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The paper presents and discusses the results of our performed ab initio calculations for perovskites SrTiO3, 
BaTiO3, PbTiO3, and SrZrO3 (001) and (111) surfaces by means of the hybrid B3PW or B3LYP description of 
exchange and correlation. According to our performed ab initio calculations for SrTiO3, BaTiO3, PbTiO3, and 
SrZrO3 (001) surfaces, in most cases, the upper layer atoms relax inwards, towards the bulk, and the second layer 
atoms relax upwards. The SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (001) surface energies for AO and BO2-
terminations are almost equal. Just opposite, our calculated surface energies for both AO3 and B-terminated 
(111) surfaces are quite different. Our calculated SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (111) surface energies 
always are considerably larger than the (001) surface energies. The SrTiO3, BaTiO3, PbTiO3, and SrZrO3 bulk 
Ti-O (Zr-O) chemical bond covalency increases near their BO2-terminated (001) as well as AO3-terminated 
(111) surfaces. We discussed systematic trends in SrTiO3, BaTiO3, PbTiO3, and SrZrO3 bulk and (001) surface F 
center ab initio calculations. 
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1. Introduction 

Surface and interface phenomena taking place in the ABO3 
perovskites as well as their nanostructures, the complex 
nature of their surface and interface states, and the key 
mechanisms of surface electronic processes are very hot 
topics in nowadays modern condensed matter physics [1–12]. 
It is worth to note that SrTiO3, BaTiO3, PbTiO3, and 
SrZrO3 materials possess a huge number of technologically 
important applications, including, actuators, capacitors, 
charge storage devices as well as many others [13–17], for 
which the surface structure and quality play an important 
role. This is the key reason, why in the last quarter of 
century SrTiO3, BaTiO3, PbTiO3, and SrZrO3 neutral (001) 
surfaces were widely investigated around the globe both 
theoretically and experimentally [18–31]. Nevertheless, by 
means of the first principles calculations, it is much more 
difficult to calculate the polar and charged SrTiO3, BaTiO3, 
PbTiO3, and SrZrO3 (111) surfaces. This is the main 
reason, why the ABO3 perovskite very complex, polar and 

charged (111) surfaces are considerably less studied than 
their neutral (001) surfaces [32–41].  

It is worth to note, that all properties of the techno-
logically important SrTiO3, BaTiO3, PbTiO3, and SrZrO3 
perovskites are strongly affected by the point defects. The 
most common classical point defect in the SrTiO3, BaTiO3, 
PbTiO3, and SrZrO3 perovskites is the oxygen vacancy. It 
is well known, that the oxygen vacancy, or so called neutral 
F center (V0) in ABO3 perovskites captures two electrons. 
Theoretical and experimentall investigations of oxygen va-
cancies (F centers) in ABO3 perovskites is a very hot topic, 
since the F center is a very well known classical point defect, 
which very strongly affects all technologically important 
properties of ABO3 perovskites. While the F centers in 
SrTiO3, BaTiO3, PbTiO3, and SrZrO3 perovskite bulk are 
extensively studied world-wide both theoretically and ex-
perimentally [42–61], very small number of ab initio studies 
exist dealing with their (001) surface F centers [43, 53–56, 
60, 62–64]. 
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The goal of reported here work was to develop a unified 
theory, which describes systematic trends in SrTiO3, 
BaTiO3, PbTiO3, and SrZrO3 (001) and (111) surface and 
F centers in this perovskite bulk and on its (001) surfaces 
first principles calculations. Ab initio calculation results 
were carefully analyzed and systematic trends common to 
all SrTiO3, BaTiO3, PbTiO3, and SrZrO3 perovskite (001), 
(111) surface as well as bulk and (001) surface F center 
calculations were detected and systematized in a form easy 
accessible for a broad audience of readers.  

2. Ab initio calculation method 

2.1. SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (001) and (111) 
surface ab initio calculations 

We performed our ab initio calculations for SrTiO3, 
BaTiO3, PbTiO3, and SrZrO3 (001) and polar (111) surfaces 
and F centers using the B3PW [65] or B3LYP [66] hybrid 
exchange-correlation functionals and world well known 
CRYSTAL computer program package [67]. In contrast to 
the plane wave codes employed in a large number of previ-
ous studies [68, 69], the CRYSTAL program package [67] 
uses localized Gaussian type basis sets. We used, in our 
ab initio calculations, the basis sets developed for SrTiO3, 
BaTiO3, and PbTiO3 in Ref. 70. Important privilege of the 
CRYSTAL computer program package [67] is its ability to 
perform ab initio computations for isolated two-dimensional 
slabs perpendicular to the SrTiO3, BaTiO3, PbTiO3, and 
SrZrO3 surfaces, without artificial periodicity in the z direc-
tion. The reciprocal space integration, in our ab initio cal-
culations, were performed by sampling the Brillouin zone 
with an 8×8×1 times extended Pack–Monkhorst mesh for 
the SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (001) surfaces as 
well as 8×8×8 mesh for those materials bulk. In order to 
reach very high accuracy of our computations, we used large 
enough tolerances of 7, 8, 7, 7, and 14 for the Coulomb 
overlap, Coulomb penetration, exchange overlap, first-
exchange pseudo-overlap, and second-exchange pseudo-
overlap, respectively [67].  

We performed our ab initio calculations of ABO3 pe-
rovskite (001) surfaces using symmetrical slabs containing 
nine alternating neutral AO and BO2 layers. Our first slab 
was terminated by AO planes from both sides (Fig. 1). The 
AO-terminated, nine layer slab, consisted of 22 atoms con-
taining supercell. The second our ab initio calculated slab 
from both sides was terminated by BO2-planes and con-
sisted of 23 atoms containing supercell (Fig. 2). In our 
ab initio calculations, both AO- and BO2-terminated ABO3 
perovskite (001) slabs were non-stoichiometric [71]. Their 
unit cell equations are A5B4O13 and A4B5O14, respectively. 
In our SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (001) surface 
calculations, since they consisted from neutral AO- or BO2-
terminated layers, we used the standard basis sets intended 
for ions [70]. Just opposite, in the case of SrTiO3, BaTiO3, 
PbTiO3, and SrZrO3 polar and charged (111) surfaces, 

since they consisted of charged layers (AO3 or B) (Fig. 3), 
and assuming the classical ionic charges (+2e) for A, (+4e) 
for B and (-2e) for O, using nine-layer slabs (Fig. 4), we got 
charged AO3 or B-terminated (111) surfaces. Taking into 
account that the supercell always should be neutral during 
the computations performed by the CRYSTAL computer 
code [67], we used the basis sets for neutral A, B, and O 
atoms [70]. Additional ab initio calculations details for 
SrTiO3, BaTiO3, PbTiO3, and SrZrO3 perovskite very com-
plex, polar and charged (111) surfaces are described in 
references [34, 36, 38, 41, 45, 46]. With aim to describe 

Fig. 1. Side view of the AO-terminated ABO3 perovskite (001) 
surface which contains 9 layers. 

Fig. 2. Side view of the BO2-terminated ABO3 perovskite (001) 
surface containing the definitions of the surface rumpling and the 
nearest surface interplane distances. 
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the SrTiO3, BaTiO3, PbTiO3, and SrZrO3 perovskite chemi-
cal bonding and covalency effects, we employed the clas-
sical Mulliken population analysis for the effective atomic 
charges Q and other local properties of the perovskite elec-
tronic structure [72–74].  

2.2. Surface energy calculations for SrTiO3, BaTiO3, 
PbTiO3, and SrZrO3 (001) and (111) surfaces 

It is worth to note that the calculation methodology of 
ABO3 perovskite (001) surface energies is already developed 
by us earlier [26]. Next, we calculated the SrTiO3, BaTiO3, 
PbTiO3, and SrZrO3 (111) surface energies using the follow-
ing methodology. It is obvious that B- and AO3-terminated 
ABO3 perovskite (111) surfaces are mutually complementary. 
Therefore, it is clear that the cleavage energy is exactly the 
same for both AO3- and B-terminated ABO3 perovskite (111) 
surfaces. Thereby, the cleavage energy for the complementary 
surface Ecl(AO3 + B) can be computed from the total energies 
calculated for the unrelaxed slabs from the following equation: 

( ) ( ) ( )unrel unrel
cl 3 slab slab 3 bulk ,AO B ¼ B AO – 9E E E E+ = + 

   

  (1) 
where unrel

slab (B)E  is our computed total energy of unrelaxed 
21-atoms containing B-terminated ABO3 (111) slab. 

unrel
slab 3( )AOE  is our computed total energy for 24-atom 

AO3-terminated ABO3 (111) slab. bulkE  is the ABO3 total 
bulk energy per formula unit containing 5-atoms in the cubic 
ABO3 perovskite structure. In equation (1) factor 9 before 
the bulkE  is due to the fact that 21-atom B-terminated as 
well as 24-atom AO3-terminated ABO3 (111) slabs both 
together contain nine 5-atom ABO3 bulk unit cells. Factor ¼ 
in the right side of the Eq. (1) means that totally four sur-
faces are created due to the crystal cleavage. The relevant 
relaxation energies for both B- and AO3-terminated ABO3 
perovskite (111) surfaces can be computed by means of the 
following equation: 

 rel unrel
rel slab slab( ) ( ) ,(– )½E E E Ω = Ω Ω   (2) 

where Ω = B or AO3 describes the ABO3 perovskite (111) 
surface termination. rel

slab ( )E Ω  is the B- or AO3-terminated 
ABO3 (111) slab total energy after the atomic relaxation. 
The unrel

slab ( )E Ω  is the B- or AO3-terminated ABO3 (111) 
slab total energy before the atomic relaxation. The factor 
of ½ comes from the fact that two surfaces are created due 
to the crystal cleavage. Finally, the (111) surface energy is 
calculated as the sum of the cleavage and relaxation energies: 

 ( )surf cl 3 relAO B .( ) ( )E E EΩ = + + Ω  (3) 

2.3. Ab initio calculation details of the bulk and (001) 
surface F centers in SrTiO3, BaTiO3, PbTiO3, and SrZrO3  

All bulk F center ab initio calculations, for example for 
SrZrO3 matrix, were performed using 3×3×3 times extended 
SrZrO3 supercell containing 134 atoms and the single oxygen 
vacancy – F center (Fig. 5). Thereby, in our ab initio calcu-
lations, the bulk F center concentration was very low, only 
1/81 or 1.23%. For the SrZrO3 (001) surface calculations, 
containing the surface F center, we used a two-dimensional 
11 layer slab model [71]. We allowed all atoms around the 
surface F center in the (001) slab to relax using a modified 
conjugate gradient algorithm [75, 76], with aim to locate a 
minimum on the potential energy surface. 

We have employed a 3×3×1 times extended surface 
supercells, with one of the surface O atoms removed 
(Fig. 6), in order to calculate the surface F center properties 
located on the ZrO2-terminated SrZrO3 (001) surface. 
Thereby, the surface F center concentration in our calcula-
tions is equal to 1/18 or 5.56%. For the exact modelling of 
the bulk and (001) surface F centers, we add an additional 
basis function to the oxygen vacancy, corresponding to the 
so-called ghost-atom [67]. For this purpose, we have used 
exactly the same Gaussian-type functions as that employed 
for the O2- ions of the SrZrO3 perovskite bulk and ZrO2-
terminated (001) surface. 

Fig. 3. Sketch of the cubic ABO3 perovskite structure demon-
strating two possible polar (111) surface terminations AO3 and B. 

Fig. 4. Side views of the slab geometries used by us to study the 
ABO3 perovskite polar (111) surfaces. a) Nonstoichiometric 
B-terminated nine-layer ABO3 (111) slab and (b) nonstoichio-
metric AO3-terminated nine-layer ABO3 (111) slab. 
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3. Main ab initio calculation results 

3.1. Ab initio calculation results for SrTiO3, BaTiO3, 
PbTiO3, and SrZrO3 (001) and (111) surfaces 

As a starting point of our ab initio calculations, we calcu-
lated the SrTiO3, BaTiO3, PbTiO3, and SrZrO3 bulk lattice 
constants [28, 70, 77–79]. Namely, our by means of B3PW 
hybrid exchange-correlation functional calculated SrTiO3, 
BaTiO3, PbTiO3, and SrZrO3 bulk lattice constants are equal 
to 3.904, 4.008, 3.936, and 4.155Å, respectively. Our by 
B3LYP hybrid exchange-correlation functional calculated 
SrTiO3, BaTiO3, PbTiO3, and SrZrO3 bulk lattice constants 
are equal to 3.94, 4.04, 3.96, and 4.195 Å, respectively. 
Relevant experimental data [80–92], dealing with the SrTiO3, 
BaTiO3, PbTiO3, and SrZrO3 bulk lattice constants are 
collected in Table 1. We used our by means of B3PW hybrid 
exchange-correlatoion functional calculated theoretical bulk 
lattice constants as well as B3PW functional in all our future 
SrTiO3, BaTiO3, and PbTiO3 (001) surface calculations, 
whereas for SrZrO3 (001) surface calculations we used bulk 

lattice constant calculated by means of B3LYP functional 
as well as B3LYP functional for all future calculations. For 
SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (111) surface calcu-
lations we always, in our future calculations used the lattice 
constants calculated by B3LYP hybrid exchange-correlation 
functional as well as B3LYP functional for our numerical 
calculations. Finally, just opposite, for F center calculations 
in SrTiO3, BaTiO3, PbTiO3, and SrZrO3 we used only the 
lattice constants calculated by B3PW functional as well as 
the B3PW functional for all numerical calculations. The 
hybrid exchange-correlation functionals B3PW and B3LYP, 
since they both are the hybrid-exchange correlation fun-
ctionals as a rule gives results, which are very close, but, 
since they are the different functionals, the results, of course 
will be slightly different. 

Our ab initio calculated atomic displacements for the 
SrTiO3, BaTiO3, PbTiO3, and SrZrO3 perovskite (001) sur-
faces are presented in Tables 2 and 3. According to the 
results of our ab initio calculations, most of atoms of the 
first (001) surface layer relax inwards towards the crystal 
bulk, whereas almost all atoms of the second (001) surface 

Fig. 5. Sketch of the cubic 3×3×3 times extended SrZrO3 
supercell containing the bulk F center. 

Fig. 6. Sketch of the surface F center located on the ZrO2-
terminated SrZrO3 (001) surface. 

Table 1. Experimental data for SrTiO3, BaTiO3, PbTiO3, and SrZrO3 perovskites, including band gap values and lattice constants  

Material Structure  
at RT 

Band gap gE , eV  
at RT 

Transition T, K  
to cubic phase 

Exp. lattice const., Å 
 in cubic phase 

SrTiO3 Cubic 3.75 (direct);  
3.25 (indirect) [80] 

110 [81] 3.89845 (110 K) [82] 
3.9053 (293 K) [83]  

BaTiO3 Tetragonal↔ 
Orthorhombic (278 K) 

3.38 (// c); 
3.27 (⊥ c) [84] 

403 [81] 4.0037 (474 K) [85] 

PbTiO3 Tetragonal 3.4 [86, 87] 763 [88, 89] 3.970 (777 K) [89] 
SrZrO3 Orthorhombic 5.6 [90] 1433 [91] 

1360 [92] 
4.154 (1423 K) [92] 
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layer relax outwards, towards the vacuum (Table 2 and 3). 
The only two exceptions from this systematic trend are 
outward relaxations of the upper layer oxygen atom on the 
TiO2-terminated PbTiO3 (001) surface (Table 2) as well as 
the upper layer oxygen atom on the SrO-terminated SrTiO3 
(001) surface (Table 3). Finally, the second layer oxygen 
atom on the SrO-terminated SrZrO3 (001) surface relax 
inwards by a very small relaxation magnitude, only (0.05% 
of a0) (Table 3).  

The relaxation magnitudes of the metal atoms on the 
upper and second layer of SrTiO3, BaTiO3, PbTiO3, and 
SrZrO3 (001) surfaces always are larger than the respective 
relaxation magnitudes of the oxygen atoms. The single 
exception from this rule is the ZrO2-terminated SrZrO3 
(001) surface, where the upper layer oxygen atom inward 
displacement (2.10% of a0) is larger than the Zr atom in-
ward displacement (1.38% of a0) (Table 2). It is worth to 
note that the third layer atom inward displacements for the 
ZrO2-terminated SrZrO3 (001) surface (0.04 and 0.05% of 
a0, respectively) are already negligible (Table 2).  

According to the results of our ab initio calculations 
(Table 4), for example, for SrTiO3 (111) surfaces, the upper 
layer Ti atom for Ti-terminated SrTiO3 (111) surface strongly 
(by 3.58% of a0) relax inwards (Table 4). The second layer 
Sr atom moves inwards by even larger relaxation magnitude 
equal to 11.24% of a0. Just opposite, the second layer O 
atom relaxes outwards by 1.53% of a0 (Table 4). Finally, the 
outward displacement of the third layer Ti atom is already 
rather weak, less than 1% of a0 (Table 4). For the SrO-
terminated SrTiO3 (111) surface the upper layer Sr 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 slightly 
larger than the upper layer Sr atom relaxation (Table 4). 
Finally, both third layer Sr and O atoms relaxes inwards by 
a very small relaxation magnitude of (0.03% of a0 and 
0.26% of a0, respectively) (Table 4).  

As we can see from Table 4 that according to our per-
formed ab initio calculations for Ti or Zr-terminated 
SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (111) surfaces all 
upper two layer metal atoms relax inwards. The largest 
inward relaxation magnitude is for Ti-terminated BaTiO3 
(111) surface upper layer Ti atom (11.19% of a0) and for 
Zr-terminated SrZrO3 (111) surface second layer Sr atom 
(11.92% of a0). It is worth to note that for the SrO3, BaO3, 
PbO3 and SrO3-terminated SrTiO3, BaTiO3, PbTiO3, and 
SrZrO3 (111) surfaces all upper layer oxygen atoms relax 
inwards, whereas all second layer metal atoms relax up-
wards (Table 4).  

Table 2. Calculated displacements of TiO2 or ZrO2-terminated 
SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (001) surface upper layer 
atoms (as a percentage of the bulk crystal lattice constant a0). 
Positive (negative) values describe atomic displacements in the 
direction outwards (inwards) of the surface 

Material SrTiO3 BaTiO3 PbTiO3 SrZrO3 
Termination TiO2 TiO2 TiO2 ZrO2 

Layer Ion Displ. 
(∆z) 

Displ. 
(∆z) 

Displ. 
(∆z) 

Displ. 
(∆z) 

1 B –2.25 –3.08 –2.81 –1.38 
O –0.13 –0.35 +0.31 –2.10 

2 A +3.55 +2.51 +5.32 +2.81 
O +0.57 +0.38 +1.28 +0.91 

3 B – – – –0.04 
O – – – –0.05 

Table 3. Calculated displacements of SrO, BaO, PbO, and 
SrO-terminated SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (001) sur-
face upper layer atoms (as a percentage of the bulk crystal lattice 
constant a0). Positive (negative) values describe atomic displace-
ments in the direction outwards (inwards) of the surface 

Material SrTiO3 BaTiO3 PbTiO3 SrZrO3 
Termination SrO BaO PbO SrO 

Layer Ion Displ. 
(∆z) 

Displ. 
(∆z) 

Displ. 
(∆z) 

Displ. 
(∆z) 

1 A –4.84 –1.99 –3.82 –7.63 
O +0.84 –0.63 –0.31 –0.86 

2 B +1.75 +1.74 +3.07 +0.86 
O +0.77 +1.40 +2.30 –0.05 

3 A – – – –1.53 
O – – – –0.45 

 

Table 4. Calculated atomic displacements of Ti or Zr as well 
SrO3, BaO3, PbO3, and SrO3-terminated SrTiO3, BaTiO3, PbTiO3, 
and SrZrO3 (111) surface upper layer atoms (as a percentage of 
the bulk crystal lattice constant a0). Positive (negative) values 
describe atomic displacements in the direction outwards (in-
wards) of the surface 

Material SrTiO3 BaTiO3 PbTiO3 SrZrO3 
Termination Ti-term. Ti-term. Ti-term. Zr-term. 

Layer Ion Displ. 
(∆z) 

Displ. 
(∆z) 

Displ. 
(∆z) 

Displ. 
(∆z) 

1 B –3.58 –11.19 –7.57 –5.72 
2 A –11.24 –6.22 –10.09 –11.92 

O +1.53 +2.74 –0.13 +0.79 
3 B +0.26 –0.25 +0.53 +1.53 

Termination SrO3-
term. 

BaO3-
term. 

PbO3-
term. 

SrO3-
term. 

Layer Ion Displ. 
(∆z) 

Displ. 
(∆z) 

Displ. 
(∆z) 

Displ. 
(∆z) 

1 A +1.33 –1.24 +1.01 –0.74 
O –0.03 –3.98 –2.52 –0.52 

2 B +1.81 +2.49 +0.02 +0.74 
3 A –0.03 +1.49 +1.26 –0.02 

O –0.26 –0.25 +1.26 –0.18 
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Our ab initio calculated surface energy for the SrO3-
terminated SrTiO3 (111) surface is equal to 6.30 eV and 
thereby it by 1.31 eV exceeds the surface energy for Ti-
terminated SrTiO3 (111) surface 4.99 eV (Table 5). Calcu-
lated SrO3 and Ti-terminated SrTiO3 (111) surface energies 
(6.30 and 4.99 eV) are considerably larger than the SrO 
and TiO2-terminated SrTiO3 (001) surface energies 1.15 
and 1.23 eV, respectively (Table 5). Also for another our 
calculated BaTiO3, PbTiO3, and SrZrO3 perovskites, their 
(111) surface energies for both AO3 and B-terminations 
(Table 5) are always larger than their relevant surface ener-
gies for both AO and BO2-terminated (001) surfaces. As we 
can see from Table 5 that the AO3-terminated perovskite 
(111) surface energies are always larger than the B-termi-
nated (111) surface energies for the SrTiO3, BaTiO3, 
PbTiO3, and SrZrO3 perovskites.  

As we can see from Table 6, the effect of the strong Ti-O 
(Zr-O) chemical bond covalency was already well pro-
nounced for SrTiO3, BaTiO3, PbTiO3, and SrZrO3 crystals 
in the bulk (+0.088e, +0.098e, +0.098e, and +0.092e). As 
follows from the chemical bond covalency analysis (Table 6), 
for all four our ab initio computed SrTiO3, BaTiO3, 
PbTiO3, and SrZrO3 perovskites, the main effect for polar 
(111) surfaces is the strengthening of the Ti-O (Zr-O) 
chemical bond covalency near the SrO3 (+0.098e), BaO3 
(+0.118e), PbO3 (+0.116e), and SrO3-terminated (+0.098e) 
surfaces. Nevertheless, it is worth to note that in most cases, 
the strongest Ti-O (Zr-O) chemical bond covalency, accor-
ding to our ab initio calculations, is observed near the TiO2 
or ZrO2-terminated SrTiO3 (+0.118e), BaTiO3 (+0.126e), 
PbTiO3 (+0.114e), and SrZrO3 (+0.114e) (001) surfaces, 
respectively. We used the Mulliken population analysis for 
the description of the chemical bond covalency [72–74]. 

3.2. Ab initio calculation results for SrTiO3, BaTiO3, 
PbTiO3, and SrZrO3 bulk and (001) surface F centers 

As a starting point of our F center ab initio calculations 
in the BaTiO3 bulk, we optimized the equilibrium geometry 

surrounding a single F center located in the center of a 
3×3×3 times extended supercell (Fig. 5). We computed the 
geometry relaxation of the nearest to the bulk F center Ti, 
O, and Ba atoms along the directions in the BaTiO3 matrix 
allowed by the crystal symmetry. Our ab initio computed 
nearest atom displacements surrounding the BaTiO3 bulk 
F center are collected in Table 7 and compared with the 
results obtained for SrTiO3, PbTiO3, and SrZrO3 perovskites. 
Namely, the two nearest to the F center in the BaTiO3 
Ti atoms are repulsed by 1.06% of the a0. The outward 
displacement of the two nearest to the bulk F center B atoms 
is calculated by us also for SrTiO3, PbTiO3, and SrZrO3 
perovskites (Table 7) [53–56] and seems that it is typical 
also for another ABO3 perovskites.  

As a next step, we computed the BaTiO3 effective 
atomic charge inside the bulk F center defect. The charge 
of this bulk BaTiO3 F center is only –1.103e, which is 
much smaller amount than expected from the O atom 
charge in the perfect BaTiO3 crystal (–1.388e) (Tables 6 
and 7). Also for SrTiO3, PbTiO3, and SrZrO3 perovskites 
(–1.1e, –0.85e, –1.25e, respectively) (Table 7) considerably 
smaller charge are located in the neutral oxygen vacancy 
than that expected from the O atom charge in the perfect 
SrTiO3, PbTiO3, and SrZrO3 perovskites (–1.407e, –1.232e, 
and –1.351e, respectively). Another key effect in BaTiO3 is 
a very large increase of the chemical bond covalency between 
the F center and its two nearest neighbor Ti atoms equal to 
0.320e, while in the perfect BaTiO3 bulk the chemical 
bond population between the O and Ti atoms was only 
(0.098e). Such effect, the increase of the chemical bond 
covalency between the bulk F center and its nearest metal 
atoms is observed also in another ABO3 perovskites [53, 54] 
as well as in CaF2 and MgF2 [93, 94].  

Finally, we calculated the F center formation energy in 
the BaTiO3 bulk. The formation energy of the F center 

Table 5. Ab initio calculated surface energies for SrTiO3, 
BaTiO3, PbTiO3 and SrZrO3 (001) and (111) surfaces (in elec-
tron volt per surface cell) 

Material Termination Esurf 
(001) 

Termination Esurf 

(111) 
SrTiO3 SrO-term. 1.15 SrO3-term. 6.30 

TiO2-term. 1.23 Ti-term. 4.99 
BaTiO3 BaO-term. 1.19 BaO3-term. 8.40 

TiO2-term. 1.07 Ti-term. 7.28 
PbTiO3 PbO-term. 0.83 PbO3-term. 8.11 

TiO2-term. 0.74 Ti-term. 6.14 
SrZrO3 SrO-term. 1.13 SrO3-term. 9.45 

ZrO2-term. 1.24 Zr-term. 7.98 
 

Table 6. Ab initio calculated effective atomic charges (in e) as 
well B-O chemical bond populations in SrTiO3, BaTiO3, PbTiO3, 
and SrZrO3 perovskite bulk, BO2-terminated (001) and AO3-
terminated (111) surfaces (in e) 

Effective 
atomic  
charges 

SrTiO3 BaTiO3 PbTiO3 SrZrO3 

A +1.871 +1.797 +1.354 +1.880 
B +2.351 +2.367 +2.341 +2.174 
O –1.407 –1.388 –1.232 –1.351 

B–O bond population 
Bulk +0.088 +0.098 +0.098 +0.092 
BO2-

terminated 
(001) 

+0.118 +0.126 +0.114 +0.114 

AO3-
terminated 

(111) 

+0.098 +0.118 +0.116 +0.098 
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in the BaTiO3 bulk was calculated by means of the follow-
ing equation: 
 ( )

oxy perfform
F

FE E E E−= +   (4) 

where Eoxy is our calculated total energy for a single oxy-
gen atom. In order to calculate the single oxygen atom en-
ergy, we started our calculations from the O2 molecule. 
Next, we strongly increased the distance between the two 
atoms of O2 molecule, in order to eliminate any interaction 
between them. Finally, the single oxygen atom energy is 
the O2 molecule energy, when the distance between the O 
atoms is maximally increased, divided by the number of 
atoms in the oxygen molecule equal to two. Eperf and EF are 
calculated total energies for the perfect BaTiO3 bulk, and 
the BaTiO3 bulk containing the F center defect, respective-
ly. Our calculated F center formation energy in the BaTiO3 
bulk, according to Eq. (1) is equal to 10.3 eV. The for-
mation energies of the F center in SrTiO3, PbTiO3, and 
SrZrO3 bulk are equal to (7.1, 7.82, and 7.55 eV, respec-
tively). It is worth to note that the Eq. (4) works perfectly 
also for another class of materials, like CaF2, BaF2, and 
SrF2. Our ab initio calculated F center (fluorine vacancy) 
formation energies in CaF2 (7.87 eV), BaF2 (7.82 eV), and 
SrF2 (10.33 eV) [43, 74, 94] are comparable with our 
ab initio calculated F center formation energies in ABO3 
perovskites [53, 54].  

As we can see from Table 7 that repulsion of Ti atom 
from the F center located on TiO2-terminated SrTiO3 (001) 
surface (14% of a0) is considerably larger than it was for Ti 
repulsion from the F center located in the SrTiO3 perovskite 
bulk (7.76% of a0). Also Zr atom repulsion from the F center 
located on the ZrO2-terminated SrZrO3 (001) surface 
(9.17% of a0) is much larger than the Zr atom repulsion 
from the SrZrO3 bulk F center (3.68% of a0).  

As we can see from Table 7 that for the BaTiO3 
perovskite surface F center located on the BaO-terminated 
(001) surface only (–1.052e) is localized inside the oxygen 
vacancy. Also for the F center located on the ZrO2-termi-
nated SrZrO3 (001), only (–1.10e) is localized inside the 
oxygen vacancy, which is less than for the F center located 
in the SrZrO3 bulk (–1.25e). Finally, our calculated for-
mation energy of F center located on the BaO-terminated 
BaTiO3 (001) surface (10.2 eV) is only by 0.1 eV smaller 
than the F center formation energy in the BaTiO3 
perovskite bulk (10.3 eV) (Table 7).  

4. Conclusions 

With a few exceptions, the SrTiO3, BaTiO3, PbTiO3, 
and SrZrO3 perovskite neutral (001) surface all upper layer 
atoms relax inwards, whereas all second layer atoms relax 
outwards. As we can see from Table 4 that according to our 
performed ab initio calculations for Ti or Zr-terminated 
SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (111) surfaces all 
upper two layer metal atoms relax inwards. It is worth to 
note that for the SrO3, BaO3, PbO3, and SrO3-terminated 
SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (111) surfaces all 
upper layer oxygen atoms relax inwards, whereas all second 
layer metal atoms relax upwards (Table 4). The SrTiO3, 
BaTiO3, PbTiO3, and SrZrO3 neutral (001) surface energies 
for both terminations AO and BO2 are almost equal. Just 
opposite, the SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (111) 
surface energies for AO3 and B-terminations are quite dif-
ferent. Moreover, the ABO3 perovskite (111) surface ener-
gies always are considerably larger than the (001) surface 
energies (Table 5). As follows from the chemical bond 
covalency analysis (Table 6), for all 4 our ab initio com-
puted perovskites, the main effect is the strengthening of 
the Ti-O (Zr-O) chemical bond covalency near the SrO3 

Table 7. Ab initio calculated SrTiO3, BaTiO3, PbTiO3, and SrZrO3 bulk and (001) surface F center main characteristics [53–56]. The 
sign “–” before relaxed coordinates means sphere contraction 

Bulk F center SrTiO3 BaTiO3 PbTiO3 SrZrO3 
F center charge –1.1 e –1.103 e –0.85 e –1.25 e 
F under CB, eV 0.69 0.23 0.96 1.12 

Formation energy, eV 7.1 10.3 7.82 7.55 
B relaxation, % of a0 7.76 1.06 6.5 3.68 
O relaxation, % of a0 –7.79 –0.71 – –2.63 
A relaxation, % of a0 3.94 –0.08 – 0.46 

Surface F center SrTiO3 BaTiO3 PbTiO3 SrZrO3 
Surface termination (001) TiO2-term. BaO-term. – ZrO2-term. 

F center charge – –1.052 e – –1.10 e 
F under CB, eV 0.25 0.07 – 0.93 

Formation energy, eV 6.22 10.2 – 7.52 
B relaxation, % of a0 14 0.1 – 9.17 
O relaxation, % of a0 –8 –1.4 – –4.16 
A relaxation, % of a0 – 1.0 – 7.68 
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(+0.098e), BaO3 (+0.118e), PbO3 (+0.116e), and SrO3-termi-
nated (+0.098e) SrTiO3, BaTiO3, PbTiO3, and SrZrO3 (111) 
surfaces in comparison to the bulk values. Nevertheless, it 
is worth to note that in most cases, the strongest Ti-O (Zr-O) 
chemical bond covalency, according to our ab initio calcula-
tions, is observed near the neutral TiO2 or ZrO2-terminated 
SrTiO3 (+0.118e), BaTiO3 (+0.126e), PbTiO3 (+0.114e), 
and SrZrO3 (+0.114e) (001) surfaces (Table 6).  

The ab initio computed atomic displacements of the 
nearest neighbor atoms around the SrTiO3, BaTiO3, and 
SrZrO3 (001) surface F centers, in most cases, are larger 
than the relevant nearest neighbor atomic displacements 
around the bulk F centers. It is worth to note that the theory 
for development of defects in time was developed by 
Kotomin et al. [95]. As a rule, the SrTiO3, BaTiO3, and 
SrZrO3 (001) surface F center electrons are considerably 
more delocalized, namely, less amount of electrons are 
trapped inside the oxygen vacancy, than in the bulk F center 
case. The energy difference between the SrTiO3, BaTiO3, 
and SrZrO3 typically smaller (001) surface F center for-
mation energies as well as larger bulk F center formation 
energies triggers the segregation of F centers from bulk 
towards the (001) surface of these perovskites. The SrTiO3, 
BaTiO3, and SrZrO3 (001) surface F center induced defect 
levels in the band gap is located closer to the conduction 
band bottom than it was for the bulk F centers in these 
perovskites (Table 7). 

In conclusion, we would like to emphasize that the re-
sults of this work are interesting and important not only for 
understanding the surface properties of simple cubic 
perovskites, but more importantly, allows a more detailed 
understanding of the corresponding surface properties of 
complex oxide materials [96–98], which are currently of 
great practical interest. 
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Порівняльні ab initio розрахунки для SrTiO3, 
BaTiO3, PbTiO3 та SrZrO3 (001) і (111) поверхонь, 

а також вакансій кисню 

R. I. Eglitis, E. A. Kotomin, A. I. Popov, 
S. P. Kruchinin, Ran Jia 

Представлено та обговорено результати проведених 
ab initio розрахунків для перовскітів SrTiO3, BaTiO3, PbTiO3 
та SrZrO3 (001) і (111) поверхонь за допомогою гібридного 
опису обміну та кореляції B3PW або B3LYP. Згідно з прове-
деними ab initio розрахунками для SrTiO3, BaTiO3, PbTiO3 та 
SrZrO3 (001) поверхонь, у більшості випадків атоми поверх-
невого шару релаксують всередину, а атоми другого шару 
релаксують угору. Поверхневі енергії SrTiO3, BaTiO3, PbTiO3 
та SrZrO3 (001) для AO та BO2 граничних поверхонь майже 
рівні. Навпаки, обчислені поверхневі енергії як для AO3, так і 
для B граничних поверхонь (111) дуже відрізняються. Розра-
ховані поверхневі енергії SrTiO3, BaTiO3, PbTiO3 та SrZrO3 
(111) завжди значно більші за поверхневі енергії (001). Кова-
лентність хімічного зв’язку SrTiO3, BaTiO3, PbTiO3 та SrZrO3 
об’ємного Ti-O (Zr-O) збільшується поблизу їхніх граничних 
поверхонь з BO2 (001), а також з AO3 (111). Обговорено сис-
тематичні тенденції в розрахунках для перовскітів SrTiO3, 
BaTiO3, PbTiO3 та SrZrO3, а також для об’ємних та (001) по-
верхневих F-центрів. 

Ключові слова: Ab initio розрахунки, поверхні перовскіту 
ABO3, B3PW, B3LYP, поверхневі енергії. 
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