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We present a study of the local strain effects associated with vacancy defects in strontium titanate and report
the first calculations of elastic dipole tensors and chemical strains for point defects in perovskites. The com-
bination of local and long-range results will enable determination of x-ray scattering signatures that can be
compared with experiments. We find that the oxygen vacancy possesses a special property—a highly aniso-
tropic elastic dipole tensor which almost vanishes upon averaging over all possible defect orientations. More-
over, through direct comparison with experimental measurements of chemical strain, we place constraints on
the possible defects present in oxygen-poor strontium titanate and introduce a conjecture regarding the nature
of the predominant defect in strontium-poor stoichiometries in samples grown via pulsed laser deposition.
Finally, during the review process, we learned of recent experimental data, from strontium titanate films
deposited via molecular-beam epitaxy, that show good agreement with our calculated value of the chemical
strain associated with strontium vacancies.
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I. INTRODUCTION

Perovskites in general, and strontium titanate in particular,
are some of the most frequently and exhaustively studied
materials in solid-state physics and chemistry. This attention
has largely derived from their diverse and interesting prop-
erties: high piezoelectricity,1 quantum paraelectricity,2,3

ferroelectricity,4–7 uniaxial stress,8 and colossal magneto-
resistance.9,10 Further, the cubic perovskites manifest intrigu-
ing effects of underlying quantum fluctuations, since, al-
though they are comprised of relatively heavy atomic con-
stituents, a number of competing structures are energetically
and structurally similar.11 Characterization of the low-
temperature order parameters of these materials remains an
open and engaging question.12

Strontium titanate is a model perovskite—commonly
available and reflective of many of the above properties of
that material family. Specifically, while strontium titanate is a
wide band-gap insulator at room temperature, it exhibits
semiconductivity at elevated temperatures through doping or
nonstoichiometric composition13,14 and superconductivity at
low temperatures through reduction via addition of
oxygen.15,16 The structural phase diagram of strontium titan-
ate comprises a high-temperature cubic phase and a low-
temperature tetragonal phase, with a transition temperature
near 105 K.17–19 The cubic perovskite structure is particularly
interesting due to the richness of its phase diagram �non-
polar antiferrodistortive to ferroelectric to antiferroelectric
phases�,20,21 to the capacity of these phases to emerge from
miniscule deviations from the cubic lattice and its skeleton of
octahedral oxygens �often through rigid rotations of such�,
and to open questions regarding the types �displacive or
order-disorder� of the transitions among these phases.11

Defects and vacancies play a particularly important role in
the chemistry of perovskites and deserve continued study in
strontium titanate due to the electronic and superconducting

effects of doping as well as their role in the interface region
of heterostructures.22 In the dilute limit, the mechanics of
defects are fully determined by an examination of stress-
strain effects, in particular the elastic dipole tensor, which
motivates this work’s emphasis on such a quantity. Our pre-
sentation of both short-range displacements around a point
defect as well as long-range effects �characterized by the
elastic dipole tensor� allows for the calculation of x-ray scat-
tering signatures. These quantities also enable the prediction
of defect mechanics, such as the behavior of defects within
an externally imposed strain gradient �as present in hetero-
structures�, as well as the ratio of chemical strain to stoichi-
ometric deviation �a direct experimental observable�. Finally,
through comparison of our predictions of chemical strain
with experimental results, we draw a number of important
conclusions regarding the nature of point defects in nonsto-
ichiometric strontium titanate.

II. BACKGROUND

Point defects introduce lattice distortions on both local
and long-range scales. While the short-range distortions must
be described by a potentially large set of atomic displace-
ments, the long-range elastic distortions may be completely
described by a single tensor, the elastic dipole tensor.23

The elastic dipole tensor and its relation to elastic effects
may be understood by the following simple considerations.
Consider to quadratic order the most general expansion of
the free energy per unit volume of a crystal in terms of the
strain �ij �i and j refer to coordinate axes� and the number of
defects per unit volume nd,

f��ij,nd� = f0 + nd Ed + 1
2 nd

2 Edd + 1
2�

ijkl

Cijkl�ij�kl − nd�
ij

�ijGij .

�1�

The Taylor expansion coefficients Ed, Edd, Cijkl, and Gij are,
respectively, the defect formation energy, an average interde-
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fect interaction energy, the components of the elastic stiff-
ness tensor of the material, and the components of the elastic
dipole tensor of the defects. The negative derivative of the
free energy �1� with respect to strain then gives the stress,

−
� f

��ij
� �ij = − �

kl

Cijkl�kl + ndGij . �2�

To isolate the elastic dipole tensor, we can consider the
rate of change of the stress in the crystal per unit concentra-
tion of defects, while holding strain fixed, that is, under
strain control. Although challenging experimentally, strain
control is quite convenient computationally since it corre-
sponds to performing calculations with fixed lattice vectors.
This derivative thus gives the elastic dipole tensor G directly,

� ��ij

�nd
�

�

= Gij , �3�

so that positive diagonal components of G indicate that the
presence of defects tends to expand the crystal along the
corresponding directions.

Alternatively, we can also consider the derivative of the
strain in the crystal per unit concentration of defects under
stress or load control �holding stress fixed�. While stress con-
trol is computationally more complicated than strain control,
it is the most common experimental situation. Under experi-
mental conditions, the crystalline lattice vectors relax such
that there is essentially zero stress �under normal laboratory
conditions, atmospheric pressure corresponds to a negligible
stress�. This criterion allows the relation of strain to a newly
defined quantity, �,

� ��ij

�nd
�

�

= �
kl

SijklGkl � �ij , �4�

where S, the elastic compliance tensor, is the inverse of the
elastic stiffness tensor C, and � is defined as the defect-
strain tensor, which is the strain per unit defect concentra-
tion induced in a crystal at fixed stress.

Relying upon the above derivations, the numerical calcu-
lation of the elastic dipole tensor G is straightforward. We
compute the stress induced with the introduction of a single
defect in a supercell �maintaining fixed lattice vectors, but
allowing relaxation of the atomic coordinates�. From Eq. �3�,
this yields

Gij = 1
nd

��ij
d − �ij� = V���ij , �5�

where �d and � are the stresses with and without the defect
in the cell, respectively, and V� is the supercell volume. Once
G is known, � may also be computed directly from Eq. �4�.
As a practical matter, we note that in this approach, the lat-
tice vectors need not be those of a fully relaxed bulk crystal,
provided the strain is small and kept fixed.

Experimental works often report the variations in chemi-
cal strain, the strain due to the presence of defects, with
respect to stoichiometric deviations in the crystalline chemi-
cal formula. From the above considerations, the chemical
strain is �c�nd�. Deviations in stoichiometry specify the
number of defects per chemical unit, �, so that, in this con-

text, the concentration of defects per unit volume is nd
=� /Vc, where Vc is the volume of the chemical unit. These
two relations then immediately provide the chemical strain
as proportional to this stoichiometric defect deviation, �,

�c = � �

Vc
�� . �6�

Experimentally, one does not generally obtain a full tensor
for �c but, instead, an average over all equivalent defect ori-
entations which restore the symmetry of the underlying crys-
tal. In cubic crystals, one measures a scalar �c which corre-
sponds to the mean diagonal component of �c.

III. METHODS

To simulate strontium titanate, we employ a shell-
potential model24 parameterized for strontium titanate.25

Shell-potential models are formulated as an extension to
ionic pair potentials and employed to capture the polarizabil-
ity of the atomic constituents. The shell model separates each
ion into two parts, a core and an outer shell, which possess
individual charges that sum to the nominal charge of the ion.
The total model potential U consists of three terms,

U � UP + UC + UB, �7�

representing, respectively, the polarizability of the ions and
the Coulomb and short-range interactions among the ions.
The polarizability is captured by harmonic springs connect-
ing the core and shell of each ion, so that UP has the form,

UP = 1
2�

i

ki��ri�2, �8�

where ��ri� is the core-shell separation for ion i and the ki are
a set of ion-specific spring constants. The Coulomb contri-
butions take the form,

UC = 1
2�

i,j

�kcqiqj

rij
, �9�

where i and j range over all cores and shells �excluding
terms where i and j refer to the same ion�, qi and qj are the
corresponding charges, rij is the distance between the charge
centers, and kc is Coulomb’s constant. We compute this Cou-
lombic interaction26 using a Particle Mesh Ewald
algorithm27–29 with all real-space pair-potential terms com-
puted out to a fixed cutoff distance using neighbor tables.
Finally, the short-range interactions are included through a
sum of Buckingham30 pair potentials �which can be viewed
as combinations of Born-Mayer31 and Lennard-Jones32 po-
tentials� of the form,

UB = 1
2�

i,j
�Aije

−rij/�ij − Cijrij
−6� , �10�

where i and j range over all shells and Aij, �ij, and Cij are
pair-specific adjustable parameters. Here, the first term
�Born-Mayer� serves as a repulsive short-range interaction to
respect the Pauli exclusion principle, and the second term
�Lennard-Jones� models the dispersion or van der Waals
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interactions.33 The specific electrostatic and short-range
shell-model parameters used in this study were fit to stron-
tium titanate by Akhtar et al.,25 with values as listed in
Tables I and II. Finally, we wish to emphasize again, as it is
rarely mentioned explicitly in the shell-potential literature,
that the pair-potential terms in UB apply to the shells only,
and not to the cores.

Shell models have been extensively used for decades as
the primary empirical potential for modeling perovskites and
other oxides.34,35 We tested the correctness of our coded
implementation of this potential through comparisons of lat-
tice constants and elastic moduli and find excellent agree-
ment. For instance, using the same shell potential and
ground-state structure, we predict a lattice constant for cubic
strontium titanate of 3.881 Å, which is within 0.3% of the
value calculated by Akhtar et al.25 For the elastic moduli, we
find C11=306.9 GPa, C12=138.7 GPa, and C44=138.8
GPa, which are within 1.8%, 1.0%, and 0.7%, respectively,
of the values from Akhtar et al.25 From this, we conclude
that our implementation of the potential is correct.

We further note that the static dielectric constant of
216.99, as calculated by Akhtar et al.25 for the same param-
eter set as our shell potential, is 28% lower than the experi-
mental value for strontium titanate of 301.00, a level of
agreement typical of results from empirical potentials. As
Gillan36,37 and Stoneham38 discuss, there exists an important
electrostriction effect whereby the tendency of the crystal to
screen electric fields impacts the elastic dipole tensor. �Note
that this effect scales as 1−�−1, where � is the static dielec-
tric constant.37� Given the high dielectric constant of stron-
tium titanate, this screening is nearly perfect in both the ac-
tual experiment and our model case; therefore, we expect
that this effect is captured well in our calculations below,
despite our relatively large fractional error in the static di-
electric constant.

As is well known, strontium titanate has a large number of
similar, competing ground-state structures.20 We should em-
phasize, at this point, that the main quantities of interest to

this study, either local atomic displacements or the elastic
dipole and defect-strain tensors 	from Eqs. �3�–�5�
, are all
defined as defect-induced changes relative to the bulk struc-
ture and so are likely quite insensitive to which of the com-
peting structures are used to represent the bulk.

Accordingly, we have carried out what we regard as a
thorough, but not exhaustive, search for a probable ground-
state structure. Indeed, we have found no alternative struc-
ture which relaxes to an energy less than our candidate
ground-state structure within our potential. We performed
quenches on hundreds of random displacements from the
idealized positions of the 1	1	1 primitive unit cell to ex-
plore various potential reconstructions for supercells up to
6	6	6. We also considered a number of highly ordered,
human-inspired configurations commensurate with the anti-
ferrodistortive disordering that is observed experi-
mentally39,40 and predicted theoretically.20,41,42 Among those
minima which we explored, we selected the lowest-energy
configuration to serve as the bulk crystalline state throughout
this study. This configuration possesses a fairly regular pat-
tern, namely, each oxygen octahedron rotates slightly along

	111
 �trigonal� directions in an alternating three-
dimensional 2	2	2 checkerboard pattern. To aid in visu-
alizing this reconstruction, Fig. 1 depicts the atomic structure
of reference nonreconstructed cubic strontium titanate, with
the oxygen octahedra lattice indicative of perovskite materi-
als.

We investigated five defects in strontium titanate: the oxy-
gen, strontium, and titanium vacancies and the strontium-
oxygen and titanium-oxygen divacancies. Since the octahe-
dra rotations break the original crystalline symmetry and
generate a set of different symmetry-related reconstructions,
each of these five defects can be situated in multiple equiva-
lent sites within each reconstruction.

Even well below room temperature, strontium titanate
shows local fluctuations among the possible reconstructions.
Thus, in addition to raw results for a specific realization of
each defect in a given reconstruction, we also report results
for each defect averaged over all possible reconstructions for

TABLE I. Electrostatic shell-model potential parameters for
strontium titanate 	from Akhtar et al. �Ref. 25�
.

Ion
Shell

charge �e�
Core

charge �e�
Spring constant

�eV Å−2�

Sr2+ 1.526 0.474 11.406

Ti4+ −35.863 39.863 65974.0

O2− −2.389 0.389 18.41

TABLE II. Short-range shell-model potential parameters for
strontium titanate 	from Akhtar et al. �Ref. 25�
.

Interaction
A

�eV�
�

�Å�
C

�eV Å6�

Sr2+⇔O2− 776.84 0.35867 0.0

Ti4+⇔O2− 877.20 0.38096 9.0

O2−⇔O2− 22764.3 0.1490 43.0

FIG. 1. �Color online� Atomic structure of nonreconstructed cu-
bic strontium titanate: oxygen octahedra surrounding titanium at-
oms �blue or dark gray diamonds�, with strontium atoms �green or
gray square� outside the octahedra and equidistant from the titanium
sites.
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a given orientation of the defect. The strontium and titanium
vacancies do not select a specific direction and, thus, this
averaging represents the full cubic crystalline symmetry
group; their respective tensors therefore are always diagonal
with cubic symmetry. The other defects do select specific
crystalline directions, which must be specified when report-
ing the corresponding defect tensors. We thus reconstruction-
ally average these latter defect tensors using either symmetry
arguments or explicit calculations with different reconstruc-
tions, as appropriate. Finally, with a view to chemical strain
measurements in macroscopic samples, we also report final
averages over all defect orientations.

In the case of the oxygen vacancy, the oxygen sits be-
tween two unique nearest-neighbor titanium atoms, thus
uniquely distinguishing the Ti-VO-Ti direction, which we de-
fine as 	100
, among the three cubic axes. Next, the titanium-
oxygen divacancy selects a unique VTi-VO direction, which

we define as 	1̄00
, directed from the titanium site toward the
oxygen site. Finally, the strontium-oxygen divacancy selects

a unique VSr-VO direction, which we define as 	11̄0
, di-
rected from the strontium toward the oxygen site. Once the
reconstructional averaging is accomplished, the average over
defect orientations requires generation of the crystal’s re-
sponse to all different possible orientations �three for the
oxygen vacancies, six for the titanium-oxygen divacancy,
and twelve for the strontium-oxygen divacancy� and restores
full cubic symmetry.

To obtain the results in Sec. IV, each of these defects was
placed within the bulk-reconstructed strontium titanate su-
percell, with cubic symmetry as experimentally observed for
T�105 K,17–19 and then relaxed via the technique of pre-
conditioned conjugate gradient minimization43 �specifically,
the Polak-Ribière44 method� to find the minimal energy con-
figuration �to within �1 �eV�. Supercell convergence stud-
ies examined all five defects in cells containing up to 13 720
atoms and verified that such defects were sufficiently sepa-
rated so that interactions across periodic supercell boundaries
were negligible.45 The final relaxed atomic configurations in
the largest cells �14	14	14� provide the local strain fields
which we report below for each defect. To determine the
long-range strain fields, we compute the elastic dipole tensor
G through the prescription described in Eq. �5� above;
namely, we calculate the stress induced by the introduction
of a single defect in the supercell, holding the lattice vectors
fixed while allowing the atomic coordinates to relax.

IV. RESULTS

For a series of important and fundamental strontium titan-
ate defects, we examine both the elastic dipole and defect-
strain tensors, as introduced in Sec. II, as well as the local
strains surrounding each defect. This section first examines
the role of the oxygen vacancy as a case study of a defect in
strontium titanate. Subsequently, the results for the same set
of studies are presented for four other point defects in stron-
tium titanate: strontium and titanium vacancies and
strontium-oxygen and titanium-oxygen divacancies. Section
V continues with more general implications of our results.

A. Oxygen vacancy

As described above, there are three distinct orientations
for the oxygen vacancy as defined by the Ti-VO-Ti direction.
Moreover, because of the reconstruction, there are in fact two
distinct classes of site within each possible orientation. As
one moves in the positive sense of direction along the
Ti-VO-Ti axis, these sites are distinguished by whether the
rotation of the octahedra surrounding the two titanium sites
changes from positive to negative or from negative to posi-
tive �in the right-hand sense about the +	111
 direction�. Be-
low, we report results for the latter type of site.

We first examine the elastic dipole tensor computed ac-
cording to Eq. �5�. To explore convergence, we compute the
dipole tensor components in supercells of sizes 2	2	2,4
	4	4, . . . ,14	14	14, containing between 40 and 13 720
atoms with defect separations between �8 and �54 Å.

Figure 2 depicts the convergence of the diagonal compo-
nents of the elastic dipole tensor as a function of inverse
linear dimension of the supercell. The linear behavior in the
figure for large cells indicates that this quantity converges in
the same way as the Coulomb interaction between defects
and allows extrapolation of the fully converged value for
these components in an infinite supercell. We observe exactly
the same linear behavior with inverse linear dimension of
cell for the convergence of the off-diagonal components of
the dipole tensor. A linear fit to the data, for all tensor com-
ponents for cell sizes in the range exhibiting linear behavior
�6	6	6 through 14	14	14�, yields the elastic dipole
tensor, extrapolated to infinite cell size, for this oxygen va-
cancy in strontium titanate,

GO = � 4.53 − 3.11 − 3.11

− 3.11 − 2.13 1.06

− 3.11 1.06 − 2.13
 eV.

As described above in Sec. III, at finite temperatures �T
�105 K�, local fluctuations in the reconstruction make it
appropriate to average this tensor over all reconstructions.
The result is to eliminate the off-diagonal components, leav-
ing the reconstructionally averaged elastic dipole tensor,

GO = �4.53 0.00 0.00

0.00 − 2.13 0.00

0.00 0.00 − 2.13
 eV.

Since the underlying, nondefected, crystal is now cubic, we
can readily apply Eq. �4� to GO to obtain the reconstruction-
ally averaged defect-strain tensor,

�O = �16.33 0.00 0.00

0.00 − 8.05 0.00

0.00 0.00 − 8.05
 Å3.

The above results indicate that the oxygen vacancy tends
to cause the crystal to expand along the Ti-VO-Ti direction
and to contract along the two orthogonal directions by an
amount which results in negligible net volume change in the
crystal. When the above tensor is averaged over all defect
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orientations �permutations of the three coordinate axes�, the
result is near perfect cancellation, resulting in a constant ten-
sor �multiple of the identity� with a uniform chemical strain
per unit defect concentration of +0.07 Å3. This corresponds
to a ratio of chemical strain �c to the deviation from stoichi-
ometry � in SrTiO3−� of �c /�=+0.001, indicating a very
slight tendency for the crystal to expand due to the presence
of oxygen vacancies.

Following Fig. 3, we now examine the local strain of this
system after reconstructional averaging. We note that the re-
moval of the oxygen ion, with a nominal charge of −2,
leaves an effective local positive environment in the location
of the vacancy. We should expect pronounced Coulombic
response to this environment in the form of local crystal
polarization. Indeed, the nearest neighbors of the oxygen va-
cancy, the two titanium atoms, now move directly away from
the vacancy on the precise vector connecting them, by
0.21 Å. The next-nearest neighbors are the eight oxygens
comprised of two equidistant rings of four oxygens each,
each of which move 0.21 Å toward the vacancy �0.19 Å
along ê1 with remaining projection of 0.08 Å either along ê2
or ê3 as dictated by symmetry�, and one ring of four stron-
tium atoms, each of which moves 0.10 Å directly away from
the vacancy. The third shell of neighbors, a set of six oxy-
gens, each one lattice constant away from the vacancy along
the three lattice directions in the crystal, moves different
amounts depending upon the vector; the two oxygens along
the Ti-VO-Ti direction move 0.06 Å directly away from the
vacancy �pushed sterically by the second-shell titanium at-
oms�, while the other four oxygens move by a negligible
amount �only 0.01 Å�. While the fourth shell of neighbors, a
set of eight titanium atoms at a distance �5 /2a� from the
vacancy, moves negligibly, the fifth shell of neighbors �six-
teen oxygen and eight equidistant strontium atoms� shows
significant movement in the strontium atoms of 0.15 Å away
from the vacancy �0.08 Å along ê1 with remaining projec-
tions of 0.09 Å along both ê2 and ê3�, even though the oxy-
gen atoms move a negligible amount. Finally, in the sixth
shell of neighbors, a set of twelve oxygen atoms, eight oxy-
gens �those not in the plane containing the defect and per-
pendicular to ê1� move 0.10 Å toward the vacancy �0.02 Å

along ê1 with remaining projection of 0.10 Å either along ê2
or ê3 as dictated by the symmetry�, while four others �those
in the plane perpendicular to ê1� move a negligible amount.
All other atoms in the crystal move less than 0.06 Å.

Finally, we would like to comment on the relation be-
tween local strains and defect tensors. We observe that the
direction of motion of the near-neighboring atoms often cor-
relates with the far-field motion described by the defect-
strain tensor. In this case, in the first and second shells, we
see a general pattern of movement which is away from the
defect along ê1 and toward the defect in the other two direc-
tions, consistent with the signs in the long-range defect-strain
tensor.

B. Strontium vacancy

We now repeat the above procedures to obtain similar
results for the strontium vacancy. As described above, the
strontium-vacancy site defines no unique direction and re-
constructional averaging recovers the full cubic symmetry
group. For any realization of the reconstruction there are in
fact two distinct types of strontium sites. Each such site sits
at the center of a cube with oxygen octahedra at the corners
with alternating signs of rotations. The results reported be-
low, prior to reconstructional averaging, correspond to the
site in which the rotation at the 	111
 corner is positive.

For the elastic dipole tensor we find

GSr = � 2.08 − 0.23 − 0.23

− 0.23 2.08 − 0.23

− 0.23 − 0.23 2.08
 eV,

where Fig. 4 shows the convergence of the diagonal elements
of the above tensor. Performing the reconstructional average
gives
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FIG. 2. �Color online� Diagonal components of elastic dipole
tensor for oxygen vacancy in strontium titanate. Data show linear
convergence with inverse linear dimension of supercell size. FIG. 3. �Color online� Local strain pattern for oxygen vacancy

in the ê1ê2 plane of strontium titanate: titanium atoms �blue or dark
gray diamonds�, oxygen atoms �red or gray circles�, oxygen va-
cancy �light red or light gray circle�. Atomic displacements exag-
gerated by a factor of three for clarity �arrows�, displayed for sig-
nificant in-plane displacements �0.1 Å� only.
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GSr = �2.08 0.00 0.00

0.00 2.08 0.00

0.00 0.00 2.08
 eV,

with a corresponding defect-strain tensor,

�Sr = �1.78 0.00 0.00

0.00 1.78 0.00

0.00 0.00 1.78
 Å3.

This result expresses the tendency of the crystal to expand
due to the strontium vacancy, by an amount significantly
greater than the net effect of the oxygen vacancy. Since the
original defect defines no unique direction, no orientational
averaging is necessary, and we find a ratio of chemical strain
�c to the deviation from stoichiometry � in Sr1−�TiO3 of
�c /�=+0.030, indicating a tendency for the crystal to expand
due to the presence of strontium vacancies.

We now examine the local strains around such a strontium
vacancy after reconstructional averaging �Fig. 5�. Twelve
oxygen atoms �three in each of four neighboring octahedra�
are nearest neighbors to the strontium vacancy; these twelve
atoms all move directly away from the vacancy by a distance
of 0.15 Å. The next-nearest neighbors are the eight titanium
atoms in each of the surrounding octahedra, each of which
moves 0.09 Å directly toward the strontium vacancy. All
other atoms move less than 0.08 Å.

In this case, as expected, both the defect-strain tensor and
the local strain displacements are symmetric after reconstruc-
tional averaging. The nearest-neighbor displacement shows
an expansion in all directions, similar to the defect-strain
tensor. The next-nearest neighbors, which have an opposite
charge from that of the nearest neighbors, move in the oppo-
site direction, reinforcing that there is no simple connection
between local displacements and far-field strain patterns.

C. Titanium vacancy

The titanium vacancy site also defines no unique direction
in the ideal crystal, and the reconstructional averaging re-

stores the full cubic symmetry. For any realization of the
reconstruction there are, in fact, two distinct types of tita-
nium site. Each such site sits at the center of an octahedron
with either positive or negative signs of the rotations relative
to the +	111
 axis. The results reported below, prior to re-
constructional averaging, correspond to the site in which the
rotation is positive.

We first report our results for the elastic dipole tensor,

GTi = � 28.08 − 0.70 − 0.70

− 0.70 28.08 − 0.70

− 0.70 − 0.70 28.08
 eV,

where Fig. 6 shows the convergence of the diagonal elements
of the above tensor. The reconstructional average is then

GTi = �28.08 0.00 0.00

0.00 28.08 0.00

0.00 0.00 28.08
 eV,

with defect-strain tensor,

�Ti = �23.92 0.00 0.00

0.00 23.92 0.00

0.00 0.00 23.92
 Å3.

This defect-strain tensor expresses the tendency of the crystal
to expand due to the titanium vacancy—a significantly
greater amount even than that of the strontium. Again, since
the original defect defines no unique direction, no orienta-
tional averaging over defect types is necessary. Finally, we
report a ratio of chemical strain �c to the deviation from
stoichiometry � in SrTi1−�O3 of �c /�=+0.402, indicating a
significant tendency for the crystal to expand due to the pres-
ence of titanium vacancies.
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FIG. 4. �Color online� Diagonal components of elastic dipole
tensor for strontium vacancy in strontium titanate. Data show linear
convergence with inverse linear dimension of supercell size. FIG. 5. �Color online� Local strain pattern for strontium vacancy

in the ê1ê2 plane of strontium titanate: strontium atoms �green or
gray squares�, oxygen atoms �red or gray circles�, strontium va-
cancy �light green or light gray square�. Atomic displacements ex-
aggerated by a factor of three for clarity �arrows�, displayed for
significant in-plane displacements �0.1 Å� only.
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As depicted in Fig. 7, we now describe the local strain
effects on the atoms surrounding the titanium vacancy. The
nearest neighbors are six surrounding oxygen atoms which
move 0.22 Å directly away from the titanium vacancy. The
next-nearest neighbors are the eight surrounding strontium
atoms along the body diagonals from the titanium vacancies;
these strontium atoms move the very significant distance of
0.52 Å directly toward the titanium vacancy. The third shell
is made up of six titanium atoms separated by a lattice con-
stant from the vacancy along all three directions �positive
and negative�; all of these titanium atoms move 0.09 Å di-
rectly away from the titanium vacancy. Finally, the fourth
shell of atoms is comprised of twenty-four oxygen atoms,
arranged as six groups of four oxygens, each in a diamond-
shape with its center one lattice coordinate away from the
titanium vacancy in each lattice direction. These oxygens
each move 0.08 Å away from the vacancy �0.08 Å along
the vector separating the diamond-group from the vacancy,
and 0.03 Å along either of the two other directions, so as to
cause the diamond-group to spread outward�. All other atoms
in the crystal move less than 0.07 Å.

We again observe connections between the reconstruc-
tionally averaged local displacements and the far-field
defect-strain tensor which have similar symmetry. In this
case of the titanium vacancy, the nearest-neighbor atoms are
displaced away from the vacancy, showing the same behav-
ior as the defect-strain tensor. Interestingly, however, the
next-nearest neighbors, which move toward the titanium va-
cancy, actually have more than twice the displacement of the
nearest neighbors. So here we observe that the far-field strain
does not correlate with the largest magnitude displacement,
but instead with that of the nearest-neighbor atoms.

D. Strontium-oxygen divacancy

As described above in Sec. III, there are twelve distinct
orientations for the strontium-oxygen divacancy as defined
by the VSr-VO direction. For any realization of the recon-
struction there are in fact two distinct types of strontium-
oxygen sites. Each such strontium site sits at the center of a

cube with oxygen octahedra at the corners with alternating
signs of rotations. The results reported below, prior to recon-

structional averaging, correspond to the 	11̄0
 defect with
negative sense of rotation for the octahedron at the 	111

corner.

The elastic dipole tensor for this defect is

GSrO = �− 4.62 3.00 − 2.28

3.00 − 4.62 − 2.28

− 2.28 − 2.28 6.95
 eV,

where Fig. 8 shows the convergence of the diagonal elements
of the above tensor.

The reconstructional average is then

GSrO = �− 3.00 1.78 0.00

1.78 − 3.00 0.00

0.00 0.00 4.27
 eV,

with defect-strain tensor,

�SrO = �− 9.37 2.14 0.00

2.14 − 9.37 0.00

0.00 0.00 17.25
 Å3.

This defect-strain tensor expresses a slight tendency of the
crystal to contract due to the strontium-oxygen divacancy.
The lower symmetry of this defect, with its orientation along
a diagonal, leads to remaining off-diagonal elements even
after reconstructional averaging. However, when the above
tensor is averaged over all twelve defect orientations, the
result is a constant tensor with a uniform chemical strain per
unit concentration of defect of −0.50 Å3. This corresponds
to a ratio of chemical strain �c to the deviation from stoichi-
ometry � in Sr1−�TiO3−� of �c /�=−0.008, indicating a ten-
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FIG. 6. �Color online� Diagonal components of elastic dipole
tensor for titanium vacancy in strontium titanate. Data show linear
convergence with inverse linear dimension of supercell size. FIG. 7. �Color online� Local strain pattern for titanium vacancy

in the ê1ê2 plane of strontium titanate: titanium atoms �blue or dark
gray diamonds�, oxygen atoms �red or gray circles�, titanium va-
cancy �light blue or light gray diamond�. Atomic displacements
exaggerated by a factor of three for clarity �arrows�, displayed for
significant in-plane displacements �0.1 Å� only.
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dency for the crystal to contract due to the presence of
strontium-oxygen divacancies.

Referring to Fig. 9, we now examine the local displace-
ments after reconstructional averaging. The situation with
this divacancy is more complicated than that of earlier iso-
lated atomic vacancies, leading us to characterize the atomic
displacements with respect to each independent missing
atom in the strontium-oxygen divacancy. The first shell is
comprised of the eleven remaining oxygen atoms that are
nearest neighbors of the strontium vacancy. This strontium
vacancy would normally have twelve neighboring oxygen
atoms forming three squares in the three planes, each com-
prised of four atoms centered around the strontium vacancy;
however, one of these oxygen atoms is missing to form the
divacancy. The four oxygens, which are farthest from the
oxygen vacancy but not in the same square as the oxygen
vacancy, all move away from the strontium vacancy by
0.14 Å �0.10 Å along ê3, and 0.09 Å along either ê1 or ê2,
depending upon symmetry, with 0.004 Å along the opposite
vector, chosen such that most of each displacement is within
the plane of squares to which that oxygen belongs�. The four
oxygens that are closest to the oxygen vacancy and still not
in the same square as the oxygen vacancy also move as a
group. These oxygen atoms all move away from the stron-
tium vacancy by 0.11 Å �0.05 Å along ê3, and 0.09 Å
along either ê1 or ê2, depending upon symmetry, with
0.05 Å along the opposite vector, chosen such that more of
each displacement is within the plane of the square to which
that oxygen belongs�. The two oxygens, in the same square
as the oxygen vacancy and closer to such vacancy, are dis-
placed away from the defect, in that plane, by 0.12 Å
�0.12 Å along either ê1 or ê2, and 0.04 Å along the opposite
vector, chosen to ensure that the displacement maximizes its
overall movement away from the remaining oxygen in this
square�. The final oxygen atom is also in the same square as
the oxygen vacancy, but is the farthest atom from the va-
cancy in this square; it is displaced directly away from the
defect in that plane by 0.14 Å. Also included in the first
shell are the remaining oxygen atoms that are nearest neigh-
bors to the missing oxygen vacancy. That oxygen vacancy,

part of two oxygen octahedra, has eight neighboring oxy-
gens, four in each octahedron; of those eight oxygens, the
four closest to the strontium vacancy have already been con-
sidered as part of the nearest neighbors to the missing stron-
tium atom. The remaining four oxygen atoms in the other
octahedron, farthest from the strontium vacancy, move the
appreciable distance of 0.33 Å toward the vector connecting
the strontium and oxygen vacancies �0.30 Å along ê3, and
0.11 Å along either ê1 or ê2, depending upon symmetry,
with 0.005 Å along the opposite vector, chosen such that
most of each displacement in the ê1ê2 plane is toward the
oxygen vacancy�. Finally, this first shell also includes the
three strontium atoms �the fourth is itself missing� nearest
the oxygen vacancy. The one strontium atom farthest from
the strontium vacancy moves directly toward the oxygen va-
cancy by 0.03 Å �0.02 Å along both ê1 and ê2�. The other
two strontium atoms move away from the oxygen vacancy
by 0.10 Å �0.10 Å along either ê1 or ê2, depending upon
symmetry, with 0.04 Å along the opposite vector, chosen
such that the displacement maximizes the distances of these
strontium atoms from the strontium vacancy�.

The second shell is comprised of the eight titanium atoms
that are the nearest neighbors to the missing strontium atom.
Two of these nearest-neighboring titanium atoms, which
could alternatively have been categorized as the nearest-
neighboring shell of atoms from the oxygen vacancy, move
away from the strontium vacancy �as well as the oxygen
vacancy� by 0.19 Å �0.19 Å away from the vacancies along
ê3, and 0.03 Å toward the strontium vacancy along both ê1
and ê2�. Two other nearest-neighbor titanium atoms, those
that are furthest from the oxygen vacancy among these eight
titanium atoms, move 0.09 Å toward the strontium vacancy
�0.06 Å along ê3, and 0.05 Å along both ê1 and ê2�. The
final four of these eight nearest-neighbor titanium atoms
move toward the vacancies by 0.11 Å �0.05 Å along ê3, and
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FIG. 8. �Color online� Diagonal components of elastic dipole
tensor for strontium-oxygen divacancy in strontium titanate. Data
show linear convergence with inverse linear dimension of supercell
size.

FIG. 9. �Color online� Local strain pattern for strontium-oxygen
divacancy in the ê1ê2 plane of strontium titanate: strontium atoms
�green or gray squares�, oxygen atoms �red or gray circles�, stron-
tium vacancy �light green or light gray square�, oxygen vacancy
�light red or light gray circle�. Atomic displacements exaggerated
by a factor of three for clarity �arrows�, displayed for significant
in-plane displacements �0.1 Å� only.
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0.08 Å along either ê1 or ê2, depending upon symmetry,
with 0.05 Å along the opposite vector, chosen such that
more of each displacement in the ê1ê2 plane is toward the
oxygen vacancy�. All other atoms move less than 0.17 Å.

We now investigate correlations between these above re-
constructionally averaged local displacements and the far-
field defect-strain tensor. We find surprising results in this
case of the strontium-oxygen divacancy. While the defect-
strain tensor and local displacement pattern both show ex-
pansion on the 	001
 axis outward from the defect, we see a
disagreement in sign in the �001� plane between the far-field
contraction and the expansion of the nearest neighbors. This
serves as a cautionary note that far-field and near-field strain
patterns need not be simply related and reinforces the impor-
tance of providing both sets of information for further ex-
perimental analysis of x-ray scattering signatures.

E. Titanium-oxygen divacancy

As described above in Sec. III, there are six distinct ori-
entations for the titanium-oxygen divacancy as defined by
the VTi-VO direction. Moreover, because of the reconstruc-
tion, there are in fact two distinct classes of sites within each
possible orientation, as distinguished by the rotation state of
the octahedron in which the titanium sits. Below, we report

results for a 	1̄00
 defect with the titanium sitting in an oc-
tahedron of positive rotation.

The elastic dipole tensor for this defect is

GTiO = � 14.74 − 0.08 − 4.76

− 0.08 18.13 − 3.87

− 4.76 − 3.87 21.56
 eV,

where Fig. 10 shows the convergence of the diagonal ele-
ments of the above tensor.

The reconstructional average gives

GTiO = �14.74 0.00 0.00

0.00 19.84 0.00

0.00 0.00 19.84
 eV,

with corresponding defect-strain tensor,

�TiO = �3.00 0.00 0.00

0.00 21.68 0.00

0.00 0.00 21.68
 Å3.

The defect-strain tensor expresses the tendency of this defect
to expand the crystal in all directions, but primarily along the
directions orthogonal to the VTi-VO axis. When the above
tensor is averaged over all six defect orientations �oxygen
sites in octahedra surrounding the central titanium site, re-
calling that the VTi-VO axis is direction dependent�, the re-
sult is a constant tensor with a uniform chemical strain per
unit concentration of defect of +15.45 Å3. Such expansion
corresponds to a ratio of chemical strain �c to the deviation
from stoichiometry � in SrTi1−�O3−� of �c /�=+0.260, indi-
cating a significant tendency for the crystal to expand due to
the presence of titanium-oxygen divacancy.

Now that our reconstructional averaging has symmetrized
the displacement patterns of neighboring atoms, it is instruc-
tive to examine this set of near-field atomic strains, shown in
Fig. 11. The situation with this divacancy is again more com-
plicated than that of earlier isolated atomic vacancies. There
are six atoms in the first shell around the divacancy. The five
remaining �the sixth is itself missing� oxygen atoms that are
nearest neighbors of the titanium vacancy all move away
from that vacancy: the one that is furthest from the oxygen
vacancy moves 0.20 Å directly away from the vacancy,
while the other four �which are in the ê2ê3 plane� move
0.23 Å away from the vacancy �0.13 Å along ê1 toward the
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FIG. 10. �Color online� Diagonal components of elastic dipole
tensor for titanium-oxygen divacancy in strontium titanate. Data
show linear convergence with inverse linear dimension of supercell
size.

FIG. 11. �Color online� Local strain pattern for titanium-oxygen
divacancy in the ê1ê2 plane of strontium titanate: titanium atoms
�blue or dark gray diamonds�, oxygen atoms �red or gray circles�,
titanium vacancy �light blue or light gray diamond�, oxygen va-
cancy �light red or light gray circle�. Atomic displacements exag-
gerated by a factor of three for clarity �arrows�, displayed for sig-
nificant in-plane displacements �0.1 Å� only.
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oxygen vacancy, with the remaining projection of 0.19 Å
away from the divacancy either along ê2 or ê3 as dictated by
the symmetry�. The sixth atom in this first shell is the sole
titanium atom that is the nearest neighbor to the oxygen va-
cancy; it moves directly away from the vacancy by 0.13 Å.
In the second shell, we identify four of the oxygen atoms that
are nearest neighbor to the oxygen vacancy �we already
counted the other four nearest-neighbor oxygens above, “as-
signing” them to the titanium vacancy�; these oxygens move
0.33 Å toward the oxygen vacancy �0.31 Å along ê1, with
remaining projection of 0.10 Å either along ê2 or ê3 as dic-
tated by symmetry�. Also, in this second shell, we can
loosely consider the eight nearest-neighbor strontium atoms
to the titanium vacancy, all of which move toward the tita-
nium vacancy: four of these strontium atoms are in a plane
that includes the oxygen vacancy, and these move 0.22 Å
toward the titanium vacancy �0.17 Å along ê1, and 0.09 Å
along both ê2 and ê3�; the other four strontium atoms are on
the opposite side of the titanium vacancy, and these move
significantly toward the vacancy by 0.58 Å �0.38 Å along
ê1, and 0.31 Å along both ê2 and ê3�. All other atoms move
less than 0.20 Å.

We again examine connections between the reconstruc-
tionally averaged local displacements and the far-field
defect-strain tensor. In this case of the titanium-oxygen diva-
cancy, the nearest-neighbor atoms to both vacancies move
outward, showing the same behavior as the defect-strain ten-
sor. These atoms also demonstrate larger movements in those
directions orthogonal to the VTi-VO axis, which conforms
with the far-field tensor. The next-nearest neighbors to both
vacancies move inward with significant displacements, with
those closest to the titanium vacancy moving by almost three
times the amount that the nearest-neighbor atoms move. So
here we note once more that the far-field strain does not
appear to correlate with the largest magnitude displacement,
but instead with that of the nearest-neighbor atoms.

V. DISCUSSION

The above results for the local strain patterns and detailed
defect tensors are now available for direct comparison with
diffuse x-ray measurements; however, we are not aware of
any such x-ray data to date. Nonetheless, the fully averaged
�over both reconstructions and orientations� defect-strain ten-
sors relate directly to measurements which are commonly
done of chemical strain as a function of defect concentration.
Table III summaries the results from Sec. IV for the ratios of
chemical strain �c to stoichiometric defect deviation � for all
of the defects considered in this study.

Oxygen-vacancy concentration is widely thought to serve
a crucial role in the properties of perovskites,46–53 is readily
varied but difficult to control,54,55 and is experimentally ob-
served to affect chemical strain.56 Moreover, cation stoichi-
ometry is also difficult to control57,58 and so it is uncertain
whether, as oxygen vacancies are introduced into the crystal,
such vacancies bind to cation vacancies or form in isolation.
In the former case, where the oxygen vacancies eventually
bind to preexisting cation vacancies, the reference configu-
ration should be the crystal containing the cation vacancy.

Hence, it is the difference between the chemical strain of the
oxygen-cation divacancy and that of the isolated cation va-
cancy that describes the change in the crystal lattice as a
function of varying oxygen-vacancy concentration. In the
latter case of isolated vacancies, the bulk crystal is in fact the
system into which these vacancies are introduced, and thus
the chemical strain as a function of oxygen-vacancy concen-
tration is described precisely by that of the isolated oxygen
vacancy in our study. Table IV summarizes the resulting net
chemical strain ��c versus oxygen-vacancy concentration �.

For the oxygen vacancy, we have the intriguing result that
the elastic dipole tensor and corresponding defect-strain ten-
sor almost vanish under orientational averaging. Thus, very
little net effect on the lattice can be expected from the pres-
ence of isolated oxygen vacancies. Moreover, the large an-
isotropy of the dipole tensor of the oxygen vacancy and the
ease of introduction and high mobility of such vacancies
should allow for the control of the population and orientation
of oxygen vacancies by applying external stress. �For in-
stance, at 1% strain, the orientational energy differences
from GO are 66 meV, or about 2.6 times room temperature.�
Also, such vacancies can be expected to tend to shield inter-
nal crystalline stresses that result from materials processing,
a fact potentially related to the observed difficulties in con-
trolling the oxygen-vacancy concentration during crystalline
growth.

One of the earliest sets of available experimental data on
chemical strain due to oxygen vacancies in strontium titanate
comes from Yamada and Miller,56 who unfortunately found a
null result. Nonetheless, that null result places bounds which,
in conjunction with our results, allow some conclusions to be
drawn. Yamada and Miller varied the oxygen-vacancy con-
centration over a range from nearly zero up to 3.24
	1019 cm−3 ��=0.0019 in SrTiO3−��, stating that “no vol-
ume change upon reduction was assumed,” due to the experi-
mental uncertainty of the lattice constant ��a=5	10−4 Å�

TABLE III. Individual ratios of chemical strain �c to stoichio-
metric defect deviation � for different defects as calculated in
Sec. IV.

Defect �c /�

VO 0.001

VSr 0.030

VTi 0.402

VSrO −0.008

VTiO 0.260

TABLE IV. Net ratios of chemical strains to stoichiometric de-
fect deviation for oxygen vacancies, referenced against bulk and
isolated cation vacancies as appropriate.

Reference state ��c /�

Bulk 0.001

VSr −0.038

VTi −0.142
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in their x-ray diffraction measurements. Their detection limit
for chemical strain per stoichiometric defect deviation is
therefore ��c /� � = ���a /a� /� ��0.066, where a is the cubic
lattice constant. From Table IV, it is evident that this bound
is consistent with either isolated oxygen vacancies or
strontium-oxygen divacancies, but is inconsistent with
titanium-oxygen divacancies.

The literature also presents studies of chemical strain due
to cation nonstoichiometry. Ohnishi et al.59 present experi-
mental results on the ratio of chemical strain to deviation
from cation stoichiometry for samples grown by pulsed laser
deposition. Specifically, they measure the lattice changes for
both strontium-rich and strontium-poor strontium titanate.
They associate the strontium-rich phase with creation
of Ruddlesden-Popper60,61 planar faults �extra SrO layers�
and the strontium-poor regime with the presence of stron-
tium vacancies, possibly bound into strontium-oxygen diva-
cancies. A least-squares fit to the results of Ohnishi and co-
workers provides a value for �c /� between +0.13 �non-
weighted� and +0.14 �weighted by reported experimental un-
certainty� for the strontium-rich phase �Sr1+�TiO3� and be-
tween +0.5 �nonweighted� and +0.8 �weighted by reported
experimental uncertainty� for the strontium-poor phase
�Sr1−�TiO3�.

Our calculations of titanium-vacancy chemical strains are
not directly relevant to the strontium-rich phase because they
do not account for Ruddlesden-Popper planar faults. On the
other hand, our results for strontium vacancies, under the
interpretation of Ohnishi et al.,59 should be directly relevant
to their strontium-poor samples. Table III gives �c /�=
+0.030 and �c /�=−0.008, respectively, for isolated strontium
vacancies and bound strontium-oxygen divacancies. How-
ever, both of these are an order of magnitude smaller than the
observed chemical strain. �We note parenthetically that,
while our calculations reflect chemical strains for isolated
defects and Ohnishi and coworkers measure strains for rela-
tively high defect densities, Figs. 4 and 8 show that trends in
our data with increasing defect concentration only tend to
reinforce our conclusions.� We remark that our results are
consistent with the observation that, within a given structural
class, the lattice constants of the titanates are largely insen-
sitive to the nature of the A-site cations. �See data on
A2+B4+O3 perovskites compiled by Galasso.62� From both
the results of our calculations and this general observation, it
seems implausible that simple A-site vacancies should pro-
duce the measured magnitude of chemical strain. Chemical
strains of the magnitude measured by Ohnishi and coworkers
more plausibly arise from B-site vacancies or defect com-
plexes associated with such vacancies.

We note that, intriguingly, there is an approximate coinci-
dence between the order of magnitude of our calculated ratio
of chemical strain to stoichiometric deviation due to titanium
vacancies, ��c /� � = 0.4, and the observed values �+0.5 and
+0.8, depending upon weighting of fit� for the strontium-
poor samples. Given the magnitude of the observed lattice
expansion and the fact that only titanium vacancies appear
capable of producing an effect of this size, we are led to the
intriguing conjecture that, perhaps, the strontium-poor
samples exhibit defects that include titanium vacancies and
thus a structure more complex than initially thought �simple

strontium vacancies or strontium-oxygen divacancies�.
Clearly, more investigation is needed on this point, specifi-
cally as to the nature of the point defects in the strontium-
poor samples grown by pulsed laser deposition.

The above measurements by Ohnishi and coworkers59

were performed on strontium titanate samples deposited by
the highly energetic process of pulsed laser deposition.63 We
have learned of recent results by Brooks et al.,64 that repeat
the above measurements on strontium titanate samples
grown by molecular-beam epitaxy, which is a lower-energy
deposition process65,66 and thus less prone to the creation of
point defects.63 Performing a weighted least-squares fit to the
new data of Brooks and coworkers, we find a value for �c /�
of +0.032
0.019 in the dilute limit of the strontium-poor
regime. This chemical strain ratio, published after our initial
calculated prediction was submitted to this journal, shows
good agreement with our value of +0.030 and thereby lends
convincing support for our methodology as well as the ap-
plicability of empirical shell potentials to calculate reason-
able estimates of the chemical strain per stoichiometric de-
fect deviation of vacancies.

VI. SUMMARY AND CONCLUSION

We have calculated both near- and far-field strains for five
defects in reconstructed strontium titanate: isolated oxygen,
strontium, and titanium vacancies, as well as strontium-
oxygen and titanium-oxygen divacancies. Given the propen-
sity of the crystal for local fluctuations in the reconstruction,
we report results both for a particular reconstructed state and
as averaged over all possible local reconstructions. The re-
constructionally averaged near-field strain results are pre-
sented and interpreted in terms of the movement of neigh-
boring shells of atoms at increasing distances from the
vacancy or divacancy. We report far-field strain results in
terms of both elastic dipole tensors, with and without recon-
structional averaging, and associated defect-strain tensors,
with reconstructional averaging. Anticipating that far-field
effects will necessarily involve contributions from an en-
semble of defects, we also present results averaged over all
possible orientations of the defect within the bulk crystal.
From these averaged tensors, we extract the resultant ratio of
chemical strain to stoichiometric defect deviation. Finally,
the combination of local and long-range results presented
herein will enable determination of x-ray scattering signa-
tures for comparison with experimental results and should
further motivate future work on defect mechanics, including
the influence of externally imposed strain �such as in hetero-
structures� on vacancy populations.

For the oxygen vacancy, we find a highly anisotropic elas-
tic dipole tensor, with almost perfect cancellation under ori-
entational averaging. This may be correlated with observed
difficulties in controlling oxygen concentration and lack of
observation of effects of oxygen-vacancy concentration on
lattice strain. The anisotropy of this tensor also suggests that
oxygen vacancies may provide a mechanism to shield local
internal strains and that application of external stress may
allow for control of oxygen stoichiometry. From comparison
to lattice-strain studies, we identify both isolated oxygen va-
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cancies and bound strontium-oxygen divacancies as consis-
tent with the experimentally observed chemical strain as a
function of oxygen-vacancy concentration in strontium titan-
ate.

For cation nonstoichiometry, we find strong indications
that the point defects in strontium-poor strontium titanate
samples grown by pulsed laser deposition are not simple
strontium vacancies or strontium-oxygen divacancies, but
likely more complicated defect complexes. Further, we iden-
tify indications that titanium vacancies may play a role in
these defect complexes. Finally, during the review process,
we learned of recent experimental data, from strontium titan-
ate films deposited via molecular-beam epitaxy, that show

good agreement with our calculated value of the chemical
strain associated with strontium vacancies.
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