
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$ - se

http://dx.doi.or

nCorrespond

E-mail addr
Ceramics International 39 (2013) S287–S292

www.elsevier.com/locate/ceramint
First principles study on oxygen vacancy formation in rock salt-type
oxides MO (M: Mg, Ca, Sr and Ba)

Takashi Yamamoto, Teruyasu Mizoguchin

Institute of Industrial Science, University of Tokyo, Tokyo 153-8505, Japan

Available online 16 October 2012
Abstract

Oxygen vacancy formation energies in rock salt-type oxides MO (M: Mg, Ca, Sr, and Ba) were investigated using a first-principles

projector augmented wave method based on a density functional theory. Finite-size cell interactions were corrected by calculating with

several sizes of the supercells up to 512 atoms, and a band gap correction for a neutral oxygen vacancy was also performed. It was

commonly found that the vacancy state induced by the oxygen vacancy is placed below the conduction band minimum (CBM) in all

compounds. The position of the vacancy state is deep in MgO and becomes closer to CBM in CaO, SrO, and BaO in that order.

By analyzing the oxygen chemical potential dependence, it was found that the formation of oxygen vacancy is preferable under the

reduction atmosphere in all compounds. In addition, it was also found that the oxygen vacancy formation energies in MgO, CaO, and SrO

are similar to each other, whereas BaO shows lower formation energy than others, indicating that the oxygen vacancy is more abundant

in BaO as compared with other rock salt-type oxides. The reason for the lower oxygen vacancy formation energy in BaO is discussed.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Rock salt-type oxide is usually composed of oxygen and
divalent cation (M), and a number of rock salt-type oxides
have been studied for numerous applications. For instance,
MgO is a typical rock salt-type oxide, and it has been used
in many applications such as an insulator of electric
devices, a support in catalysis, and a substrate for thin
film depositions [1–4]. Due to its importance, material
properties of MgO, such as grain growth behavior, diffu-
sion behavior, grain boundary structure, surface structure,
and so on, have been investigated experimentally and
theoretically so far [5–8]. In addition to those properties,
the defect formation behaviors in the rock salt-type oxides
have been investigated because they affect the electric
properties and the atomic migration behaviors of rock
salt-type oxides. To investigate the defect formation
behaviors in the rock salt-type oxides, theoretical calcula-
tions using a first principles method and an empirical
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potential method have been used [8–12]. Especially, using
the first principles method, the dependence of the defect
energetics on atmospheres and Fermi energy, which are
both important factors in actual applications, can be
discussed. Thus, to obtain comprehensive information on
the defect energetics in the rock-salt type oxides, use of the
first principles calculation is important. On the other hand,
although first principles calculations of the defect ener-
getics in MgO have been reported by some groups, reports
on other rock salt-type oxides, such as CaO, SrO, and
BaO, are very limited.
In this study, the oxygen vacancy formation energies in

four types of rock salt-type oxides, MgO, CaO, SrO, and
BaO, were systematically investigated using a first-
principles projector augmented wave (PAW) method based
on a density functional theory (DFT), and the vacancy
formation behaviors in those rock salt-type oxides were
compared with each other. In the present study, the
calculation error derived from a finite-size cell interaction
was corrected by the method proposed by Makov and
Payne [13]. This finite-size correction is known to be
important to investigate the defect energetics of functional
ll rights reserved.
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Fig. 1. Schematic view of unit cell of rock salt-type oxides, and

experimental and calculated lattice constants of MO (M: Mg, Ca, Sr,

and Ba).
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materials [14–16]. In this study, the finite-size cell depen-
dences were investigated by calculating with various sizes
of supercells up to 512 atoms. In addition, the band gap
correction for a neutral oxygen vacancy, which is also
important for the calculation of wide gap materials, was
also performed. Through this study, the formation energies
of neutral and charged oxygen vacancies in MgO, CaO,
SrO, and BaO were systematically investigated.

2. Methodology

First-principles PAW calculations with the Perdew–
Burke–Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) functional were performed using the VASP
code [17–19]. A plane-wave cut off energy (Ecut) of 500 eV
was used. For oxygen, 2s2 and 2p4 electrons were con-
sidered as valence electrons, while 2p6 and 3s2 for Mg, 3p6

and 4s2 for Ca, 4s2, 4p6 and 5s2 for Sr, and 5s2, 5p6 and 6s2

for Ba were considered as valence electrons, respectively.
Fig. 1 shows schematic structure of a unit cell of the rock
salt-type oxides.

Before going to the supercell calculations for the vacan-
cies, calculations of the perfect MO were carried out. The
primitive cells were calculated using 24� 24� 24 k-point
mesh generated by the Monkhorst–Pack scheme (1300
irreducible k-points) [20]. Calculated and experimental lattice
constants are shown in Fig. 1. It is found that the optimized
lattice parameters are in good agreement with the experi-
mental and previously reported theoretical values (Fig. 1)
[21–24]. Based on the optimized structure of the perfect MO,
the primitive cells and unit cells were expanded to make
large supercells for the vacancy calculations.

To introduce an isolated oxygen vacancy, an interior
oxygen atom was removed from the supercells. In order to
take account of atomistic relaxation around the vacancy,
all atoms in the supercells were allowed to be relaxed until
the residual force becomes less than 0.05 eV/Å under the
fixed volume condition. In the supercell calculations,
numerical integrations over the Brillouin zone were per-
formed at the G-point for every size of the supercells.

The formation energies of the vacancies in MO were
calculated from total energies of the supercells, based
on the standard formalism by Zhang and Northrup [25].
For compound systems, formation energies of vacancies
depend on the atomic chemical potentials of atoms and the
electron chemical potential i.e., Fermi energy. For a
vacancy with a charge state q, the formation energy is
given by

ET ¼ ET defect : qð Þ�fETðperfectÞ�lOgþn eFþEVBMð Þ

where ET(defect:q) and ET(perfect) are the total energy of
the supercell containing an oxygen vacancy in a charged
state q and that of the perfect supercell, respectively. nO is
the number of oxygen atoms removed from the perfect
supercell to introduce isolated vacancies. mO is the atomic
chemical potential of oxygen, and eF is the Fermi energy
measured from valence band maximum (VBM) [26]. For
each vacancy species, its charge state q, varying from neutral
to fully ionized, was considered, namely 0 and þ2 for an
oxygen vacancy. For charged defects, the total charge of
supercells was neutralized by using background charge.
The formation energies of vacancies in MO also depend

on the chemical potentials of the oxygen atom. The
chemical potential of oxygen was determined from the
equilibrium conditions of the phases containing M and
oxygen. In order to consider the chemical potentials, the
first-principles calculations were performed for primitive
structure of each element. Then chemical potentials could
be defined as

lO O-richð Þ ¼ lO O primitive cellð Þ;

lO M-richð Þ ¼ lMO�lM M primitive cellð Þ:

The Fermi level eF was varied within the band gap. The
calculated band gap was found to be 4.37 eV for MgO,
3.53 eV for CaO, 3.17 eV for SrO and 1.98 eV for BaO, by
calculating the total energies of the charged and neutral
cells. This value is lower than the experimental values of
7.6 eV for MgO, 6.9 eV for CaO, 6.4 eV for SrO, and
4.4 eV for BaO [27,28]. This difference between the
calculated and experimental band gaps is hereafter called
DEg. By the presence of the oxygen vacancy, the vacancy
state is usually generated below the conduction band
minimum (CBM), and extra electrons are introduced to
the vacancy state. Thus, this band gap error in the
calculation often influences the formation energy of the
neutral oxygen vacancy. To correct this band gap error,
the formation energy of a neutral oxygen vacancy was
adjusted to be the sum of the calculated value and DEg

multiplied by the number of electrons m at the donor
levels, so that the m is 2 in the case of present study.
In addition, finite-cell size correction was also performed

in this study. In the supercell calculation of the charged
vacancies using periodic boundary conditions, Coulomb
interactions are noted between the charged vacancy and
anticlastic background charge, so called jellium, depending
on the size of the supercells. It is necessary to correct this
spurious interaction of charged vacancies to evaluate their
formation energies. Errors in the defect formation energies
due to the spurious electrostatic interaction in the finite-
sized cells were corrected using the scheme proposed by
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Leslie and Gillan [29], and by Makov and Payne [13].
It assumes that the interactions between the multipoles at
the defect site, and those between the multipoles and the
jellium background, lead to L�1, L�3, and L�5 depen-
dences of the formation energies (where L is the average
interdefect distance). The L�1 term corresponds to the
Madelung energy for an array of point charges qc in an
effective medium with a static dielectric constant, e0,
Ec¼aqc

2/2e0L, where a is the appropriate Madelung con-
stant. This term is considered to be dominant for the
charged defects in the ionic crystals. In this study, the
various sizes of supercells were constructed by repeating
the optimized primitive cell that contains 2 atoms by
3� 3� 3, 4� 4� 4, and 5� 5� 5, and the unit cell that
contains 8 atoms by 2� 2� 2, 3� 3� 3, and 4� 4� 4 in
the x, y, and z directions, so that rhombohedral supercells
containing 54, 128, and 250 atoms and cubic supercells
containing 64, 216, and 512 atoms were employed for this
finite-size cell correction. In the same manner, vacancy
formation energies have been investigated so far, and they
have successfully reproduced and explained the vacancy
formation behaviors in many ceramic materials [12–16,29–35].
3. Results and discussion

Results for the finite-size correction for VO with neutral
and charged states are shown in Fig. 2. In this figure,
oxygen-rich atmosphere was considered and ef was set to
Fig. 2. Formation energies of O vacancy in the neutral and charged states

as a function of L�1 (where L is the average interdefect distance).
half of the experimental band gap. For charged defects, it
is found that the formation energies showed almost linear
L�1 dependences as proposed by Leslie and Gillan [29],
and Makov and Payne [13]. This demonstrates the appro-
priateness of the correction model and that the formation
energies can be extrapolated to the dilute (infinite cell-size)
limit using the L�1 dependences obtained by a linear fit.
Corrected values of the charged O vacancy formation
energies under the above condition are 10.3 eV for MgO,
10.1 eV for CaO, 9.1 eV for SrO, and 7.2 eV for BaO.
In the case of the neutral vacancies, it is found that the

dependence on the supercell size is basically very small in
the range of large supercells. However, it is clearly found
that the formation energy of the neutral oxygen vacancy is
largely deviated in the smaller supercells, such as 54 and
128 atoms. This indicates that the supercells around 100
atoms are not enough to describe the defect energetics in
those rock salt-type oxides. From this result, it was found
that the finite-size effects in both neutral and charged
oxygen vacancies are not so significant when several
hundred atom supercells were employed. Thus, the results
obtained by using 512 atom supercells were hereafter used.
Fig. 3 shows the dependence of vacancy formation

energy on Fermi energy at the oxygen-rich limits. The
range of the Fermi energy was set from VBM¼0 eV to the
experimental band gap energies. Defect level induced by
the oxygen vacancy could be described as a cross point of
the charged and neutral lines. For each case, the charged
states that are energetically favorable at a given Fermi
energy are plotted as a solid line. In all MO, the defect
levels induced by the oxygen vacancy are basically located
below the CBM, and the vacancy states for MgO, CaO,
SrO, and BaO are placed 1.97 eV, 1.28 eV, 1.02 eV, and
0.06 eV below the CBM respectively, indicating that the
neutral oxygen vacancy in BaO has potential to act as a
donor, whereas that in MgO cannot be an effective donor.
Dependence of the oxygen vacancy formation energy on

the oxygen chemical potential is shown in Fig. 4. mO at the
oxygen-rich condition was set to 0 eV and mO at the metal
(M)-rich condition corresponds to the terminal points of
plotted lines. Only the result of the neutral oxygen vacancy
is shown because the charged vacancy shows similar ten-
dency. From Fig. 4, it is commonly found that the oxygen
vacancies in MOs are preferably formed in the reduction
atmosphere (lower mO), whereas it is unfavorable in the
oxidization atmosphere. In addition, it is also found that
vacancy formation energies in MgO, CaO, and SrO are
basically similar to each other, around 7.5 eV under the
reduction atmosphere and 13–14 eV under the oxidization
atmosphere, whereas BaO shows lower oxygen vacancy
formation energy than other compounds, around 5.5 eV
under the reduction atmosphere and 11 eV under the oxidiza-
tion atmosphere. This result indicates that the oxygen vacancy
is more abundant in BaO than in MgO, CaO, and SrO.
In order to discuss the reason why BaO shows lower

oxygen vacancy formation energy, atomic displacements
induced by the vacancy formation and the band gaps of



Fig. 3. Formation energies of O vacancy in the neutral and charged states as a function of Fermi energy, eF, where eF was set to 0 at the energy of VBM.

The supercell size is 512 atoms and the energies are for the oxidization limit.

Fig. 4. Formation energies of O vacancy in the neutral states as a

function of O chemical potential, mO, where mO was set to 0 at the

O-rich limit.
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those compounds were compared, because it has been
reported that those values are related to the vacancy
formation energies [10,12,31]. This analysis was performed
by using 512 atom supercells with the charged vacancy
under the oxidization atmosphere and the Fermi energy
was set to half of the experimental band gap, but other
calculation conditions show the same results. Fig. 5(a)
shows the oxygen vacancy formation energies as a function
of the magnitude of atomic displacements induced by the
oxygen vacancy. The absolute values of the atomic dis-
placements were summed up for all atoms in the supercell
and then divided by the number of atoms in the supercell.
Although the values are a little deviated, it is seen that
MgO, CaO, and SrO, which show larger vacancy formation
energy, have smaller atomic displacements, whereas larger
atomic displacements are induced in BaO that shows smaller
formation energy (Fig. 5(a)). This relationship between the
vacancy formation energy and the atomic displacements is
consistent with that in a previous report [31].
Another trend of vacancy formation energy and band

gap is confirmed in Fig. 5(b) where the calculated oxygen
vacancy formation energy is plotted as a function of the
experimental band gap energy. There is a very clear trend
that large band gap materials, MgO, CaO, and SrO, show
larger formation energies and the small band gap material,
BaO, requires smaller formation energy. This relation is
consistent with those in previous studies [10,12].
From this analysis, it can be concluded that the smaller

vacancy formation energy in BaO is caused by the larger
atomic displacements induced by the oxygen vacancy and
the smaller band gap.

4. Summary

In conclusion, we performed the first-principles projec-
tor augmented wave calculations of oxygen vacancy
energetics in rock salt-type oxides MO (M: Mg, Ca, Sr,
and Ba). Examining various sizes of supercells, from 54 to
512 atoms, it was found that the calculation with suffi-
ciently large supercells is indispensable to describe the



Fig. 5. (a) Formation energies of O vacancy in the charged states as a

function of average displacement obtained after lattice relaxation calcula-

tion and (b) formation energies of O vacancy in the charged states as a

function of experimental bandgap energy of each material.
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defect formation energetics of those rock salt-type oxides.
It was found that the oxygen vacancy formation energy in
BaO is lower than those in the other rock salt-type oxides,
while those in MgO, CaO, and SrO are similar to each
other. The vacancy state induced by the oxygen vacancy is
deep in MgO and it becomes closer to CBM in CaO, SrO,
and BaO in that order. From detailed investigations, it was
concluded that the smaller vacancy formation energy in
BaO is caused by the larger atomic displacements induced
by the vacancy formation and the smaller band gap.
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