
tively. I again divide the cleavage energy equally between these two surfaces and
obtain

1
surt () = 7 [EGiap (Sr) + B, (Zr0) — 8B , (6)
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where Q denotes Sr or ZrO, Eyo(€2) is the energy of the unrelaxed Sr- or ZrO-
terminated (011) slab, and Eyx is the SrZrOs energy per bulk unit cell.

Finally, when I cleave the SrZrOg crystal in another way, I obtain two identical
O-terminated (011) surface slabs containing 20 atoms each. This allows for me to
simplify the calculations since the unit cell of the nine-plane O-terminated (011)
slab contains four bulk unit cells. Therefore, the relevant surface energy is

1
Esurf(o) = 5[ srleeib (O) - 4Ebulk] ) (7)

where Egy,t(0) and EX, (O) are the surface energy and the relaxed slab total energy
for the O-terminated (011) surface. The ABO3 perovskite polar (111) surface energy
calculations, using as an example the BaZrOjs crystal, were discussed in Ref. 92.

2.4. Intermediate neglect of different overlap (INDO) method

For defect calculations in ABOg perovskites the INDO method was used. The calcu-
lation scheme of the Hartree-Fock—Roothaan method in the INDO approximation
is discussed in detail in Refs. 132-134. Basically, the procedure reduces to diagonal-
izing the matrix of the Fock operator to get the one-electron energies, and the linear
combination of matrix elements with appropriate weights, depending on the occu-
pation of corresponding one-electron states, provides the total energy. The fixed
BS, for example for KNbOj3, is minimal in the sense that each of the atom-centered
functions related to the valence-band states (four in total per oxygen atom, nine per
transition-metal atom) is encountered only once. The construction of the on-site
and off-diagonal parts of the Fock matrix is determined in terms of several empirical
parameters, labeled by the atom type A and the index of the atomic orbital (AO) u
(see Refs. 132-134). The interaction of an electron in the uth valence AO on atom
A with its own core

Ui =Bl = 3 (P = 5 PDAR, ) ®)

veA
contains, apart from the (,, value, which specifies the Slater exponent for a one-
exponential basis function and hence Coulomb and exchange integrals 7, and K,
the initial guesses for the diagonal elements of the density matrix Pﬁ?}A and for the
energy of puth AO Efeg(u), i.e., the ion’s electronegativity. The interaction of the

puth AO with the core of another atom B is approximated as

V.P = Zp[1/Rap + [(pplvv) — 1/Raplexp(—aapRas)] (9)

where R4p is the distance between atoms A and B, Zp is the core charge of atom
B, and parameter a4 p describes the nonpoint character of this interaction.

Finally, the resonance-integral parameter 3,, enters the off-diagonal Fock ma-
trix elements for the spin component u

F;ju = ﬁNVSMV - P5V<MM|VV> ) (10)
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where the pth and vth AO are centered at different atoms, Sy, is the overlap
matrix between them, and (uu|vv) are two-electron integrals. Parameters ¢, S,

neg (1) are usually fixed throughout the iterations, whereas PIEB)A may
be corrected as the self-consistency is being achieved.

asp and EA

3. Main Results
3.1. ABOs perovskite (001) surface structure

In order to check how sensitive ABOj3 perovskite surface relaxation properties are
to details of the ab initio methods used in calculations, i.e., exchange—correlation
functionals, pseudopotentials, and localized/plane wave BS, in Refs. 29 and 114
were performed a detailed comparative study based on a number of different tech-
niques. Several methods were employed: HF with different DFT-type a posteriori
electron correlation corrections to the total energy!'®® such as generalized gradient
approximation (HFGGA), Perdew-91 (HFPer91), Lee, Yang, Parr (HFLYP) and
full-scale DFT calculations based on the Kohn—Sham equation with a number of
exchange—correlation functionals, including LDA, generalized gradient approxima-
tions (GGA) by Perdew and Wang (PW), Perdew, Burke, and Ernzerhof (PBE),
as well as Becke exchange functional with Lee—Yang—Parr correlation functional
(BLYP). Also a comparison with hybrid HF-DFT exchange functionals were in-
cluded, in which HF exchange was mixed with DFT exchange functionals using
Becke’s three parameter method, combined with the nonlocal correlation function-
als by Perdew and Wang (B3PW), as those by Lee, Yang, and Parr (B3LYP). For
all calculations, the CRYSTAL computer code was used (see Ref. 111, and ref-
erences therein for all mentioned techniques), in which both (HF/DFT) types of
calculations are implemented on equal grounds.

Before starting the ABO3 perovskite (001), (011) and (111) surface structure
calculations, these methods were tested on the bulk properties, the lattice constant
ap, the bulk modulus B and the elastic constants C' (see Table 1). It is clear from
Table 1 that the LDA calculations, as usually, underestimate the lattice constant
for six from seven calculated ABOj3 perovskites. The only exception is SrZrOs,
where the LDA slightly overestimate the lattice constant. The LDA is known to
generally underestimate lattice parameters of solids, typically by 1%-3%. This is
a serious problem for the study of ferroelectric perovskites using the LDA. As we
can see from Table 1, in most cases, pure HF and GGA overestimate the ABO3
perovskite lattice constant. The different GGA schemes give quite good results only
for PbTiOg3 crystal. The PbTiO3 lattice constants computed using PWGGA and
PBE functionals are close to the experimental values, whereas in other cases the
DFT-GGA gives mostly overestimated values. The best agreement with experi-
mental lattice constant, on the average, was obtained for the hybrid DFT B3PW
method.

Table 1 also lists the computed bulk modulus and the static elastic constants
obtained by means of all methods. The presented results for both ways of bulk
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Table 1. The optimized lattice constant ag (A), bulk modulus B (GPa) and elastic constants
Ci; (in 10'! dyne/cm?) for seven ABOg3 perovskites as calculated using DFT and HF methods.

Crystal Property LDA PWGGA PBE BLYP B3PW B3LYP HF Exp

SrTiO3 ag 3.86% 3.95% 3.94% 3.98% 3.90% 3.94* 3.92% 3.89P
Ch1 42.107 31.29? 31.93? 29.07% 31.607 32.83% 41.68% 31.72°¢
Cq2 12.21* 9.80% 9.75% 9.39% 9.27% 10.57* 7.11% 10.25¢
Clya 13.32* 11.34* 11.30* 11.09* 12.01* 12.46* 10.50* 12.35¢
B 2227 170* 171* 159* 1672 1802 1862 174¢
B 214 167% 169 164% 177% 177% 219% 179

BaTiO3 ag 3.96* 4.03% 4.03* 4.08% 4.01* 4.04* 4.01* 4.00°
Cq1 35.81% 30.11* 31.04% 28.22%  31.12% 29.75% 30.07* 20.60°
Ci2 11.52% 10.35% 10.72% 10.78% 11.87* 11.57* 13.46* 14.00°
Cyq 14.98* 13.22% 13.98* 12.24* 14.85% 14.54* 17.34* 12.60°
B 196* 1692 175 1662 183* 176 190* 162P
B 204% 175% 180* 1542 188* 172% 1942 195 + 59

PbTiO3 ap 3.93% 3.96 3.96 4.02% 3.93% 3.96* 3.94% 3.97°
Cq1 45.03% 32.47% 4.259 23.03*  43.04% 34.42% 39.83% 22.90f
C12 26.14% 15.81% 15.52% 9.93% 24.95% 18.08% 16.90* 10.10f
Cyq 11.28* 10.69* 10.96* 8.25% 10.93* 10.35* 17.20* 10.00"
B 324% 213% 217% 143* 3107 235 16.90* 144F
B 321% 246 2527 140* 279 242% 299

CaTiO3 ag 3.8250 3.87 3.858 3.85% 3.90"

BaZrOs ag 4.16°P 4.259 4.24° 4.23! 4.23" 4.19™

PbZrOz ao 4.12" 4.18" 4.22% 4.16°

SrZrOs ag 4.16Y 4.19% 4.17* 4.20" 4.11Y

2Reference 114. bReference 136. “Reference 137. dReference 138. “Reference 139.

fReference 140. &Reference 57. hReference 141. IReference 59. JReference 142.

kReference 88. IReference 64. MReference 143. "Reference 92. °Reference 85.

PReference 144. 9Reference 145. "Reference 146. SReference 147. tReference 68.

YReference 148. VReference 149. WReference 150. *Reference 67. YReference 151.

modulus evaluation differ usually no more than 10-15%. Calculations™* confirm
the tendency, well known in the literature, that the HF calculations overestimate
the elastic constants. The overestimated elastic constants have also been obtained
for SrTiO3, BaTiO3 and PbTiO3 perovskites, when the DFT-LDA scheme was
used. In the case of cubic SrTiOg, which is experimentally well investigated, al-
most perfect coincidence with the experimental data for both the bulk modulus
and elastic constants were obtained using BSPW and B3LYP hybrid schemes. The
disagreement of elastic constants is less than 5%, and the bulk modulus practically
coincide with the experimental magnitudes.

To characterize the chemical bonding and covalency effects, a standard Mul-
liken population analysis for the effective static atomic charges @@ and other local
properties of the electronic structure as described in Refs. 152 and 153 were used.
The results from Refs. 25, 47, 57, 64 and 68 for SrTiO3, BaTiO3, PbTiO3, CaTiOs3,
BaZrOgs, SrZrOs and PbZrOgs perovskites are presented in Table 2. For example,
calculated effective charges for bulk PbTiO3 are +1.354e for the Pb atom, +2.341e
for the Ti atom, and —1.232¢ for the O atom.?” The bond population describing
the chemical bonding between Ti and O atoms is +98me, typical also for another
ABOg3 perovskites. Calculated effective charges for BaTiO3 bulk are +1.797e for
the Ba atom, +2.367e for the Ti atom, and —1.388e for the O atom,*” indicating a
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Table 3. The calculated optical bandgaps (in electron volts) for the SrTiOs, BaTiO3, PbTiOs,
BaZrOs and SrZrOs3 bulk using different exchange—correlation functionals.

Crystal Gap LDA  PWGGA PBE BLYP B3PW  B3LYP HF Exp.

SrTiO3 r-r 2362 2.31# 2.35% 2.27% 3.962 3.892 12.332  3.75P

BaTiOs r-r 1.98% 1.97* 1.99* 1.91* 3.552 3.492 11.732 3.2¢
PbTiO3 r-r 2.65% 2.61* 2.65% 2.48% 4.32% 4.15% 12.742 3.44
BaZrOs3 I-I' 3.2¢° 3.10f 4.798 5.00
SrZrO3  I-T' 3.531 3.521 5.311 5.64
aReference 114.  PReference 155.  °Reference 156. dReference 157.  °Reference 158.
fReference 77. 8Reference 92. hReference 159.  iReference 68. IReference 160.

high degree of BaTiO3 chemical bond covalency, which is typical for all ABOg3 per-
ovskites. The bond population between Ti and O atoms in BaTiOg bulk is exactly
the same as in PbTiOg bulk, namely +98me. The largest bond population between
Zr and O atoms is for BaZrOgs bulk, +108me. The smallest bond population be-
tween Ti and O atoms between all seven ABOj3 perovskites is for the CaTiO3 bulk
+84me.

The optical direct (I'T") bulk bandgaps of five ABO3 perovskites obtained using
various functionals are summarized in Table 3. This table clearly demonstrates
that pure HF calculations overestimate the optical bandgap several times for all
six perovskites, whereas LDA and GGA calculations by factor of approximately
1.5 underestimate it. This tendency is well known in solid state physics for all
materials, for example, CaFy and BaF,.!'"119 The most realistic bandgaps for
SrTiOs, BaTiOs, PbTiOs, BaZrOs, SrZrO3 and PbZrOj perovskites in Refs. 25,
47, 64 and 68 have been obtained using the hybrid B3LYP and B3PW functionals,
in agreement with a study by Muscat et al.'%*

As we can see from Table 3, the SrTiOs experimental bandgap is 3.75 eV,
as determined by van Benthem et al.'®® using the spectroscopic ellipsometry,
3.2 eV bandgap has been experimentally measured for BaTiO3'?% and 3.4 eV for
PbTiO3.'7 The calculated optical bandgap for the SrTiOs perovskite 3.89 eV,
using the B3LYP functional in Ref. 114, is in an excellent agreement with the ex-
perimental value of 3.75 eV.1%® Using the B3PW hybrid functional,’4 3.96 eV have
been obtained for the SrTiO3s bandgap. The bandgaps calculated for BaTiO3 and
PbTiO3 crystals by means of B3LYP functional,’'* 3.49 eV and 4.15 eV, respec-
tively, are also in a satisfactory agreement with the experiment, the discrepancy
is 22%. This is acceptable if we take into account the difficulties in determining
experimentally the bandgap, including the optical absorption edge tails which ex-
tend up to several tenths of eV.® The calculated forbidden optical bandgap for the
SrZrOs crystal®® depends considerably on the choice of the exchange-correlation
functional (see Table 3). As usual, 61162 the HF bandgap is considerably over-
estimated (13.54 eV), whereas PWGGA (3.53 eV) and PBE (3.52 eV) are un-
derestimated. The best result for the SrZrOgs crystal are obtained for the hybrid
B3LYP method.®® Calculated optical bandgap by means of the B3LYP method,
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5.31 eV, is in an excellent agreement with the experimentally measured SrZrOs;

optical bandgap of 5.6 eV.

160

In ABOg perovskite (001) surface structure simulations presented in Table 4
atoms of two or three outermost surface layers were allowed to relax along the z-

Table 4.

Calculated atomic relaxation (in percent of bulk lattice constant) for AO and
BO2-terminated ABO3 perovskite (001) surfaces. Positive (negative) values refer to displacements
outward from (inward to) the surface.

g

SrTiO3 SrO termin. TiO2 termin.
Layer Ion B3PW2 SMP LDA¢ LDAY Jon  B3PW2 SMmP LDA¢ LDAd
1 Sr —4.84 —-7.10 —57 —6.66 Ti —2.25 —-2.96 —34 —1.79
[0) 0.84 1.15 0.1 1.02 O —0.13 -1.73 -1.6 —0.26
2 Ti 1.75 1.57 1.2 1.79  Sr 3.55 3.46 2.5 4.61
[0) 0.77 0.87 0.0 026 O 0.57 -0.21 —05 0.77
3 Sr —-142 —-12  —1.54 Ti —-0.60 —0.7 —0.26
[0) 0.70  —0.1 026 O -0.29 —05 0.26
BaTiOs3s BaO termin. TiO2 termin.
Layer Ion B3PW2 SMP LDAS® Ton B3PW? SMP LDA®
1 Ba —1.99 -3.72 =279 Ti —3.08 —2.72 —3.89
O —-0.63 1.00  —1.40 o) —0.35 —-0.94 —1.63
2 Ti 1.74 1.25 0.92 Ba 2.51 2.19 1.31
[0) 1.40 0.76 0.48 o) 0.38 —0.17  —0.62
3 Ba —0.51 0.53 Ti -0.33  —0.75
[0) 0.16 0.26 o) —0.01  —0.35
PbTiO3 PbO termin. TiO2 termin.
Layer Ton B3PW2 LDAf Ton B3PW? LDAf
1 Pb —3.82 —4.36 Ti —2.81 —3.40
O -0.31 —0.46 0 0.31 —0.34
2 Ti 3.07 2.39 Pb 5.32 4.53
[0) 2.30 1.21 o) 1.28 0.43
3 Pb —1.37 Ti —0.92
[0) —0.20 o) —0.27
CaTiO3 CaO termin. TiO2 termin.
Layer Ion B3PWS GGAh Ton B3PWS GGAM
1 Ca —831 —2.27 Ti —1.71 —0.75
O —0.42 0.18 o) —0.10 —0.13
2 Ti 1.12 0.70 Ca 2.75 1.98
[0) 0.01 0.31 o) 1.05 0.21
3 Ca —0.82 Ti —0.23
[0) —0.03 0 —0.23
PbZrOs3 PbO termin. ZrOg termin.
Layer Ion B3LYP! B3PWI! LDAk Ton B3LYP! B3PWJ LDAk
1 Pb —5.69 —6.95 —4.9 Zr —2.37 —2.97 -19
O —2.37 —0.04 1.2 0 —1.99 -1.36  —0.5
2 7r 0.57 2.57 2.6 Pb 4.36 5.54 4.7
[0) 0.09 1.08 0.9 0 1.04 0.84 1.1
3 Pb  —0.47 -2.63 —1.1 Zr —0.47 -1.12 -0.3
O —047 —0.26 0.3 o) —0.28 —0.53 0.3

aReference 25.
fReference 43.
kReference 163.

bReference 44.
gReference 57.

“Reference 42.
hReference 58.

dReference 41.
iReference 68.
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axis (surfaces of perfect cubic crystals by symmetry have no forces along the z- and
y-axes). A comparison of the surface atomic displacements obtained by different
theoretical methods is also done in Table 4. The relaxation of surface metal atoms
for SrTiO3, BaTiO3, PbTiO3, CaTiO3z and PbZrO3 perovskite upper two surface
layers is much larger than that of oxygen ions what leads to a considerable rumpling
of the outermost plane (see Tables 4 and 5). The metal atoms of the first and
third SrTiOs, BaTiOg, PbTiO3, CaTiO3 and PbZrOg surface layers relax inwards,
i.e., toward the bulk, whereas the second layer metal atoms relax upwards. The only
exception is upward relaxation of the BaO-terminated BaTiO3 (001) surface third
layer Ba atom obtained by means of the LDA calculations.*® The CaO-terminated
CaTiOg3 (001) surface first layer Ca atoms exhibit the strongest relaxation between
all AO and BOs-terminated ABO3 perovskite (001) surface atoms. The Ca atom
inward relaxation magnitude is 8.31% of the theoretical lattice constant.

In order to compare the calculated surface structures with experimental results,
the surface rumpling s (the relative displacement of oxygen with respect to the
metal atom in the surface layer) and the changes in interlayer distances Adj2 and
Adas (1, 2 and 3 are the numbers of near-surface layers) are presented in Table 5.
Calculations of the interlayer distances are based on the positions of relaxed metal
ions, which are known to be much stronger electron scatters than oxygen ions.” As

Table 5. Calculated and experimental surface rumpling s and relative displacements of the three
near-surface planes for the AO- and BOa-terminated surfaces Ad;; (in percent of the lattice

constant).
AO-term BOs-term
s Adi2 Adas s Adi2 Adas
SrTiO3 B3PW? 5.66 —6.58 1.75 2.12 —5.79 3.55
LDAP 5.8 —6.9 2.4 1.8 —-5.9 3.2
LDA¢ 7.7 —8.6 3.3 1.5 —6.4 4.9
smd 8.2 —8.6 3.0 1.2 —6.4 4.0
LEED® 4.1 + 2 -5+ 1 2+1 2.1 £+ 2 1+1 -1+ 1
RHEEDf 4.1 2.6 1.3 2.6 1.8 1.3
BaTiOs3 B3PW& 1.37 —3.74 1.74 2.73 —5.59 2.51
LDAR 1.39 —3.71 0.39 2.26 —5.2 2.06
SMi 0.37 —2.42 2.39 1.4 —6.5 3.17
smd 4.72 4.79 1.76 1.78 —4.91 2.52
PbTiO3 B3PW& 3.51 6.89 3.07 3.12 —8.13 5.32
LDAIJ 3.9 6.75 3.76 3.06 —7.93 5.45
CaTiO3 B3PWh 7.89 —9.43 1.12 1.61 —4.46 2.75
PbZrO3 LDA! 6.88 —8.6 3.4 1.1 —7.1 4.9
BaZrOs3 B3pwm™ 3.07 —4.77 0.48 0.09 —3.73 1.97
SrZrOs3 B3LYP™ 6.77 —8.49 2.39 —0.72 —4.19 2.85
LDA° 7.9 —-9.1 3.2 —0.7 —6.1 4.2
GGA®° 7.8 —-9.3 3.3 0.3 —7.4 4.9
aReference 25. PReference 42.  “Reference 41. dReference 44. ¢Reference 7.
fReference 8. gReference 47. PReference 46. iReference 164.  JReference 43.
kReference 57. Reference 63. MReference 64. "Reference 68. °Reference 65.
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we can see from Table 5, nice qualitative agreement, for example for the SrTiO;
perovskite, between all theoretical methods is observed. The amplitude of surface
rumpling of SrO-terminated SrTiOj is predicted to be much larger than that of
TiOs-terminated SrTiOg surface, whereas the rumpling of BaTiO3 TiOs-terminated
surface is predicted to exceed by a factor of two that for BaO-terminated surface. In
contrast, the PbTiOg3 perovskite demonstrates practically equal rumpling for both
surface terminations. From Table 5, one can see that all surfaces show the reduc-
tion of interlayer distance dj2 and expansion of da3. The calculated surface rumpling
agrees quite well with LEED and RHEED experiments”® (which are available so far
only for SrTiO3 surfaces). Theory agrees qualitatively also with the LEED results
for the Ady> and Adsz. However, the LEED and RHEED experiments demonstrate
that the topmost oxygen always move outwards the surfaces whereas all calcula-
tions predict for the TiOg-terminated SrTiO3 surface that oxygen goes inwards.
Moreover, Table 5 also shows that LEED and RHEED experiments contradict each
other in the sign of Ad;s for SrO-terminated surface and Adsg for TiOs-terminated
surface. Up to now, the reason for such discrepancies between the different experi-
mental data is not clear and still discussed (e.g., see Ref. 42). Thus, experimental
check of our predictions at the moment is prevented by a conflict between different
experimental results. New detailed experimental studies are important for resolving
this contradiction.

By different methods calculated surface rumpling s for SrTiOjs, BaTiOs,
PbTiOs, CaTiOs, BaZrOs and PbZrOgs perovskite (001) surfaces was always pos-
itive (see Table 5). In contrast, the ab initio%® calculated surface rumpling for the
ZrOg-terminated SrZrOg (001) surface is negative. Moreover, the calculated neg-
ative surface rumpling for the ZrOs-terminated SrZrOg (001) surface (—0.72% of
ap) is in a surprisingly good agreement with the LDA calculation result by Wang
and Arai% (—0.7% of ag), however it is in contrast to the GGA result for the
ZrOs-terminated SrZrOg (001) surface rumpling by the same authors (+0.3% of
Cl()).

The calculated surface energy for the SrO-terminated SrTiOs (001) surface?®
by means of hybrid BSPW method is 1.15 eV, which is slightly smaller than the
computed surface energy of 1.23 eV for the TiOy termination (see Table 6). The
surface energies for SrTiO3 obtained from the classical shell model* (1.32 eV and
1.36 eV for the SrO and TiO; terminations, respectively) are slightly larger. In
contrast to the SrTiO3 (001) surface, we can see that different terminations of the
(011) surface lead to large differences in the surface energies. For the SrTiOs (011)
surface, the lowest energy, according to calculations performed in Ref. 25 is 2.04 eV
for the O-terminated surface. BSPW calculated surface energy of 3.06 eV for the
TiO-terminated SrTiOs (011) surface is larger than that of the Sr-terminated (011)
surface (2.66 eV). The surface energy® for Ti-terminated SrTiOz (111) surface
(4.99 eV) is smaller, than the surface energy for SrOs-terminated (111) surface
(6.30 eV). The calculated surface energies of the relaxed BaTiO3z (001) and (011)
surfaces by means of the hybrid BSPW method*” and the classical shell model** are
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Table 6. Calculated surface energies (in eV per surface cell) for SrTiOz, BaTiOgz, PbTiOs,
CaTiOs, BaZrOgz, SrZO3 and PbZrOgz (001), (011) and (111) surfaces with different ter-

minations.
Crystal (001) (011) (111)
AO BO2 BO A O AO3 B
SrTiO3 1.152 1.232 3.06* 2.662 2.042 6.304 4.99d
1.32P 1.36P 2.21b 3.04P 1.54P
2.10¢ 2.97¢ 1.40°¢
BaTiO3 1.19¢ 1.07¢ 2.04¢ 3.24¢ 1.72¢ 8.40f 7.28f
1.45P 1.40P 2.35P 4.14P 1.81P
PbTiO3 0.83¢ 0.74¢ 1.36° 2.03¢ 1.72¢
0.923¢ 0.923¢ 1.8348 1.8348 1.7168
CaTiO3 0.94h 1.13h 3.13h 1.91h 1.860 5.86! 4.181
0.824 1.021) 2.180J 1.671) 0.837 4.49% 3.83k
BaZrO3 1.30! 1.31! 3.09! 2.90! 2.32! 9.33m 7.94m
PbZrOs 1.00™ 0.93» 1.89" 1.740 1.85"
SrZrOs 1.13" 1.24" 3.61" 2.21n 2.23" 9.45° 7.98°
aReference 25. bReference 44. “Reference 84. dReference 90. °Reference 47.
fReference 91. &Reference 165. hReference 57. iReference 88. JReference 59.
kReference 87. !Reference 64. MReference 92. “Reference 68. °Reference 93.

presented in Table 6. The B3PW calculated energies for BaO and TiOs-terminated
BaTiOs (001) surfaces (1.19 eV per surface cell) and (1.07 eV per surface cell)
demonstrate only a small difference. Unlike the BaTiOs (001) surface, different
terminations of the (011) surface show great differences in the surface energies, ac-
cording to the calculations performed by means of the B3PW method.*” The lowest
surface energy has the O-terminated surface (1.72 eV). This is close to the energy of
BaTiO3 (001) surfaces. That means that O-terminated BaTiOg (011) surface and
BaTiOj3 (001) surfaces can co-exist. The Ba-terminated BaTiO3 (011) surface shows
much higher surface energy of 3.24 eV, while the BaTiO3 TiO-terminated (011) sur-
face energy is 2.04 eV. Similarly as for the SrTiO3 perovskite, also for BaTiOj3, the
(111) surface energies are considerably larger than the (001), and even (011) surface
energies. The B3LYP calculated®! surface energy for Ti-terminated BaTiO3 (111)
surface is equal to 7.28 eV, while the surface energy for BaO3s-terminated BaTiO3
(111) surface is equal to 8.40 eV. The corresponding results are also given for the
(001) and (011) surfaces of PbTiO3 in Table 6. B3PW calculations results*” for
the PbTiO3 (001) surfaces are qualitatively similar to those for BaTiOg, although
the relaxed surface energies are somewhat lower. For the case of the PbTiO3 (011)
surfaces, we find*” that the surface energy for the O-terminated PbTiO3 (011) sur-
face is exactly the same as for the O-terminated BaTiOs (011) surface (1.72 eV).
It is worth noting, that also the surface energy for the O-terminated PbTiOs (011)
surface (1.716 eV) calculated 2 years later in Ref. 165 practically coincides with
the O-terminated PbTiO3 and BaTiOg (011) surface energy (1.72 €V), calculated
in Ref. 47. The surface energies for the CaTiO3 (001) surface®” are quite similar at
0.94 ¢V and 1.13 eV, respectively for the CaO and TiOz-terminated surfaces. In con-
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trast, different terminations of the (011) CaTiOj3 surface lead®” to very different sur-
face energies of 1.86 eV, 1.91 eV and 3.13 eV for the O-terminated, Ca-terminated
and TiO-terminated (011) surface, respectively. B3PW results for CaTiO3 (011)
surface energies obtained by Eglitis and Vanderbilt in Ref. 57 contrast sharply with
those of Zhang et al.,% where the authors found a rather different pattern of surface
energies. Namely, Zhang et al.> found that the TiO-terminated CaTiO3 (001) sur-
face energy 1.021 eV is larger than the O-terminated CaTiOgs (011) surface energy
0.837 eV. This result by Zhang et al.>® for CaTiO3 surfaces contrast sharply with all
results of all surface energy calculations for ABOj3 perovskites, where the calculated
(001) surface energies were always lower than the (011) surface energies. According
to my calculations,%* the BaZrOs surface energy value for the BaO termination
1.30 eV is slightly smaller than for the ZrOs termination 1.31 eV. However, the
surface energy difference is small, and both surfaces are stable and energetically
almost equally favorable. Unlike the BaZrOs (001) surface,®* different terminations
of the (011) surface lead to great differences in the surface energies. The lowest
calculated energy is that of the O-terminated BaZrOs (011) surface 2.32 eV. In
Ref. 64 calculated surface energy for the ZrO-terminated BaZrOsz (011) surface
3.09 eV is larger than that for the Ba-terminated BaZrOg (011) surface 2.90 eV.
The B3LYP calculated® surface energy for Zr-terminated BaZrOgz (111) surface
is equal to 7.94 eV, while the surface energy for BaOs-terminated (111) surface is
equal to 9.33 eV.

The atomic displacements D, effective static atomic charges ), and bond pop-
ulations P between nearest metal and oxygen atoms for the SrTiO3z, BaTiO3 and
PbTiO3 (001) surfaces are given?>47 in Table 7. The major effect observed here for
all three Sr'TiO3, BaTiO3 and PbTiOg perovskites is a strengthening of the Ti-O
chemical bond near the TiOo-terminated (001) surface. It is interesting to note,
that the Ti and O effective charges in bulk SrTiOg of 2.351e and —1.407e, in bulk
BaTiO3 of 2.367¢ and —1.388¢ and in bulk PbTiOg3 of 2.341e and —1.232¢, respec-
tively (see Table 2), are much smaller than those expected in an ionic model (4e
and —2e, respectively). The Ti—~O bond population for the TiOo-terminated SrTiO3
(001) surface is 0.118e, as well as 0.126¢ and 0.114e for the TiO2-terminated BaTiO3
and PbTiO3 (001) surfaces (see Table 7), which is considerably larger than the re-
spective values of 0.088¢, 0.098¢ and 0.098¢ in the SrTiO3, BaTiO3 and PbTiOg3
bulk.?>47 In contrast, the Sr-O and Ba-O bond populations are very small. The
lack of covalency in the Sr—O and Ba—O bonds are also seen in the Sr and Ba ef-
fective charges of 1.871e and 1.797¢ in the bulk and 1.846e and 1.752e on the SrO-
and the BaO-terminated (001) surface, which are close to the formal ionic charge
of 2e.

The optical bandgaps for SrTiO3, BaTiO3, PbTiO3, SrZrO3 and BaZrOg3 per-
ovskites surfaces and bulk as calculated by means of the hybrid DFT technique are
presented in Table 8. One can see good agreement between the theory and exper-
iment. We should stress here the remarkable agreement of the bulk bandgap with
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the experiment for Sr'TiOg (3.96 eV versus 3.75 V) and for BaZrOg (4.79 eV versus
5.00 eV). This is in a sharp contrast with the typical HF overestimate of the gap
and DFT underestimate for oxide and fluoride materials!14119:166-168 (¢ o 1.8 eV
for SrTiO3 and BaTiO342:46).

The optical bandgap for the SrO- and TiOs-terminated SrTiO3z (001) surface
becomes smaller with respect to the bulk bandgap.3? In the Ref. 32 by means of the
hybrid B3PW method calculated bulk optical bandgap (3.96 eV) is considerably
reduced for the SrO-terminated (3.72 eV) SrTiOs (001) surface. In contrast, the
optical bandgap for the TiOs-terminated SrTiOs (001) surface (3.95 eV) is only
slightly, by 0.01 eV, reduced with respect to the bulk value.3? According to the
earlier LDA calculations?? by Padilla and Vanderbilt performed 15 years ago for
the SrTiO3 (001) surface, we see that the bandgap for the SrO-terminated surface
(1.86 eV) almost does not change with respect to the bulk value (1.85 eV). For the
TiOs-terminated surface, there is a substantial reduction of the bandgap (1.13 V).

The BaTiO3 bulk bandgap?® calculated by Padilla and Vanderbilt by means
of the LDA method is 1.79 eV, to be compared with the experimental value of
3.2 eV; this level of disagreement is typical for the LDA. The calculated*® LDA
band structure for cubic BaO-terminated BaTiOs (001) surface shows, that the
bulk gap (1.79 eV) is slightly increased (1.80 eV) near the BaO-terminated (001)
surface. On the TiOs-terminated BaTiOg (001) surface, however, the bandgap is
very strongly reduced (0.84 eV).%6 According to the BSPW calculations performed
in Ref. 34, the BaTiO3 optical bulk bandgap (3.55 eV) is in a good agreement with
the experimental value of (3.2 eV). The optical bandgap near the BaO-terminated
(3.49 eV) and TiOz-terminated (2.96 eV) BaTiOg (001) surfaces are reduced with
respect to the bulk value (see Table 8). By means of the hybrid B3PW method
calculated®? bulk bandgap for PbTiO3 (4.32 eV) by 0.92 eV exceed the experimental
value (3.4 eV). The calculated bandgaps®? of PbO (3.58 eV) and TiOy (3.18 eV)
terminated PbTiO3 (001) surface are strongly, by 0.74 ¢V and 1.14 eV reduced with
respect to the PbTiOg bulk bandgap value.

We should stress here outstanding agreement of in Ref. 68 by means of the
B3LYP method calculated SrZrOj optical bulk bandgap, 5.31 eV, with the exper-
imental value of 5.6 eV (see Table 8). This is in a sharp contrast with the typical
HF overestimate of the optical bulk bandgap, 13.54 eV, and PBE underestimate
of 3.52 eV.%® The calculated optical bandgap for the SrO (5.04 eV) and ZrO,
(4.91 eV) terminated SrZrOs surfaces becomes smaller with respect to the bulk
optical bandgap (5.31 eV).5® By means of the hybrid B3LYP method calculated®?
BaZrOgs optical bulk band gap (4.79 eV) is very slightly underestimated by 4%
(see Table 8) regarding the experimental value of (5.00 eV). The calculated optical
band gap near the Zr- and BaOs-terminated BaZrOs (111) surfaces is reduced by
approximately 6% with respect to the bulk value. The B3LYP calculated optical
bandgap values for Zr- and BaOgs-terminated BaZrOs (111) surfaces are very close
and differ only by 0.04 eV.%2
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Table 9. Atomic relaxation of the SrTiOs, BaTiOs, PbTiO3 and CaTiO3 (011) surfaces (in
percent of the bulk lattice constant) for the three terminations calculated by means of the ab initio
B3PW method and classical SM. A positive sign corresponds to outward atomic displacements
(toward the vacuum).

SrTiO3 BaTiOs PbTiO3 CaTiOs
Layer Ion Az Ay Ion Az Ay Ton Az Ay Ion Az Ay
TiO-term TiO-term TiO-term TiO-term
1 Ti -7.69 — Ti -693» — Ti -813° — Ti -7.14¢9 —
1 [0) 3.59 — 0 6.45 — 0 3.30 — 0 4.67 —
2 O -0.51 — O -—1.66 — O —041 — O —0.44 —
3 Sr —2.10 — Ba -3.85 — Pb —254 —  Ca =275 —
3 O —2.56 — 0 —240 — O —4.07 — O =379 —
3 Ti 0.16 — Ti 1.59 — Ti 0.30 — Ti -—0.78 —
Sr-term Ba-term Pb-term Ca-term
1 Sr —12.81* — Ba —-1349® — Pb -11.94° — Ca —16.054
2 0 1.02 — 0 2.80 — O —061 — 0 1.35 —
3 Ti —0.04 —  Ti -1.20 — Ti 1.78 — Ti -0.37 —
3 O —-1.08 — 0 —294 — 0 1.67 — 0 -17 —
3 Sr 0.26 —  Ba 2.52 — Pb 1.52 — Ca -—0.93 —
O-term O-term O-term O-term
1 O —6.61* —0.14> O —11.16" —6.70P O  —7.37© —0.07° O —6.10¢ —2.164
2 Ti —1.02 —-435 Ti —1.83 —533 Ti 020 —254 Ti —0.26 —4.70
2 Sr  —1.18 0.85 Ba 484 —221 Pb 0.18 —7.50 Ca —2.10 —0.27
2 [0) 1.79 6.40 O 4.54 590 O 0.51 219 O 3.43 8.05
3 O —0.79 210 O 6.52 558 O —041 330 O —0.55 1.90

aReference 25. PReference 44.  “Reference 47.  9Reference 57.

3.2. ABOs perovskite (011) and (111) surface structure

Table 9 for the SrTiO3, BaTiO3, PbTiO3 and CaTiOs (011) surfaces is similar to
Table 4 for the corresponding (001) surfaces, whereas Table 10 complements these
data by the predicted surface rumpling and the relative displacements of the two top
layers. For the TiO-terminated surface, the rumpling for all four SrTiO3, BaTiOs,
PbTiO3 and CaTiOs3 (011) surfaces is qualitatively similar and really huge, ~ 10—
14%. For all four calculated ABQO3 perovskites, this arise due to a combination of a
strong O ion outward displacement by (3-6%) and large Ti ion inward displacement
by approximately (7-8%). This calculated surface rumpling is much larger than that
found for the (001) surface. The reduction of relative distances between the first
and second layer for TiO-terminated (011) surface for all four calculated perovskites
(see Table 10) are in the range between (4%) and (7%). This reduction of interlayer
distance between the first and the second layer is considerably larger than the
reduction of the interlayer distance between the second and the third layer. As we
can see from the Table 10, the TiO-terminated CaTiOg (001) surface, in contrast
to SrTiO3, BaTiO3 and PbTiO3 perovskites, shows expansion between the second
and third layers.

On the Sr, Ba, Pb and Ca-terminated SrTiOs, BaTiO3, PbTiO3 and CaTiOg
(011) surfaces, the upper layer Sr, Ba, Pb and Ca atoms move very strongly inwards
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Table 10. Surface rumpling s and relative displacements Ad;;
(in percent of the bulk lattice constant) for three near-surface
planes of the TiO and O-terminated SrTiOs, BaTiOs, PbTiO3
and CaTiO3 (011) surface.

TiO-term O-term

SI‘TiOg S Adlg Adgg Adlg Adgg
B3PW? 11.28 —7.18 —0.67 —5.59 —0.23
SMP 14.47 —4.27 —3.86 —11.83 8.69
BaTiO3

B3PW¢ 10.47 —6.84 —1.02 —5.25 —1.05
SMP 13.38 —5.27 —3.25 —9.33 —8.35
PbTiO3

B3PWe¢ 11.43 —4.83 —0.71 —7.57 —5.84
CaTiO3

B3PWd 11.81 —6.70 2.31 —5.84 0.29

aReference 25. PReference 44.  “Reference 47.  9Reference 57.

by 12.81, 13.49, 11.94 and 16.05% of the lattice constant ag, respectively (see Ta-
ble 9). These Sr, Ba, Pb and Ca atomic displacement magnitudes are the largest
atomic displacement magnitudes among all in Table 9 calculated SrTiOs, BaTiOs,
PbTiO3 and CaTiOs (011) surface atoms. The second layer O atoms for the Sr,
Ba and Ca-terminated SrTiOs, BaTiO3 and CaTiOs (011) surfaces relax outwards
by 1.02, 2.80 and 1.35% of ag, respectively, whereas the Pb-terminated PbTiO3
(011) surface second layer O atom relax inwards by 0.61% of ag (see Table 9). The
third layer atoms for the Sr, Ba and Ca-terminated SrTiO3, BaTiO3 and CaTiOs3
(011) surfaces relax inwards. The only two exceptions there are the outward move-
ment of the Sr-terminated SrTiO3 (011) surface third layer Sr atom (0.26%), and
rather strong Ba-terminated BaTiOs (011) surface third layer Ba atom displace-
ment by 2.52% of ag (see Table 9). In contrast to Sr, Ba and Ca-terminated SrTiOs,
BaTiO3 and CaTiOgz (011) surfaces, all Pb-terminated PbTiO3 (011) surface third
layer atoms relax outwards. For the O-terminated SrTiOs, BaTiO3, CaTiO3 and
PbTiO3 (011) surface (see Table 9), the upper layer O atom displacement direc-
tions along the z- and y-axes are the same for all four perovskites. Nevertheless, the
displacement magnitudes of the upper layer O atom are quite different for different
perovskites. As we can see from Table 9, the atomic displacements in the third
plane from the surface for all three terminations of the SrTiOs, BaTiO3, PbTiOg3
and CaTiO3 (011) surface are still large. This is in sharp contrast to results for the
neutral (001) surfaces in Table 4, where the atomic displacements converged very
quickly and were already negligible in the third layer.

Table 11 shows the calculated Mulliken effective charges @@ and their changes
AQ with respect to bulk SrTiOs, BaTiOs, PbTiO3 and CaTiOg for the three (011)
terminations in Ref. 25, 47 and 57. The charge of the surface Ti atoms in the TiO-
terminated SrTiOs, BaTiO3, PbTiO3 and CaTiOg3 (011) surface is reduced by 0.14e,
0.151e, 1.129e and 0.126e, respectively. Metal atoms in the third layer lose much

1430009-24



2nd Read

S0217979214300096

ing

March 20, 2014 12:22 WSPC/Guidelines-IJMPB

Ab initio calculations of ABOs perovskite surfaces and defects

‘LG OOURIRJOY, LY 9OUSIJOYy GG 9OUOIOJOYe

120°0— 86€'T— (ADO  100°0— €eTT— (ADO  610°0— L0V 1— (ADO  920°0— ey 1— (ADO
020°0— 01€C (ADWL  ¥20'0— LIET (ADLL G0'0— LIET (ADWL  6T0°0— TEL'T (ADLL
800°0— FLLT (AD®D 1000 qee'T (ADAd  S00°0— T6L'T (AD®g  $00°0— L98°1 (AD)IS
z10°0 6SE T— (mmo 100 GIg I— (mmo 1200 L1 T— (o €100 T6E T— (1o
160°0— Ty T— (o  620°0— 192 1— (IO #90°0— TSy I— (mo  #¢0'0— 197 1— (Imo
G60°0— GeT'T (IDwL  ¥01°0— LETT (IDWL  ¥s1°0— €13 (IDw T1IT°0— ovee (I
1€0°0— 16L°T (IDed  L60°0— 1521 (IDad  1€0°0— 99L'T (IDed  020°0— 168°T (1m)1s
TeT0 68T 1— (Do 1220 110'T— (Do €20 SCT'T— (Do ¢ggo TLTT— no
wiL)-O) uLe)-O uLe)-O uLe)-O
800°0 €98 T— (ADO  S10°0— Ve 1— (ADO  ¥00°0— T6e T— (ADO 1100 965 T— (ADO
180°0— ey 1— (o svo'0— LLTT— (o 850°0— 9Py 1— (1o 600— 98 T— (1o
7000 ¥e€T (I)w 2000 eree (IIDLL 10070 89¢°C (IIDLL 1100 T9Ee'T (DL
100°0— 18L'T (Iped  ¥10°0— ove'T (mad 2000 66L'T (Ipeg €000 781 (s
LIT°0— 88Y'T— (IO @600 oFT'1— (IO $60°0— e]F 1— (mo  ecro— 095 T— (IWo
90T'0— 9.9'T (DeDp  zeTo— TTI'T (Dad  191°0— 9€9'T (Deg  g01°0— 99L'T (D1
uLe)-e)) ue)-qq ure)-ed ULIS)-1S
700°0— GLET— (ADO  L00°0— 68T T— (ADO  ¥10°0— Tov 1— (ADO  Tzo0— 6Th 1— (A1DO
690°0 08 T— (IIno <00 ST 1— (IImo 6800 663 T— (IO ¥20°0 e T— (1o
120°0— 60£C (IDwL €10°0— 8TET (1w #10°0— £6eT (IDWL  810°0— £eeT (DL
6%0°0— eeLT (IIped  10T°0— €501 (mnad $0'0— LGLT (Iped  820°0— S (110)1s
TeT0 68T 1— (Mo  sL10 L60'T— (mo  €gz0 GeT'I— (o wvzo 09T T— (Imo
180°0 062 T— (DO 620°0— 192 1— (DO @L00 91¢ T— (DO zoro G0e'T— Do
292T°0— V08T (DL ¢62T°0—  4GIge (DL qIST'0—  q913% (DIL  <0FT0—  I1GC (DL
wey-Ol],  EOLLED wiel-OL,  fOLLdd wiey-OLl,  fOLLRd wiey-OL],  EQLLIS
ov 9] woyy OV 9] woyy ov 9] woyy ov 9] woyy

oy} 10§ (2 ur) segreyo

‘suoryeurIoy 9deyms (110) EQLLED Pue QLLAd ‘COLLed ‘COLLIS 9917}

jnq oY) 03 90edsor yim My seSreyd orwoje ut seSueyd pue (2 ur) ¢ seSIeyd dlwoje WdNI[[NIA Paje[nore) T 9[qel,

1430009-25



2nd Reading

March 20, 2014 12:22 WSPC/Guidelines-1JMPB S0217979214300096

R. 1. Eglitis

less charge, with Sr and Ti atoms losing 0.028¢ and 0.018e¢, respectively in SrTiOs.
Ba, Pb and Ca atoms lose 0.04¢, 0.101e and 0.049¢, as well as Ti atoms lose 0.014e,
0.013¢ and 0.021e in BaTiOs, PbTiO3 and CaTiOs perovskites, respectively (see
Table 11). The SrTiOs, BaTiO3 and CaTiO3 TiO-terminated (011) surface O ions
in the first, second and third layers, except the central one, also have charges that
are reduced by 0.102¢, 0.247¢, and 0.074e for SrTiOg, by 0.072¢, 0.233¢e and 0.089%¢
for BaTiO3z and by 0.081e, 0.232¢ and 0.069¢ for CaTiOg, respectively (i.e., they
become less negative). In contrast, in all four in Table 11 analyzed perovskites, the
central-layer O-ions slightly increase their charges by 0.022e, 0.014e, 0.007e and
0.004e, respectively. The largest charge change in SrTiOs, BaTiO3, PbTiO3 and
CaTiO3 perovskites is observed for subsurface O atoms (0.247¢, 0.233¢, 0.175¢ and
0.232¢, respectively), which add up to contribute a large positive change of 0.494e,
0.466€, 0.350e and 0.464e, respectively in the subsurface layer.

The analysis of the interatomic bond populations for the three possible SrTiO3,
BaTiO3, PbTiO3 and CaTiOs (011) surface terminations shows, that the most
important effect observed here is a strong increase in the Ti—O chemical bonding
near the surface as compared to already large Ti—O bonding in the bulk for all
four perovskites.?>47-57 The most significant increase in the Ti-O chemical bond-
ing in SrTiO3, BaTiO3z, PbTiO3 and CaTiOj3 perovskites occurs near the TiO-
terminated (011) surface (0.130e, 0.130e, 0.132e and 0.128e, respectively), which
is much stronger than the relevant Ti—O chemical bonding value near the TiO2-
terminated (001) surface (0.118e, 0.126¢, 0.114e and 0.114e, respectively) and in
the bulk (0.088¢, 0.098¢, 0.098¢ and 0.084e, respectively).

According to the results of the calculations for SrTiOs (111) surfaces,® the
upper layer Ti atom for Ti-terminated SrTiO3 (111) surface strongly (by 3.58% of
the bulk lattice constant ag) relaxes inwards (see Table 12). The second layer Sr

Table 12. Calculated relaxation of Ti and SrOs-terminated SrTiOsz (111), Zr and
BaOs3-terminated BaZrOs (111) and Zr- and SrOs-terminated SrZrOg (111) surface upper three
layer atoms (as a percentage of the bulk crystal lattice constant a, = 3.914 A, ap, =4.234 A and
ao = 4.195 A, respectively).

SrTiOs BaZrO3s SrZrOsg
Layer Ion Layer Ion Az Layer Ion Az
Ti-term Zr-term Zr-term
1 Ti 1 Zr —8.03> 1 Zr —5.72¢
2 Sr 2 Ba —9.73 2 Sr —11.92
2 O 2 O 0.78 2 O 0.79
3 Ti 3 Zr —0.02 3 Zr 1.53
SrO3-term BaO3-term SrO3-term
1 Sr 1 Ba 170> 1 Sr —0.74°
1 O 1 O —0.57 1 O —0.52
2 Ti 2 Zr 0.21 2 Zr 0.74
3 Sr 3 Ba 0.71 3 Sr —0.02
3 O 3 O —0.01 3 O —0.18

aReference 89.

bReference 92.

“Reference 93.
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atom moves inwards by huge magnitude of 11.24% of ag, while the second layer
O atom relaxes outwards by 1.53% of ag. Outward displacement of the third layer
Ti atom is rather weak, less than 1% of ag. For the SrOs-terminated SrTiOs (111)
surface, the upper layer metal atom moves outwards by 1.33% of ag, but the upper
layer O atom is displaced very slightly inwards by 0.03% of ag. The second layer
Ti atom outward displacement (1.81% of ag) is larger than the upper layer Sr
atom relaxation. Both third layer Sr and O atoms move inwards by a very small
magnitude (0.03% of ag and 0.26% of ag), respectively (see Table 12). The calculated
surface relaxation energy for Ti-terminated SrTiOs (111) surface (—1.66 eV) is
almost five times larger, than the surface relaxation energy for SrOs-terminated
SrTiOz (111) surface®® (—0.35 eV).

The upper layer Zr atom for Zr-terminated BaZrOgs (111) surface strongly (by
8.03% of bulk lattice constant ag) moves inwards toward the bulk (see Table 12).92
The second layer Ba atom moves inwards even more strongly (by 9.73% of ap),
while the second layer O atom relaxes slightly outwards by 0.78% of ag. Inward
relaxation of the third layer Zr atom is very weak, only 0.02% of aq (see Table 12).
For the BaOs-terminated BaZrOgs (111) surface the upper layer metal and oxygen
atoms relax outwards and inwards by 1.70% of ag and 0.57% of ag, respectively.®?
The second layer Zr atom outward relaxation magnitude (0.21% of ag) is smaller
than the third layer metal atom displacement magnitude. The calculated surface
relaxation energy for Zr-terminated BaZrOs (111) surface (—1.49 eV) is almost
fifteen times larger than the surface relaxation energy for BaOs-terminated BaZrOg
(111) surface (—0.10 eV).

According to the results of calculations performed in Ref. 93, the upper layer Zr
atom for Zr-terminated SrZrOg (111) surface strongly relaxes inwards toward the
bulk (by 5.72% of ag) (see Table 12). The second layer Sr atom relaxes inwards even
more strongly (by 11.92% of ag), while the second layer O atom relaxes outwards by
0.79% of ag. Outward relaxation of the third layer Zr atom, similarly to the SrTiO3
and BaZrOgs perovskites, again is rather weak, only 1.53% of ag. For the SrOs-
terminated SrZrOs (111) surface the upper layer metal atom and oxygen atoms
moves inwards by 0.74% and 0.52% of ag, respectively. The second layer Zr atom
outward relaxation magnitude (0.74% of ag) is exactly the same as the upper layer
Sr atom inward relaxation. Both third layer Sr and O atoms relax inwards by a
very small magnitude (0.02% of ag and 0.18% of ag), respectively. Again, typically
for ABOj3 perovskite (111) surfaces, the calculated surface relaxation energy for Zr-
terminated SrZrOs (111) surface (—1.57 eV) is almost sixteen times larger, than the
surface relaxation energy for SrOsz-terminated SrZrOgz (111) surface®® (—0.10 eV).

3.3. Ab wnitio calculations of Nb impurity in SrTiOs

The calculated!® average Sr charges in the 3 x 3 x 3 times extended SrTiOs
supercell are 1.92¢, very close to the formal ionic charge of +2e. This is in a sharp
contrast with Ti ions (2.77¢) and O ions (—1.57¢), which indicates high degree of
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Fig. 5. Sketch of Nb doped SrTiOs3 crystal.

Table 13. Calculated Mulliken bond populations P (me)
between different atoms in Nb doped SrTiO3 crystal using
3 x 3 x 3 times extended SrTiO3 supercells containing 135

atoms.

Atom A Atom B P (me) R (A)
Nb O 82 1.995
Ti O 64 1.945
Sr O —22 2.751
Sr Ti 0 3.369
Sr Nb 0 3.369

2Reference 106.

covalency of the chemical bonding. For a single Nb ion, which replaces the Ti ion
(see Fig. 5), the effective charge of 3.13e were found. This charge difference between
the Ti and Nb ions (0.36¢) is donated mainly to six nearest O ions which become
more negative.

According to the results of our calculations, six nearest oxygen atoms are sym-
metrically slightly repulsed from the Nb impurity by 0.05 A.1% It is worth noting,
that Hamid in Ref. 169 using the LDA approximation got just opposite result for
6 O atoms relaxation. According to the LDA calculations by Hamid,'%" the six
nearest O neighbors show inward relaxation toward the Nb impurity, along the
(001) direction by 0.09 A. The calculated'°® bond populations between the nearest
Ti and O atoms indicate considerable covalency effect!”%17! (see Table 13). Just
opposite, the calculated bond population between the nearest Nb and O ions turns
out to be much smaller, 8 versus 64 me for the Ti—O bond. This is caused by more
ionic charges of Nb and nearest O as compared to Ti and nearest O ions. The bond
populations between nearest Sr and O atoms are negative which indicates the lack
of chemical interaction between these ions.

The calculated HF optical bandgap is as usually strongly overestimated
12.5 eV.1% The Nb impurity band in HF calculations is located 1.13 eV below
the conduction band bottom. If we scale the HF calculated Sr'TiOs band gap down
to the experimental value, the Nb state would be located approximately 0.25 eV
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below the CB bottom, which means that Nb impurity in SrTiOg is a shallow donor.
Figure 2 in Ref. 106 shows the electronic charge density map of Nb doped SrTiO;
bulk (the (001) plane). This figure confirms the population analysis about the co-
valent chemical bonding and larger effective charge of Nb ion compared to the host
Ti ion.

3.4. Computer modeling of F centers in KNbOs, PbZrOs, SrTiO3
and PbTiO3

One of the most common defects in ABOj3 perovskite crystals is the so-called F
center, an O vacancy Vo which traps two electrons (see Fig. 6). First principles
calculations of the F' centers in KNbOj3 were performed already 16 years ago by
Eglitis et al.1%® using the LMTO method combined with DFT (local approximation)
and the method of the INDO and relatively small 40 atom supercells. These LMTO
calculations have shown for the first time that even in the ground state of the F
center, the two electrons from the missing anion are considerably delocalized over
the two nearest Nb ions, and only 0.6 electrons are inside the O vacancy sphere,
very close to the result of INDO calculation for the relaxed structure.!98:172-174
The INDO optimized atomic relaxation around the F' center in KNbOg indicates a
strong outward shift of the two nearest Nb neighbors with respect to the O vacancy
by 6.5% of ag. This is accompanied by much smaller, 0.9% outward displacement of
K atoms and by 1.9% inward displacement of O atoms.'9%172°174 The two nearest
Nb atoms give the largest (=80%) contribution to the lattice relaxation energy
(3.7 eV) whereas O atoms give the most of the rest energy gain of 1 eV. The F
center in KNbOg produces a local energy level, which lies = 0.6 eV above the top
of the valence band.'08172-174 Ttg molecular orbital primarily contains contribution
from the atomic orbitals of the two nearest Nb atoms.

Oxygen vacancies could be created in PbZrOg under neutron and ionizing irra-
diation.!™ Similarly to PbTiOs3, these defects make a major impact on the overall

A X
<o - K @
Nb e
« ®
O

Fig. 6. Sketch of lattice relaxation around the F' center in KNbO3.

1430009-29



o 2nd Reading
March 20, 2014 12:22 WSPC/Guidelines-IJMPB 50217979214300096

R. 1. Eglitis

performance of the ferroelectric devices based on PbZrOs or PZT.176 However, no
theoretical simulations on PbZrOs containing defects existed until recent DFT-
LCAO calculations on the atomic and electronic structure of a 3 x 3 x 3 times
extended supercell of cubic PbZrOs containing F centers.!”” The defect level of the
F center in cubic PbZrOgz bulk lies quite deep, 1.72 eV below the CB bottom, in
the calculated bandgap of 3.78 eV.17® This defect level consists mainly of 6s and 6p
orbitals of the nearest Pb atoms, with a small contribution of Zr 4d states.!”” An
O vacancy in the bulk PbZrOj3 attracts 0.68e, and the remaining electron density
from the missing O?~ is localized mostly on four nearest Pb atoms.!”” The two
Zr atoms nearest to the defect in PbZrOj3 shift slightly outwards (by 0.48% of ag)
from the F' center, while the next four Pb atoms reveal substantial displacement
(5.99% of ag) toward the F center. Deformation of the oxygen octahedra follows the
displacement of Pb and Zr atoms. The I’ center formation energy in the PbZrOs
bulk is equal to 7.25 eV.177

The first ab initio calculations of oxygen vacancy on ZrOs-terminated PbZrOs
(001) surface were performed by Kotomin et al.5! In this pilot study, the positions
of all atoms surrounding the F' center on the ZrOs terminated surface were allowed
to relax. As a result, the considerable outward relaxation is observed for the two
Zr atoms nearest to the oxygen vacancy (8.46% of agp), as well as for four nearest
Pb atoms (11.97% of ag).5! The defect formation energy on the ZrOy terminated
PbZrOs (001) surface containing the F' center (6-7 eV) depends on the SC size
and is considerably smaller than that in the PbZrO3 bulk (7.25 eV).6! This is a
driving force for the defect segregation to the PbZrOs surface. From the effective
charge analysis, the conclusion could be drawn that only 0.3e is localized inside
the surface oxygen vacancy, whereas the rest electron density of the missing 02~
ions is delocalized over the nearest atoms.6* Defect formation results in a slightly
increased bandgap with respect to defectless surface structure. The surface F' center
band for the 3 x 3 surface supercell in PbZrOg lies in the middle of the bandgap,
namely 2.58 eV below the conduction band bottom.

The F center energy level in the SrTiO3 bulk bandgap approaches the CB bot-
tom (being separated from it), moving from 0.69 eV for an 80-atom supercell (with
the defect bandwidth of 0.15 eV), and finally reaching the optical ionization en-
ergy of 0.49 eV (with almost negligible bandwidth of 0.02-0.03 e¢V) for 270- and
320-atoms with the defect period close to four lattice constants.'®® DFT-PW cal-
culations on 270- and 320-atom SrTiOj supercells give a reasonable estimate for
the vacancy formation energy in the bulk, E™(F) = 7.1 eV.!'™ According to
recent DFT-LCAO calculations on the cubic phase of SrTiOs perovskite by Car-
rasco et al.,'8" a Mulliken effective electronic charge of 1.1-1.3¢ is localized inside
the neutral O vacancy (depending on the supercell size) and 0.6-0.8¢ are equally
shared between the two nearest Ti ions. For a 320-atom SrTiOg bulk supercell, an
expansion of the first coordination sphere (two Ti ions) (7.76% of ag) and a com-
pression of the second coordination sphere O atoms (7.79% of ag) are comparable.
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Table 14. Comparative analysis of main properties of bulk and surface F' centers
in SrTiO3, PbZrO3, PbTiO3 and KNbOg3 perovskites. Sign “+” corresponds to the
expansion of atoms around the F' center.

Property SrTiOg3 PbZrO3 PbTiO3 KNbOs3
Bulk

Charge inside Vp 1.1-1.32 0.68 0.85°¢ 0.64

F distance to CB 0.69-0.49¢ 1.72P 0.96¢ 0.6 above the VB4
F formation energy 7.1f 7.25P 7.82¢ —

B relaxation +7.76F +0.48P — +6.54

O relaxation —7.79f — — —1.94

A relaxation +3.94f —5.99P — +0.9

BOg2-term (001) surf

Charge inside Vo — 0.38 — —
F distance to CB 0.25¢ 2.58¢8 — —
F formation energy 6.22¢ 6-78 — —
B relaxation +14¢© +8.468 — —
O relaxation —8¢ — — —
A relaxation — +11.978 — —

aReference 180.  PReference 177.  “Reference 181.  9Reference 108.
°Reference 178.  fReference 179. &Reference 61.

The outward relaxation of next neighbor Sr atoms (3.94% of ag) are almost two
times smaller.!

The formation energies for relaxed surface oxygen vacancy in SrTiO3 are 6.22 eV
for 120-atoms and 5.94 eV for 270-atom supercells.!”® The conclusion could be
drawn that the defect formation energy on the TiOs-terminated SrTiOg (001) sur-
face is considerably smaller than in the Sr'TiOg bulk. The relaxation of the Ti and
O atoms nearest to the surface F' center are (14% of ag) (outwards) and (8% of
ao) (mainly inwards), respectively.!™ The defect ionization energy of the surface
F' center on TiOg-terminated SrTiOg (001) surface (0.25 eV) is about half that in
the bulk. This is found for the 120-atom supercell, which is still far from conver-
gence to the limit of a single defect. Here, the band dispersion is still not negligible
(0.14 eV).178

The defect formation energy in PbTiOs3 bulk is equal to 7.82 eV,'®! and is
approximately by 1 eV smaller than in the SrTiOs bulk. The F' center defect level
position in PbTiO3 bulk bandgap is located 0.96 eV below the CB bottom.'8! The
Mulliken charge concentrated inside the O vacancy in PbTiO3 bulk, according to
ab initio calculations performed by Zhukovskii et al.'®! is 0.85¢ (see Table 14).

3.5. Computer modeling of hole and electron polarons in ABOs
perovskites

A transient optical absorption band at 1.2 eV in KNbO3 has been associated,'®2 in
analogy with other perovskites, with a hole polaron (a hole bound, probably, to a
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Fig. 7. Schematic view of the (a) one-site and (b) two-site hole polarons in KNbO3.

K vacancy) (see Fig. 7). The electron spin resonance study of KNbO3 doped with
Ti*t gives a proof that holes could be trapped by such negatively charged defects.!®3
The motivation for using the HF-based and DFT-based calculation methods!34:185
simultaneously is to combine strong sides of both in a single study. The DFT is
expected to be able to provide a good description of the ground state. On the other
hand, the HF formalism is straightforwardly suited for the evaluation of excited
energies. 84

The removal from the supercell of a K atom with its seven electrons contribut-
ing to the valence band (VB) produces slightly different effects on the electronic
structure, as described within the DFT and the HF formalism.'®® In the INDO
treatment, the one-electron optical gap is overestimated, as is typical for the HF
calculations,'* but the gap calculated as a difference of total energies in relaxed
ground state and excited states (ASCF gap) gives for the triplet state 2.9 eV, close
to the experiment.'8* The INDO calculations in contrast to the LDA suggests, that
the removal of an electron leaves an unpaired electron state split off at ~ 1 eV above
the VB top.'®* The localized hole state is also present in the HF description but
lies much lower than the corresponding state in the LDA, forming a 0.9 eV wide
bandgap located ~0.2 eV below the conduction band bottom.!®>

In contrast to a generally observed large degree of covalency in KNbOs and
contrary to a delocalized character of the F' center state, %8110 the one-site polaron
state remains well localized at the displaced O atom, with only a small contribution
from atomic orbitals of other O ions but none from K or Nb ions. Despite that, there
are some differences in the description of the electronic structure inside the DFT-
and HF-based methods, the general trends in the total energy driving the structure
optimization remain actually the same. In DFT and HF calculations,'®* both one-
site and two-site configurations of the hole polaron are much more energetically
favorable (see Table 15) than the fully symmetric relaxation of twelve O atoms
around the K vacancy. This confirms what is already known about small-radius
polarons in other ionic solids.!73:186-188
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Table 15. Absorption (F,ps) and lattice relaxation (E,, relative
to the perfect crystal with a K vacancy) energies (eV), calculated
by LMTO and INDO methods.

Energy Eabs Eabs Erel Erel

Method Experiment INDO LMTO INDO
Uniform breathing — — 0.01P 0.08P
One-site polaron 1.22 0.90P 0.12P 0.40P
Two-site polaron — 0.95P 0.18P 0.53P

aReference 182.  PReference 184.

Table 16. Optical absorption and lattice relaxation energies of
electron polarons in BaTiOs, PbTiO3, KNbO3 and KTaO3 per-
ovskites'927195 as calculated by means of the INDO method. Sign
“+” corresponds to expansion of atoms in the z—y plane, and sign
“—” corresponds to contraction of atoms in the z plane in percents
of the lattice constant ag.

Crystal Fabs A in z—y plane A in z plane FE.a
BaTiO3 0.692 1.53 —1.12 0.242
PbTiO3 0.73P 1.46° —1.04P 0.22P
KTaO3 0.75¢ 1.70¢ —1.2¢ 0.27¢
KNbO3 0.784 1.404 —1.04 0.214

aReference 191.  PReference 192.  “Reference 193.  9Reference 194.

The existence of small radius polarons in ionic solids was predicted by Landau in
1933.186 Strict experimental (ESR) proof of self-trapped holes was given for alkali
halides by Kinzig in 1957, a quarter of century later.'® In 1994, the first ESR
evidence appeared'® for the electron self-trapping in LiNbO3s perovskite crystals,
accompanied by the IR absorption band around 1 eV. Finally, the Nb** polaron
absorption band around 0.72 eV has been observed recently in strontium barium
niobate.!%0

The INDO simulations for electron polarons in KNbOj3, KTaO3, BaTiO3 and
PbTiO3 perovskite crystals were performed,?171%4 and the calculated energy gain
due to electron self-trapping is 0.21, 0.27, 0.24 and 0.22 eV, respectively (see Ta-
ble 16). The corresponding electron polaron absorption energies in KNbO3, KTaOs,
BaTiO3 and PbTiO3 — 0.78, 0.75, 0.69 and 0.73 eV'?1 194 agree well with the only
experimental estimate of 0.6 eV for BaTiO3.1%® For example, the electron polaron
in PbTiO3 were modeled using the 3 x 3 x 3 extended cubic PbTiO3 unit cell with
the LUC containing 135 atoms. In order to find the energy minimum of the system,
six nearest oxygen atoms in the octahedron around a central Ti atom were allowed
to relax.'®? All other Ti and Pb atoms, as well as remaining O atoms, were kept
fixed at their perfect lattice sites. According to INDO calculations,'®? the ground
state is initially three-fold degenerate (t24). This degeneracy is lifted as a result of
combined breathing mode and Jahn-Teller (JT) effects: Outward displacement of
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Fig. 8. (a) Sketch of the asymmetric O atom relaxations around an electron localized on the
central Ti atom in the self-trapped electron in PbTiOs3. (b) Local energy states within the bandgap.

four nearest equatorial O atoms by 1.46% of ap and relaxation of the two oxygens
inwards along the z direction by 1.04% of ag (see Fig. 8). The total energy gain is
0.22 eV.192 A similar JT electron polaron almost simultaneously was also observed
experimentally in BaTiQ3.196:197

As a result, a considerable electron density in PbTiOj is localized on the central
Ti atom'?® producing three narrowly spaced energy levels in the bandgap. They
consist mainly of the zy, 2z and yz Ti 3d atomic orbitals (split ta, energy level
in an isolated ion); another two empty levels are located close to the conduction
band bottom. The electron polaron absorption energy calculated by means of ASCF
method is 0.73 V.2 The absorption process corresponds to a charge transfer to
the nearest Ti atom.

3.6. Computer modeling of KNb, Ta;_, O3 solid solutions

Figure 4 in Ref. 198 shows the total energy curve for a 135-atom KTaOgs cluster
doped with Nb modeling an isolated Nb impurity as a function of its [111] off-
center displacement. The calculated displacement of 0.146 A by Eglitis et al.193201
is very close to the experimental XAFS finding at 70 K.% The relevant energy gain
is very small, only 0.0375 eV, which is a typical value for a Nb atom displacement
as calculated earlier for different ferroelectric phases of KNbO3.134

In order to calculate the Nb cluster (see Fig. 9) in the KTaO3 matrix Eglitis
et al.1987201 have extended the primitive KTaOz unit cell by 4 x 4 x 4, i.e., to 64
times its size, which is equivalent to carrying out the band structure calculations at
64 k-points in the Brillouin zone. In order to study the cooperative displacements
(self-ordering) of Nb impurities in KTaOs, seven Ta atoms were replaced by seven
Nb atoms (see Fig. 10).

As a next step, in order to find the energy minimum of the seven atom Nb
clusters in KTaO3 matrix, six Nb atoms were allowed to relax symmetrically toward
the central Nb atom. The positions of the K, Ta and O atoms were kept fixed. The
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Fig. 9. Nb cluster containing seven Nb atoms inside KTaO3 matrix.
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Fig. 10. Sketch of the symmetric repulsion of six Nb atoms outwards from the central Nb atom,
which, as a consequence, is off-center them in both [100] and [111] directions.

results of numerical calculations show that six Nb atoms are displaced inwards
toward the central Nb atom by 0.187 A, lowering the total energy of the system
by 0.088 eV. However, INDO calculations show that symmetric displacements of
six Nb atoms outwards by 0.073 A from the central Nb atom, lowering the total
energy of the system by 0.03 eV, are also energetically favorable. In the case, when
six Nb atoms are shifted outwards from the central Nb atom, the central Nb atom
undergoes an off-center displacement from the on-site position in the [111] direction
by 0.27 A, and this is followed by an additional total energy gain of 0.09 eV — to
give a total energy reduction of 0.12 eV .9%:102

The central Nb atom reveals instability also in the [100] direction. The shift of
the central Nb ion in the [100] direction by 0.192 A additionally lowers the cluster
energy by 0.056 eV, in the case when six Nb atoms are shifted outwards from the
central Nb atom — to give a total energy reduction by 0.086 eV. Nevertheless, the
total cluster structure induced energy lowering in the ground state, which corre-
sponds to the situation in which six Nb atoms are symmetrically relaxed outwards
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from the center of the Nb cluster, and the central Nb atom is displaced away from
the center in the [111] direction (0.12 eV), is energetically more favorable.

According to the calculations performed by Eglitis et al.,'%8201
six Nb atoms are in the energy minimum state arising from a symmetric shift of
six Nb atoms towards the central Nb atom (which could be treated as an excited
state of the Nb cluster), the central Nb atom exhibits on-site properties.

in the case when

4. Conclusions

In this paper, the present state-of-the-art in theoretical simulations of the ABOg
perovskite surfaces and defects therein using (mostly) first principles modeling were
illustrated. According to all calculations (see Table 4), on the AO-terminated (001)
surface, all upper-layer A atoms relax inward for SrTiO3, BaTiO3, PbTiO3, CaTiO3
and PbZrO3 perovskites by magnitude of at least 2% of the lattice constant ag, while
all second layer atoms relax outwards. For the BOs-terminated SrTiO3, BaTiOs,
PbTiO3, CaTiO3 and PbZrOs (001) surface, in most cases, the largest relaxations
are on the second-layer metal atoms. For almost all ABO3 perovskites, the (001)
surface rumpling is much larger for the AO-terminated than for the BOs-terminated
(001) surface, but their surface energies are always quite similar.

In contrast, different terminations of the (011) ABO3 surface lead to very differ-
ent surface energies for the O-terminated, A-terminated, and BO-terminated (011)
surface, respectively. A considerable increase in Ti—O or Zr—O, respectively, chemi-
cal bond covalency near the (011) surface as compared both to the bulk and to the
(001) surface in ABOj3 perovskites were predicted.

For both B and AOs-terminated SrTiOs, BaZrOg and SrZrOgs (111) surfaces the
upper layer atoms, with the exception of the BaO3 and SrOs-terminated surface Ba
and Sr atoms, respectively, relax inwards. For SrTiOs, BaZrOs and SrZrOs (111)
surfaces, the second layer Sr, Ba and Sr atoms exhibits the strongest relaxation
between all atoms by 11.24, 9.73 and 11.92% of the lattice constant ag, respectively.
The most energetically favorable with the lowest surface energy, according to all
performed calculations for all perovskites, always are the AO and BOs-terminated
ABO3 perovskite (001) surfaces. The only exception is work by Zhang et al.,>®
where the O-terminated CaTiO3z (011) surface is lower in energy than the TiOs-
terminated CaTiOs (001) surface. The A, BO and O-terminated ABOj3 perovskite
(011) surfaces are always, according to all ab initio and shell model calculations,
less energetically favorable than (001) surfaces. Finally, the ABO3 perovskite (111)
surfaces are always energetically most unfavorable and unstable surfaces according
to all performed calculations.

Calculations performed in Ref. 106 demonstrate that Nb ions substituting for
host Ti ions in SrTiOg are shallow donors. The symmetrical outward relaxation of
six nearest O ions around the Nb impurity in SrTiO3 crystal are very small.1% In
the Nb doped SrTiOj crystal negligible chemical bonding occurs between Nb and
nearest O ions. It is interesting to notce, that recent studies for the another impurity,
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namely the Fe impurity in the SrTiO3 crystal bulk'” and on the surface'”™ show
that this is an acceptor. This demonstrates that the first-principles calculations are
a reliable tool for studying the defects in perovskite materials.

A large amount of numerical calculations of mostly neutral bulk and surface
oxygen vacancies performed so far for SrTiOs, PbTiO3, PbZrO3s and KNbOj3 per-
ovskites dealt with the local atomic structure and electronic density redistribution
around defects in their regular lattice sites mainly after total or partial optimiza-
tion of the defective structure geometry. All the calculation results for F' centers in
ABOg perovskites are in sharp contrast with what is known about F' centers in ionic
crystals (in particular, in MgO and alkali halides?°?)
well localized by the V| in the F' center ground state. Obviously, this discrepancy
arises from a considerable degree of covalency of the chemical bonding in ABOj3
perovskites. Electron defects (F' centers) similar to what were observed in ABO3
perovskites are known, for example, in partly covalent SiOs crystals (e.g., in the

where the two electrons are

so-called E’ center an electron is also not localized inside Vj but its wave function
mainly overlaps with the sp® orbital centered on the neighboring Si atom?2°3).

The quantitative models of hole polarons in KNbO3 were analyzed.!®* The main
conclusion is that both one-center and two-center hole polaron configurations in
KNbOj3 are energetically favorable and close in energy. The calculated optical ab-
sorption energies and the spatial distribution of relevant electronic states could pro-
vide guidelines for more direct experimental identification of the defects in question.
By means of the HF method calculated hole polaron absorption energy (=~ 1 eV) is
close to the experimentally observed short-lived absorption band energy.!8?

The quantum chemical INDO calculations'®! 194 gave additional evidence for
the existence of electron polarons in BaTiOz, KNbO3, KTaO3 and PbTiO3 crys-
tals. The theoretically calculated electron polaron absorption energy in BaTiOsj
(0.69 eV), KNbO3 (0.78 e¢V), KTaO3 (0.75 €V) and PbTiO3 (0.73 eV) is close
to the only experimental estimate of 0.6 eV for BaTiO3.!®> The INDO calcu-
lated electron polaron absorption energies in KNbOg, KTaOgs, BaTiOz and PbTiO3
perovskites are smaller than the calculated and experimentally observed hole po-
laron absorption energies in KNbO3. The electron polaron relaxation energies for
KNbOj3, BaTiOs, PbTiO3 and KTaOj3 crystals are in the range from 0.21 eV till
0.27 eV.

The calculated magnitude of single Nb displacement (0.146 A) in KTaO3 ma-
trix along the [111] direction is very close to the experimental XAFS finding of
0.145 A observed at 70 K.9 The interpretation of impurity-induced ferroelectric
phase transition in terms of weak off-center impurities (like Nb%* impurities in
incipient ferroelectric KTaO3) had been suggested on the basis of the so-called self-
ordered cluster model.'?87201 The main prediction of this model is that self-ordered
clusters of the second component (Nb in KTaOs) will form, which indeed were ob-
served in calculations. Such self-ordered clusters of the second component in solid
solutions based on ferroelectric perovskites have their own degrees of freedom. The
percolation of the corresponding local order parameters as well as dynamical perco-

1430009-37



o 2nd Reading
March 20, 2014 12:22 WSPC/Guidelines-IJMPB 50217979214300096

R. 1. Eglitis

lation of the soft, low-frequency local vibrations can lead to a cooperative behavior

which finally induces a ferroelectric phase transition.!98 201
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