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Abstract By means of the hybrid exchange–correlation functionals, as it is implemented in the

CRYSTAL computer code, ab initio calculations for main ABO3 perovskite (001) surfaces, namely

SrTiO3, BaTiO3, PbTiO3, CaTiO3, SrZrO3, BaZrO3, PbZrO3 and CaZrO3, were performed. For

ABO3 perovskite (001) surfaces, with a few exceptions, all atoms of the upper surface layer relax

inward, all atoms of the second surface layer relax outward, and all third layer atoms, again,

inward. The relaxation of (001) surface metal atoms for ABO3 perovskite upper two surface layers

for both AO and BO2-terminations, in most cases, are considerably larger than that of oxygen

atoms, what leads to a considerable rumpling of the outermost plane. The ABO3 perovskite

(001) surface energies always are smaller than the (011) and especially (111) surface energies.

The ABO3 perovskite AO and BO2-terminated (001) surface band gaps always are reduced with

respect to the bulk values. The B–O chemical bond population in ABO3 perovskite bulk always

are smaller than near the (001) and especially (011) surfaces.
� 2017 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Surface and interface phenomena, occurring in the complex
oxide materials and their nanostructures, the nature of surface

and interface states, and the mechanisms of surface electronic
processes are very important topics in modern solid state
physics [1–15]. SrTiO3, BaTiO3, PbTiO3, CaTiO3, SrZrO3,

BaZrO3, PbZrO3 and CaZrO3 perovskites belongs to the
family of ABO3-type perovskite oxides, and possess a large
number of industrially important applications, including
charge storage devices, capacitors, actuators, as well as many

others [16–21]. Therefore, it is obvious, that in last quarter
of century SrTiO3, BaTiO3, PbTiO3, CaTiO3, SrZrO3, BaZrO3,
PbZrO3 and CaZrO3 perovskites and their (001) surfaces were
worldwide extensively investigated both theoretically and

experimentally [18–47].
Each of these ABO3 perovskites displays a different

sequence of structural phase transitions from the cubic para-

electric phase as the temperature is lowered. At room temper-
ature SrTiO3 and BaZrO3 are known to have cubic structures,
whereas CaTiO3, SrZrO3, PbZrO3 and CaZrO3 are at

orthorhombic structures. On the other hand, PbTiO3 shows
tetragonal structure, while BaTiO3 has the tetragonal–
orthorhombic phase transition just at temperatures close to
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room temperature. The experimental temperature of the tran-
sition from the low temperature phase to the high temperature
cubic structure, the appropriate experimental lattice parame-

ters as well as experimentally evaluated band gap energies Eg

[48–68] are reviewed in Table 1. Note here that in most cases
the experimental band gap energy values are obtained at room

temperatures (RT) and in a few cases between 4.2 K and RT,
while for most of the high temperature cubic modifications due
to the technical impossibility to perform optical measurements,

the appropriate experimental data are not available. It is worth
to notice, that for BaTiO3 perovskite no uniquely defined band
gap can be detected from an exponential edge, Wemple pro-
poses [50], using as a basis indirect arguments, that the room

temperature band gaps are equal to 3.38 and 3.27 eV, respec-
tively, for light polarized parallel and perpendicular to the fer-
roelectric c axis (Table 1).

Caused by explosive development of new and emerging
technologies, the atomic and electronic properties as well as
the structure of the ABO3 perovskite (001) surfaces have been

intensively explored experimentally during the last years. For
example, the SrTiO3 (001) surface structure has been experi-
mentally analyzed by means of the atomic force microscopy

[39], transmission electron microscopy (TEM) [40], low-
energy electron diffraction and scanning tunneling microscopy
[41], scanning probe microscopy [42] as well as high resolution
X-ray photoelectron spectroscopy (XPS) [43]. Ultraviolet Pho-

toelectron Spectroscopy (UPS) studies were performed on
BaTiO3 (001) surfaces [44]. Microscopic structure and elec-
tronic states on the (001) BaTiO3 single-crystal surfaces

annealed in ultrahigh vacuum were observed by scanning tun-
neling microscopy and spectroscopy (STM/S) [45]. Neverthe-
less, it is worth to notice, that for the SrO-terminated SrTiO3

(001) surface, the low energy electron diffraction (LEED)
[46] and reflection high-energy electron diffraction (RHEED)
[47] experiments clearly contradict each other regarding the

compression or extension of the interlayer distance Dd12, prob-
ably because of differences in sample preparation or different
Table 1 Experimental data for ABO3 perovskites, including band g

Material Structure at RT Band gap Eg (eV) at RT

SrTiO3 Cubic 3.75 eV (direct); 3.25 eV

(indirect)

.25 eV (indirect) [49]

BaTiO3 TetragonalM orthorhombic

(278 K)

3.38 eV (// c);

3.27 eV (\ c) [50]

PbTiO3 Tetragonal 3.4 eV [60,66]

CaTiO3 Orthorhombic �3.5 eV [67]

SrZrO3 Orthorhombic 5.6 eV [68]

BaZrO3 Cubic 5.3 eV [60]

PbZrO3 Orthorhombic 3.7 eV [60]

CaZrO3 Orthorhombic 5.7 eV [65]
interpretations of indirect experimental data on the atomic sur-
face relaxations.

On the theory side, it is much more easy to calculate the

ABO3 perovskite (001) surface, which is neutral, than the very
complex polar and charged (011) or (111) surfaces [69–73]. In
this paper, the comprehensive ab initio calculations dealing

with SrTiO3, BaTiO3, PbTiO3, CaTiO3, SrZrO3, BaZrO3,
PbZrO3 and CaZrO3 (001) surfaces focusing on surface relax-
ations, chemical bond covalencies, optical band gaps and sur-

face energies were performed and obtained systematic trends,
common for all eight perovskites, were analyzed.

For example, experimentally detected C–C band gap for the
SrTiO3 bulk in the cubic phase is equal to 3.75 eV [49], whereas

no experimental data exist for the band gap at BaTiO3 cubic
phase. The direct BaTiO3 band gap detected in the tetragonal
to orthorhombic phase transition temperature 278 K at differ-

ent experimental conditions is equal to 3.27 or 3.38 eV [50]. It
is well known that the Hartree–Fock (HF) method systemati-
cally overestimates the band gap of solids. Indeed, our by

means of the HF method calculated C–C band gaps for SrTiO3

and BaTiO3 are equal to 12.33 and 11.73 eV, respectively [74].
From another side, the Density Functional Theory (DFT), as a

rule, strongly underestimate the band gap of solids. For exam-
ple, the LDA calculated C–C band gaps for SrTiO3 and
BaTiO3 are equal to 2.36 and 1.98 eV, respectively [74]. In
order to get a reliable basis for further ABO3 perovskite bulk

and (001) surface defect calculations, which requires a precise
description of the optical band gap, we performed most of our
calculations by means of the hybrid exchange–correlation

functionals B3PW and B3LYP, which coinjoin 20% of the
HF and 80% of the DFT Hamiltonian, as it is implemented
in the CRYSTAL computer code. Logically, that the hybrid

exchange–correlation functionals, since they are a combination
of HF and DFT Hamiltonians, allows to achieve a fair agree-
ment between ab initio calculated and experimentally measured

band gaps for ABO3 perovskite bulk as well as their (001)
surfaces.
ap values (in eV) and lattice constants (in Å).

Transition Temp. to cubic phase

(K)

Expt. lattice const. (Å) in cubic

phase

110 K [58] 3.89845 Å–110 K [55]

3.9053 Å–293 K [51]

403 K [58] 4.0037 Å–474 K [48]

4.0136 Å–674 K [48]

4.0239 Å–874 K [48]

4.0415 Å–1174 K [48]

4.0539 Å–1387 K [48]

4.0658 Å–1574 K [48]

4.0701 Å–1645 K [48]

763 K [54]

763 K [52]

3.970 Å–777 K [52]

1647 K [62] 3.8967 Å–777 K [62]

1433 K [63]

1360 K [59]

4.154 Å–1423 K [59]

Cubic in all T 4.199 Å–RT [56]

501–508 K [53] 4.1614 Å–520 K [61]

2173 ± 100 K [57,64] No data for cubic phase
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Fig. 2 Side view of the BO2-terminated ABO3 perovskite (001)

surface containing the definitions of the surface rumpling and the

near-surface interplane distances.
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The goal of work reported here was to perform necessary
additional calculations in order to complete our more than fif-
teen year long work dealing with theoretical investigations of

ABO3 perovskite (001) surfaces. After completing ab initio cal-
culations for SrTiO3, BaTiO3, PbTiO3, CaTiO3, SrZrO3,
BaZrO3, PbZrO3 and CaZrO3 perovskites, the results were

analyzed and systematic trends common for all eight ABO3

perovskites were detected and systematized in a form easily
accessible for a broad audience of readers.

2. Calculation details for the ABO3 perovskite (001) surfaces

Comparative ab initio calculations, using the hybrid exchange–

correlation functionals B3PW [75] or B3LYP [76] and the
CRYSTAL computer code [77], have been carried out in this
paper for the eight most important ABO3 perovskite (001) sur-

faces. The reciprocal-space integration, in most cases, were
performed by sampling the Brillouin zone with an 8 � 8 � 8
times extended Pack–Monkhorst net [78]. Strength of the
CRYSTAL computer code is that it allows to calculate iso-

lated two-dimensional slabs perpendicular to the crystal sur-
face, without any artificial periodicity in the z direction.

With aim to calculate ABO3 perovskite (001) surfaces,

symmetrical slabs consisting of nine alternating AO and BO2

layers were used. First slab was terminated by AO planes
and consisted of a supercell which contained 22 atoms

(Fig. 1). Another slab from both sides was terminated by
BO2 planes and thereby consisted of a supercell containing
23 atoms (Fig. 2). Both slabs were non-stoichiometric, with
following unit cell equations A5B4O13 and A4B5O14,

respectively.
First step, in order to calculate the energy for ABO3 per-

ovskite (001) surface is the cleavage energy calculations for

unrelaxed AO and BO2-terminated (001) surfaces. The cleav-
age energy is equally distributed between the created surfaces,
as a result of simultaneous (001) cleavage of the crystal. In
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Fig. 1 Side view of the AO-terminated ABO3 perovskite (001)

surface which contains 9 layers.
performed calculations, the nine-layer AO-terminated (001)
slab with 22 atoms and BO2-terminated slab, containing 23
atoms, represent together nine bulk unit cells, or in another

words 45 atoms:

Eunr
surfðfÞ ¼

1

4
Eunr

slabðAOÞ þ Eunr
slabðBO2Þ � 9Ebulk

� �
;

where f means AO or BO2. Esurf
unr (f) are the total energies for

the unrelaxed AO or BO2-terminated ABO3 (001) slabs. Ebulk

is the total energy per bulk unit cell. The factor of ¼ comes as a
consequence from the fact that four surfaces have been created

upon the crystal cleavage procedure. As a next step, the relax-
ation energies for each of AO and BO2-terminations were cal-
culated, when both sides of the slabs relax, as follows:

ErelðfÞ ¼ 1

2
Erel

slabðfÞ � Eunr
slabðfÞ

� �
;

where Eslab
rel (f) is the slab energy after the geometry relaxation.

Finally, the surface energy may be calculated as follows:

EsurfðfÞ ¼ Eunr
surfðfÞ þ ErelðfÞ:

In order to describe the chemical bonding and covalency

effects for both ABO3 perovskite bulk and their (001) surfaces,
we employed a standard Mulliken population analysis for the
effective atomic charges q, chemical bond populations P and

other local properties of electronic structure, for example,
bond orders, atomic covalencies as well as full valencies
[77,79]. Our calculated ABO3 perovskite (001) and (011) sur-

face B–O chemical bond populations are detected for fully
relaxed, final surface structures.

In our ABO3 perovskite (001) surface structure calcula-

tions we allowed all atoms of the three outermost surface lay-
ers to relax only the in direction along the z-axis, since surfaces
of perfect cubic perovskite crystals by symmetry have no forces
acting along the x- and y-axes. Our calculated ABO3
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perovskite (001) surface BO2 layers contain two by symmetry
equivalent oxygen atoms, which both exhibit completely equal
relaxation magnitudes and directions. We reported in tables

the relaxation values only for one oxygen atom, but the relax-
ation parameters for the second oxygen are exactly the same.

3. Calculation results for (001) surfaces by means of B3PW or

B3LYP functionals

As a starting point of our B3PW and B3LYP calculations, the

theoretical bulk lattice constants were calculated for SrTiO3,
BaTiO3, PbTiO3, CaTiO3, SrZrO3, BaZrO3, PbZrO3 and
CaZrO3 perovskites [18–20,29,32,38,69,73,74] and compared

with the available experimental data [52,56,59,61,62,80]
(Tables 1 and 2). As we can see from Table 2, the B3PW cal-
culated BaTiO3 bulk lattice constant (4.008 Å) only by 0.2%

overestimate the experimental value of (4.00 Å) [80]. Our
B3PW and B3LYP calculations gives exactly the same result
for BaZrO3 bulk lattice constant 4.234 Å. Thereby our
B3PW and B3LYP calculated BaZrO3 bulk lattice constant

(4.234 Å) is only by 0.83% overestimated with respect to the
experimental value of 4.199 Å [56].

It is interesting to notice that our B3LYP calculated bulk

lattice constants for all AZrO3 (A = Ca; Sr; Pb; Ba) per-
ovskites (4.157 Å; 4.195 Å; 4.220 Å; 4.234 Å) are always larger
than for ATiO3 perovskites (3.851 Å; 3.94 Å; 3.96 Å; 4.04 Å)

(Table 2). Moreover, for both AZrO3 and ATiO3 perovskites,
the B3LYP calculated bulk lattice constants increases
exactly in the same order as a function from A (A = Ca; Sr;
Pb and Ba). In Figs. 3, 4, 5 and 6 on the x axis we ordered

all eight perovskites (CaTiO3; SrTiO3; PbTiO3; BaTiO3;
CaZrO3; SrZrO3; PbZrO3 and BaZrO3) in direction of increase
in our B3LYP calculated bulk lattice constants (3.851 Å;

3.94 Å; 3.96 Å; 4.04 Å; 4.157 Å; 4.195 Å; 4.220 Å; 4.234 Å),
Table 2 B3PW, B3LYP, PWGGA and HF calculated bulk

lattice constants (in Å) for the SrTiO3, BaTiO3, PbTiO3,

CaTiO3, SrZrO3, BaZrO3, PbZrO3 and CaZrO3 bulk. The

experimental results are listed for comparison purpose.

Material Functional Theory Experiment

SrTiO3 B3PW 3.904 [20] 3.89 [80]

B3LYP 3.94 [74]

BaTiO3 B3PW 4.008 [19] 4.00 [80]

B3LYP 4.04 [74]

PbTiO3 B3PW 3.936 [19] 3.97 [52]

B3LYP 3.96 [74]

CaTiO3 B3PW 3.851 [18] 3.8967 [62]

B3LYP 3.851 [73]

PWGGA 3.884

HF 3.863

SrZrO3 B3PW 4.155 4.154 [59]

B3LYP 4.195 [29]

GGA 4.176

HF 4.182

BaZrO3 B3PW 4.234 [32] 4.199 [56]

B3LYP 4.234 [69]

PWGGA 4.240

HF 4.250

PbZrO3 B3LYP 4.220 [29] 4.1614 [61]

CaZrO3 B3LYP 4.157 [38] No data for cubic phase
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eight ABO3 perovskites obtained by means of different exchange–

correlation functionals: (1) PWGGA; (2) Experiment; (3) B3LYP;

(4) HF.
respectively. It is worth to notice, that the increase in our
B3LYP calculated ABO3 perovskite bulk lattice constants in

direction from CaTiO3 to BaZrO3 may be explained with an
increase in ionic radiuses of divalent metallic ions in the same
direction Ca+2 (0.99 Å); Sr+2 (1.12 Å); Pb+2 (1.20 Å) and

Ba+2 (1.34 Å). The ionic radius for tetravalent Zr+4 (0.79 Å)
is larger than for Ti+4 (0.68 Å) [81].

B3PW and B3LYP calculation results for the surface

atomic relaxations for AO and BO2-terminated SrTiO3,
BaTiO3, PbTiO3, CaTiO3, SrZrO3, BaZrO3, PbZrO3 and
CaZrO3 material upper two or three (001) surface layers are

listed in Tables 3 and 4. As we can see from Tables 3 and 4,
the relaxation of surface metal atoms for ABO3 perovskite
upper two surface layers for both (001) terminations—AO
and BO2, in most cases, are considerably larger than that of



3.0

3.5

4.0

4.5

5.0

5.5

6.0

3

2

1

Bu
lk

 a
nd

 s
ur

fa
ce

 b
an

d 
ga

ps
 (e

V)

CTO, STO, PTO, BTO, CZO, SZO, PZO, BZO

 Bulk band gap
 AO-term. surf.
 BO2-term. surf.

Fig. 5 Calculated bulk (1) as well as AO (2) and BO2-terminated

(3) (001) surface C–C band gaps for eight ABO3 perovskites using

B3PW or B3LYP hybrid exchange–correlation functionals.

0.08

0.09

0.10

0.11

0.12

0.13

1

2

B-
O

 c
he

m
ic

al
 b

on
d 

po
pu

la
tio

n 
(e

)

CTO, STO, PTO, BTO, CZO, SZO, PZO, BZO

 Bulk
 BO2-term. surface

Fig. 6 Calculated bulk (1) and BO2-terminated (2) (001) surface

B–O chemical bond populations for eight ABO3 perovskites using

B3PW or B3LYP hybrid exchange–correlation functionals.

Surface ab initio calculations of ABO3 perovskites 463
oxygen atoms (Tables 3 and 4), what leads to a considerable
rumpling of the outermost plane (Table 5). The only two

exceptions are the ZrO2-terminated SrZrO3 and CaZrO3
Table 3 Our B3PW and B3LYP calculated relaxation of atoms (in

terminated SrTiO3, BaTiO3, PbTiO3, CaTiO3, SrZrO3, BaZrO3, PbZr

20,29,32,38]. Positive (negative) values refer to displacements outwar

Material SrTiO3 BaTiO3 PbTiO3

(001)-termination SrO BaO PbO

Layer Ion B3PW B3PW B3PW

1 A �4.84 �1.99 �3.82

O 0.84 �0.63 �0.31

2 B 1.75 1.74 3.07

O 0.77 1.40 2.30

3 A – – –

O – – –
perovskite (001) surface upper layers, where the Sr and Ca
metal atom relaxations are smaller, than the oxygen atom
relaxations. For the AO and ZrO2-terminated (001) surfaces

of ABO3 perovskites, the systematic trend, according to per-
formed B3PW and B3LYP calculations, is that all atoms of
the first surface layer relax inward, all atoms of the second sur-

face layer relax outward, and all atoms of the third surface
layer, again, relax inward. The only exceptions are SrO-
terminated SrTiO3 (001) surface first, and SrZrO3 (001) sur-

face second layer, respectively, oxygen atoms, which relax in
opposite directions, as well as TiO2-terminated PbTiO3 (001)
surface upper layer oxygen atom (Tables 3 and 4). It is worth
to notice, that the ZrO2-terminated BaZrO3 (001) surface

third layer oxygen atom displacement is already negligible,
namely close to zero (0.00), and it is impossible, according to
performed B3PW calculations, to detect the displacement

direction for this atom (Table 4). According to performed
B3LYP calculations, the CaO-terminated CaZrO3 (001) sur-
face upper layer Ca atom exhibit the strongest relaxation

between all calculated AO and BO2-terminated ABO3 per-
ovskite (001) surface atoms. The Ca atom inward relaxation
magnitude exceeds ten percent of the lattice constant, and

according to performed B3LYP calculations is equal to
10.01%.

With an aim to compare experimental results with our
B3PW and B3LYP calculated (001) surface structures, the sur-

face rumpling s (the relative displacement of oxygen atom
regarding to the metal atom in the upper surface layer) and
the changes in interlayer distances Dd12 and Dd23 are listed in

Table 5. The surface rumpling and interlayer distances were
calculated for fully relaxed ABO3 perovskite (001) surfaces,
where all atoms are located at the energy minimum positions.

For ab initio calculations of the interlayer distances we used
the positions of relaxed metal atoms, which are much stronger
electron scatterers than oxygen atoms [46]. Our B3PW calcula-

tions for SrTiO3 (001) surfaces [20] are in a good agreement
with previous LDA calculations performed by Meyer et al.
[58], which give the same sign for changes of the interlayer dis-
tances. Our calculated surface rumpling amplitudes s for SrO

and TiO2-terminated SrTiO3 (001) surfaces are in a qualitative
agreement with the existing LEED [46] and RHEED [47]
experiments. Nevertheless, the calculated interlayer distance

changes disagree with the LEED experiments for the TiO2-
terminated SrTiO3 (001) surface. At the same time both
LEED and RHEED experiments (Table 5) contradict each

other regarding the sign of Dd12 for the SrO-terminated SrTiO3
percent of bulk lattice constant) for SrO, BaO, PbO and CaO-

O3 and CaZrO3 (001) surfaces totally came from references [18–

d from (inward to) the surface.

CaTiO3 SrZrO3 BaZrO3 PbZrO3 CaZrO3

CaO SrO BaO PbO CaO

B3PW B3LYP B3PW B3LYP B3LYP

�8.31 �7.63 �4.30 �5.69 �10.01

�0.42 �0.86 �1.23 �2.37 �0.79

1.12 0.86 0.47 0.57 1.11

0.01 �0.05 0.18 0.09 0.01

– �1.53 �0.01 �0.47 �2.60

– �0.45 �0.14 �0.47 �0.48



Table 4 Our B3PW and B3LYP calculated atomic relaxation for BO2-terminated SrTiO3, BaTiO3, PbTiO3, CaTiO3, SrZrO3, BaZrO3,

PbZrO3 and CaZrO3 (001) surfaces totally came from references [18–20,29,32,38].

Material SrTiO3 BaTiO3 PbTiO3 CaTiO3 SrZrO3 BaZrO3 PbZrO3 CaZrO3

(001)-termination TiO2 TiO2 TiO2 TiO2 ZrO2 ZrO2 ZrO2 ZrO2

Layer Ion B3PW B3PW B3PW B3PW B3LYP B3PW B3LYP B3LYP

1 B �2.25 �3.08 �2.81 �1.71 �1.38 �1.79 �2.37 �1.30

O �0.13 �0.35 0.31 �0.10 �2.10 �1.70 �1.99 �2.31

2 A 3.55 2.51 5.32 2.75 2.81 1.94 4.36 4.23

O 0.57 0.38 1.28 1.05 0.91 0.85 1.04 1.25

3 B – – – – �0.04 �0.03 �0.47 �0.05

O – – – – �0.05 0.00 �0.28 �0.09

Table 5 B3PW and B3LYP calculated and experimentally measured surface rumpling s and relative displacements Ddij (in percent of

the bulk lattice constant) of the three near-surface planes for the AO and BO2-terminated SrTiO3, BaTiO3, PbTiO3, CaTiO3, SrZrO3,

BaZrO3, PbZrO3 and CaZrO3 (001) surfaces [18–20,29,32,38,46,47]. LDA and GGA calculation results of other authors from Refs.

[58,82,83] are listed for comparison purposes.

Material Method AO-terminated BO2-terminated

s Dd12 Dd23 s Dd12 Dd23

SrTiO3 B3PW [20] 5.66 �6.58 1.75 2.12 �5.79 3.55

LDA [58] �3.4 1.2 �3.5 1.6

LEED [46] 4.1 ± 2 �5 ± 1 2 ± 1 2.1 ± 2 1 ± 1 �1 ± 1

RHEED [47] 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

LDA [58] �2.8 1.1 �3.1 0.9

PbTiO3 B3PW 3.51 6.89 3.07 3.12 �8.13 5.32

LDA [58] �4.2 2.6 �4.4 3.1

CaTiO3 B3PW 7.89 �9.43 1.12 1.61 �4.46 2.75

GGA [82] 0.37 �0.44 0.22 0.13 �0.41 0.33

SrZrO3 B3LYP 6.77 �8.49 2.39 �0.72 �4.19 2.85

LDA [83] 7.9 �9.1 3.2 �0.7 �6.1 4.2

GGA [83] 7.8 �9.3 3.3 0.3 �7.4 4.9

BaZrO3 B3PW 3.07 �4.77 0.48 0.09 �3.73 1.97

PbZrO3 B3LYP 3.32 �6.26 1.04 0.38 �6.73 4.83

CaZrO3 B3LYP 9.22 �11.12 3.71 1.01 �5.53 4.28
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(001) surface, as well as for Dd23 on the TiO2-terminated (001)
surface. LDA and GGA calculation results for CaTiO3 and

SrZrO3 perovskites from Refs. [82,83] are listed in Table 5
for comparison purposes. As follows from our performed
B3PW calculations, the amplitude of surface rumpling for

SrO-terminated SrTiO3 (001) surface is considerably larger
than that for TiO2-terminated SrTiO3 (001) surface. Just
opposite, the rumpling of BaTiO3 TiO2-terminated (001) sur-

face, according to performed B3PW calculations, exceeds the
surface rumpling for BaO-terminated BaTiO3 (001) surface
by a factor of two. The B3PW calculated surface rumpling
for PbO-terminated PbTiO3 (001) surface (3.51) is rather close

to the TiO2-terminated PbTiO3 (001) surface rumpling (3.12).
Two largest surface rumplings, among all eight calculated
ABO3 perovskites for AO and BO2-terminated (001) surfaces,

are B3LYP calculated surface rumpling for CaZrO3 CaO-
terminated (001) surface (9.22), and B3PW calculated surface
rumpling for CaTiO3 CaO-terminated (001) surface (7.89). It

is interesting to notice, that among all eight calculated ABO3
perovskites, there are only two almost perfectly coinciding neg-
ative surface rumplings, namely, for ZrO2-terminated SrZrO3

(001) surface (�0.72) obtained in our B3LYP calculations
[29] as well as (�0.7) according to LDA calculations per-
formed by Wang et al. [83].

As we can see from Table 5, for both terminations of all
eight calculated perovskites, all our B3PW and B3LYP calcu-
lated surfaces exhibit the reduction of the interlayer distance

Dd12 and expansion of Dd23. The single exception from this
general trend in our calculations is the PbTiO3 PbO-
terminated (001) surface, where the expansion between the
first and second surface layer equal to 6.89% of a0 was

observed. Nevertheless, it is worth to notice, that the LDA cal-
culations performed in the Ref. [58] are in a line with the sys-
tematic trend and yields the reduction of the interlayer distance

Dd12 for the PbO-terminated PbTiO3 (001) surface by 4.2% of
a0. For all eight B3PW and B3LYP calculated ABO3 per-
ovskites, the changes in interlayer distances Dd12 are larger

than the respective changes in the interlayer distances Dd23.
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The largest reduction of the interlayer distance Dd12 between
all eight calculated ABO3 perovskites is observed for CaO-
terminated CaZrO3 (001) surface (�11.12), whereas the largest

expansion of the interlayer distance Dd23 is observed for TiO2-
terminated PbTiO3 (001) surface (5.32).

According to our performed B3PW calculations (Table 6

and Fig. 3), the surface energy for the CaO-terminated CaTiO3

(001) surface is 0.94 eV, which is by 0.19 eV smaller than the
calculated surface energy of 1.13 eV for the TiO2-terminated

CaTiO3 (001) surface [18]. In contrast to the ABO3 perovskite
(001) surfaces, the different terminations of the (011) and
especially (111) surfaces lead to a huge differences in the sur-
face energies. According to performed B3PW calculations for

the CaTiO3 (011) surface, the lowest surface energy is
1.86 eV for the O-terminated (011) surface. The B3PW calcu-
lated surface energy for the TiO-terminated CaTiO3 (011) sur-

face (3.13 eV) is considerably larger than the calculated surface
energy for Ca-terminated CaTiO3 (011) surface (1.91 eV) [18].
Nevertheless, the largest CaTiO3 surface energies are for the

CaTiO3 (111) surfaces [73]. They are much larger, than the
CaTiO3 (001), and even CaTiO3 (011) surface energies. So,
the B3LYP calculated CaO3-terminated CaTiO3 (111) surface

energy is equal to 5.86 eV, but the Ti-terminated CaTiO3 (111)
surface energy is 4.18 eV.

Similar surface energy trends, according to our performed
B3PW and B3LYP calculations, are observed also for another

ABO3 perovskites. For example, BaZrO3 (001) surface ener-
gies almost coincide [32]. They are, according to performed
B3PW calculations, 1.30 eV for the BaO-terminated BaZrO3

(001) surface, and 1.31 eV for the ZrO2-terminated BaZrO3

(001) surface. Again, BaZrO3 (011) surface energies are much
larger than the (001) surface energies, similar as for another

ABO3 perovskites. The B3PW calculated O-terminated
BaZrO3 (011) surface energy 2.32 eV is the lowest surface
energy between all BaZrO3 (011) surface energies. The ZrO-

terminated BaZrO3 (011) surface energy 3.09 eV is larger than
the Ba-terminated (011) surface energy 2.90 eV. Again, the
B3LYP calculated BaZrO3 (111) surface energies are consider-
ably larger, than even the BaZrO3 (011) surface energies [69].

They are equal to 9.33 eV for the BaO3-terminated BaZrO3

(111) surface and 7.94 eV for the Zr-terminated BaZrO3

(111) surface.

Our B3PW and B3LYP calculated bulk optical band gaps
[18–20,29,32,38,69,73] for ABO3 perovskites, as a rule, are in
a better agreement with the experimental values [49,60] than

the Hartree–Fock or Density Functional Theory calculation
Table 6 Our B3PW and B3LYP calculated surface energies (in eV

BaZrO3, PbZrO3 and CaZrO3 (001), (011) and (111) surfaces.

Material (001) surface (011) surface

Terminat. AO BO2 BO

SrTiO3 1.15 [20] 1.23 [20] 3.06 [20]

BaTiO3 1.19 [19] 1.07 [19] 2.04 [19]

PbTiO3 0.83 [19] 0.74 [19] 1.36 [19]

CaTiO3 0.94 [18] 1.13 [18] 3.13 [18]

SrZrO3 1.13 [29] 1.24 [29] 3.61 [29]

BaZrO3 1.30 [32] 1.31 [32] 3.09 [32]

PbZrO3 1.00 [29] 0.93 [29] 1.89 [29]

CaZrO3 0.87 [38] 1.33 [38]
results (Table 7 and Fig. 4). For example, the BaZrO3 bulk
optical C–C band gap calculated by us using the B3PW
exchange–correlation functional (4.93 eV) is in almost perfect

agreement with the experimental value of 5.3 eV [60] (Fig. 7).
Our B3PW calculated electronic band structures for BaO
and ZrO2-terminated BaZrO3 (001) surfaces are graphically

depicted in Fig. 8. Our B3PW calculated optical BaO-
terminated BaZrO3 (001) surface C–C band gap is equal to
4.82 eV, whereas ZrO2-terminated (001) surface C–C band

gap is even more reduced with respect to the BaZrO3 bulk
band gap value and is equal to 4.48 eV. From Fig. 7 for the
BaZrO3 bulk case we can see that the bottom of the lowest
conduction band (CB) lies at the C-point with quite flat frag-

ment between the C and X points and consist of Zr-4d sates.
The highest valence band (VB) for the BaZrO3 bulk is rela-
tively flat, with the top at R point and also flat between M

and R points (Fig. 7). The VB top in the BaZrO3 bulk consists
mainly of O2p atomic orbitals. As we can see from Fig. 8a, the
top of the VB for the BaO-terminated BaZrO3 (001) surface is

quite flat throughout the Brillouin zone. The O-2p electronic
states make a major contribution to the VB top, while the
CB bottom is mostly composed from Zr-4d and Ba-6 s elec-

tronic states. Finally, as we can see from Fig. 8b, our B3PW
calculated band structure for ZrO2-terminated BaZrO3 (001)
surface has not so flat VB top, as that for the BaO-
terminated (001) surface. The VB top for the ZrO2-

terminated BaZrO3 (001) surface is located at the M point.
The VB top consists mostly from O-2p electronic states, while
the CB bottom mainly is composed of Zr-4d electronic states.

For all B3PW and B3LYP calculated ABO3 perovskites their
AO and BO2-terminated (001) surface optical band gaps are
reduced with respect to the bulk optical band gap values

(Table 7 and Fig. 5). It is worth to notice that for SrTiO3,
PbZrO3 and CaZrO3 perovskites their AO-terminated (001)
surface optical band gaps are smaller, than the BO2-

terminated (001) surface optical band gaps. Just opposite,
for CaTiO3, BaTiO3, PbTiO3, SrZrO3 and BaZrO3 perovskites
their BO2-terminated (001) surface optical band gaps are
smaller than the AO-terminated (001) surface optical band

gaps.
B3PW and B3LYP calculated B–O chemical bond popula-

tions for ABO3 perovskite bulk are in the range from 0.084e

for the CaTiO3 bulk case to 0.108e for the BaZrO3 bulk
(Table 8 and Fig. 6). It is worth to notice, that the Ti-O chem-
ical bond populations for the BaTiO3 and PbTiO3 perovskite

bulk coincide and both population values are equal to
per surface cell) for SrTiO3, BaTiO3, PbTiO3, CaTiO3, SrZrO3,

(111) surface

A O AO3 B

2.66 [20] 2.04 [20] 6.30 [73] 4.99 [73]

3.24 [19] 1.72 [19] 8.40 [71] 7.28 [71]

2.03 [19] 1.72 [19] 8.11 [71] 6.14 [71]

1.91 [18] 1.86 [18] 5.86 [73] 4.18 [73]

2.21 [29] 2.23 [29] 9.45 [71] 7.98 [71]

2.90 [32] 2.32 [32] 9.33 [69] 7.94 [69]

1.74 [29] 1.85 [29] 8.21 [71] 6.93 [71]



Table 7 Our B3PW, B3LYP, PWGGA and HF calculated optical band gaps for SrTiO3, BaTiO3, PbTiO3, CaTiO3, SrZrO3, BaZrO3,

PbZrO3 and CaZrO3 bulk as well as for AO and BO2-terminated (001) surfaces. Experimental bulk band gap values are listed for

comparison purpose.

Material Method Band gap

Bulk Experiment AO-term. (001) BO2-term. (001)

SrTiO3 B3PW [74] 3.96 3.75 [49] 3.72 3.95

BaTiO3 B3PW [74] 3.55 No data for cubic phase 3.49 2.96

PbTiO3 B3PW [74] 4.32 No data for cubic phase 3.58 3.18

CaTiO3 B3PW 4.18 No data for cubic phase 3.87 3.30

B3LYP 4.20 [73] 3.88 3.33

PWGGA 2.34 2.19 2.06

HF 12.63 12.53 11.86

SrZrO3 B3PW 5.30 No data for cubic phase 5.01 4.98

B3LYP [29] 5.31 5.04 4.91

PWGGA 3.53 3.20 3.17

HF 13.54 13.25 13.19

BaZrO3 B3PW 4.93 5.3 [60] 4.82 4.48

B3LYP 4.79 [69] 4.71 4.37

PWGGA 3.24 3.08 2.76

HF 12.96 12.84 12.62

PbZrO3 B3LYP 5.63 [29] No data for cubic phase 3.86 4.60

CaZrO3 B3LYP 5.40 [38] No data for cubic phase 5.00 5.22
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Fig. 7 Our B3PW calculated electronic band structure for

BaZrO3 bulk.
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Fig. 8 Our B3PW calculated electronic band structure for

BaZrO3 BaO (a) and ZrO2-terminated (b) (001) surfaces.
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0.098e. B3PW and B3LYP calculated B–O chemical bond pop-
ulations near the ABO3 perovskite (001) surfaces are in the
range from 0.102e for the CaZrO3 (001) surface case till

0.132e for the BaZrO3 perovskite (001) surface. The (001) sur-
face B–O chemical bond population coincides for all three
PbTiO3, CaTiO3 and SrZrO3 perovskite (001) surfaces and

are equal to 0.114e. The (011) surface B–O chemical bond
populations are even larger than the respective chemical bond
populations for the (001) surface, and are in the range from

0.128e for the CaTiO3 (011) surface case, to 0.152e for the
BaZrO3 perovskite (011) surface. The systematic trend for
all calculated ABO3 perovskites is that the B–O chemical bond

populations are larger near the (011) surface, than near the
(001) surface, and the B–O chemical bond populations in
the ABO3 perovskite bulk always are smaller than near their
(001) and, of course, (011) surfaces. For example, for the
BaZrO3 perovskite bulk, the Zr–O chemical bond population
is equal to 0.108e. The Zr–O chemical bond population
becomes larger near the ZrO2-terminated BaZrO3 (001)



Table 8 B3PW and B3LYP calculated B–O chemical bond populations for SrTiO3, BaTiO3, PbTiO3, CaTiO3, SrZrO3, BaZrO3,

PbZrO3 and CaZrO3 bulk as well as for BO2-terminated (001) and BO-terminated (011) surfaces (in e).

Material Method B–O chemical bond population

Bulk (001) surface (011) surface

SrTiO3 [20] B3PW 0.088 0.118 0.130

BaTiO3 [19] B3PW 0.098 0.126 0.130

PbTiO3 [19] B3PW 0.098 0.114 0.132

CaTiO3 [18] B3PW 0.084 0.114 0.128

SrZrO3 [29] B3LYP 0.092 0.114 0.142

BaZrO3 [32] B3PW 0.108 0.132 0.152

PbZrO3 [29] B3LYP 0.106 0.116 0.148

CaZrO3 [38] B3LYP 0.086 0.102
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surface 0.132e, and it reaches the largest value of 0.152e near
the ZrO-terminated BaZrO3 (011) surface.

4. Summary and conclusions

Based on the large amount of our B3PW and B3LYP calcula-

tions, performed for ABO3 perovskite (001) surfaces, follow-
ing systematic trends were detected:

1. The relaxation of (001) surface metal atoms for ABO3 per-
ovskite upper two surface layers for both AO and BO2-
terminations, in most cases, are considerably larger than

that of oxygen atoms, what leads to a considerable rum-
pling of the outermost plane.

2. For the AO and BO2-terminated (001) surfaces of ABO3

perovskites, the systematic trend, with a few exceptions,

according to performed B3PW and B3LYP calculations,
is that all atoms of the first surface layer relax inward, all
atoms of the second surface layer relax outward, and all

atoms of the third surface layer, again, relax inward. As a
result of this relaxation, our calculated surfaces exhibit
the reduction of the interlayer distance Dd12 and expansion

of Dd23.
3. For all eight B3PW and B3LYP calculated ABO3 per-

ovskites, the changes in interlayer distances Dd12 are larger
than the respective changes in the interlayer distances Dd23.

4. The ABO3 perovskite (001) surface energies for both AO
and BO2-terminations are almost equal. In contrast (011)
and especially (111) surface energies for different termina-

tions, in most cases, are quite different.
5. The ABO3 perovskite (001) surface energies always are

smaller than the (011) and especially (111) surface

energies.
6. According to our performed B3PW, B3LYP, PWGGA and

HF calculations, the ABO3 perovskite AO and BO2-

terminated (001) surface band gaps are always reduced
with respect to their bulk band gap values. The only excep-
tion, to the best of our knowledge, is the paper by Meyer
et al. [58], where the LDA calculated band gaps for SrO-

terminated SrTiO3 (1.86 eV), BaO-terminated BaTiO3

(1.80 eV) as well as TiO2-terminated PbTiO3 (1.61 eV)
(001) surfaces are larger than the respective SrTiO3

(1.85 eV), BaTiO3 (1.79 eV) and PbTiO3 (1.54 eV) bulk
band gaps. Nevertheless, the bulk and surface band gap
values presented in Ref. [58] are very close, and thereby
they are practically in the precision limit of calculations,
and cannot rigorously refute our conclusion, that the
ABO3 perovskite (001) surface band gaps are always
reduced with respect to the bulk band gap values.

7. The B–O chemical bond population in ABO3 perovskite
bulk always are smaller than near the (001) and especially
(011) surfaces.
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