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We report systematic diffuse x-ray scattering measurements of the elastic strain fields generated
by oxygen vacancies in strained bulk SrTiOs 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 SrTiOs 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.

I. INTRODUCTION

Complex oxides exhibit a vast range of functional prop-
erties such as high dielectric permittivity, piezoelectric-
ity, ferroelectricity, superconductivity, ferromagnetism,
colossal magnetoresistance, and multiferroic behavior.
Moreover, heterostructures 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 pre-
viously attained only in semiconducting systems!. The
range of phenomena exhibited by interfaces and het-
erostructures of these oxide materials is very rich. As
an example, the SrTiO3/LaAlOj3 interface can host a
2D electron gas and exhibit superconducting, insulat-
ing, or metallic conduction?. The electrical properties
of the SrTiO3/LaAlOj interface are believed to be deter-
mined by the relative contributions of three factors: oxy-
gen vacancies, structural deformations (including cation
disorder), and electronic interface reconstructions®. The
structural imperfections, such as defects or lattice mis-
match at the interface, generate strain, which can be
used to engineer and enhance the properties of the oxide?.
Oxygen vacancies are of particular importance, as they
can change the properties of SrTiO3 from that of a wide
bandgap insulator to that of a conductor®®.

Freedman and coworkers™® calculated the elastic re-
sponse of a SrTiO3 crystal to various vacancies . They
found that the (reconstruction averaged) elastic dipole
tensor is anisotropic but nearly traceless for an oxygen va-
cancy. Thus, adding the displacement fields of the three
different vacancy orientations together produces a negli-
gible 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?,
we demonstrated that

1. the net lattice distortion field from a uniform collec-
tion of oxygen vacancies is below our experimental
detection limit;

2. the relative concentrations of the three possible ori-

entations of oxygen vacancies can be controlled via
applied stress; and,

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 ob-
served ¢—2 dependence of the diffuse scattering and how
vacancy triplets could form at such low vacancy concen-
trations could not be explained. Here, we answer the
question of the nature of the correlations between the va-
cancies, characterize the structure of the defect clusters,
and present a self-consistent picture of oxygen vacancies
in Sr'TiOg 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 SrTiOs (001) crystals
(10x10x1 mm?®) were annealed at 600 °C for 12 hours
in flowing O5 to minimize the concentration of the pre-
existing oxygen vacancies (Vo). Then, in order to con-
trollably produce oxygen vacancies, the samples were
annealed in vacuum at 5x10~7 Torr (base pressure of
1x10~7 Torr) for 12 hours at 600 °C. The sample color
changed from transparent to dark gray, which is a fea-
ture of oxygen deficient SrTiOj3 crystals. The sheet re-
sistance of samples with Pt electrodes deposited on the
surface and annealed as above was measured using the
Van der Pauw method'®'!. Since oxygen vacancies act
as n-type dopants, the conductivity is a direct measure of
the total vacancy density. The resulting vacancy concen-
tration for these oxygen deficient samples is on the order
of 10'6 cm™3%!2. 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) di-
rection 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
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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 q~* line). (c)The (0 3 3) reciprocal

space map of the strained sample. The diffuse profiles of the strained sample in (0 1 1) and (0 1 1) directions show the q~

3

and q~2 dependence, respectively (the contour intensity becomes higher from blue to red color).

(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
(CHESS). To access as much reciprocal space as pos-
sible while avoiding the Sr K-shell fluorescence, an x-
ray energy of 15.54 keV was used. At room tempera-
ture, SrTiO3 has the cubic perovskite structure with a
lattice constant a = 3.905 A. The measured resolutions
(HWHM) near the (033) Bragg peak are 1.3 x 1073,
4.4x1073, and 2.0x 103 in reciprocal lattice units (r.l.u.)
in the h, k, and ¢ directions, respectively.

III. RESULTS

We first measured the (033) x-ray scattering profiles
of the unstressed vacuum annealed sample. It showed no
measurable increase in diffuse scattering due to the oxy-
gen 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 oxy-
gen vacancies occupy the three sub-lattices equally and
the resulting strain fields cancel®. Hence, no diffuse scat-
tering is observed from an isotropic concentration of oxy-
gen vacancies in SrTiOg.

In addition, the lattice constants of the samples with
and without oxygen vacancies (unstressed) are the same
within experimental error at the (005) Bragg reflection.
That is, there is no measurable volume change due to
the oxygen vacancies in the SrTiOg crystal, agreeing with
previous reports'®14. Both of these experimental results
are incompatible with the conventionally used diffuse
scattering analysis'® 18, which is based on the assump-
tion 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. Figure 1(a-
b) shows the x-ray scattering profiles along (011) and
(011) directions through the (03 3) Bragg reflection. Af-
ter annealing in vacuum with stress, the sample shows
enhanced diffuse scattering along the (011) (Fig. 1(a))
(red line) compared to the sample annealed in vacuum
without stress (black line). This enhancement is consis-
tent with the expected diffuse scattering from the un-
compensated (Vo). in the crystal®. However, the two
profiles along the (011) in Fig. 1(b) are almost identi-
cal. There is no enhancement in the diffuse scattering
of the strained sample along the (011) direction, even
though there is an uncompensated strain field. This re-
veals that the symmetry of the diffuse scattering differs
from the conventional case, which has strong scattering
in the (011) direction and a nodal plane in (01 1) direc-
tion at the (033) 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 (Vo). can be seen in addition to
TDS lying along the (0 1 1) direction. The RSM illus-
trates the unique diffuse scattering symmetry of oxygen
vacancies in SrTiOg. In addition to the unique symme-
try, we observe that the enhanced scattering along the (0
1 1) direction decreases as ¢~3. (see inset of Fig. 1(a).
This g-dependence cannot be understood as the scatter-
ing from isotropic, three-dimensional vacancies, which
would have a g2 dependence. As will be discussed in
the next section, both of these observations can be under-
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FIG. 2. (Color online) Calculated displacements around an
oxygen vacancy in the Ti-O plane of Sr'TiO3. Ti atoms expand
away from the vacancy (red circle : O atoms, blue diamond :
Ti atoms) from the Ref. [8]

stood in the context of scattering from oxygen vacancies
clustered around oriented dislocation lines in SrTiO3. In
Secs. IV.A and B we discuss the diffuse scattering from
oxygen vacancies in SrTiOg in general, and in Sec. IV.C
we provide a clustering model to explain the anomalous
¢~3 dependence.

IV. DISCUSSION

A. Elastic dipole tensor for an oxygen vacancy in
SrTiOs3

Freedman et al calculated the effective (reconstruction
averaged) elastic dipole (P) and defect strain (A) tensors
for significant point defects, including oxygen vacancies,
in SrTiO3 crystals™®. There are three types of oxygen
vacancies ((Vo)n; n = z,y, 2z), 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-
Vo-Ti direction when an oxygen atom is removed from
the crystal (Fig. 2).

The associated reconstruction averaged elastic dipole
tensor P for an z-type oxygen vacancy® is

453 0.00 0.00
P=[000 -213 000 |eV. (1)
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 re-
sultant defect strain tensor is also nearly traceless. Thus,
the lattice distortion fields of three oxygen vacancies of
differing orientations located adjacent to each other al-
most 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 ng is®

1
feijyna) = fo+naEq+ icijklfijf‘:kl —naqeijPij, (2)

where E, is the defect formation energy. Eq. 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
€ij = 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 concen-
trations (kp : Boltzmann constant, T : temperature),

Cz — efzz(Pzz_Pm,y)/kBT (3)

Caxyy

A homogeneous strain state thus creates an anisotropy
in the oxygen vacancy distribution. Once the vacancy
distribution is no longer uniform, the uncompensated va-
cancies generate a non-zero strain field.

Of more practical utility, in the elastic limit, a uni-
axial strain field can be created by applying a homoge-
neous stress o, to the crystal. This anisotropy prevents
the strain fields generated by the oxygen vacancies of dif-
ferent orientations from completely screening each other;
only the strain field due to the uncompensated z-type
oxygen vacancies remains, which can be detected by dif-
fuse 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 SrTiO3 on the scat-
tering. The diffuse scattering for correlated defects is
given by!?
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The scattering vector is Q = G 4+ q; G is a reciprocal
lattice vector and q is restricted to be in the first Bril-
louin zone (€. : the volume of the average unit cell of
the crystal, c# : the concentration of u-type defects, P :
the elastic dipole tensor, D,; = C,kmiQr9m, 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 uncom-
pensated 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 concen-
tration of (Vo), 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 (Vo)
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FIG. 3. (Color online) Calculated diffuse scattering from Vo in the SrTiOgz crystal using (a) Freedman’s elastic dipole tensor
and (b) the 3x3 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.)

in the SrTiOs and this agrees with our previous experi-
mental result®. It is worth emphasizing that the lack of
a noticeable volume change is the result of the correla-
tion between vacancies of different types. A conventional
formulation for the diffuse scattering for randomly dis-
tributed defects invokes an incoherent sum of scattering
intensities from the different vacancies, which is incom-
patible with our observations. Thus, it is likely that this
can be applied 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), (c2/cgy = 1.4, 40 % excess (Vo).).
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 in-
tensity than the small lobe (marked as DL2). The calcu-
lated 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)),
weaker lobe (DL2) and the nodal plane (N) are buried
under the TDS and its noise due to the counting statis-
tics 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 sam-
ple with anisotropic concentrations is qualitatively con-

sidered due only to (Vo)., since the displacement fields
from (Vo)s,y are canceled.

In order to compare the nature of oxygen vacancies
in Sr'TiO3 with uncorrelated isolated vacancies, we also
simulated the diffuse scattering with the ”conventional”
isotropic dipole tensor. This was done by inserting a
3x3 identity matrix as P;; in Eq. (4). The simulation
result in Fig. 3(b) shows the ”conventional” Huang dif-
fuse scattering (HDS) intensity map with a nodal plane
(N) along (0 1 1) direction and a strong diffuse scatter-
ing (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 Fig. 3(a-b), one can
extract the information of displacement fields induced
by the point defects by using the following equations'®

[F(Q)

1(Q) (|G- UQ)). (5)
ok

Here, U(q) is the (continuous) Fourier transform of the
displacement field. Figure 3(c) and 3(d) display U(q)
corresponding to the diffuse scattering map from Fig.



3(a) and 3(b), respectively. One can see that the ”con-
ventional” dipole (Fig. 3(d)) represents a simple isotropic
dilation center and that the dipole corresponding to oxy-
gen vacancies in SrTiO3 (Fig. 3(c)) displays a contraction
along K and an expansion along L in this plane. Intu-
itively, one can expect a volume change from the ” conven-
tional” dipole tensor, but the oxygen vacancies in SrTiOg
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 ex-
isting between the point defects in SrTiOsg.

C. q ° 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 SrTiO3. One may
expect that the correlation and screening between vacan-
cies of different types leads to clustering. In particular,
we first consider a periodic lattice of atoms with a statis-
tical 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 ex-
hibits the classical crossover from ¢~2 (Huang scattering)
at small ¢ to ¢~ at large ¢ (Stokes-Wilson scattering)?’
where the crossover depends on the size of the cluster.
Clearly, our data do not exhibit the ¢ dependence asso-
ciated with spherical clusters of isotropic point defects.

The ¢~2 dependence may, however, be understood in
terms of non-spherical clusters of oxygen vacancies. As in
the conventional case, the defect cluster size can be esti-
mated from the position of the crossover in gq. By replot-
ting 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 dislo-
cation pits in (0 0 1) SrTiOg, which has been measured
to be about 5 x 10° cm ™2 by atomic force microscopy?!.
This intriguing coincidence suggests that the ¢~3 behav-
ior may result from the cylindrical distribution of oxygen
vacancies around oriented dislocation lines. The dom-
inant dislocations in (0 0 1) SrTiO3 are aligned along
the crystal growth direction (z) and are edge-type with
Burgers’ vectors in (100) and (110) directions??.

We calculated the energy of interaction between the
uncompensated z-type oxygen vacancies and edge dislo-
cations in the crystal. Calculations were made for Burg-
ers’ vectors along all (100) and (110) directions in the
xy plane. Each exhibits the same behavior. For (Vo),
interacting with edge dislocations, we find that the va-
cancies drift towards the compressive side (blue colored
region) of the dislocation in the zy plane in Fig. 4(a)?3,
and that the result is independent of z.

Now assuming that the dislocations are aligned along
z with (100) and (110) Burgers’s vectors and randomly
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FIG. 4. (Color online) (a) Interaction energy between the

edge dislocation and oxygen vacancy in SrTiOs (blue : in-
teraction energy < 0, red : interaction energy > 0, and the
contour plot is in the log-scale with the arbitrary unit) (b)
schematic image for the cylindrical distribution of oxygen va-
cancies around the edge dislocation

located with density 5x10° ¢cm™2, the distribution of
vacancies around dislocations averaged throughout the
crystal will be cylindrically symmetric since the interac-
tion is independent of z direction. Our model is that
point vacancies are attracted to the oriented line defects,
creating two-dimensional problem rather than a three-
dimensional one, which is schematically presented in Fig.
4(b). The vacancies remain point objects, but the re-
sultant displacement fields from oriented linear vacancy
clusters creates the ¢~3 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
AAr/ (27Tr2) where A = prR? 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

Auipp (Q) oc Y e’ R [rG0us 1] (6)
J

Note that (eiQ"S“ — 1) can be replaced by iG - du for
r> Ry.

eiG-éu(r) ~ ‘ 0 for r < Ry (7)
1+i(G-r)\A/2mr? for r > Ry

which results in a scattering intensity

Ji (qRar) G-q
Taipp o | 2mRE =22 4 AN
@t ( ! qRRy C]2

2
Jo(chz)> , (8)

exhibiting a crossover from ¢~2 for gR, < 1 to ¢~ for
qRc, > 1. Hence, the scattering from cylindrical dis-
tribution of oxygen vacancies changes the g-dependence
to ¢ but leaves the angular symmetry of the underly-
ing (Vo). scattering unchanged®*. Thus, the experimen-
tal diffuse scattering profiles from the externally strained



SrTiOg3 crystal can be explained by the arrangement of
uncompensated (Vo) around the inherent dislocation
lines. We note, however, that we cannot extract quanti-
tative information about the oxygen vacancy concentra-
tion in SrTiO3 due to the correlation of the defects.

We also considered other potential sources for the
anomalous q~2 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 calcu-
lated 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.

V. CONCLUSIONS

Our measurement and analysis of diffuse scattering of
oxygen deficient SrTiOgs crystals controlled by an ex-
ternal stress showed the following results. The diffuse
scattering intensity from oxygen vacancies is not propor-

tional to the oxygen vacancy concentration, as is gener-
ally assumed in HDS, and instead indicates correlations
between vacancies of different orientations. Using the re-
ported dipole tensor for oxygen vacancies in SrTiOs crys-
tal, we calculated the expected diffuse scattering. The
calculated symmetry of the diffuse scattering from corre-
lated oxygen vacancies agreed well with the experimental
results. We explained the ¢~ falloff of the intensity as a
result of the cylindrical distribution of oxygen vacancies
around oriented dislocation lines in the crystal.
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