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Abstract
A density functional plane-wave pseudopotential method is used to study
various � = 5 (001) twist boundary models for strontium titanate. Results
concerning the atom-level geometries and electronic structures are reported.
The structures have varying SrO/TiO2 ratios and their relative stabilities are
discussed in terms of the SrO chemical potential. A twist boundary containing
a Sr–O pair of vacancies is found to be exceptionally stable and have a low
volume expansion and is a possible candidate for showing impurity segregation.

1. Introduction

Strontium titanate (SrTiO3) is an electroceramic material that is often used in grain boundary
barrier layer capacitors. The material has a high dielectric constant, which has been measured
to be about 300 at room temperature [1]. In capacitor devices the polycrystalline material is
doped with various oxide additives, e.g. Nb2O5 or Li2O, in such a way that the grains become
semiconducting and the grain boundaries become insulating. Thus it is important to understand
the grain boundary segregation behaviour of the impurities and their effect on the electronic
properties of the material. To do this, an understanding of the atom-level properties of the
undoped boundaries must first be established. There have been several theoretical studies
of tilt grain boundaries in SrTiO3 including the � = 3 (111) twin boundary [2, 3] and the
� = 5 (210) and (310) symmetric boundaries [4–9]. However, the properties of twist grain
boundaries are poorly understood. In an investigation by Nomura et al [10], a � = 5 (001)
twist boundary was studied using transmission electron microscopy and classical molecular
dynamics. The experimental results showed that the twist boundary was atomistically sharp
and had a periodicity related to the � = 5 coincidence site lattice (CSL). In addition, electrical
conductivity measurements on this boundary together with � = 1 and 13 boundaries showed
that they were electrically active. All the specimens had been doped with 0.05 wt% Nb. The
1 Author to whom any correspondence should be addressed.

0953-8984/02/4913635+07$30.00 © 2002 IOP Publishing Ltd Printed in the UK 13635

http;//stacks.iop.org/JPhysCM/14/13635


13636 R Astala and P D Bristowe

TiO2

SrO

SrO
TiO2

SrO

SrO
TiO2 SrO

TiO2

SrO

TiO2

TiO2

GB GB

SrO
TiO2

SrO

TiO2

TiO2

SrO

SrO
TiO2

SrO
TiO2

SrO

TiO2

TiO2

TiO2

SrO

SrO

SrO
TiO2

Figure 1. The (001) stacking sequences for three possible twist boundary structures having different
local stoichiometries at the interface (GB). The top stack is rotated with respect to the bottom stack
about [001].

computer simulations indicated that for a � = 5 interface bounded by TiO2 and SrO layers,
the energetically preferred structure was characterized by Ti and O ions in coincidence.

In this paper we present a first-principles computational investigation of the � = 5 twist
boundary system which includes structural variants not considered previously. The structures
have different local SrO/TiO2 ratios, in-plane translations and point defect densities. The aim
is to extract a set of possible low-energy structures that can then be used to study impurity
segregation. The work extends our earlier investigation of twist boundaries to include various
stoichiometries and defect complexes [11].

2. Model structures and computational methods

At room temperature, SrTiO3 has the cubic perovskite structure which may be described as an
alternating sequence of SrO and TiO2(001) layers. The � = 5 (001) twist boundary can be
created by dividing the structure along (001) and rotating one half of the crystal with respect
to the other about [001] by 2 tan−1 1/3 = 36.9◦. The resulting boundary structure has in-plane
periodicity along [210] with a repeat distance of

√
5a0, where a0 is the bulk lattice constant.

Three structural variants of the boundary can be defined depending on the layer termination at
the interface. The boundary core can consist of two adjacent TiO2 layers (T–T), two adjacent
SrO layers (S–S) or one SrO layer and one TiO2 layer (S–T). Only the latter structure retains
the crystal stoichiometry. The different stacking possibilities are illustrated in figure 1. Further
structural degrees of freedom include in-plane translations of the stacks and the creation of
point defects. If only in-plane translations are considered, then for each of the three structural
variants of the boundary the stacks can be shifted parallel to the interface to generate a set of
distinct structures within the irreducible unit cell of the displacement shift complete (DSC)
lattice. In this work, only translations corresponding to two high-symmetry points on this unit
cell have been considered, one of which places like ions in coincidence and another which
places unlike ions in coincidence. The former translational state is called the CSL structure
and the latter is called the anti-CSL structure. For the T–T and S–S variants there exist one
CSL and one anti-CSL structure. However, for the S–T variant, there is one CSL and two
anti-CSL structures as shown in figure 2.

The creation of point defects in any of these boundary structures can relieve charge overlap,
initiate reconstructions and allow for the possibility of local volume or density changes. Of
the many defects that could be formed, only two are studied in this work: a Sr–O interstitial
pair in the core of the T–T CSL boundary and a Sr–O vacancy pair in the core of the S–S CSL
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Figure 2. Plan views along [001] showing the seven distinct � = 5 geometries. (a) The TiO2–TiO2
interface, (b) the SrO–SrO interface, (c) the SrO–TiO2 interface. One unit cell of the CSL is shown
in each case.

boundary. For the interstitials, the O ion is placed between the Ti ions on the CSL sites and the
Sr ion is placed on the eightfold-coordinated site separated from the O ion by (1/2)[310]. For
the vacancies, one Sr ion and one O ion are removed from the CSL sites and the two remaining
Sr and O ions are displaced normal to the boundary so as to occupy positions roughly between
the SrO(001) layers at the boundary. The two defect structures are shown in figure 3. Note that
adding or removing a Sr–O pair does not affect the overall charge neutrality of the boundary
and therefore the defects are expected to have relatively low formation energies.

The twist boundaries are modelled using a density functional plane-wave pseudopotential
method [12]. The GGS-PW91 functional is used to approximate the exchange–correlation
energy and the ion cores are represented by Vanderbilt ultrasoft pseudopotentials available in
the Cerius2 software package [13, 14]. Accelrys CASTEP 4.2 software is used to perform
the calculations [13]. The Brillouin zone is sampled using 2 × 2 × 1 Monkhorst–Pack grids
and the electron kinetic energy cut-off is set to 400 eV [15]. The calculations are performed
using supercells and therefore each model contains two equivalent grain boundaries. The T–T
model supercells consist of six TiO2 and four SrO(001) layers while the S–S model supercells
consist of six SrO and four TiO2(001) layers. For the S–T boundaries, supercells consisting of
five SrO and five TiO2 layers are initially relaxed. Then the two structures of lowest energy,
which are the anti-CSL variants, are relaxed using larger supercells consisting of six SrO and
six TiO2 layers. In all cases the lattice parameters and ionic coordinates are allowed to relax
whilst the supercell angles are held fixed at 90◦. In addition, bulk cells of SrTiO3, SrO and
TiO2 (rutile), as well as TiO2-and SrO-terminated (001) surface slab models of SrTiO3 were
relaxed as reference structures.
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Figure 3. Plan views along [001] showing the TiO2–TiO2 CSL interface containing a Sr–O
interstitial pair, and the SrO–SrO CSL interface containing a Sr–O vacancy pair.

Since the different twist boundary variants have different SrO/TiO2 ratios, a comparison
of their relative stabilities is not straightforward. However, the grain boundary energy σ can
be written as a function of the SrO chemical potential µ(SrO) as

σ = Egb − nE0 − mµ(SrO)

2A
(1)

where Egb is the total energy of the supercell containing the grain boundary, E0 is the energy
of a single bulk SrTiO3 unit, n is the number of TiO2 units in the grain boundary model, m is
the number of excess SrO units and A is the grain boundary area. The factor of 1/2 stems from
the presence of two grain boundaries in the supercell. The same expression can be applied to
the grain boundaries containing point defects.

3. Results

The grain boundary energies per unit surface area were calculated using equation (1) and the
results for the most stable structures are presented in figure 4. The slope of each curve indicates
whether the structure is SrO or TiO2 rich. It is seen that for the T–T, S–S and S–T variants
of the � = 5 boundary, the translation states of lowest energy are the T–T anti-CSL, S–S
CSL and S–T anti-CSL structures. All other translation states have higher energy and are
not plotted in figure 4. However, the energies of the defect structures are shown and labelled
Sr–O interstitial for the T–T CSL boundary and Sr–O vacancy for the S–S CSL boundary.
By drawing the envelope of lowest-energy structures (full line), it is seen that the S–T Sr–O
anti-CSL boundary and the S–S CSL vacancy boundary are the preferred structures over a
wide range of SrO chemical potential. The T–T anti-CSL structure is also favoured but only in
a very narrow range of chemical potential before bulk SrTiO3 becomes unstable. The stability
of each boundary with respect to dissociation into free (001) surfaces was also determined
by computing their binding energies. Following our previous work [11], it was found that all
variants of the boundary were stable with respect to dissociation into separate SrO or TiO2

surfaces and had binding energies in the range 0.2–0.8 eV per unit area.
The relaxed structures of the low-energy variants had quite different characteristics.

Figure 5 compares the S–S CSL and T–T anti-CSL structures where it is seen that the former
is clearly more symmetric. The T–T anti-CSL structure exhibits a complicated pattern of
relaxations in which the Ti and O ions attempt to optimize their coordination. The formation
of Ti–O bonds across the boundary results in a relatively compact structure with a local volume
expansion of 0.42 Å. The in-plane repeat distances increase slightly by 1–2%. The S–S CSL
structure, on the other hand, has a larger volume expansion of 0.63 Å with in-plane repeat
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Figure 4. Grain boundary energies per unit area of various structural variants of the � = 5 twist
boundary as a function of the SrO chemical potential. The unit of area is a (1 × 1) surface cell of
SrTiO3. Only the energies of the most stable T–T, S–S and S–T variants are shown. The chemical
potential is scaled relative to bulk SrO and the vertical lines indicate threshold values beyond which
bulk SrTiO3 becomes unstable with respect to dissociation into either bulk SrO or bulk TiO2 (rutile).
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Figure 5. Plan views along [001] showing the relaxed structures of the SrO–SrO CSL interface
and the TiO2–TiO2 anti-CSL interface. The grids indicate the unrelaxed lattice positions.

distances that slightly decrease. In this case the attraction between Sr and O ions across the
boundary is counteracted by the strong repulsion between like ions on the CSL sites. Figure 6
shows a side view along [1̄20] of the relaxed structure of the S–T Sr–O anti-CSL variant. The
SrO and TiO2(001) layers adjacent to the boundary become rumpled and two of the O ions
in the SrO layer are strongly attracted towards the nearby Ti ions on the opposite side of the
boundary. The Ti–O distance for these ions reduces to 1.82 Å whilst the distance to their
original Ti neighbour increases to 2.65 Å. This boundary also has a large volume expansion
of 0.84 Å although the in-plane repeat distances do not change much.

For the defect structures, the interstitial atoms incorporated into the T–T CSL structure
remain very close to their initial positions between the two TiO2(001) layers. These layers
became somewhat rumpled, but complex rearrangements similar to those observed in the T–T
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Figure 6. A side view along [1̄20] parallel to the interface showing the relaxed structure of the
SrO–TiO2 Sr–O anti-CSL boundary. The positions of the Sr–O and O–O coincidence sites are
indicated by dotted lines.

anti-CSL structure do not take place. The Ti–Ti distance across the boundary at the CSL sites
where the O interstitial is located is 3.59 Å compared to 4.08 Å at the other sites. When
the Sr–O vacancy pair is relaxed in the S–S CSL structure, the volume expansion reduces
significantly as the like-ion repulsion at the CSL sites is relieved. The remaining Sr and O
ions at the CSL sites prefer to relax away from their high-symmetry position between the SrO
layers and both of them move towards the same SrO layer. The distance between the O ion
and its Ti neighbour in the next TiO2 layer becomes 1.86–1.90 Å indicating that the O ion has
fully relaxed into the SrO plane.

4. Discussion and conclusions

Various structural variants of the � = 5 (001) twist boundary in SrTiO3 have been studied
using a density functional plane-wave pseudopotential method. The structural variants have
different interfacial stoichiometries and in-plane translations. In addition, the formation of
point defects in the boundary cores has been considered. The results indicate that the S–T
Sr–O anti-CSL, T–T anti-CSL and S–S CSL with vacancy pair are the structures that are
energetically preferred. Complex rearrangements of Ti–O bonds take place at the cores of the
S–T and T–T boundary variants. However, when their electronic structures are analysed, no
mid-gap states in the Kohn–Sham eigenenergy spectrum are observed, implying the absence
of strong electrical activity associated with these boundaries. Even though the incorporation
of a Sr–O interstitial pair into the T–T CSL boundary core is not energetically preferred, the
resulting structure is stable and coherent. This is because the interstitial O ions complete the O
octahedra surrounding the Ti ions at the CSL sites. The formation of a Sr–O vacancy pair in the
core of the S–S CSL boundary reduces the boundary energy and the local volume expansion.
This behaviour stems from the reduction in like-ion repulsion at the CSL sites. Interestingly,
a similar arrangement of vacancies has been found to increase the stability of a � = 5 (001)
twist boundary in NiO [16]. Furthermore, the S–S CSL boundary containing the vacancy pair
has pockets of low valence charge density at its core as shown in figure 7. Therefore this
particular structural variant of the boundary in SrTiO3 appears to be a promising candidate
for use in the study of segregation effects since it has free volume to accommodate impurities
and its electronic structure is sufficiently different from that of the bulk crystal to allow soft
electron-level relaxations to take place.
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Figure 7. The valence charge isosurface at the grain boundary core of the SrO–SrO CSL structure
containing a Sr–O vacancy pair. The structure is viewed along [1̄20] parallel to the interface and the
rectangle indicates the location of the vacancies. The charge density is calculated using a 3 × 3 × 1
Monkhorst–Pack grid. The clouds indicate pockets of low charge density (<0.03 e Å−3).
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and by the UK EPSRC. The resources of the Cambridge University High Performance
Computing Facility have been used to perform the calculations.

References

[1] Neville R C, Hoeneisen B and Mead C A 1972 J. Appl. Phys. 43 2124
[2] Kienzle O, Exner M and Ernst F 1998 Phys. Status Solidi a 166 57
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