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Strain and oxygen vacancy ordering in SrTiOj;: Diffuse x-ray scattering studies
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We report systematic diffuse x-ray scattering measurements of the elastic strain fields generated by oxygen
vacancies in strained bulk SrTiO; crystals. Diffuse x-ray scattering has been used for decades to measure the
elastic strain fields generated by point defects based on the assumptions that the defects are randomly distributed
and uncorrelated. We find for SrTiO; that (i) there are correlations between oxygen vacancies with different
orientations, (ii) we can manipulate the relative concentrations of the three orientations via applied stress, and
(iii) the oxygen vacancies cluster around the edge dislocations, creating a two-dimensional distribution.
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I. INTRODUCTION

Complex oxides exhibit a vast range of functional prop-
erties such as high dielectric permittivity, piezoelectricity,
ferroelectricity, superconductivity, ferromagnetism, colossal
magnetoresistance, and multiferroic behavior. Moreover, het-
erostructures of ultrathin (single unit cell thick) layers of the
oxides with the perovskite structure can be fabricated with
atomically sharp interfaces and with a degree of crystalline
perfection rivaling that previously attained only in semicon-
ducting systems [1]. The range of phenomena exhibited by
interfaces and heterostructures of these oxide materials is very
rich. As an example, the SrTiOs/LaAlOs interface can host
a 2D electron gas and exhibit superconducting, insulating,
or metallic conduction [2]. The electrical properties of the
SrTiO3/LaAlO; interface are believed to be determined by the
relative contributions of three factors: oxygen vacancies, struc-
tural deformations (including cation disorder), and electronic
interface reconstructions [3]. The structural imperfections,
such as defects or lattice mismatch at the interface, generate
strain, which can be used to engineer and enhance the
properties of the oxide [4]. Oxygen vacancies are of particular
importance, as they can change the properties of SrTiO3; from
that of a wide band-gap insulator to that of a conductor [5,6].

Freedman and co-workers [7,8] calculated the elastic
response of a SrTiOj3 crystal to various vacancies. They found
that the (reconstruction averaged) elastic dipole tensor is
anisotropic but nearly traceless for an oxygen vacancy. Thus,
adding the displacement fields of the three different vacancy
orientations together produces a negligible net displacement
field. To experimentally confirm this interesting prediction,
we performed diffuse x-ray scattering studies of oxygen
deficient SrTiO3 to measure the net displacement field directly.
In a previous study [9], we demonstrated that (1) the net
lattice distortion field from a uniform collection of oxygen
vacancies is below our experimental detection limit; (2) the
relative concentrations of the three possible orientations of
oxygen vacancies can be controlled via applied stress; and
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(3) the symmetry of the diffuse scattering is consistent with
Freedman’s result for the elastic dipole tensor.

However, the way in which the oxygen vacancies were
correlated was not understood. In particular, the observed g 3
dependence of the diffuse scattering and how vacancy triplets
could form at such low vacancy concentrations could not be
explained. Here, we answer the question of the nature of the
correlations between the vacancies, characterize the structure
of the defect clusters, and present a self-consistent picture of
oxygen vacancies in SrTiO3; in which the oxygen vacancies
cluster around the cores of the oriented edge dislocations
introduced in the initial growth of the crystal.

II. EXPERIMENTAL DETAILS

As received, Verneuil-grown SrTiO3; (001) crystals (10 x
10 x 1 mm?) were annealed at 600 °C for 12 h in flowing O, to
minimize the concentration of the preexisting oxygen vacan-
cies (Vo). Then, in order to controllably produce oxygen va-
cancies, the samples were annealed in vacuum at5 x 10~7 Torr
(base pressure of 1 x 1077 Torr) for 12 h at 600°C. The
sample color changed from transparent to dark gray, which
is a feature of oxygen deficient SrTiO3 crystals. The sheet
resistance of samples with Pt electrodes deposited on the
surface and annealed as above was measured using the van
der Pauw method [10,11]. Since oxygen vacancies act as
n-type dopants, the conductivity is a direct measure of the total
vacancy density. The resulting vacancy concentration for these
oxygen deficient samples is on the order of 10'® cm™3 [6,12].
During the annealing process, some samples were subjected
to a uniaxial compressive stress to change the oxygen vacancy
distribution. The applied uniaxial compressive stress in the
surface normal (z) direction of the sample was about 3 GPa,
corresponding to approximately 0.1% strain in the z direction.
This stress during annealing is expected to cause about 40%
excess (Vo). in the crystal. All samples annealed in vacuum,
with and without stress, have the same color (dark gray) and
sheet resistance implying that the total number of vacancies
is the same. After each annealing process, the x-ray diffuse
scattering was measured.

The x-ray measurements were carried out at the A2
beamline at the Cornell High Energy Synchrotron Source
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(CHESS). To access as much reciprocal space as possible
while avoiding the Sr K-shell fluorescence, an x-ray energy
of 15.54 keV was used. At room temperature, SrTiO3; has the
cubic perovskite structure with a lattice constant a = 3.905 A
The measured resolutions (HWHM) near the (0 3 3) Bragg
peak are 1.3 x 1073,4.4 x 1073, and 2.0 x 10~ in reciprocal
lattice units (r.l.u.) in the A, k, and £ directions, respectively.

III. RESULTS

We first measured the (0 3 3) x-ray scattering profiles of the
unstressed vacuum annealed sample. It showed no measurable
increase in diffuse scattering due to the oxygen vacancies;
the scattering was indistinguishable from that of an annealed
sample without vacancies. Since no external stress was applied
during the annealing process, this result can be understood
from the fact that the oxygen vacancies occupy the three
sublattices equally and the resulting strain fields cancel [9].
Hence, no diffuse scattering is observed from an isotropic
concentration of oxygen vacancies in SrTiO3.

In addition, the lattice constants of the samples with and
without oxygen vacancies (unstressed) are the same within
experimental error at the (0 0 5) Bragg reflection. That is, there
is no measurable volume change due to the oxygen vacancies
in the SrTiOj crystal, agreeing with previous reports [13,14].
Both of these experimental results are incompatible with the
conventionally used diffuse scattering analysis [15-18], which
is based on the assumption that the point defects are randomly
distributed.

We now turn to the results of the sample annealed under
stress with an excess of z-type vacancies, which shows
drastically different behavior than the unstressed sample. We
note again that the total oxygen vacancy concentration is the
same in both samples annealed in vacuum with and without
an external stress. Figures 1(a) and 1(b) show the x-ray
scattering profiles along (0 1 1) and (0 1 1) directions through
the (03 3) Bragg reflection. After annealing in vacuum with
stress, the sample shows enhanced diffuse scattering along the
(0 1 1) [Fig. 1(a)] (red line) compared to the sample annealed
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in vacuum without stress (black line). This enhancement
is consistent with the expected diffuse scattering from the
uncompensated (Vp), in the crystal [9]. However, the two
profiles along the (0 1 1) in Fig. 1(b) are almost identical. There
is no enhancement in the diffuse scattering of the strained
sample along the (0 1 1) direction, even though there is an
uncompensated strain field. This reveals that the symmetry of
the diffuse scattering differs from the conventional case, which
has strong scattering in the (0 1 1) direction and a nodal plane
in the (0 1 1) direction at the (03 3) Bragg peak of a cubic
crystal.

In order to investigate the diffuse scattering symmetry of
the strained sample in detail, the reciprocal space map (RSM)
at the (0 3 3) peak was measured [Fig. 1(c)]. The (0 3 3) Bragg
peak is at the center of the map, and the broad elliptical shaped
diffuse scattering is the thermal diffuse scattering (TDS).
The TDS lies along the (0 1 1) direction and the relatively
narrow diffuse scattering from uncompensated (Vp), can be
seen in addition to TDS lying along the (0 1 1) direction.
The RSM illustrates the unique diffuse scattering symmetry
of oxygen vacancies in SrTiOsz. In addition to the unique
symmetry, we observe that the enhanced scattering along the
(0 1 1) direction decreases as g > [see inset of Fig. 1(a)]. This
q dependence cannot be understood as the scattering from
isotropic, three-dimensional vacancies, which would have a
g~ dependence. As will be discussed in the next section,
both of these observations can be understood in the context
of scattering from oxygen vacancies clustered around oriented
dislocation lines in SrTiOj3. In Secs. IV A and IV B we discuss
the diffuse scattering from oxygen vacancies in SrTiOs in
general, and in Sec. IV C we provide a clustering model to
explain the anomalous ¢~ dependence.

IV. DISCUSSION
A. Elastic dipole tensor for an oxygen vacancy in SrTiO;

Freedman et al. calculated the effective (reconstruction
averaged) elastic dipole (P) and defect strain (A) tensors
for significant point defects, including oxygen vacancies,
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FIG. 1. (Color online) The (0 3 3) x-ray scattering profiles in the direction of (a) (0 1 1) and (b) (0 1 1) of the sample annealed in vacuum
under stress (red) and without stress (black) (inset: log-log scale plot with ¢ =3 line). (c) The (0 3 3) reciprocal space map of the strained sample.
The diffuse profiles of the strained sample in (0 1 T) and (0 1 1) directions show the ¢~ and ¢ 2 dependence, respectively (the contour intensity

becomes higher from blue to red color).
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FIG. 2. (Color online) Calculated displacements around an oxy-
gen vacancy in the Ti-O plane of SrTiO;. Ti atoms expand away
from the vacancy (red circle: O atoms; blue diamond: Ti atoms) from
Ref. [8].

in SrTiO3 crystals [7,8]. There are three types of oxygen
vacancies [(Vo),; n = x,¥,z], distinguished by which face of
the cube is missing the oxygen atom. The Sr atoms contract
towards the vacancy in the Sr-O plane and Ti atoms expand
away from the vacancy in the Ti-Vp-Ti direction when an
oxygen atom is removed from the crystal (Fig. 2).

The associated reconstruction averaged elastic dipole tensor
P for an x-type oxygen vacancy [8] is

453 0.00 0.00
P=10.00 -2.13 0.00 |eV. ()
0.00 0.00 -—2.13

The y- and z-type tensors can be obtained by permuting the
diagonal elements. The defect strain tensor follows directly
from P and the elastic stiffness tensor. The resultant defect
strain tensor is also nearly traceless. Thus, the lattice distortion
fields of three oxygen vacancies of differing orientations
located adjacent to each other almost completely cancel,
producing a negligibly small net lattice distortion field.

The free-energy density of the crystal as a function of the
strain &;; and the number density of defects n4 is [8]

f(eij.na) = fo+naEq + 3Cijueijen — nacij Py, (2)

where E, is the defect formation energy. Equation (2) identifies
a mechanism for controlling the relative concentrations of the
three types of oxygen vacancies. Consider a sample in the
homogeneous strain state ., = const and all other ¢;; = 0.
The last term depends on the orientation of the oxygen vacancy.
So, the difference in the free energy of vacancies of different
orientations translates directly into a Boltzmann factor which
gives the ratio of the concentrations (k: Boltzmann constant;
T: temperature),

Sz _ pePamPuy)/kaT 3)

Cyx, y
A homogeneous strain state thus creates an anisotropy in the
oxygen vacancy distribution. Once the vacancy distribution is
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no longer uniform, the uncompensated vacancies generate a
nonzero strain field.

Of more practical utility, in the elastic limit, a uniaxial
strain field can be created by applying a homogeneous stress
o, to the crystal. This anisotropy prevents the strain fields
generated by the oxygen vacancies of different orientations
from completely screening each other; only the strain field
due to the uncompensated z-type oxygen vacancies remains,
which can be detected by diffuse x-ray scattering.

B. Diffuse scattering from correlated oxygen vacancies

In this section, we describe the consequences of the ordering
of the oxygen vacancies in SrTiOs on the scattering. The
diffuse scattering for correlated defects is given by [19]

2

IF(Q)P

1Q="o;

Y "G,D;! Pyq;

n

“

The scattering vector is Q = G + q; G is a reciprocal lattice
vector and q is restricted to be in the first Brillouin zone
(€2.: the volume of the average unit cell of the crystal; c*:
the concentration of u-type defects; P: the elastic dipole
tensor; Dy, = CrimiQrQum; C: elastic stiffness tensor). In highly
asymmetric situations such as uniaxial applied stress or biaxial
substrate induced strain, only one type of oxygen vacancy
(only the uncompensated portion) will contribute to the diffuse
scattering due to the traceless nature of the elastic dipole tensor
for oxygen vacancies in SrTiOs.

First, the diffuse scattering for an isotropic concentration
of (Vi), was calculated using Eq. (4); there is no scattering
in this case. Again, this is due to the traceless nature of
the elastic dipole tensors of (Vp), in the SrTiO; and this
agrees with our previous experimental result [9]. It is worth
emphasizing that the lack of a noticeable volume change is
the result of the correlation between vacancies of different
types. A conventional formulation for the diffuse scattering
for randomly distributed defects invokes an incoherent sum
of scattering intensities from the different vacancies, which
is incompatible with our observations. Thus, it is likely that
this can be applied to the other perovskite oxide materials that
show no volume change from oxygen vacancies as well.

Second, calculations were made for an anisotropic con-
centration of (Vo), [c;/cx,y = 1.4, 40% excess (Vp).]. The
calculated diffuse scattering of a SrTiO3 crystal is shown in
Fig. 3(a). The strong diffuse lobe (marked as DL1) lying along
the (0 1 1) direction has much higher intensity than the small
lobe (marked as DL2). The calculated scattering also reveals
that the nodal plane (marked as N) lies a little off from L = 3.0,
instead of along the (0 1 1) direction. In the experimental RSM
[Fig. 1(c)], the weaker lobe (DL2) and the nodal plane (N) are
buried under the TDS and its noise due to the counting statistics
of the experimental system only showing the strong lobe (DL1)
on top of the TDS. Note that we arrive at the identical result
when the displacement field of the sample with anisotropic
concentrations is qualitatively considered due only to (Vp);,
since the displacement fields from (Vp)y,,, are canceled.

In order to compare the nature of oxygen vacancies in
SrTiO5; with uncorrelated isolated vacancies, we also simulated
the diffuse scattering with the “conventional” isotropic dipole
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FIG. 3. (Color online) Calculated diffuse scattering from Vg in the SrTiO; crystal using (a) Freedman’s elastic dipole tensor and (b) the
3 x 3 identity matrix as the elastic dipole tensor, and the Fourier transform of the displacement field [U(q)] (c) and (d) calculated from (a)
and (b), respectively (the calculated diffuse scatterings are shown as log-scaled contour plots in arbitrary units where red signifies maximum

intensity and blue signifies minimum intensity).

tensor. This was done by inserting a 3 x 3 identity matrix
as P;; in Eq. (4). The simulation result in Fig. 3(b) shows
the conventional Huang diffuse scattering (HDS) intensity
map with a nodal plane (N) along the (0 1 1) direction
and a strong diffuse scattering (DL1) along the (0 1 1)
direction. This exhibits the general features of the HDS for
dilute and uncorrelated point defects. This comparison clearly
demonstrates the effect of the correlation of the oxygen
vacancies on the diffuse scattering symmetry.

From the simulated results of Figs. 3(a) and 3(b), one can
extract the information of displacement fields induced by the
point defects by using the following equation [19]:

|F(Q)I?

o (6 U(g)*).

1Q) = ®)

Here, U(g) is the (continuous) Fourier transform of the
displacement field. Figures 3(c) and 3(d) display U(q) cor-
responding to the diffuse scattering map from Figs. 3(a) and
3(b), respectively. One can see that the conventional dipole
[Fig. 3(d)] represents a simple isotropic dilation center and
that the dipole corresponding to oxygen vacancies in SrTiO3

[Fig. 3(c)] displays a contraction along K and an expansion
along L in this plane. Intuitively, one can expect a volume
change from the conventional dipole tensor, but the oxygen
vacancies in SrTiOs; show no net dilation or contraction
which results in no volume change. Thus, the anisotropy
of the displacement field U(q) demonstrates the underlying
correlations existing between the point defects in SrTiOs.

C. g3 dependence of the diffuse scattering

Here, we are interested in describing the observed q_3

dependence of the diffuse scattering associated with the
uncompensated oxygen vacancies in SrTiOz. One may expect
that the correlation and screening between vacancies of dif-
ferent types leads to clustering. In particular, we first consider
a periodic lattice of atoms with a statistical distribution of
point-defect clusters. For a spherical cluster of n. isotropic
point defects with displacement fields Ar/r3 (A is constant),
the diffuse scattering exhibits the classical crossover from g >
(Huang scattering) at small ¢ to ¢~ at large g (Stokes-Wilson
scattering) [20] where the crossover depends on the size of
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(b)

FIG. 4. (Color online) (a) Interaction energy between the edge dislocation and oxygen vacancy in SrTiO; (blue: interaction energy < 0O;
red: interaction energy > 0; and the contour plot is in the logarithmic scale with the arbitrary unit). (b) Schematic image for the cylindrical

distribution of oxygen vacancies around the edge dislocation.

the cluster. Clearly, our data do not exhibit the ¢ dependence
associated with spherical clusters of isotropic point defects.

The q‘3 dependence may, however, be understood in
terms of nonspherical clusters of oxygen vacancies. As in the
conventional case, the defect cluster size can be estimated
from the position of the crossover in ¢g. By replotting Fig. 1(a)
in the log-log scale we could take the “kink™ position where
the diffuse profile approaches the Bragg peak as an indication
of the cluster size (the inset of Fig. 1). The inverse of this
kink gives an estimate of over 90 nm for the diameter of the
oxygen vacancy cluster. This distance corresponds closely to
the density of dislocation pits in (0 O 1) StTiO3, which has
been measured to be about 5 x 10° cm~2 by atomic force
microscopy [21]. This intriguing coincidence suggests that
the ¢~ behavior may result from the cylindrical distribution
of oxygen vacancies around oriented dislocation lines. The
dominant dislocations in (0 0 1) SrTiO3 are aligned along the
crystal growth direction (z) and are edge type with Burgers’
vectors in the (1 00) and (1 10) directions [22].

We calculated the energy of interaction between the
uncompensated z-type oxygen vacancies and edge dislocations
in the crystal. Calculations were made for Burgers’ vectors
along all (100) and (1 10) directions in the xy plane. Each
exhibits the same behavior. For (V) interacting with edge
dislocations, we find that the vacancies drift towards the
compressive side (blue colored region) of the dislocation in
the xy plane in Fig. 4(a) [23], and that the result is independent
of z.

Now assuming that the dislocations are aligned along z with
(100) and (1 10) Burgers’s vectors and randomly located with
density 5 x 10° cm™2, the distribution of vacancies around
dislocations averaged throughout the crystal will be cylindri-
cally symmetric since the interaction is independent of the z
direction. Our model is that point vacancies are attracted to
the oriented line defects, creating a two-dimensional problem
rather than a three-dimensional one, which is schematically
presented in Fig. 4(b). The vacancies remain point objects, but
the resultant displacement fields from oriented linear vacancy
clusters create the ¢ > dependence.

To illustrate, consider a cylindrical cluster of the same point
defects as above. In analogy to electrostatics, the displacement
field far from the cluster has the form A Ar/(27r?) where A =
p7 R? is the number of defects in a unit length of the cluster,
p is the (assumed) uniform volume density of vacancies inside
the cluster, and R,; is the radius of the cluster. Then, we arrive
at the diffuse scattering amplitude

Aan(Q) o< Y /v RI[I G0 — 1, (6)

J

Note that (¢/Q%" — 1) can be replaced by iG - Su for r > R.

r < RC]
r > RC[,

ei(;.,su(r) ~ {0 for (7)

14+i(G-r)rA/2wr?  for
which results in a scattering intensity

2 Jl(chl)

G-q
Idiff X 27TRCI
chI

2
= Jo<qu>), @®)

+ A\

exhibiting a crossover from ¢~> for gR; < 1 to ¢~ for
qR: > 1. Hence, the scattering from cylindrical distribution
of oxygen vacancies changes the ¢ dependence to ¢~ but
leaves the angular symmetry of the underlying (V). scattering
unchanged [24]. Thus, the experimental diffuse scattering
profiles from the externally strained SrTiOjz crystal can be
explained by the arrangement of uncompensated (V). around
the inherent dislocation lines. We note, however, that we cannot
extract quantitative information about the oxygen vacancy
concentration in SrTiO3; due to the correlation of the defects.

We also considered other potential sources for the anoma-
lous ¢~* dependence of the diffuse scattering. Freedman
et al. calculated the dipole tensors from other energetically
favorable point defects in SrTiO3 such as Sr vacancies and
Sr-O divacancies and we simulated the diffuse scattering from
such defects. Similarly, we calculated the diffuse scattering
from dislocation loops. All of these scattering results did not
match the symmetry of the experimental result of Fig. 1(c)
and were thus ruled out as possible sources of our observed
scattering.
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V. CONCLUSIONS

Our measurement and analysis of diffuse scattering of
oxygen deficient SrTiOjz crystals controlled by an external
stress showed the following results. The diffuse scattering
intensity from oxygen vacancies is not proportional to the
oxygen vacancy concentration, as is generally assumed in
HDS, and instead indicates correlations between vacancies
of different orientations. Using the reported dipole tensor for
oxygen vacancies in SrTiOj; crystal, we calculated the expected
diffuse scattering. The calculated symmetry of the diffuse
scattering from correlated oxygen vacancies agreed well with
the experimental results. We explained the ¢ =3 falloff of the
intensity as a result of the cylindrical distribution of oxygen
vacancies around oriented dislocation lines in the crystal.

PHYSICAL REVIEW B 92, 064105 (2015)
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