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a b s t r a c t
First principles density functional theory (DFT) based modeling is performed to explore formation
energies of a series of point cation and oxygen defects, Frenkel and Schottky disorder, as well as structural
disorder in Ba1xSrxCo1yFeyO3d (BSCF) perovskite solid solutions. The results are compared with
previous studies on a prototype SrTiO3 perovskite. It is shown that BSCF permits accommodation of a high
concentration of defects and cation clusters but not antisite defects.
Published by Elsevier B.V.

1. Introduction
Two ABO3-type perovskite solid solutions (BSCF: Ba1xSrxCo1and LSCF: La1xSrxCo1yFeyO3d), mixed ionic–electronic
conductors, have attracted a lot of attention because of a range
of potential applications in progressive technologies, gas separation membranes, solid oxide fuel cells (SOFC) [1], and others. The
use of SOFC for electricity supply in space stations raises a question
of radiation stability of these materials. Clearly, radiation defects,
ﬁrst of all, vacancies and antisite defects in perovskites, would
affect many properties and performance of these materials in
targeted applications. In recent reports [2–4], we performed ﬁrst
principles studies of formation energies of oxygen vacancies in BSCF
and demonstrated that oxygen vacancies require much smaller energies than those in simple perovskites, e.g. SrTiO3 or LaMnO3. It was
suggested that this fact explains considerable non-stoichiometry in
oxygen observed in BSCF. With respect to more complex defects,
we are familiar only with a study of Frenkel defects in SrTiO3 [5],
which was performed using both interatomic potentials and DFT
method. In this paper, we discuss results of ﬁrst principles DFT calculations of point cation and oxygen defects, Frenkel and Schottky
defects, as well as structural disorders in complex perovskites.

yFeyO3d

2. Details of calculations
This research is performed by means of density functional
theory (DFT) as implemented in the computer code VASP 4.6
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[6] with Projector Augmented Wave (PAW) pseudopotentials
and the exchange–correlation GGA functional of the PBE-type.
We used the soft PAW PBE potential for O ions, which yields
a binding energy for a free O2 molecule very close to the experimental value and a reasonable O–O bond length (5.24 eV and
1.29 Å, cf. the experimental values of 5.12 eV and 1.21 Å, respectively [7]). All ABO3d cubic perovskites (both oxygen-stoichiometric, d = 0, as well as oxygen-deﬁcient, d > 0) were simulated
using large periodic supercells that were constructed by
expanding the ﬁve-atom ABO3-type cubic primitive unit cell
by 2  2  2 (40 atoms) and by 4  4  4 (320 atoms). The
8  8  8 k-point mesh was created using the Monkhorst–Pack
scheme [8] for the ABO3 unit cell, 4  4  4 mesh used for 40
atom supercells and 2  2  2 for 320 atom supercells to keep
the density of k-point mesh consistent. The largest, 320 atom
supercells were used for modeling pairs of Frenkel defects as
they allow to accommodate both the close and the distant pairs
in the same supercells, and for modeling of the antisite defects.
Ionic charges were calculated by the Bader method [9]. The
kinetic energy cut-off for the plane wave basis set was set to
520 eV. The basic properties of defect-free BSCF and of oxygen
vacancies therein were detailed in our previous publications
[2–4]. In the calculations reported here, the most common in
experiments material composition Ba0.5Sr0.5Co0.75Fe0.25O3 was
modeled, unless indicated otherwise. Note that in vacancy
calculations, a whole supercell is neutral, the charge redistribution around a vacancy is calculated self-consistently according
to the minimum of the total energy [3,4]. Thus, there is no need
to take into account interactions of the charged defects in
periodic cells.
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signiﬁcantly smaller than those for a wide-gap perovskite SrTiO3
(ca. 6 eV) [10] and even for La0.75Sr0.25MnO3 used in SOFC applications (2.7 eV) [11,12]. Under normal, oxygen-rich conditions, the
oxygen vacancy formation energy shows a strong temperatureand gas-pressure dependence as recently analyzed [12].
The energy of full Schottky disorder is derived from the
equation:
0000

0ðbulk!surfaceÞ $ 2V00Ba þ 2V00Sr þ 3V0000
Co þ VFe þ 12V O

ð3Þ

The left-hand side represents the total energy of an ideal 40
atom (8 formula units) BSCF supercell. The right-hand side describes a set of vacancies, with each individual vacancy placed in
a separate 40 atom BSCF supercell. The energy of the right-hand
side is normalized per defect to make it comparable to different
equations implied in Table 1. The simulated Schottky disorder requires 0.90 eV per defect. This energy is low and indicates that
the vacancy disorder is favored in BSCF perovskites.
Fig. 1. A single oxygen vacancy (a blue square) is shown in the model BSCF
supercell. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

3. Single vacancies and Schottky disorder
The cation vacancy formation energy EV was calculated from the
reaction:

MexMe !VyMe þ MeðgÞ

ð1Þ

where Me = Ba, Sr, Co, or Fe, and y = 2 for A-site cations, Ba and Sr,
and y = 4 for B-site cations, Co and Fe, and an index (g) indicates
that the metal left the crystal as an isolated atom. The oxygen vacancy (Fig. 1) formation energy EV was calculated from the
equation:

1
OxO þ 2MxM ! O2 þ VO þ 2M0M
2

ð2aÞ

and includes a decrease of the oxidation state of two transition metal atoms due to two electrons left behind by the removed oxygen
[4]. Due to equilibrium between electrons and holes, this equation
can be rewritten in terms of holes rather than electrons:

1
OxO þ 2MM ! O2 þ VO þ 2MxM
2

4. Frenkel disorder
Among Frenkel defects explored in BSCF, the oxygen vacancyinterstitial pairs have the lowest energy of 0.75–0.89 eV per defect (Table 1). This is in agreement with the low formation energies
of the respective single oxygen vacancies [2–4].
We found that the formation energies for oxygen Frenkel defects in BSCF turned out to be much smaller than those in other
perovskites, e.g. SrTiO3 (10 eV) [5], which translates into a much
higher equilibrium concentration of defects. Both the split and
hollow conﬁgurations were probed for interstitial atoms (Fig. 2)
for close (5 Å) and distant (>15 Å) interstitial-vacancy pairs calculated within the same supercell. Only a very minor difference in
energy was observed for the corresponding close and distant pairs,
hence, only energies of well-separated defects are listed in Table 1.
In the split oxygen interstitial defect, a displaced atom forms a
dumbbell with a regular atom in such a way that neither atom is on
the ideal crystalline site but the two are symmetrically displaced
from it. In the hollow interstitial conﬁguration, the displaced atom
is located in an available interstitial position. Interstitial defects
cause a signiﬁcant lattice distortion and redistribution of the
electronic density.

ð2bÞ
5. Antisite defects

Table 1 shows that the oxygen vacancy formation requires a
considerably smaller energy EV (4 eV) than cation vacancies
(8.6–9.3 eV), all obtained with respect to isolated atoms. The
oxygen vacancy formation energy calculated with respect to 1/2
free O2 molecule in the triplet state yields 1.34 eV for the oxygen
vacancy placed between two Co atoms (Co–O–Co) and 1.40 eV between one Co and one Fe atom (Co–O–Fe) [3]. These energies are

Along with point defects and Frenkel/Schottky defects, we also
studied cation exchange reactions. Energies describing the disorder
on the cation sublattice of BSCF are summarized in Table 2. We
found that the cation exchange on either the A- or B-sublattices
of the ABO3 perovskite lattice (Eqs. (1) and (2)) requires a small
energy for B sites and is weakly exothermic for A sites. From the

Table 1
Single vacancy and vacancy-interstitial pair (Frenkel disorder) formation energies are described in standard Kröger and Vink notations and calculated per defect. Vacancy
formation energies in the Ba0.5Sr0.5Co0.75Fe0.25O3 lattice are calculated with respect to the corresponding isolated atoms, as indicated by (g) symbol. VMe stands for the metal
vacancy (Me = Ba, Sr, Co, and Fe). Two possible oxygen vacancy conﬁgurations were probed, the vacancy placed between two Co atoms, VCo–O–Co, and the vacancy placed between
one Co and one Fe atom [3,4].

a

Vacancy

Formation energy (eV)

Frenkel pairs

Interstitial conﬁguration

Formation energy (eV)

(1)
(2)
(3)
(4)
(5)

VBa + Ba(g)
VSr + Sr(g)
VCo + Co(g)
VFe + Fe(g)
VCo–O–Co + O(g)

9.19
9.32
8.63
9.76
3.96/1.34a

V00Ba þ Bai
V00Sr þ Sri

V0000
Co þ Coi

V0000
þ
Fe
Fe
i
VCo—O—Co þ O00i

(6) VCo–O–Fe + O(g)

4.02/1.40a

VCo—O—Fe þ O00i

Split
Split
Hollow
Hollow
Split
Hollow
Split
Hollow

6.02
4.49
1.76
2.41
0.75
1.85
0.89
1.88

The second energy is calculated with respect to 1/2 free O2 molecule in the triplet state.
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Fig. 2. (a) Ba split interstitial conﬁguration is shown in the 320 atom model supercell of BSCF, (b) and (c) two different conﬁgurations of O split interstitial defects. The
numbers indicate distances between atoms in a close Frenkel pair (and in a corresponding distant Frenkel pair).

energetic point of view, this indicates that both the A-site metals
(Ba and Sr) and the B-site metals (Co and Fe) can be almost randomly dissolved on the respective sublattices; this is in agreement
with earlier calculations [13]. This conclusion lends strong support
to the high tolerance of the cubic polymorph towards the A-site
and B-site compositions suggested based on TEM images and
Selected Area Electron Diffraction (SAED) patterns of cubic and
hexagonal BSCF [14].
Exchanging one Ba with one Sr in the supercell results in the
aggregation of the Sr and Ba perovskite phases, referred to as

the cation clustering effect. In a sense, this is a manifestation of
the self-segregation process on the cation sublattices.
Furthermore, we established that antisite substitutions, or a
pair of defects in which an A metal occupies a B position of the
ABO3 lattice and the corresponding B metal ﬁlls the A position,
(for example, Sr M Co) are also possible (see (3)–(6) in Table 2).
However, as expected, they require a signiﬁcantly higher energy
than the clustering of cations within the same sublattice due to
the need for charge compensation, the difference in ionic radii of
the A and B atoms, and the different coordination numbers in the

Table 2
Energies of the cation structural disorder on the BSCF lattice. Calculations are performed for a single exchange pair of cations placed in a large 320 atom model supercell, which
consists of 64 BSCF formula units.
Ideal lattice site (atom)

Defect site (atom)

Energy (eV)

Comment

(1)
(2)
(3)
(4)
(5)
(6)

A1(Sr); A2(Ba)
B1(Fe); B2(Co)
A(Co); B(Ba)
A(Fe); B(Ba)
A(Co); B(Sr)
A(Fe); B(Sr)

0.20
0.08
6.16
7.87
3.79
5.70

Clustering of Ba and Sr in A-sublattice
Clustering of Co and Fe in B-sublattice
Antisite defect: BaA + CoB M BaB + CoA
Antisite defect: BaA + FeB M BaB + FeA
Antisite defect: SrA + CoB M SrB + CoA
Antisite defect: SrA + FeB M SrB + FeA

A1(Ba); A2(Sr)
B1(Co); B2(Fe)
A(Ba); B(Co)
A(Ba); B(Fe)
A(Sr); B(Co)
A(Sr); B(Fe)
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ideal crystalline lattice. Bearing in mind that the cation diffusion is
relatively slow, the antisite defects can be hardly considered as a
favorable disorder in BSCF.
6. Summary and conclusions
We presented and discussed the results of ﬁrst principles
calculations of BSCF perovskite solid solutions containing basic
point defects (cation and anion vacancies, cation exchange, and
antisite defects), as well as structural disorder (Frenkel and Schottky defects). Our DFT modeling reveals that both oxygen Frenkel
and Schottky disorders have quite low formation energies and
are energetically favorable. The calculated cation exchange energies are very low on both the A- and B-sublattices (Ba M Sr and
Co M Fe) of the cubic perovskite structure; this should lead to an
easy aggregation of cations with further phase separation. In contrast, antisite defects (A M B exchange) are costly and unlikely to
contribute to disorder in these materials. Thus, in general, complex
perovskite solid solutions (for example double perovskites
discussed here) can accommodate much larger defect disorder
than parent ABO3 perovskites. An analysis of possible BSCF
decomposition into different phases or binary oxides is presented
in Ref. [15].
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