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Using a spherical aberration (Cs)-corrected scanning transmission electron microscopy
(STEM) and electron energy-loss spectroscopy (EELS), we investigated a 6° low-angle
[001] tilt grain boundary in SrTiO5. The enhanced spatial resolution of the aberration
corrector leads to the observation of a number of structural variations in the edge
dislocations along the grain boundary that neither resemble the standard edge dislocations
nor partial dislocations for SrTiO3. Although there appear to be many variants in the
structure that can be interpreted as compositional effects, three main classes of core
structure are found to be prominent. From EELS analysis, these classifications seem to
be related to Sr deficiencies, with the final variety of the cores being consistent with an

embedded TiO, rocksalt-like structure.

. INTRODUCTION

Grain boundaries have long been known to have far-
reaching effects on the bulk properties of perovskite
materials. Notable examples include the reduction of
the critical currents in high-temperature superconductors
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(YBa,Cus0-),"? enhancement of the magneto-resistance
effect in the manganates (La; (Ca,MnO;, SrCaMnO;,
etc.),3’4 and increases in the dielectric constant in
BaTiOs and SrTiOs.°> For perovskites, the deviation of
the grain boundary atomic structure with respect to the
bulk typically induces a grain boundary potential,
through which the bulk properties are influenced. Accu-
rate calculations of the boundary potentials are extremely
advantageous to current materials, and thus a clear un-
derstanding of the atomic arrangements at dislocation
cores, the key building blocks of grain boundaries, is
essential. In addition, recent studies on grain boundary
impurity doping in oxides reveal that the atomic arrange-
ment of the cores has a strong influence on the impurity
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segregation site.®”® Therefore, knowledge of the disloca-
tion structure is a necessary component for understand-
ing the mechanics of grain boundary doping—a
powerful method to alter or control the influence of the
grain boundary on the bulk properties.

Due to its stability and relatively simple structure,
grain boundaries in SrTiO5 have long been studied and
characterized to serve as a general model for grain
boundaries in perovskites.g’20 Of these reports, the atomic
structures of tilt grain boundaries are the most studied.
The tilt grain boundary geometry allows a clear projec-
tion onto a 2-dimensional plane, making them very suit-
able for characterization by (scanning) transmission
electron microscopy (STEM/TEM). Tilt grain boundaries
are usually classified into low-angle or high-angle types.
The atomic structure of the former can be described as an
array of edge dislocations with a spacing given by
Frank’s rule, and that of the latter can be described as a
small set of structural units.'* It follows that, for low-
angle grain boundaries, if the atomic structures of the
edge dislocations are known, then the structure of the
grain boundary can be fully understood.

Until now, it has been thought that the general struc-
tures of edge dislocations in SrTiOs (i.e., models for
edge dislocations in perovskites in general) have been
well defined. In particular, [100] edge dislocations,
which comprise the well characterized [001] tilt bound-
aries, had only been observed to exist as two comple-
mentary types, ®*! often referred to as Sr-rich and Ti-rich.
The atomic structures for these two types are illustrated
in Fig. 1. The former has a double column of Sr atoms in
the center of the dislocation that is thought to be a2 x 1
reconstruction of a single column of Sr (a partial or half
occupancy), whereas the latter has a double Ti-O column

. Sr Column Partial Sr Column () O Column

. Ti-O Column O Ti-O Column with O vacancies

FIG. 1. Standard structure of [100] edge dislocations in SrTiO;.
There are two types—Sr-rich (left) and Ti-rich (left).

in the core center that is believed to have full Ti site
occupancy, but only alternating O sites are occupied in
each of the two columns.” For simplicity, we will refer
to each case as a (columnar) doublet.

With the recent advance of spherical aberration
(Cs)-corrected STEM, it is now possible to obtain
experimental images with higher resolution and better
signal-to-noise ratios, as well as electron energy loss
spectra (EELS) localized even to single atomic col-
umns.*? In this manuscript, we report that the high level
of detail obtainable with Cs correction reveals that the
atomic structure of [001] edge dislocations in SrTiOj5 is
more complex than was previously thought. We show
images exhibiting these variations, give an interpretation
of these structural variations by using results from statis-
tical analysis, and discuss the origin of the complexity
now apparent in the dislocation structure.

Il. EXPERIMENT

A SrTiO; bicrystal containing a symmetric 6° [001] tilt
grain boundary was purchased from Crystec. The TEM
specimen was made by cutting a thin slab from the
bicrystal with a diamond saw, which was then mechan-
ically polished and thinned by ion milling to electron
transparency. Observation of the grain boundary was
performed using the FEI 80-300kV Titan at Lawrence
Livermore National Laboratory, equipped with both
probe and image CEOS correctors, a Tridiem Gatan Im-
aging Filter HREELS spectrometer, and an EDAX Si(Li)
solid-state energy-dispersive x-ray detector. All images
and EELS analyses shown here are acquired in STEM
mode with the same microscope configuration, i.e.,
with the same camera length, gun lens, spot size, etc.
This process means that no additional beam adjustment
is needed and simultaneous imaging and chemical analy-
sis can be achieved. The beam convergent semiangle is
16.8 mrad, the inner HAADF collection angle is 94.9 mrad,
and each EELS spectrum was obtained with a single
acquisition time of 2.5 s with a collection angle of 9.35
mrad. To avoid excessive beam damage to the beam-
sensitive dislocation cores, single atomic column EELS
was not conducted. In our work, the EELS acquisition is
performed by using a 0.2 nm x 0.2 nm square scanned on
the target area, in which case we are also able to track the
atomic column position manually to compensate for
the shift caused by beam illumination and the specimen
drift. Energy-dispersive x-ray spectroscopy (EDS) was
performed by using a beam diameter of 0.3 nm and
an acquisition time of 2 s to minimize the irradiation
damage.

To better classify the large number of different dislo-
cation core structures, we performed a basic statistical
analysis. STEM images of multiple cores were roughly
rotated and magnified. They were then cropped to produce
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a stack of individual dislocation core images. Each im-
age was then registered to the average of all the images
by performing an exhaustive search of the best cross-
correlation value resulting from combinations of rotation
(£5°), shear (£5°), and magnification (£10%). To gener-
ate the atomic column probability density, a peak search
was performed on each of the registered images. This was
done by performing a normalized cross-correlation of
each image with an average Ti atom. A 2-dimensional
peak search was then performed on the resulting
cross-correlation map, and for each peak location the
corresponding pixel in the probability density map is in-
cremented by 1. After this process was performed for
each image, the final probability density map was then
smoothed by kernel convolution with a 2-dimensional
Gaussian (sigma = 1 pixel) curve.

lll. RESULTS
A. Z-contrast images

Figure 2 shows a typical high-resolution Z-contrast
image of the 3°/3° symmetric [001] tilt grain boundary
in SrTiO;. The bright spots in the image correspond to
Sr-O columns, whereas the less bright ones are the TiO,
columns. The dislocation cores are visible as the darker
areas in the images, which mainly results from a lower
atomic number density, an increased interatomic

spacing, and/or a possible dechanneling effect from the
strain and orientation effect. The spacing between the
cores was determined to be 3.7 nm, and the misorienta-

FIG. 2. High-resolution Z-contrast STEM image of the 6° [001] tilt
grain boundary in the SrTiOj3 bicrystal. The grain boundary is mainly
composed of an array of dislocations.

tion angle was measured at 6.0 4+ 0.5°, which is consis-
tent with Frank’s rule.>* In addition to the standard types
of dislocations commonly observed in SrTiOjz (illu-
strated schematically in Fig. 1), we found a large variety
of additional types of dislocation cores. Several varia-
tions were observed, but we focus here on the analysis of
the three dislocation core types that were more commonly
observed. These three types of core structures will be
referred to as elongated, composite, and transformed.
An example of an elongated dislocation core is shown
in Fig. 3. Analogous to the standard cores, there are two
types of elongated core structures—Ti rich and Sr rich.
Compared with the standard core (in Fig. 1), there

(b)

FIG. 3. (a) Z-contrast image of the elongated dislocation core;
(b) same image with a structural overlay.
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appears to be a splitting of the atomic column along the
grain boundary plane immediately adjacent to the typical
column doublet seen in the standard core structure. The
location and image intensity of these split columns are
consistent with a chemical composition similar to the
double columns in the center of the core of either type.
Apart from this key feature, there is little difference
between the elongated core and that of the two standard
types. In both elongated and standard cores, the (100)
lattice plane terminates on the compressed edge of the
dislocation.

As shown in Fig. 4, the composite dislocation core has
a more complicated structure. The size of the core region
is also longer than the standard and the elongated types;
however, the (100) lattice plane terminates at two different

(b)
FIG. 4. (a) Z-contrast image of the composite dislocation core;
(b) same image with a structural overlay.

locations, corresponding to the two sublattice planes. In
turn, we have doublets of both Sr columns and Ti-O
columns. This effect is reminiscent of a dissociated dis-
location, but there is no observable stacking fault, a
characteristic of dissociated dislocations.'”

The transformed dislocation core structure was the
most unexpected [Fig. 5(a)]. Note that, whereas the stan-
dard core structures, as well as the elongated and com-
posite structures, exhibit doublets of atomic column of
similar image intensity, the transformed cores [Fig. 5(a)]
contain two sets of triplets. This effect results in an
atomic columnar arrangement considerably different than
any previously reported dislocation structures for SrTiOs;.
The intensity of the triplet columns is commensurate
with the intensity of Ti columns, and all transformed

Elongated Ti-O bonds

Undercoordinated Ti
(b)
FIG. 5. (a) Z-contrast image of the transformed dislocation; (b) sche-
matic of the transformed dislocation structure.
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dislocation cores terminated at the same (100) sublattice
plane. There are also a number of columns of weak inten-
sity, which are similar in intensity to the background in
the bulk, suggesting that these are columns of oxygen.
The length of the transformed core is similar to that of
the composite core. We note that the majority of the grain
boundary cores observed in this study were of the trans-
formed type.

To illustrate the range of variability in the core struc-
tures, we calculated a probability density map [Fig. 6(a)].
Although not all cores are of the same size, the general
core region is outlined in the figure to aid the eye. From
the plot it can be seen that much of the core region is
diffuse, indicating that many different competing sites
may be occupied at any given time. An average image
of 167 dislocation cores is shown in Fig. 6(b), which is
compared with the average image of the elongated, com-
posite, and transformed cores [Fig. 6(c)]. The two aver-
aged images are seen to be similar, giving direct evidence
that although there are minor variations along each core,
these three structural classifications are prevalent.

B. Electron energy loss and energy-dispersive
x-ray spectroscopy

A typical EEL spectrum taken from a region with a
high density of transformed dislocations is compared
with an EEL spectrum of bulk SrTiO; in Fig. 7. The raw
spectra are shown in Fig. 7(a), whereas the background
removed Ti-L and O-K edges are shown in Figs. 7(b)
and 7(c), respectively. The Ti-L edges from the bulk
exhibit a characteristic splitting of the individual L edges,
which is attributed to the spin-orbit coupling of t,, and e,
molecular orbitals of Ti and O ions, and it is ~2.2 eV for
the octahedrally coordinated Ti and O in bulk SrTiOs.
The e, peak of Ti-L; edge is at ~459.2 eV, whereas the
e, peak of the Ti-L, edge is at ~464.7 V. The O-K edge
from the bulk contains four distinct peaks in the near
edge fine structure (labeled a—d). Figure 8 shows EDS
data acquired from a transformed dislocation and the
bulk. The Str/Ti ratio is significantly reduced at the dislo-
cation core in comparison with the bulk.

The spectrum from the dislocation core reveals several
differences in the comparison to the bulk spectrum. The
onsets of L3 and L, e, peaks are shifted (0.5 4= 0.05) eV
lower in the dislocation spectra. No obvious shift on the
t, peaks was observed, as a result, the splitting between
€ and ty, in the dislocation spectra is reduced to ~1.3 V.
In addition, the ratio of the total signal in the O-K edge
to the total signal in the Ti-L edges is lower at the
boundary than in the bulk, indicating a lower O/Ti ratio
in the core. Finally, peak b in the O-K edge is almost
absent on the core spectra.

In addition, to test the effect of beam damage, we
acquired a series of images and spectra with the beam

FIG. 6. (a) Probability density plot of column positions for the dislo-
cation cores. The diffuse regions represent areas of large variation:
(b) average image of 167 cores; (c) average image of the elongated,
composite, and transformed cores. To aid the eye, four corresponding
column positions are circled in all three figures.
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FIG. 8. Energy-dispersive x-ray spectra (EDS) taken from the trans-
formed dislocation and the bulk. The amount of Ti and Sr respectively
increase and decrease at the dislocation substantially, in comparison
with the bulk.

continuously scanning up to 20 min. The overall atomic
arrangement remains the same, with the exception of
some slight shifts in the center of the dislocation core.
No changes were observed on the fine structures of Ti-L
and O-K edges. This result indicates that the beam dam-
age is not the reason for the spectral differences.

IV. DISCUSSION

The structures of the elongated and composite disloca-
tions can be understood by considering the effect of
strain at the low misorientation angle. Geometrically,
the unit cells in the tensile region of the grain boundary,
near the termination of the (100) plane, are expanded
considerably in comparison with the unit cells in the
bulk. This tensile strain most likely induces a 2 x 1
reconstruction in the unit cell along the grain boundary
plane in the elongated dislocation, as well as a 2 x 1
reconstruction of slightly off the grain boundary plane in
the composite dislocation. With this function in mind, we
constructed schematics of the elongated and composite
cores, shown in Figs. 5 and 6, respectively. Because of
the large difference in the average atomic number of
the Sr and Ti-O oxide columns, the determination of the
chemical composition is straightforward apart from the
reconstructed columns, where a reduction of intensity is
expected due to the lower atomic density. In this case, we
use to the position of the reconstructed columns with
respect to the sublattice to justify our model.

In the elongated core, the extra Sr column doublet is
suggestive of a stacking fault type structure, whereas the
two different lattice plane termination points are remi-
niscent of partial dislocations. Although both features
are found in dissociated dislocations, neither core type
has the partial dislocations or the stacking fault structure
that is typical of dislocation dissociation. Instead, it
would appear that these dislocations are more of a tran-
sitional state. One could imagine that a reduction in the
misorientation angle could further cause both the cores
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FIG. 9. Model for the transition of a standard dislocation core to a
composite core structure. (a) An extended schematic of the Ti-rich
dislocation core. (b) The same core with tensile strain applied perpen-
dicular to the grain boundary plane (indicated by black arrows). The
central row of atoms has been shifted to the left (indicated by arrow).
(c) Six of the Sr columns on either side of the grain boundary plane
are now substituted with Ti-O columns.

to elongate and eventually form typical dissociated dis-
locations. Finally, it is not clear why the 2 x 1 recon-
struction is not always along the grain boundary plane. It
has been suggested that intrinsic variations of disloca-
tions may be necessary to mitigate the overall strain of
the grain boundary. Indeed, the failure of a “one-size fits
all” approach to tilt grain boundaries as an array of dis-
locations of only two types of dislocations may not seem
too surprising.

The intensity of the column triplets in the transformed
cores tends to be uniform and is close to that of the Ti-O
columns in the bulk, although they lie on the Sr sublat-
tice. We resolve this conflict by considering the coordi-
nation, charge, and strain. If the column triplets were
composed of Sr, then, from the image intensity, they
would probably be partially occupied. This possibility
would result in effective Sr vacancies, which, due to

charge balance, would induce compensating oxygen
vacancies. This effect in turn would reduce the coordina-
tion of neighboring Ti ions, causing the Ti to move closer
towards the O ions in the bulk.”* The end result would
yield a dislocation core structure that has several vacan-
cies and is highly strained—more so than a standard
dislocation core. Moreover, virtually no ion would be
fully coordinated within the core structure.

Alternatively, we propose a structure with the triplet
columns being composed of Ti-O columns, with the mid-
dle column shifted by %5 (001) relative to the other Ti-O
columns. This shift gives a local structure reminiscent of
that of rocksalt. The chemical composition here is consis-
tent with the intensity in the Z-contrast image. Further-
more, the coordination of nearly all ions is consistent with
bulk SrTiO;. Only Ti in one column is under coordinated
from 6-fold to 5-fold, and the number of strained bonds is
significantly less than the structure with partially occu-
pied Sr columns described above. The longest bonds,
which are between Ti and O ions, are no more strained
than those found in the standard Ti-rich dislocations.

The Ti-O triplets are also more consistent with the
EELS results than columns of partially occupied Sr. En-
ergy shifts in the Ti-L edge indicate a reduction of the Ti
oxidation state from 4+ in bulk SrTiO;.>> This result is
consistent with the under coordination of the Ti in the
central column as well as an elongation of the Ti-O
bonds. A similar energy shift has also been observed in
other studies on SrTiO5 dislocation cores.'®?° Further-
more, the decrease of the splitting between e, and t»,
peaks in the dislocation spectra is indicative of a reduc-
tion of crystal-field splitting, implying a change in Ti-O
coordination at the grain boundary via a change in the
number of the nearest oxygen neighbors and/or the Ti-O
bond lengths. For the O-K edge, the most notable feature
is the disappearance of peak c. Reduction in peak c can
been linked to Sr vacancies because this peak mainly
arises from interactions of O*~ ions with Sr** ions.?*>’
In this case, the virtual absence of peak B indicates a
(near) complete depletion of Sr in the transformed dislo-
cation cores, resulting in a structure composed of Ti and
O ions only. A further comparison of the O-K edge to
those of binary titanium oxides from the studies by
Mitterbauer®® reveals that the O-K fine structure of the
dislocation core is similar to TiO, where the t,, and e,
splitting is hardly visible and the ratio of peak B to A is
lower compared with TiO, or Ti,O3. Upon depletion of
St, the Ti and O atoms at the boundary probably relax
and change the octahedron bonding from corner-sharing
to edge-sharing. As a result, the atomic arrangement in
the core is a rocksalt-like structure, similar to TiO.

It is necessary to confirm viability of the transformed
structure with calculations. However, using the current
model, we speculate that the transformed core contains a
nanocolumn of TiO, imbedded in the SrTiOz matrix.
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More recently, grain boundary doping mechanisms have
been shown to be strain-driven and substitute to specific
pre-existing lattice sites.°® Here, it appears that Ti-O
columns substitute for pre-existing Sr column sites. In a
sense this may be a sort of “self-doping,” which with
further study could give insight into additional mecha-
nisms for grain boundary doping.

A second look at the three new variations may also
allow some speculation that the different cores may be
able to transmute under the right conditions. In fact, the
large number of variations observed in the Z-contrast
images may be a result of transitionary structures be-
tween the three main variants. For example, a compari-
son of the elongated core with the composite core shows
that the main difference is an additional splitting of two
Ti-O columns along the grain boundary. Because the
tensile strain perpendicular to the grain boundary plane
is large in all types of cores, it is possible that the elon-
gated core can transform into the composite core with
just a small addition of tensile strain, allowing the Ti-O
columns to reconstruct. Likewise, the additional tensile
strain may cause a standard Ti-rich core to convert into a
transformed core. This process can be imagined by first
allowing the lattice to expand perpendicular to the
boundary plane. With the extra space available, the first
three pairs of Ti-O and O columns on the boundary
plane slide by half a unit cell toward the original core
location. Finally, the Sr columns on either side of the
shifted columns are replaced by Ti-O columns. The pro-
cess is illustrated schematically in Fig. 8. A local Ti
excess at the grain boundary plane may be an additional
prerequisite for such a transition to occur. A study of the
dislocation core energetics from first principles should
be able to give more insight to the validity of these
proposed mechanisms.

The above discussion mainly relies on the assumption
that strain due to the misorientation of the grains is not
fully alleviated by the standard dislocation core structure,
and, therefore, small residual strain remains locally at
many of the dislocations, which drives structural devia-
tions from the standard dislocation core structure. An
alternative to strain being the basis for the structural
variations is that small chemical variations along the
interface cause the differences in the structures. Despite
significant structural variations, the dislocation cores ex-
hibit a uniform spacing along the grain boundary plane.
This effect suggests that the energy differences due to
strain between the cores (i.e., the strain) cannot be large,
which opens the possibility that the observed structural
variations require a different driving force. Chemical
variations at the interface may provide this force through
local nonstoichiometry, which can cause charge imbal-
ances or the excess of ions having bond-lengths incom-
mensurate with the available lattice sites. The latter
would induce chemically driven strain, in contrast to the

geometric strain at the boundary caused by the misorien-
tation of the two grains. The actual cause of the large
variety of dislocation structures observed in this study is
most likely the result of the interplay between the local
strain and chemical differences along the grain boundary.

Indeed, the alternating half unit cell shifts that are
sometimes observed in perovskite grain boundaries may
be a simple example of the interaction between local
chemical and strain variations. For example in both high-
and low-angle grain boundaries in SrTiOs, dislocations
have been observed to line up in a straight line along the
grain boundary plane as well as being shifted by !5 of a
unit cell perpendicular to the grain boundary plane in an
alternating fashion.'*?%2! In the former case, the cores
alternate between Sr-rich and Ti-rich, whereas in the
latter case all cores will be either Sr-rich or Ti-rich. Here,
one can note that the local strain fields will be different
depending on whether all cores are in-line or whether
they are shifted.

Because every image obtained from a STEM is a
projection of a 3-dimensional structure, we address the
possibility that the apparent new variations in the dislo-
cation structure are actually the result of imaging dislo-
cation cores that have kinks along the direction
perpendicular to the image plane. In general, a kink in
which the emission of the dislocation is shifted by only
one unit cell should be the most energetically favorable
because the energy should increase as the total length of
the dislocation increases. Therefore, if a standard dislo-
cation kinked in such a manner, then a projection of the
structure along the dislocation direction would show a
structure that is disordered over two unit cells. Only the
elongated core shows disordering confined to two unit
cells. However, apart from the additional splitting of a
single atomic column in the grain boundary plane, the
elongated core is virtually identical to the standard core
structure. A projection of two standard dislocations
would introduce extra columns in the image, particularly
in the center of the two-column doublets. However, we
have not observed such an image.

V. CONCLUSIONS

Using Z-contrast imaging in the STEM, we have di-
rectly observed a large variety of dislocation cores dis-
tinct from the standard core structure. Three variations of
dislocation cores were analyzed in detail. Two of the
structures—the elongated and composite cores—contain
extra 2 x 1 reconstructions. These “extensions” of the
standard core structure may be a transition between edge
dislocations and dissociated dislocations. The third struc-
ture—the transformed core—seems to have a chemical
composition that is entirely different from SrTiO;. It
resembles a nanotube of TiO imbedded in a SrTiO; ma-
trix. This large variation of dislocation structures opens
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the door further to using grain boundary doping to influ-
ence grain boundary properties and, ultimately, the prop-
erties of the bulk material.
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