
Comparative First-Principles Calculations
of SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (001),

(011) and (111) Surfaces

ROBERTS I. EGLITIS*

Institute of Solid State Physics, University of Latvia, 8 Kengaraga Str., Riga LV

1063, Latvia

I present the results of my ab initio calculations for SrTiO3, BaTiO3, PbTiO3 and
CaTiO3 neutral (001), as well as for polar (011) and (111) surfaces using the hybrid
description of exchange and correlation. AO and BO2-terminations for the nonpolar
(001) surface and A, BO, and O terminations of the polar (011) surface, as well as B
and AO3-terminations of the polar (111) surface were calculated. In the case of the
neutral AO-terminated (001) surface for SrTiO3, BaTiO3, PbTiO3 and CaTiO3

perovskites, all upper-layer A atoms relax inward towards the bulk, 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 practically all ABO3

perovskites, the surface rumpling is considerably larger for the AO-terminated than
for the BO2-terminated (001) surface, but their surface energies always are almost
equal. Just opposite, different terminations of the (011) ABO3 surface lead to very
different surface energies for the O-terminated, A-terminated, and BO-terminated
(011) surface, respectively. The surface energies for all calculated (111) surfaces are
considerably larger than even for (011) surfaces. A considerable increase in the Ti-O
chemical bond covalency near the (011) surface as compared to the bulk and to the
(111) and (001) surfaces in considered ABO3 perovskites were predicted.
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Introduction

ABO3 perovskites are important for a variety of high technology applications as a result

of their diverse physical properties [1–4]. Thin films of oxide perovskite ferroelectrics are

important for many emerging industrial applications including high capacity memory

cells, catalysis, optical wave guides, integrated optics applications, substrates for high-Tc

cuprate superconductor growth, etc. [5]. For all these applications, the surface structure

and the related surface electronic and physical properties are of great importance. Ab ini-

tio calculations of SrTiO3, BaTiO3, PbTiO3 and CaTiO3 surface characteristics are useful

to understand processes in which surfaces play a crucial role, such as the chemistry of sur-

face reactions, interface phenomena, and adsorption. In this study, my theoretical calcula-

tions dealing with relaxed atomic structures of the SrTiO3, BaTiO3, PbTiO3 and CaTiO3
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(001), (011) and (111) surfaces are reported, and general, characteristic trends for all four

materials are analyzed.

Due to intensive development and progressive miniaturization of electronic devices,

the surface structure as well as the electronic properties of the ABO3 perovskite thin

(001) films have been extensively studied experimentally in recent years. On the (011)

surfaces considerably less experimental studies were performed. For example, Enterkin

et al. [6] recently reported a solution to the 3 £ 1 SrTiO3 (110) surface structure obtained

through transmission electron diffraction, and confirmed through density functional the-

ory calculations and scanning tunneling microscopy images and simulations [6]. There

exist several experimental studies dealing with SrTiO3 (111) surfaces. For example,

Tanaka and Kawai have obtained clean surfaces of reduced SrTiO3 (111) crystals and

observed them by means of scanning tunneling microscopy (STM) combined with reflec-

tion 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 [7]. More than 10 years later Chang et al. [8] also reproducibly

obtained an atomically well-defined SrTiO3 (111) surface by a combined chemical etch-

ing and thermal annealing process.

It is obvious, that the high technological importance of SrTiO3, BaTiO3, PbTiO3 and

CaTiO3 perovskites has motivated several ab initio studies of their (001) surfaces [9–20].

ABO3 perovskite (011) surfaces, in general, and SrTiO3 (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) surfa-

ces exist [21–27]. ABO3 perovskite polar (111) surfaces, on the theory side, are even less

studied than their (011) surfaces [28–32]. In order to fill this gap, in this study I report

comprehensive results dealing with SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (001), (011)

and (111) surface atomic and electronic structures.

Computational Details

First-principles calculations in the framework of density-functional theory (DFT) using

the CRYSTAL computer code111 have been carried out. Unlike the plane-wave codes

employed in many previous studies, CRYSTAL uses localized Gaussian-type basis sets.

In calculations by Piskunov et al. [33], the basis sets (BS) were developed for SrTiO3,

BaTiO3 and PbTiO3. In this paper, for most of calculations, for O atoms, this new BS

which differs from previous calculations [10, 11] by inclusion of polarizable d-orbitals on

O ions were used. Most of calculations in this paper were performed using the hybrid

exchange-correlation B3PW functional involving a mixture of nonlocal Fock exact

exchange, local-density approximation (LDA) exchange, and Becke’s gradient corrected

exchange functional, [34] combined with the nonlocal gradient corrected correlation

potential of Perdew and Wang [35–37]. 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 [33].

The reciprocal-space integration was performed by sampling the Brillouin zone, in

most cases, with an 8 £ 8 £ 8 Pack-Monkhorst mesh [38] which provides a balanced

summation in direct and reciprocal spaces. To achieve high accuracy, large enough toler-

ances 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 [39]. An advantage of the CRYSTAL code is
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that it treats isolated two-dimensional slabs, without any artificial periodicity in the z

direction perpendicular to the surface.

The SrTiO3 (001) surfaces were modeled using symmetric (with respect to the mirror

plane) slabs consisting of seven alternating TiO2 and SrO layers, respectively. (Hence-

forth, SrTiO3 will be used for presentation purposes, but everything that is said will apply

equally to the BaTiO3, PbTiO3 and CaTiO3 cases). One of these slabs was terminated by

SrO planes for the SrTiO3 crystal and consisted of a supercell containing 17 atoms. The

second slab was terminated by TiO2 planes and consisted of a supercell containing 18

atoms. These slabs are nonstoichiometric, with unit cell formulas Sr4Ti3O10 and

Sr3Ti4O11 for the SrTiO3 perovskite. These two (SrO and TiO2) terminations are the only

two possible flat and dense (001) surfaces for the SrTiO3 perovskite lattice structure. The

sequence of layers with definition of surface rumpling s and the near-surface interplanar

separations Dd12 and Dd23 at the TiO2-terminated (001) surface of SrTiO3 is illustrated in

Fig. 1.

Unlike the (001) cleavage of SrTiO3, which naturally gives rise to nonpolar SrO and

TiO2 terminations, a naive cleavage of SrTiO3 to create (011) surfaces leads to the forma-

tion of polar surfaces. For example, the stacking of the SrTiO3 crystal along the [011]

direction consists of alternating planes of O2 and SrTiO units having nominal charges of

¡4e and C4e, respectively, assuming O2¡, Ti4C, and Sr2C constituents. Thus, a simple

cleavage leads to O2-terminated and SrTiO-terminated (011) surfaces that are polar and

have nominal surface charges of ¡2e and C2e 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 O2

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

Figure 1. TiO2-terminated SrTiO3 (001) surface with definitions of surface rumpling s and the

near-surface interplanar separations Dd12 and Dd23.
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as in the bulk structure. We shall refer to this as the “O-terminated” (011) surface, in dis-

tinction to the “O2-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

Sr3Ti3O9 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), respectively. This is accomplished by splitting a SrTiO layer during

cleavage, instead of splitting an O2 layer. For the TiO- and Sr-terminated surfaces, we

use seven-layer slabs having composition Sr2Ti4O10 (16 atoms) and Sr4Ti2O8 (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 SrTiO3

stoichiometry).

As a next step, the ABO3 perovskite (111) surfaces will be discussed on the example

of BaZrO3. To simulate BaZrO3 (111) surfaces, symmetrical slabs consisting of nine

alternating Zr and BaO3 layers were used (see Fig. 3). One of these slabs is terminated by

Zr planes and consists of a supercell containing 21 atoms (Zr-BaO3-Zr-BaO3-Zr-BaO3-

Zr-BaO3-Zr) (see Fig. 4a). The second slab is terminated by BaO3 planes and consists of

a supercell containing 24 atoms (BaO3-Zr-BaO3-Zr-BaO3-Zr-BaO3-Zr-BaO3) (see

Figure 2. Side views of slab geometries used to study SrTiO3 (011) surfaces. (a) Stoichiometric

eight-layer slab with O2-terminated and SrTiO-terminated surfaces at top and bottom, respectively.

(b) Seven-layer slab with O-terminated surfaces. (c) Seven-layer slab with TiO-terminated surfaces.

(d) Seven-layer slab with Sr-terminated surfaces.
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Fig. 4b). These slabs are non-stoichiometric, with unit cell formulas Ba4Zr5O12 and

Ba5Zr4O15, respectively (see Fig. 3). As it is well known from previous studies dealing

with polar CaTiO3 and SrTiO3 (111) surfaces [30, 40, 41], a strong electron redistribution

takes place for such terminations in order to cancel the polarity, but the Zr or BaO3-

Figure 3. Sketch of the cubic BaZrO3 perovskite structure showing two possible (111) surface ter-

minations: BaO3 and Zr.

Figure 4. Sketch of the side views of slab geometries used to study BaZrO3 (111) surfaces. (a) Non-

stoichiometric nine-layer slab with Zr-terminated surfaces. (b) Non-stoichiometric nine-layer slab

with BaO3-terminated surfaces.
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terminated BaZrO3 (111) surface keeps its insulating character, and such calculations are

feasible. Of course, it is not possible to perform calculations for asymmetric slabs with

different terminations, for example, Zr-BaO3-Zr-BaO3-Zr-BaO3-Zr-BaO3, since this

would lead to a large dipole moment for an asymmetric slab.

In order to calculate ABO3 perovskite, for example, the SrZrO3 (001) surface energy,

I started with the cleavage energy for unrelaxed SrO- and ZrO2-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 ZrO2-terminated one with 23 atoms represent, together, nine bulk unit cells

(45 atoms) so that

Eunr
surf .V/D 1

4 Eunr
slab.SrO/CEunr

slab.ZrO2/¡ 9Ebulk

� �
;

�
(1)

where V denotes SrO or ZrO2, Eslab
unr(V) are the unrelaxed energies of the SrO- or ZrO2-

terminated (001) slabs, Ebulk 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 ZrO2 terminations, when both sides

of the slabs relax, according to

Erel.V/D 1
2 Erel

slab.V/¡Eunr
slab.V/

� �
;

�
(2)

where Eslab
rel(V) is the slab energy after relaxation (and again V D SrO or ZrO2). The sur-

face energy is then defined as a sum of the cleavage and relaxation energies,

Esurf .V/DEunr
surf .V/CErel.V/: (3)

In order to calculate the SrZrO3 (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, respectively. I again divide the

cleavage energy equally between these two surfaces and obtain

Eunr
surf .V/D 1

4 Eunr
slab.Sr/CEunr

slab.ZrO/¡ 8Ebulk

� �
;

�
(4)

where V denotes Sr or ZrO, Eslab
unr(V) is the energy of the unrelaxed Sr- or ZrO-terminated

(011) slab, and Ebulk is the SrZrO3 energy per bulk unit cell.

Finally, when I cleave the SrZrO3 crystal in another way, I obtain two identical O-ter-

minated (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

Esurf .O/D 1
2 Erel

slab.O/¡ 4Ebulk

� �
;

�
(5)

where Esurf(O) and Eslab
rel(O) are the surface energy and the relaxed slab total energy for the

O-terminated (011) surface. The ABO3 perovskite polar (111) surface energy calcula-

tions, using as an example the BaZrO3 crystal, were discussed in Ref. 31.
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Main Calculation Results

As a first step of my calculations, I calculated the SrTiO3, BaTiO3, PbTiO3 and CaTiO3

bulk lattice constants using the hybrid B3PW functional (see Table 1). The experimen-

tally measured SrTiO3, BaTiO3, PbTiO3 and CaTiO3 bulk lattice constants [42–44] are

listed for comparison purposes in Table 1. The B3PW calculated bulk lattice constants

for SrTiO3 and BaTiO3 crystals are almost in perfect agreement with experiments [42],

but my calculation results for PbTiO3 and CaTiO3 are slightly smaller than the experi-

mental values [43, 44].

My calculation results for the surface atomic displacements for SrO, BaO, PbO, CaO

and TiO2-terminated SrTiO3, BaTiO3, PbTiO3 and CaTiO3 perovskite upper two (001)

surface layers are listed in Tables 2 and 3. The relaxation of surface metal atoms for

SrTiO3, BaTiO3, PbTiO3 and CaTiO3 perovskite upper two surface layers for both (001)

terminations – AO and TiO2 are much larger than that of oxygen ions what leads to a

leads to a considerable rumpling of the outermost plane (see Tables 2, 3 and 4). For the

AO-terminated SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (001) surface, the atoms of the first

surface layer relax inwards, whereas the all atoms of the second surface layer relax out-

wards. The only exception is the upwards relaxation of the oxygen atom located on the

first layer of SrO-terminated SrTiO3 (001) surface (see Table 2).

The CaO-terminated CaTiO3 (001) surface first layer Ca atoms exhibit the strongest

relaxation between all AO and TiO2-terminated ABO3 perovskite (001) surface atoms.

Table 1

The calculated bulk lattice constants (in A
�
) for the SrTiO3, BaTiO3, PbTiO3 and CaTiO3

bulk using the hybrid B3PW method. The experimental bulk lattice constants [42–44] are

listed for comparison

Crystal B3PW Experiment

SrTiO3 3.904 3.89 [42]

BaTiO3 4.008 4.00 [42]

PbTiO3 3.936 3.97 [43]

CaTiO3 3.851 3.895 [44]

Table 2

Calculated atomic relaxation (in percent of bulk lattice constant) for SrO, BaO, PbO and

CaO-terminated SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (001) surfaces, respectively. Posi-

tive (negative) values refer to displacements outward from (inward to) the surface

SrO-termin.

SrTiO3 (001) surf.

BaO-term.

BTO (001)

PbO-term

PTO (001)

CaO-term

CTO (001)

Layer Ion B3PW Ion B3PW Ion B3PW Ion B3PW

1 Sr ¡4.84 Ba ¡1.99 Pb ¡3.82 Ca ¡8.31

O 0.84 O ¡0.63 O ¡0.31 O ¡0.42

2 Ti 1.75 Ti 1.74 Ti 3.07 Ti 1.12

O 0.77 O 1.40 O 2.30 O 0.01
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The Ca atom inward relaxation magnitude is 8.31% of the theoretically by B3PW calcu-

lated CaTiO3 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 Dd12 and Dd23 (1, 2 and 3 are

the numbers of near-surface layers) are presented in Table 4. According to my B3PW cal-

culations, the amplitude of surface rumpling of SrO-terminated SrTiO3 (001) surface is

predicted to be much larger than that of TiO2-terminated SrTiO3 surface, whereas the

rumpling of BaTiO3 TiO2-terminated (001) surface is predicted to exceed by a factor of

two that for BaO-terminated BaTiO3 (001) surface. In contrast, the PbTiO3 perovskite

demonstrates practically equal surface rumpling for both PbO and TiO2 (001) surface ter-

minations. From Table 4, one can see that all calculated surfaces show the reduction of

the interlayer distance d12 and expansion of d23. The only exception is PbO-terminated

PbTiO3 (001) surface, which shows the expansion between the first and second surface

layer.

My calculated surface energy for the SrO-terminated SrTiO3 (001) surface by

means of the hybrid B3PW method is 1.15 eV, which is slightly smaller than the

Table 3

Calculated atomic relaxation (in percent of bulk lattice constant) for TiO2-terminated

SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (001) surfaces, respectively. Positive (negative)

values refer to displacements outward from (inward to) the surface

TiO2-termin.

SrTiO3 (001) surf.

TiO2-term.

BTO (001)

TiO2-term

PTO (001)

TiO2-term

CTO (001)

Layer Ion B3PW Ion B3PW Ion B3PW Ion B3PW

1 Ti ¡2.25 Ti ¡3.08 Ti ¡2.81 Ti ¡1.71

O ¡0.13 O ¡0.35 O 0.31 O ¡0.10

2 Sr 3.55 Ba 2.51 Pb 5.32 Ca 2.75

O 0.57 O 0.38 O 1.28 O 1.05

Table 4

Calculated and experimental surface rumpling s and relative displacements of the three

near-surface planes for the AO and TiO2-terminated SrTiO3, BaTiO3, PbTiO3 and

CaTiO3 (001) surfaces Ddij (in percent of the lattice constant)

AO-terminated TiO2-terminated

Crystal Method s Dd12 Dd23 s Dd12 Dd23

SrTiO3 B3PW 5.66 ¡6.58 1.75 2.12 ¡5.79 3.55

LEED [45] 4.1 § 2 ¡5 § 1 2 § 1 2.1 § 2 1 § 1 ¡1 § 1

RHEED [46] 4.1 2.6 1.3 2.6 1.8 1.3

BaTiO3 B3PW 1.37 ¡3.74 1.74 2.73 ¡5.59 2.51

PbTiO3 B3PW 3.51 6.89 3.07 3.12 ¡8.13 5.32

CaTiO3 B3PW 7.89 ¡9.43 1.12 1.61 ¡4.46 2.75
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computed surface energy of 1.23 eV for the TiO2-terminated SrTiO3 (001) surface (see

Table 5). Just opposite to the SrTiO3 (001) surface, the different terminations of the

(011) surface lead to large differences in the surface energies. For the SrTiO3 (011) sur-

face, the lowest energy, according to my B3PW calculations is 2.04 eV for the O-termi-

nated surface. The calculated surface energy of 3.06 eV for the TiO-terminated SrTiO3

(011) surface is larger than that of the Sr-terminated (011) surface (2.66 eV). The

B3LYP calculated surface energy for the Ti-terminated SrTiO3 (111) surface (4.99 eV)

is smaller, than the surface energy for SrO3-terminated SrTiO3 (111) surface (6.30 eV).

My calculated surface energies of the relaxed BaTiO3 (001) and (011) surfaces by

means of the hybrid B3PW method are presented in Table 5. The calculated energies

for BaO and TiO2-terminated BaTiO3 (001) surfaces (1.19 eV and 1.07 eV, respec-

tively) demonstrate only a small difference. According to my calculations performed by

the hybrid B3PW method, unlike the BaTiO3 (001) surface, different terminations of

the BaTiO3 (011) surface show great differences in the surface energies. The lowest sur-

face energy has the O-terminated BaTiO3 (011) surface (1.72 eV). The Ba-terminated

BaTiO3 (011) surface shows much higher surface energy of 3.24 eV, while the BaTiO3

TiO-terminated (011) surface energy is 2.04 eV. Similarly as for the SrTiO3 perovskite,

also for BaTiO3, the (111) surface energies are considerably larger than the (001), and

even (011) surface energies. My B3LYP calculated surface energy for Ti-terminated

BaTiO3 (111) surface is equal to 7.28 eV, while the surface energy for BaO3-terminated

BaTiO3 (111) surface is equal to 8.40 eV.

Table 6 for the SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (011) surfaces is similar to

Table 3 for the corresponding (001) surfaces, whereas Table 7 complements these data by

the predicted (011) surface rumpling and the relative displacements of the two top layers.

For the TiO-terminated (011) surface, the rumpling for all four SrTiO3, BaTiO3, PbTiO3

and CaTiO3 surfaces is qualitatively equal and really huge, � 10 – 12 % of the bulk lattice

constant. For all four calculated ABO3 perovskites, this arise due to a combination of a

strong O ion outward displacement by (2–5%) and large Ti ion inward displacement by

approximately (7–8%). This calculated surface rumpling is considerably larger than that

found for the SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (001) surface. The reduction of relative

distances between the first and second layer for TiO-terminated (011) surfaces for all four

my calculated ABO3 perovskites (see Table 7) are in the range between (4%) and (7%).

This reduction of the interlayer distance between the first and the second layer is consider-

ably larger than the reduction of the interlayer distance between the second and the third

layer. As we can wee from the Table 7, the TiO-terminated CaTiO3 (011) surface, in con-

trast to the SrTiO3, BaTiO3 and PbTiO3 perovskites, shows expansion between the second

and third layers by (2.31%) of the bulk lattice constant.

Table 5

My calculated surface energies (in eV per surface cell) for SrTiO3, BaTiO3, PbTiO3 and

CaTiO3 (001), (011) and (111) surfaces with different terminations

Crystal (001) (011) (111)

Terminat. AO BO2 BO A O AO3 B

SrTiO3 1.15 1.23 3.06 2.66 2.04 6.30 4.99

BaTiO3 1.19 1.07 2.04 3.24 1.72 8.40 7.28

PbTiO3 0.83 0.74 1.36 2.03 1.72

CaTiO3 0.94 1.13 3.13 1.91 1.86 5.86 4.18
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On the Sr, Ba, Pb and Ca-terminated SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (011) sur-

faces, the upper layer Sr, Ba, Pb and Ca atoms move very strongly inwards by 12.81,

8.67, 11.94 and 16.05% of the lattice constant a0, respectively (see Table 6). These Sr,

Ba, Pb and Ca atomic displacement magnitudes are the largest atomic displacement

Table 7
Surface rumpling s and relative displacements Ddij (in percent of the bulk lattice constant)
for three near-surface planes of the TiO and O-terminated SrTiO3, BaTiO3, PbTiO3 and

CaTiO3 (011) surface

TiO-terminated (011) surface O-terminated (011) surface

Crystal s Dd12 Dd23 Dd12 Dd23

SrTiO3 11.28 ¡7.18 ¡0.67 ¡5.59 ¡0.23

BaTiO3 10.47 ¡6.84 ¡1.02 ¡5.25 ¡1.05

PbTiO3 11.43 ¡4.83 ¡0.71 ¡7.57 ¡5.84

CaTiO3 11.81 ¡6.70 2.31 ¡5.84 0.29

Table 6

Atomic relaxation of the SrTiO3, BaTiO3, 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

SrTiO3 BaTiO3 PbTiO3 CaTiO3

Layer Ion Dz Dy Ion Dz Dy Ion Dz Dy Ion Dz Dy

TiO-terminated

(011) surface

TiO-term.

(011) surf.

TiO-term.

(011) surf.

TiO-term.

(011) surf.

1 Ti ¡7.69 — Ti ¡7.86 — Ti ¡8.13 — Ti ¡7.14 —

O 3.59 — O 2.61 — O 3.30 — O 4.67 —

2 O ¡0.51 — O ¡1.02 — O ¡0.41 — O ¡0.44 —

3 Sr ¡2.10 — Ba ¡0.88 — Pb ¡2.54 — Ca ¡2.75 —

O ¡2.56 — O ¡4.07 — O ¡3.79 —

Ti 0.16 — Ti 0.30 — Ti ¡0.78 —

Sr-terminated

(011) surface

Ba-term.

(011) surf.

Pb-term.

(011) surf.

Ca-term.

(011) surf.

1 Sr ¡12.81 — Ba ¡8.67 — Pb ¡11.94 — Ca ¡16.05 —

2 O 1.02 — O 0.80 — O ¡0.61 — O 1.35 —

3 Ti ¡0.04 — Ti 0.16 — Ti 1.78 — Ti ¡0.37 —

O ¡1.08 — O ¡0.43 — O 1.67 — O ¡1.71 —

Sr 0.26 — Pb 1.52 — Ca ¡0.93 —

O-terminated

(011) surface

O-term.

(011) surf.

O-term.

(011) surf.

O-term.

(011) surf.

1 O ¡6.61 ¡0.14 O ¡5.40 ¡1.67 O ¡7.37 ¡0.07 O ¡6.10 ¡2.16

2 Ti ¡1.02 ¡4.35 Ti ¡0.15 ¡6.38 Ti 0.20 ¡2.54 Ti ¡0.26 ¡4.70

Sr ¡1.18 0.85 Ba 1.54 ¡1.27 Pb 0.18 ¡7.50 Ca ¡2.10 ¡0.27

O 1.79 6.40 O 1.95 2.97 O 0.51 2.19 O 3.43 8.05

3 O ¡0.79 2.10 O 0.90 4.49 O ¡0.41 3.30 O ¡0.55 1.90
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magnitudes between all in the Table 6 calculated SrTiO3, BaTiO3, PbTiO3 and CaTiO3

(011) surface atoms. The second layer O atoms for the Sr, Ba and Ca-terminated SrTiO3,

BaTiO3 and CaTiO3 (011) surfaces relax outwards by 1.02, 0.80 and 1.35% of a0, respec-

tively, whereas the Pb-terminated PbTiO3 (011) surface second layer O atom, in contrast,

relax inwards by 0.61% of a0 (see Table 6). For the O-terminated SrTiO3, BaTiO3,

CaTiO3 and PbTiO3 (011) surface (see Table 6), the upper layer O atom displacement

directions along the z- and y-axes are the same for all four calculated perovskites. Never-

theless, the displacement magnitudes of the upper layer O atom are quite different for dif-

ferent perovskites. As we can see from Table 6, the atomic displacement magnitudes in

the third plane from the surface for all three terminations of the SrTiO3, BaTiO3, PbTiO3

and CaTiO3 (011) surfaces are still rather large.

According to the results of my calculations for SrTiO3 (111) surfaces, the upper layer

Ti atom for Ti-terminated SrTiO3 (111) surface strongly (by 3.58% of the bulk lattice

constant a0) relaxes inwards (see Table 8). The second layer Sr atom moves inwards by

huge magnitude of 11.24% of a0, while the second layer O atom relaxes outwards by

1.53% of a0. Outward displacement of the third layer Ti atom is rather weak, less than

1% of a0. For the SrO3-terminated SrTiO3 (111) surface the upper layer metal atom

moves outwards by 1.33% of a0, but the upper layer O atom is displaced very slightly

inwards by 0.03% of a0. The second layer Ti atom outward displacement (1.81% of a0) is

larger than the upper layer Sr atom outward relaxation. Both third layer Sr and O atoms

relaxes inwards by a very small magnitude (0.03% of a0 and 0.26% of a0), respectively

(see Table 8). The calculated surface relaxation energy for Ti-terminated SrTiO3 (111)

surface (¡1.66 eV) is almost five times larger, than the surface relaxation energy for

SrO3-terminated SrTiO3 (111) surface (¡0.35 eV).

Table 8

Calculated relaxation by means of the B3LYP method of Ti and SrO3-terminated SrTiO3

(111), Ti and BaO3-terminated BaTiO3 and Ti and CaO3-terminated CaTiO3 (111)

surface upper three layer atoms (as a percentage of the bulk crystal lattice constant

a0 D 3.914 A
�
, a0 D 4.021 A

�
and a0 D 3.851 A

�
, respectively)

SrTiO3 (111) surface BaTiO3 (111) surface CaTiO3 (111) surface

Layer Ion Dz Ion Dz Ion Dz

Ti-terminated

SrTiO3 (111) surface

Ti-term. BTO

(111) surface

Ti-term. CTO

(111) surface

1 Ti ¡3.58 Ti ¡11.19 Ti ¡6.23

2 Sr ¡11.24 Ba ¡6.22 Ca ¡14.02

O 1.53 O C2.74 O 1.30

3 Ti 0.26 Ti ¡0.25 Ti ¡0.26

SrO3-terminated

SrTiO3 (111) surface

BaO3-term.

BTO (111) surf.

CaO3-term.

CTO (111) surf.

1 Sr 1.33 Ba ¡1.24 Ca ¡0.52

O ¡0.03 O ¡3.98 O ¡0.81

2 Ti 1.81 Ti C2.49 Ti C2.13

3 Sr ¡0.03 Ba C1.49 Ca C2.60

O ¡0.26 O ¡0.25 O ¡0.07
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According to the results of the calculations, the upper layer Ti atom for Ti-terminated

BaTiO3 (111) surface strongly (by 11.19% of the bulk lattice constant ao) relaxes inwards

(see Table 8). The second layer Ba atom also rather strongly relaxes inwards (by 6.22%

of ao), while the second layer O atom relaxes outwards by 2.74% of ao. Inward relaxation

of the third layer Ti atom is rather weak, only 0.25% of ao. For BaO3-terminated BaTiO3

(111) surface the upper layer metal atom relaxes inwards by 1.24% of ao, but the upper

layer O atom relaxes inwards even more strongly by 3.98% of ao (see Table 8). The sec-

ond layer Ti atom outward relaxation (2.49% of ao) is larger than upper layer metal - Ba

atom relaxation. Third layer Ba atom rather strongly relax outwards, but third layer O

atom relax inwards by a very small magnitude (0.25% of ao).

Conclusions

According to all my calculations, on the AO-terminated (001) surface, all upper-layer A

atoms relax inward for SrTiO3, BaTiO3, PbTiO3 and CaTiO3 perovskites by magnitude

of at least 2% of the lattice constant a0, while all second layer atoms relax outwards. For

the TiO2-terminated SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (001) surface, in most cases,

the largest relaxations are on the second-layer metal atoms. For almost all SrTiO3,

BaTiO3, PbTiO3 and CaTiO3 perovskites, the (001) surface rumpling is much larger for

the AO-terminated than for the TiO2-terminated (001) surface, but their surface energies

always are quite similar.

In contrast, according to my calculations, different terminations of the SrTiO3,

BaTiO3, PbTiO3 and CaTiO3 (011) surface lead to very different surface energies for the

O-terminated, A-terminated and TiO-terminated SrTiO3, BaTiO3, PbTiO3 and CaTiO3

(011) surface, respectively.

According to my calculations, the most energetically favourable with the lowest sur-

face energy, always are the AO and TiO2-terminated SrTiO3, BaTiO3, PbTiO3 and

CaTiO3 perovskite (001) surfaces. The A, TiO and O-terminated SrTiO3, BaTiO3, PbTiO3

and CaTiO3 (011) surfaces are always, according to my calculations, less energetically

favourable than the (001) surfaces. Finally, the SrTiO3, BaTiO3 and CaTiO3 (111) surfa-

ces are always energetically most unfavourable and unstable surfaces according to all my

performed calculations.

The main reason for stability difference between (001), (011) and (111) surfaces stem

from peculiarities of their atomic and electronic structure. Namely, the (001) cleavage of

SrTiO3, BaTiO3, PbTiO3 and CaTiO3 gives rise to nonpolar (neutral) AO and TiO2 (001)

terminations, which are stable and have the lowest surface energy. A naive cleavage of

SrTiO3, BaTiO3, PbTiO3 and CaTiO3 to create (011) or (111) surfaces leads to the forma-

tion of polar SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (011) or (111) surfaces. The polar

SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (011) and (111) surfaces consists of alternating

charged planes, and thereby they are energetically less stable than neutral (001) surfaces.

Of course, the surface energies of polar SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (011) and

(111) surfaces are much larger than for the neutral (001) surfaces, in good agreement

with the results of current ab initio calculations.

The current ab initio calculations indicate a considerable increase in the Ti-O chemi-

cal bond covalency near the TiO and O-terminated SrTiO3, BaTiO3, PbTiO3 and CaTiO3

(011) surfaces as well as the TiO2-terminated (001) surface. The Ti-O chemical bond

covalency at the TiO-terminated SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (011) surface

(0.130e, 0.130e, 0.132e and 0.128e, respectively) is much larger than that for the TiO2-

terminated (001) surface (0.118e, 0.126e, 0.114e, 0.114e, respectively) or in bulk
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(0.088e, 0.098e, 0.098e, 0.084e, respectively). The Ti-O chemical bond populations on

the TiO-terminated SrTiO3, BaTiO3, PbTiO3 and CaTiO3 (011) surfaces are much larger

in the direction perpendicular to the surface than in the plane (0.188e, 0.198e, 0.196e,

0.186e vs 0.130e, 0.130e, 0.132e, 0.128e, respectively). Performed ab initio calculations

indicate also a considerable increase of Ti-O chemical bond covalency near the SrTiO3,

BaTiO3, PbTiO3 and CaTiO3 (111) surface relative to the SrTiO3, BaTiO3, PbTiO3 and

CaTiO3 bulk. This should have an impact on the electronic structure of surface defects (e.

g. F centers), as well as on the adsorption and surface diffusion of atoms and small mole-

cules relevant for catalysis.
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