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Abstract
An oxygen vacancy in a � = 3 (111) [101̄] grain boundary (GB) in SrTiO3

is modelled using DFT plane-wave pseudopotential methods. The formation
energy of the vacancy in the boundary is found to depend on its charge state
and on the electron chemical potential. There is a strong driving force for
segregation when the vacancy is in the charge neutral state and this results in an
electrostatic potential barrier at the GB. The vacancy is found to act as a donor
and the GB becomes n-type. The defect induces small atomic relaxations in an
otherwise highly ordered GB structure.

1. Introduction

Strontium titanate (SrTiO3) is an electroceramic material with a large dielectric constant. At
room temperature it has the cubic perovskite structure with a lattice parameter of 3.905 Å [1].
It is typically used in capacitor devices [2, 3] although recently it has been suggested as a
possible gate dielectric in field effect transistors [4]. The electronic properties of SrTiO3 can
be modified by point defects,dopants and grain boundaries (GBs). Of the point defects, oxygen
vacancies are particularly important since by controlling their concentration it is possible to
alter the conductivity of the material and determine whether it is n- or p-type [5]. The oxygen
vacancy has been identified as an effective donor and its properties have been studied using
various computational methods including empirical, plane-wave pseudopotential and LMTO-
ASA methods [6–10]. One study has shown that the vacancy is most likely to exist in a
charge state of +2 [9]. GBs are also important defects since they are interfaces which act as
regions of high electrical resistance and can be utilized in GB barrier layer capacitors. GBs are
two-dimensional regions of the material which may exhibit changes in atomic coordination,
non-stoichiometry and partially occupied atomic columns. Importantly, there have been
experimental and theoretical studies, focusing mainly on high-angle [001] tilt boundaries [11–
21], which conclude that some GBs contain vacant sites. The electrical properties of such
boundaries have been studied and in one case it has been deduced that the formation of a
potential barrier and pnp-type behaviour in the vicinity of the GB is specifically due to the
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Table 1. The supercells used in the calculations.

Size Cell edge Grain boundary
Shape (atoms) vectors (a0) separation (Å)

Hexagonal 30 [101̄] [1̄10] 2[111] 6.9
40 [101̄] [1̄10] 8/3[111] 9.2
60 [101̄] [1̄10] 4[111] 13.6

120 2[101̄] 2[1̄10] 2[111] 6.9
Tetragonal 40 2[100] 2[010] 2[001] —

presence of oxygen vacancies [20]. Other than this study, very little is known about the
influence of vacancies on the electronic properties of interfaces in strontium titanate or the
energetics of point defect segregation.

In this paper we investigate these properties by studying, using first-principles
computational methods, a model GB system with and without oxygen vacancies. We have
chosen the � = 3 (111) [101̄] tilt boundary since it has been the subject of previous
experimental and theoretical studies [22, 23]. It is also a twin boundary with relatively low
interfacial energy and therefore should be commonly occurring in strontium titanate. The
same boundary structure has been observed in BaTiO3 and also modelled using first-principles
methods [24]. The structure of the boundary is very similar in both materials. In SrTiO3, high-
resolution transmission electron microscopy suggests that the boundary is highly ordered,
mirror symmetric, stoichiometric and has a small volume expansion. The theoretical studies
confirm this and furthermore indicate that the boundary does not exhibit electrical activity.
However, the effect of point defects on the structural and electronic properties was not examined
in these studies. The geometry of the interface is such that the formation energy of the oxygen
vacancy should differ from its value in the bulk. It is also of interest to determine whether the
segregation of an oxygen vacancy to the boundary results in n-type electrical behaviour as it
does for [001] tilt boundaries which have less ordered structures.

2. Grain boundary calculations

2.1. The grain boundary and vacancy models

To model the vacancies and the (111) GB, five different types of periodic supercell were
constructed, four hexagonal and one tetragonal. The hexagonal cells were constructed to
model the GB. Four different sizes were used (see table 1) to gauge the effect of supercell
interactions on the results. In these cells, the basis vectors are expressed in the cubic system
as [101̄], [1̄10] and [111]. These systems are typically tall and narrow in the [111] direction.
For example, the dimensions of the 60-atom hexagonal supercell are 4

√
3a0 along [111] and√

2a0 along [101̄] and [1̄10], where a0 is the lattice parameter of cubic SrTiO3. The tetragonal
cell was constructed to model the oxygen vacancy in the bulk crystal and was constructed from
eight SrTiO3 unit cells in a cubic arrangement, with a small deviation in its lattice parameters
which breaks the ideal cubic symmetry. This model had 40 atoms.

The GBs were formed in the hexagonal supercells by cutting along a (111) plane and
rotating one half of the crystal by 180◦ around the [111] axis. Therefore, because of the
periodic boundary conditions, each supercell contained two equivalent (111) boundaries. The
boundary configuration constructed this way is stoichiometric and highly ordered. Figure 1
shows the relaxed 60-atom stoichiometric GB model obtained after minimization of the total
energy. There are, in fact, two distinct structural variants of the (111) boundary, one in which
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Figure 1. The atomic structure of the � = 3 (111) [101̄] GB in SrTiO3 showing the relaxed
60-atom supercell geometry. The supercell contains two symmetry-related but equivalent GBs
indicated by GB. Note the small dissociation of the Sr–O columns adjacent to the GB plane.

the boundary plane coincides with a Ti layer and another in which the boundary plane coincides
with a Sr–O layer. In this work, only the Sr–O boundary is considered since empirical shell-
model calculations find it to have a lower GB energy and this structure best matches the
observations [22].

The GB vacancies were incorporated into the hexagonal supercells by removing a single
oxygen atom from the core of one of the two GBs in the model. Since all of the oxygen atoms
in the boundary core are equivalent due to the threefold rotational symmetry, the choice is
arbitrary. In the 60-atom model this resulted in the removal of one-third of the oxygen atoms
from the Sr–O boundary layer. Because of the periodic border conditions, the oxygen vacancy
is then separated from its images in the neighbouring cells by ≈√

2a0 = 5.6 Å. In the 120-atom
model the fraction of missing oxygen atoms is 1/12 and the corresponding image separation
is 2

√
2a0 = 11.2 Å. The larger model thus effectively allows the study of an isolated defect

in the GB core although in this case the GBs are closer together than they are in the 60-atom
model. The 30- and 40-atom models were used to check the convergence of the calculations
with respect to GB separation. In all of these models the system was treated as charge neutral.
However, it is known from previous work [9] that the oxygen vacancy prefers to exist in the
+2 charge state in the bulk. Therefore, to probe the different charge states of the vacancy in the
GB, a 119-atom model was constructed in which the supercell was charged in a +1 or +2 state.
In order to determine the formation energies of these charged vacancies, appropriately charged
bulk reference models were also constructed. In the bulk calculations where the supercell is
tetragonal, the image separation of the vacancies is 2a0 = 7.9 Å. Previous calculations using
the local spin density approximation have indicated that the image interactions for this sized
supercell are negligible [9].

In a supercell calculation the energy of an oxygen vacancy in a charge state n can be
written as

Ev = E0
v,n − E0

bulk + nµ(e) + µ(O) + �E (1)
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where E0
v,n is the total energy of the supercell containing the vacancy and having a net charge

of ne, E0
bulk is the total energy of a defect-free supercell and µ(e) and µ(O) are the electron

and oxygen chemical potentials. In addition, a uniform jellium background charge −ne/Vc,
where Vc is the volume of the supercell, is used to compensate for the otherwise diverging
interactions between charged periodic supercells [25]. The final term on the right-hand side of
the equation is a correction for spurious interactions between periodic images. For a charged
cubic supercell containing a point defect this correction can be given as [26]

�E = −q〈�〉 − αq2

2εL
− 2πq

3εVc

∫
�

ρ1(r)r2 dr +
1

2

∫
r′ /∈�

∫
r∈�

ρ1(r
′)ρd(r)

|r′ − r| dr′ dr. (2)

Here ρd is the local distortion of the bulk charge density induced by the defect and ρ1 is ρd

made neutral by subtracting a point charge from it. � denotes the supercell, L is the length of
the supercell, ε is the dielectric constant and α is the Madelung constant. The 〈�〉 term is the
average bulk electrostatic potential and can be evaluated as

−q〈�〉 = E0
bulk,−n − E0

bulk

where E0
bulk,−n is the total energy of the bulk supercell with net charge of q = −ne. All the

other correction terms tend to zero as the supercell size increases. Since our earlier work [9]
indicated that errors caused by image interactions are insignificant for L = 7.9 Å and the model
sizes employed in this study are at least this size, we have only included the q〈�〉 correction
term in the calculations.

To estimate the oxygen chemical potential µ(O), we calculated the energy of an isolated
O2 molecule in a supercell having the same dimensions as the tetragonal 40-atom model. This
enabled the formation energy of the oxygen vacancy (VO) to be estimated for the process
in which oxygen ions diffuse into the atmosphere and recombine into O2 molecules, i.e.
OO → VO + 1

2 O2.
It is noted that the formation energies evaluated in this fashion are only valid at T = 0 K

since no entropy contributions are taken into account. For a fuller thermodynamic treatment of
vacancy formation energies in ordered compounds see [27]. Also, more complicated processes
such as the formation of compensating cation vacancies or interstitials are not considered here
since the work primarily focuses on the difference between formation energies in the bulk
and in the GB. The formation energy of the vacancy at the GB can be calculated by simply
replacing the E0

v,n − E0
bulk terms in equation (1) by terms such as E0

v,gb,n − E0
gb for the GB.

Finally, the GB energy s is defined as

s = (E0
gb − E0

bulk)/2A (3)

where A is the surface area of the GB and the factor of 1/2 accounts for the presence of two
GBs in the supercell.

2.2. Computational methods

The calculations are based on density-functional theory [28] in the generalized gradient spin
density approximation using the Perdew–Wang functional (GGS) and were performed using
the CASTEP software1. The electron–ion interactions are described by Vanderbilt ultrasoft
pseudopotentials [29] which are available with the software and define the number of valence
electrons that are treated explicitly in the calculations. For Sr these are 4s, 4p and 5s states, for
O 2s and 2p states and for Ti 3s,3p, 3d and 4s states. The electron wavefunctions were expanded
in plane waves and the electronic ground state was reached using a conjugate gradients
algorithm [30]. Monkhorst–Pack meshes were used for the Brillouin zone sampling [31].
1 CASTEP 3.9 and 4.2; CERIUS (Accelrys).
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Figure 2. The convergence of GB energy, in-plane supercell dimension and vacancy formation
energy as a function of GB separation in the 30-, 40- and 60-atom models.

The BFGS optimization method [30] was used to find the relaxed atomic structure of
the GB. The 60-atom hexagonal and 40-atom tetragonal models were relaxed in two steps.
First, a lower kinetic energy cut-off and k-point sampling density were used to speed up
the initial stages of the calculation. Then, the space group symmetry of the structure was
analysed and the structure constrained to that symmetry. This enabled a more accurate final
relaxation to be performed using a larger kinetic energy cut-off and higher k-point density
with symmetrized Monkhorst–Pack meshes. The atomic relaxations were found to be small
and even the structures containing vacancies still possessed a significant degree of symmetry.
This procedure permitted a considerable reduction in the absolute number of k-points. For the
60-atom stoichiometric models, a 3 × 3 × 1 mesh was initially used together with a kinetic
energy cut-off Ec = 380 eV. Then the accuracy was increased by using a 4 × 4 × 2 mesh
with Ec = 400 eV. For the 59-atom vacancy model, the same parameters were used except
that the final mesh size was 4 × 4 × 1. For the isolated oxygen vacancy in the tetragonal
supercell a symmetrized 3 × 3 × 3 mesh was used and the kinetic energy cut-off was 400 eV.
For the 30- and 40-atom GB models with and without the vacancy a 4 × 4 × 2 mesh with
Ec = 400 eV was used. For the large 120- and 119-atom models, the 	-point approximation
with Ec = 400 eV was first employed. After the structure was relaxed a single point energy
calculation was performed using a symmetrized 2 × 2 × 2 mesh. No additional atomic
relaxations were carried out due to the computationally intensive nature of these calculations.
In most of the calculations the supercell angles were fixed. The partial densities of states
(PDOSs), Mulliken charges and overlap populations were calculated for the relaxed 60-atom
GB, vacancy and bulk systems using techniques based on projecting the Kohn–Sham plane
wave eigenstates onto a linear combination of atomic orbitals basis set. Whilst the absolute
values of the Mulliken charges depend on the basis set used, the Mulliken charge differences
have significantly weaker basis set dependence and therefore they can be used to analyse charge
transfer effects [32, 33].
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3. Results

3.1. Stoichiometric grain boundaries

The relaxed stoichiometric � = 3 (111) GB structure was found to be highly ordered and
mirror symmetric in agreement with the previous computational studies [22, 23]. The atomic
structure obtained using the 60-atom model is presented in figure 1. In general the atomic
displacements away from the starting geometrical configuration based on the coincidence site
lattice were very small. The most significant displacements occurred normal to the boundary
plane. In the 30- and 60-atom models the Ti plane nearest to the GB moved outwards by 0.21
and 0.19 Å, respectively. The second-nearest plane to the GB, which is a Sr–O plane, tended
to dissociate into separate Sr and O planes. In the 30-atom model, the separation between
these dissociated planes was found to be 0.32 Å with the Sr atoms closer to the boundary. In
the 60-atom model this separation decreased to 0.07 Å indicating better agreement with the
experimental HRTEM results where no separation was observed [22]. The relaxation of atoms
in the plane of the GB was negligible. The displacements are very similar to those found for
the same boundary in BaTiO3 [24]. The calculated GB energies obtained using equation (3) as
a function of system size are plotted in figure 2. The results show that the energies approach a
limiting value as the distance between the two boundaries increases. Interestingly the boundary
energy reduces for very small boundary separations (6.9 Å). However, for the largest boundary
separation considered (13.8 Å, 60-atom model) the energy is considered to be sufficiently well
converged. Figure 2 also shows how the in-plane supercell size and the formation energy of a
charge neutral oxygen vacancy vary with boundary separation. Both of these quantities also
show convergent behaviour. The GB energy calculated for the model with largest boundary
separation was 0.42 J m−2 which is somewhat lower than a previously reported value of
0.52 J m−2 [23]. In addition to investigating the effect of boundary separation on boundary
energy, we also studied the convergence of the energy with respect to k-point density. When
the total energies of different bulk supercells were compared, it was found that the energy
differences between 4 × 4 × 1 and 4 × 4 × 2 Monkhorst–Pack grids were negligible since the
k-point density in the reciprocal [111] direction was large in all cases. Also the GB energies
in the 30- and 120-atom models, where the boundary separation was the same (6.9 Å), were
within 2% of one another.

In order to understand the electronic structure of the GB, the PDOSs were evaluated
and a Mulliken population analysis was performed. The Mulliken charges on atoms for the
bulk system, the stoichiometric GB and the GB containing a charge neutral oxygen vacancy
are presented in table 2. For the stoichiometric GB, the Mulliken charges were found to be
dependent on the distance of the atom from the GB plane. Comparison with the bulk values
reveals some redistribution of valence charge. The Sr atoms, particularly those in the GB plane,
gain valence charge whereas the O atoms in this plane and all of the Ti atoms lose valence
charge. Away from the GB, i.e., in the sixth layer, the charges were found to approach the bulk
values.

The calculated bandgap of the 60-atom bulk system was found to be 1.9 eV which is less
than the experimental value of 3.2 eV [34]. However, this underestimation of the bandgap
is expected when using density functional theory. For the 60-atom GB system the bandgap
reduced slightly to 1.8 eV. The electron density of states of the stoichiometric GB structure was
very similar to that of bulk SrTiO3. Figure 3 shows the PDOS of this structure where it is seen
that the highest valence band consists of O p states and the lowest conduction band consists of
Ti d states and that these states are partially hybridized with each other, as expected. The Ti d–
O p hybridization was further supported by the Mulliken population analysis which indicated
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Table 2. Mulliken charges for bulk SrTiO3, the stoichiometric 60-atom GB model and the GB
model containing a charge neutral oxygen vacancy. The values are presented in units of elementary
charge |e|. The location refers to the Sr–O and Ti atom layers parallel to (111) and to their distance
from the GB. In the case of the non-stoichiometric GB, ‘GB plane’ refers to the GB containing the
oxygen vacancy, whereas ‘2nd GB plane’ refers to the second defect-free GB in the model.

Mulliken charge (e)

Atom Location Stoichiometric GB GB with oxygen vacancy

Sr GB plane 1.90 1.91
2nd layer 1.93 1.93
4th 1.97 1.96
6th 1.97 1.96
8th 1.97 1.96
10th 1.93 1.92
2nd GB plane 1.90 1.89

Sr Bulk SrTiO3 1.96
Ti 1st layer 0.72 0.67

3rd 0.75 0.72
5th 0.71 0.65
7th 0.71 0.68
9th 0.75 0.71
11th 0.72 0.70

Ti Bulk SrTiO3 0.69
O GB plane −1.00 −0.92, −0.92

2nd layer −0.86 −0.81, −0.94, −0.94
4th −0.86 −0.91, −0.89, −0.89
6th −0.91 −0.89, −0.92, −0.92
8th −0.86 −0.87, −0.86, −0.86
10th −0.86 −0.87, −0.88, −0.88
2nd GB plane −1.00 −1.01, −1.02, −1.02

O Bulk SrTiO3 −0.89

partial covalency of the Ti–O bonds. The overlap population was found to be 0.52 in the
bulk structure and 0.49–0.56 in the GB structure. For the bond between the Ti atom adjacent
to the GB plane and the O atom in the GB plane, the overlap population reduced to 0.38.
The projection scheme worked well for the entire Mulliken population analysis, including the
conduction band Ti d states, producing a spilling parameter of <3%.

3.2. Grain boundaries with oxygen vacancies

Figure 2 illustrates the formation energy of the charge neutral vacancy in the GB as a function
of boundary separation in the model. It shows reasonably convergent behaviour and for the
model with the largest boundary separation the formation energy is found to be 4.59 eV. This
compares with a value of 5.42 eV for the same vacancy in the bulk thus indicating a significant
driving force for segregation. The bulk formation energy is somewhat lower than the value
found in a previous study (6.67 eV) [9] probably because of the present use of the generalized
gradient approximation which should treat both the isolated oxygen molecule and the occupied
Ti d orbitals in the model containing the vacancy more accurately. The formation energy of
the vacancy was also calculated at a position midway between the two GBs in the 59-atom
model which had the largest boundary separation and found to be 5.00 eV. This result would
suggest that part of the energy gain in segregating to the boundary is due to vacancy clustering
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Figure 3. The PDOS for bulk SrTiO3 obtained using a 60-atom supercell. For simplicity, only
the Ti d states and O p states are shown. CB and VB denote the conduction and valence bands
respectively.

caused by the periodic boundary conditions. To minimize the image interactions between
neighbouring cells, the vacancy formation energy was calculated in the 119-atom model and
was found to be 4.48 eV. This reinforces the earlier conclusion that oxygen vacancies will
segregate to this boundary which should be a sink for these defects. All of these results apply
to the oxygen vacancy in its charge neutral state. However, as shown in earlier work [9], the
oxygen vacancy in the bulk prefers to have the +2 charge state. It is therefore important to
consider whether charged vacancies also segregate to the boundaries.

To evaluate whether an oxygen vacancy in a non-neutral charge state still segregates to
the GB, its formation energy in the +1 and +2 state was determined using the 119-atom model.
The results are shown in figure 4 together with the corresponding energies for the bulk crystal
using the 39-atom model. The values were determined using equation (1) and are shown
as a function of electron chemical potential. The formation energies are linear in µ(e) and
form sets of lines which intersect at the transition energies between one preferred charge state
and another (e.g. +2/+1). The lowest energies are shown as full lines from which it is seen
that only the +2 charge state and the neutral state are preferred, both in the bulk and in the
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Figure 4. The formation energy of the oxygen vacancy as a function of electron chemical potential
µ(e) for the 39-atom bulk and 119-atom GB systems. µ(e) = 0 refers to the energy of the highest
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Figure 5. A plan view of the (111) GB plane with the neighbouring Ti and Sr–O planes projected
onto it. The oxygen vacancy is labelled (VO) and the arrows indicate schematically the relaxations
of the oxygen atoms in the Sr–O plane.

GB. The +1 charge state is clearly unstable. The energy diagram consists of three regions.
In the low-electron-chemical-potential region, corresponding to strongly p-type conditions
(µ(e) < 0.1 eV), the oxygen vacancy prefers to donate two electrons into the bulk conduction
band and thus become +2 charged. The energy of the +2 charged vacancy is lower in the
bulk than in the GB and thus there is no driving force for segregation. When the electron
chemical potential increases, the GB vacancy prefers to attract electrons from the bulk and
become neutral. The neutral GB vacancy is energetically preferred (µ(e) > 0.2 eV) over the
+2 charged bulk vacancy and there is a driving force for segregation which becomes stronger
as the electron chemical potential increases. Finally, when the electron chemical potential
region increases beyond µ = 0.7 eV, both the bulk and GB vacancies are neutral and the
strong preference for segregation continues. Since only the neutral vacancy binds to the GB
the following discussion focuses on its properties rather than the properties of the charged
vacancy.

The displacements induced by the charge neutral oxygen vacancy in the GB were found
to be relatively small and confined to the two (111) layers on either side of the boundary plane.
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In the 59-atom model, the Ti atoms nearest to the boundary moved outwards by
0.11 Å compared with their position in the stoichiometric structure. In the Sr–O planes nearest
to the boundary the oxygen atoms underwent the largest relaxations. All oxygen atoms in
these planes relax inwards towards the vacant site as shown schematically in figure 5. The
magnitude of these displacements ranged from 0.06 Å for the oxygen atom furthest away from
the vacancy to 0.22 Å for the two oxygen atoms closest to the vacancy.

The relaxations near the vacancy in the 119-atom model were similar to those in the
59-atom model. A small outwards expansion of the Ti plane nearest the non-stoichiometric
boundary was present and the Ti atom nearest to the vacancy relaxed the furthest by 0.3 Å.
Three of the four Sr atoms in the GB plane relaxed slightly (0.17–0.21 Å) away from the vacant
site. The dissociation of the nearest Sr–O plane was again present, the magnitude of which was
about 0.2–0.3 Å, and the Sr atoms were closer to the boundary than the oxygen atoms. The
Sr atoms nearest to the vacancy in this plane behaved differently from the rest as they relaxed
0.2 Å further away from the GB. The two O atoms nearest to the vacancy in this plane had
similar but smaller (0.14 Å) relaxations as was the case in the 59-atom model. The calculation
on the 59-atom model indicated that most of the relaxations took place near the GB core and
the same conclusion can be reached for the vacancy in the 119-atom model.

The electronic properties of the charge neutral oxygen vacancy in the GB were examined
using the 59-atom model by evaluating the PDOS and by performing a Mulliken population
analysis. Examination of the PDOS, which is shown in figure 6, indicates that the oxygen
vacancy causes the lowest conduction levels to become occupied and that these levels originate
from Ti d states which are partially hybridized with O p states. Most of the spin polarization
was found to be localized on the Ti atoms in the bulklike region of the model and near the
second defect-free GB. Some interesting behaviour was also observed in the Ti–O bonding
next to the vacancy. The overlap population of the Ti–O bond opposite the vacant site increased
to 0.73 implying a significant increase in covalency and the Mulliken charge on the oxygen
atom decreased from −0.86 to −0.81 e. In contrast to this, the overlap population for the other
Ti–O bond connected to that atom decreased to 0.30. The remainder of the Ti–O bonds in the
boundary had overlap populations in the range 0.39–0.62 which is spread around the bulk value
of 0.52. Most of the Mulliken charges were found to be close to those of the stoichiometric
boundary model as shown in table 2. Small increases in the valence charge were observed
near the GB containing the vacancy and also in the defect-free boundary in the model.

To further understand the effect of the oxygen vacancy on the electronic properties of the
GB, the electrostatic potential across the supercell normal to the boundary plane was evaluated
for the 59-atom model. The potential was averaged over each (111) plane in the cell and the
results for the stoichiometric boundary and the boundary containing a vacancy are shown in
figure 7. It is seen that the potential across the cell containing the stoichiometric boundary
exhibits small oscillations but is roughly constant. The peaks in the oscillations coincide with
the planes of positively charged Ti ions in the model. On the other hand, the potential near
the non-stoichiometric GB becomes large and positive and this is compensated by a negative
potential in the bulklike region of the model and in the second stoichiometric GB. This result
indicates the formation of an electrostatic potential barrier at the boundary with an oxygen
vacancy. The potential barrier can be interpreted as coming from a layer of ions with positive
net charge which is then screened in the bulk part of the crystal. The formation of a potential
barrier by a positively charged boundary which leads to surrounding space charge layers and
pnp-type behaviour was suggested by Kim et al [20] in their study of a [001] tilt boundary in
SrTiO3. The result observed here is similar to this and the Mulliken charge analysis indicates
the accumulation of a small amount of valence charge near the non-stoichiometric GB. In
figure 7 are also plotted the electrostatic potentials for the 29- and 39-atom systems. Whilst
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Figure 6. The PDOS for the GB containing an oxygen vacancy. For simplicity, only the d states
on the Ti atom adjacent to the boundary plane are shown together with the p states on the O atom
in the boundary plane. CB and VB denote the conduction and valence bands respectively.

the 29-atom system is too small to fully contain the barrier, it is seen that in the 39- and 59-
atom systems the overall shape and height of the barrier are very similar. Therefore barrier
formation is not significantly affected by size effects due to the presence of another GB in
the supercell. However, care must be taken when attempting to generalize this result to more
realistic systems containing impurities, as will be discussed in the next section.

4. Discussion and conclusions

The microscopic properties of an oxygen deficient � = 3 (111) [101̄] GB in SrTiO3 have
been investigated using ab initio computational methods. Except in p-type conditions, the GB
was found to act as a sink for the oxygen vacancy since the formation energy of the point
defect was lower in the boundary than in the bulk. The difference in energy was found to
depend on the electron chemical potential. The atomic relaxations around the vacancy were
small (typically <0.5 Å) and mainly confined to the neighbouring oxygen atoms. Previous
calculations have indicated that the bulk oxygen vacancy acts as an effective donor [9]. At
the GB the neutral vacancy is preferred since there is no driving force for segregation of the
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Figure 7. The electrostatic potential across four different GB supercells normal to the boundary
plane. The potential was averaged over each (111) plane in the cell and presented as a function of
distance from the GB plane. All the supercells, except the one without a vacancy, show a potential
barrier. Note that because of the periodic boundary conditions, two GBs are present in each cell,
one in the centre and one at the end. A positive potential indicates an increase in energy for a
positive test particle. The potential is defined only up to an arbitrary constant.

(This figure is in colour only in the electronic version)

+2 charged vacancy. For the neutral vacancy the lowest hybridized Ti d–O p conduction levels
become occupied. The formation of an electrostatic potential barrier at the non-stoichiometric
GB was also observed.

There have been no direct experimental observations to suggest that oxygen vacancies
may be present in the � = 3 (111) GB. However, to date, the boundary has only been
studied using HRTEM which is not very sensitive to the presence of oxygen. Electron energy-
loss spectroscopy would be a better tool for detecting oxygen at the interface as has been
demonstrated for other GBs in SrTiO3 [20]. Hitherto it has been assumed that the high degree
of order present in the � = 3 boundary would not make it susceptible to vacancy (or impurity)
segregation. The present calculations show that the oxygen vacancy in otherwise pristine
material is attracted to this boundary and can form a potential barrier. However, the following
points should be emphasized. The model studied here is highly simplified. In a real crystal
there would be acceptor species present which are likely to segregate to the GBs. Oxygen
vacancies lead to under-coordinated Ti ions and therefore their presence in the GB may further
encourage the segregation of acceptors to these sites. It is therefore unclear whether the GB in
a realistic bulk environment would be n- or p-type. However, the present results do suggest that
oxygen vacancy segregation to � = 3 (111) GBs in polycrystalline SrTiO3 could affect the
electrical conductivity of the material. The undoped boundary becomes n-type by attracting
oxygen vacancies. This behaviour can be understood by observing that the GB core is highly
bulklike except for the Ti–O bonds and that the oxygen atoms in the boundary are weakly
bound to their lattice sites. The formation of an electrostatic barrier is consistent with n-type
behaviour for undoped oxygen deficient GBs. Further studies are required to investigate the
behaviour of the oxygen vacancies in more general environments such as doped and more
disordered GBs.
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