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Control of Structural Distortions in Transition-Metal Oxide
Films through Oxygen Displacement at the Heterointerface

Ryotaro Aso, Daisuke Kan,* Yuichi Shimakawa, and Hiroki Kurata*

Structural distortions in the oxygen octahedral network in transition-metal
oxides play crucial roles in yielding a broad spectrum of functional properties,
and precise control of such distortions is a key for developing future oxide-
based electronics. Here, it is shown that the displacement of apical oxygen
atom shared between the octahedra at the heterointerface is a determining
parameter for these distortions and consequently for control of structural
and electronic phases of a strained oxide film. The present analysis by com-
plementary annular dark- and bright-field imaging in aberration-corrected
scanning transmission electron microscopy reveals that structural phase
differences in strained monoclinic and tetragonal SrRuO; films grown on
GdScO; substrates result from relaxation of the octahedral tilt, associated
with changes in the in-plane displacement of the apical oxygen atom at the
heterointerface. It is further demonstrated that octahedral distortions and
magnetrotransport properties of the SrRuO; films can be controlled by inter-
face engineering of the oxygen displacement. This provides a further degree
of freedom for manipulating structural and electronic properties in strained
films, allowing the design of novel oxide-based heterostructures.

1. Introduction

A wide variety of functional properties seen in ABO; perovs-
kite-structure transition-metal oxides are often underpinned
by slight structural distortions in an ideal three-dimensional
framework of corner-connected oxygen octahedra, BOg.['™3!
The framework structure can accommodate octahedral defor-
mations (changes in size), cooperative tilting (or rotations), and
cation displacements. Control of such structural distortions and
ultimately engineering of functional properties in these oxides
by external means is of great importance and a central research
topic in fundamental materials science and in applications of
oxide materials in electronic devices. Heterointerfaces con-
sisting of dissimilar oxides have been intensively investigated
and have been recognized as a good platform to explore the
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capability to control the distortions and
engineer their properties.’*21 At such
interfaces, the in-plane lattice spacing of
the two oxides is required to match (the
so-called strain effect), resulting in modi-
fications of the octahedral deformations
and tilts, which impact the properties.
Recent theoretical studies have shown that
besides the strain effect, the interfacial
connection between the BOg octahedra
with different tilt patterns and angles
is crucial for structural and functional
properties.”??l However, characterizing
changes in the oxygen octahedral defor-
mation and tilt across the heterointerface
has been a big experimental challenge,
and the corresponding effects on proper-
ties have not been clarified yet.

Recently, we demonstrated that high-
resolution high-angle annular dark-field
(HAADF) and annular bright-field (ABF)
imaging in aberration-corrected scanning
transmission electron microscopy (STEM)
allow us to determine the precise atomic positions of all con-
stituent atoms, including oxygen, across a heterointerface.'*
With this technique, we revealed that even in a strained film,
wherein the in-plane lattice spacing is identical to that of the
substrate, there are some degrees of freedom of the oxygen
atomic positions, namely the octahedral tilt angle. This implies
that the oxygen atoms comprising the octahedra play a crit-
ical role in accommodating the strain energy associated with
octahedral distortions due to matching of the in-plane lattice
parameters and octahedral connection angles at the interface.
This raises another possibility that different types of distortions
can be introduced and manipulated in the octahedral frame-
work by adjusting the oxygen atomic positions.

This study focuses on SrRuO; (SRO) thin films with +1.0%
tensile strain grown on (110) GdScO; (GSO) substrates. Previ-
ously, we found that SRO films undergo a structural phase tran-
sition from a distorted-orthorhombic (monoclinic) structure for
film thickness below 16 nm to a tetragonal structure above this
thickness.?) X-ray structure characterizations showed that upon
the structural phase transition, there was no difference in the
in-plane lattice spacing, suggesting that the transition is driven
by changes in the oxygen octahedral tilt in the strained films.

Here, we present high-resolution HAADF- and ABF-
STEM observations of SRO films to track changes in oxygen
atomic positions upon this structural phase transition. The
observations revealed that the structural transition originates
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Figure 1. High-resolution cross-sectional HAADF- and ABF-STEM images of SRO/GSO hetero-
structure and element characterization. a) High-resolution HAADF image of the 23 nm-thick
tetragonal SRO thin film grown on the GSO substrate taken along the [001],4,, direction. Simu-
lated HAADF images of bulk SRO and GSO with orthorhombic structures are also inserted in
the image. b) HAADF intensity profiles of A-site (left side) and B-site (right side) cations across
the heterointerface. The data were collected along the red and blue dashed lines for A- and
B-site cationic rows in (a), respectively. In the profiles, Sr (Z =38), Gd (Z = 64), Ru (Z = 44),
and Sc (Z = 21) atomic columns are colored in green, purple, gray, and pink, respectively. The
interface position is denoted by the orange dashed line. c) ABF image taken from the same
region as the HAADF image (a). In the image, oxygen atoms are clearly visible as dark contrast,
revealing the projected shape of each oxygen octahedron and the octahedral connection across
the interface as indicated with red solid rectangles. The simulated ABF images of bulk SRO

and GSO are also included.

in relaxation of the octahedral tilt in the strained SRO films.
We also discovered close correlation between the film struc-
ture and the in-plane displacement of apical oxygen atom at
the film/substrate interface. This indicates the significance of
the interfacial oxygen displacement, which characterizes the
connection angle between the octahedra at the interface, as a
determining factor for the octahedral distortions in the film.
We further demonstrated that the octahedral distortions can be
manipulated by interface engineering of the oxygen displace-
ment, which consequently enables us to control the structural
and electronic properties of the strained films.

2. Results and Discussion

Figure 1 shows typical cross-sectional STEM images of the
tetragonal SRO thin film (t-SRO; 23 nm-thick) on the GSO sub-
strate. In the HAADF image (Figure 1a), no misfit dislocations
are seen at the heterointerface, confirming coherent growth
of the film on the substrate. The observed image contrast,
which depends on the atomic number (Z-contrast),?%? is in
close agreement with that of the inserted simulation images.
Figure 1b shows the HAADF intensity profiles of the A- and
B-site cations obtained from Figure la. At the heterointerface,
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we see significant changes in the intensity
profiles, indicating that the substrate is ter-
minated at the ScO, layer®¥ and that the
t-SRO film begins with the SrO layer. The
same cation arrangement at the interface is
also seen for the monoclinic SRO thin film
(m-SRO; 15 nm-thick) on the GSO sub-
strate.'*l Figure 1c displays the ABF image
taken from where the HAADF image was
acquired (Figure 1la). In the ABF image,
where the constituent atoms are observed as
dark contrast,?13% we can clearly see not only
the cation but also oxygen atomic columns,
providing projected shapes of the octahedra.
Sa'siwaw| This is also verified from the inserted simula-
At A . .
} Ry tion images. '
v Figure 2 shows the out-of-plane lattice
4 spacing and oxygen octahedral tilt angle
of the m-SRO (Figure 2a) and t-SRO films
(Figure 2b). The lattice spacing and tilt angle
were extracted from the A-site cation posi-
tions in the HAADF images and the oxygen
atomic positions in the ABF images, respec-
tively. The definitions of the out-of-plane
(Bu: < 180°) and in-plane octahedral tilt
angles (6, < 180°) are given in Figure 2a.
The bulk counterparts for the pseudocubic
lattice spacing and tilt angle of the SRO (ay
=3.92 A, Oszo = 168°)P* and GSO (a, =
3.96 A, Og50 = 156°)P] are indicated by green
and purple lines in the figures, respectively.
We found that the out-of-plane lattice spacing
of the m-SRO film is slightly larger than that
of the t-SRO film and that the out-of-plane
and in-plane octahedral tilts of the t-SRO
film are smaller than those for the m-SRO film. The increase
in out-of-plane lattice spacing for m-SRO is also confirmed
from histogram analysis where the averaged out-of-plane lat-
tice spacings for the m-SRO and t-SRO films are 3.92 A and
3.89 A, respectively (Supporting Information, Figure S1). This
is consistent with the thickness-dependent change in the lattice
parameters of the films determined from the X-ray diffraction
analysis.?) We also note that the variation of the out-of-plane tilt
angle exhibits essentially the same trend as that of the in-plane
tilt angle, regardless of the structural phase of SRO films.
Based on these observations, we schematically show the dis-
torted octahedra in the m-SRO and t-SRO films in Figure 2c.
For the m-SRO film, both out-of-plane lattice spacing and tilt
angle are comparable to those of the bulk SRO (a,. = 3.92 A
and 6 = 168°). Thus, the octahedra are distorted in such a way
that they are stretched only along the in-plane direction and the
bulk-equivalent tilt is accommodated. On the other hand, for
the t-SRO film, the out-of-plane lattice spacing is reduced com-
pared to the bulk and the octahedral tilt is largely suppressed.
While the present ABF-STEM observations indicate the exist-
ence of tiny tilts, the octahedra in t-SRO can be regarded to
be shrunk along the out-of-plane direction due to the tensile
strain. The above observations therefore indicate that the mon-
oclinic-to-tetragonal structural phase transition taking place at
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the in-plane displacement Ax of the apical
oxygen atom, which is directly related to the

1 (c) octahedral tilt. The definition of Ax is shown

in the figure. For the m-SRO film, Ax of the
apical oxygen atom away from the interface is
almost comparable to the bulk value (21 pm),
monoclinic while for t-SRO, Ax is about 9 pm smaller

Atomic rows

than that of m-SRO. This is consistent with
the above observations of the octahedral tilt
168°

e (Figure 2). We note that the interfacial octahe-
% dral connections are also different for the two
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Figure 2. Quantitative analysis of octahedral distortions in SRO/GSO he

heterostructures, as depicted in Figure 3b. For
the m-SRO/GSO heterostructure, the oxygen
shared by the RuO4 and ScOg octahedra at
Relaxation the interface has Ax of 26 pm, which is larger
____________ Oft'" than that for the m-SRO film region away
from the interface. As a result, the four RuO

octahedral layers above the topmost ScO4 con-
tribute to accommodate the difference in the
octahedral tilt angle between the film and the
substrate. For t-SRO/GSO, on the other hand,
Ax at the interface is reduced to 19 pm and
a single RuOg octahedral layer is sufficient
for accommodating the difference in the tilt
angle. Whereas the difference in the tilt angle
or the oxygen displacement between the film
and the substrate is larger for the t-SRO/
GSO heterostructure than that for m-SRO/
GSO, the number of octahedral layers neces-

Thickness sary for accommodating the difference is less

for +-SRO/GSO than for m-SRO/GSO. Thus,

terostructures. Varia- for the t-SRO/GSO heterostructure, propaga-

tions in the out-of-plane lattice spacing (red) and out-of-plane (blue) and in-plane octahedral tion of the octahedral tilt from the substrate

tilt angles (green) in the a) monoclinic and b) tetragonal SRO films on the
out-of-plane lattice spacing and octahedral tilt angle were extracted from

GSO substrates. The  is blocked at the interface and the tilt angle
the HAADF and ABF  relaxes to =175° in the film. We conclude that

images, respectively. The bulk counterparts for the pseudocubsic lattice spacing and tilt angle of  the interfacial octahedral connection, char-

the SRO (a,c =3.92 A, Ospo = 168°)B* and GSO (a,. =3.96 A, 6550 =156
green and purple lines, respectively. The tilt angle used in this study corr

projected along the [001],.,, direction. The orange dashed line represents the position of the

SRO/GSO interface. The definition of the out-of-plane (6,,) and in-plane
(6;,) are shown in (a). c) Schematic drawings of the distorted RuOg octahe
and tetragonal SRO films.

the 16 nm thickness? in the SRO films originates from the
relaxation in the substrate-induced octahedral tilt. Both the
m-SRO and t-SRO films are fully affected by substrate-induced
tensile strain. In addition to the tensile strain, there are dis-
tortions by the induced octahedral tilt depending on the film
thickness. Considering that the out-of-plane lattice spacing of
m-SRO is larger than that of the t-SRO film under the same
tensile strain, the lattice can accommodate the energy increased
by the substrate-induced octahedral tilt up to 16 nm, although
the m-SRO structure with the bulk-equivalent tilt is energeti-
cally unfavorable. For the films thicker than 16 nm, the lattice
is no longer tolerant for accumulation of the additional energy
and it relaxes to t-SRO by changing the octahedral tilt angle.
We also found that the relaxation of the octahedral tilt in
the strained films gives rise to concomitant changes in octa-
hedral connections across the heterointerface. Figure 3a plots

Adv. Funct. Mater. 2014, 24, 5177-5184 © 2014 WILEY-VCH Verlag

°)B3] are indicated by

esponds to the value acterized by the displacement of the oxygen

between RuOg and ScOg (highlighted with

octahedral tilt angles ~ yellow boxes in Figure 3), is closely linked

drain the monoclinic ~ to the structural phases of the SRO films.
Similar octahedral connections are also con-
firmed from the tilt angle measured along the
in-plane direction (Figure 2).

We further demonstrated that the interface engineering of
the oxygen displacement can manipulate the octahedral distor-
tions and thus can be used as a tool to control the structural and
electronic properties of the films. For perovskite oxides ABO;,
the in-plane displacement of the apical oxygen atom can be con-
trolled by adjusting the octahedral tilt angle through the relative
size mismatch between the A-site and B-site cations. According
to the Goldschmidt tolerance factor prediction,[73¢-3%! the rela-
tively large A-site cation stabilizes the non-tilted octahedra.
Based on this, we inserted the three unit-cell-thick BaTiO;
(BTO) layer between the SRO film and GSO substrate to con-
trol oxygen displacement at the interface. In BTO, the relatively
large ionic radius of Ba?* (1.61 A for 12 coordination) compared
to Ti*" (0.605 A for 6 coordination) stabilizes the non-tilted TiOg
octahedra. Figure 4 represents cross-sectional STEM images
of the SRO (10 nm)/BTO (1.2 nm)/GSO heterostructure. The
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Figure 3. Atomic-scale structural characterization at SRO/GSO heterointerface. a) Variations
of in-plane oxygen displacement in the monoclinic and tetragonal SRO/GSO heterostructures.
The oxygen displacement Ax is defined as the distance from the middle position between
A-site cations along the in-plane direction and was extracted from the ABF images. The oxygen
displacements in bulk SRO (21 pm) and GSO (43 pm) are also shown with green and purple
dotted lines, respectively. The blue and red boxes in the vicinity of the heterointerfaces represent
the octahedral layers necessary to accommodate the difference in the tilt angle between the film
and substrate regions for the monoclinic and tetragonal SRO films, respectively. b) Schematic
drawings of the octahedral connections across the SRO/GSO interfaces projected along the
[001]o1tho direction. Whereas the in-plane lattice spacing for both monoclinic and tetragonal
SRO films is identical to that of the GSO substrates, the in-plane oxygen displacement Ax at
the SRO/GSO interface depends on the film structures as highlighted with the yellow boxes.
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cate that the SRO layer grown on BTO/GSO
has a structure very close to that of the t-SRO
film on GSO. It should be emphasized that
the thickness of the SRO film on the BTO/
GSO is below the critical thickness of the
octahedral tilt relaxation (16 nm) and that the
SRO film with a similar film thickness grown
directly on the GSO substrate has a mono-
clinic structure as shown above.

The behavior of the octahedral tilt in the
SRO/BTO/GSO heterostructure is also con-
firmed from the in-plane displacement Ax
of the apical oxygen atom (Figure 5b). We
see that Ax is significantly reduced at the
BTO/GSO interface and decreases to 0 pm
within the three unit-cell-thick BTO layer,
meaning zero in-plane displacement of
the oxygen shared by RuOg and TiOg at the
interface (highlighted with yellow boxes
in Figure 5b,c). Based on these observa-
tions, the octahedral connections in the
heterostructure are schematically shown in
Figure 5c. It is clear that the octahedral tilt
from the GSO substrate does not propagate
to the SRO layer by the insertion of the three
unit-cell-thick BTO layer which stabilizes the
RuO¢-TiOg octahedral connection with the
negligible tilts. Thus, we conclude that the
octahedral distortions in the SRO film can
also be manipulated by adjusting the RuOg-
TiOg octahedral connection through the in-
plane displacement of the apical oxygen atom
at the interface.

5180 wileyonlinelibrary.com

HAADF- (Figure 4a) and ABF-STEM images (Figure 4c) con-
firm coherent growth of the SRO and BTO layers without any
misfit dislocations at each interface. We note that the in-plane
lattice spacings for the SRO and BTO layers are identical to that
of the GSO substrate (Supporting Information, Figure S2a).
This is also corroborated by the results of the X-ray diffraction
reciprocal space mapping (Supporting Information, Figure S3).
The HAADF intensity profiles in Figure 4b indicate that B-site
terminations are preserved at each SRO/BTO and BTO/GSO
interface. These observations ensure the designed growth of
the high-quality SRO/BTO/GSO heterostructure.

Figure 5a plots the variations in the out-of-plane lattice
spacing and octahedral tilt angle as a function of the atomic
position in the SRO/BTO/GSO heterostructure. The BTO layer
has out-of-plane lattice spacing slightly larger than the bulk due
to compressive strain (-0.8%). Strong suppression in the octa-
hedral tilt angle across the BTO/GSO interface is seen; the tilt
angle changes from 156° in the substrate region to 180° in the
three unit-cell-thick BTO layer. Consequently, the tilt angle at
the interface between the SRO and BTO layers becomes 180°,
stabilizing the RuOg-TiO4 octahedral connection with the neg-
ligible tilts. In the SRO layer on BTO/GSO, the out-of-plane
lattice spacing is slightly reduced from the bulk and is 3.90 A
(Supporting Information, Figure S2b), comparable to that of
the above t-SRO/GSO heterostructure. These observations indi-

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 6 summarizes the magnetotrans-
port properties of the SRO layer grown on BTO/GSO, revealing
the strong impact of the interfacial engineering of the oxygen
displacement on the spin-orbit coupling in the SRO layer.
Figure 6a shows the temperature dependence of the longitu-
dinal resistivity p,, for SRO/BTO/GSO. As in the case of the
SRO/GSO heterostructures, the SRO/BTO/GSO heterostruc-
ture exhibits metallic conduction down to 10 K and undergoes
a ferromagnetic transition at 113 K, which can be seen as a
hump in the p,,—T curve. The magnetic ordering in SRO/BTO/
GSO is also confirmed by the anomalous Hall effect seen in
the magnetic field dependence of the transverse Hall resistivity
Py at 10 K (Figure 6b). The anomalous Hall effect for the SRO
layer grown on BTO/GSO is characteristic with in-plane mag-
netic anisotropy in contrast to that observed for the m-SRO/
GSO. To further determine the magnetic easy axis direction in
the SRO/BTO/GSO, we also measured the magnetic field angle
0y dependence of p,, and p,, for various configurations of the
applied current and field directions at 10 K. The results are
shown in Figure 6c—e. Due to the strong magnetic anisotropy of
SRO,[23 reversal of the magnetic moment takes place when the
angle between the easy axis and the field exceeds 90°. This can
be observed as peaks in p, and jumps in py,.2?! Indeed, field-
induced reversal of the magnetic moment is seen every 180°
in Oy when the field rotates in the (001),.4,, (Figure 6d) and
(110)or1ho plane (Figure 6e). This indicates that the SRO layer on

Adv. Funct. Mater. 2014, 24, 5177-5184



!
M“L:Iiw’ﬁ ATERIALS
! www.afm-journal.de
www.MaterialsViews.com

( a) (b) ( c) BTO/GSO has uniaxial magnetic anisotropy
B-site HAADF intensity (a.u.) with the easy axis parallel to the [1-10]o 0
_10000 5000 direction, which is the same as t-SRO on

GSO.231 We also note that as shown in
Figure 6f, the easy axis direction of the SRO
layer on BTO/GSO is temperature inde-
pendent. Given the close correlation between
the magnetic anisotropy and the RuOg octa-
hedral distortions in SRO,23 the observed
magnetotransport properties in Figure 6 lead
to the conclusion that the SRO layer on BTO/
GSO is in the tetragonal phase, not the mon-
oclinic one. The results demonstrate that
the structural and electronic properties in
the SRO films can be controlled through the
octahedral connection adjusted by manipu-
lating the displacement of the apical oxygen
atom at the interface.
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We investigated octahedral distortions in
strained SRO films grown on GSO sub-
strates by precisely determining atomic posi-
Figure 4. High-resolution cross-sectional HAADF- and ABF-STEM images of the SRO (10 nm)/  tions for all constituent elements, including
BTO (1.2 nm)/GSO heterostructure and element characterization. a) High-resolution HAADF oxygen from high-resolution HAADF- and
image of the SRO/BTO/GSO heterostructure taken along the [001],, direction. b) HAADF ABF-STEM observations. We found that
intensity profiles of A-site (left side) and B-site (right side) cations across the heterointerface. . g

The data were collected along the red and blue dashed lines for A- and B-site cationic rows the monoclinic (film thickness less than
in (a), respectively. In the profiles, Sr (Z = 38), Ba (Z= 56), Gd (Z = 64), Ru (Z=44), Ti (z= 16 nm) and tetragonal (more than 16 nm)
22), and Sc (Z = 21) atomic columns are colored in green, blue, purple, gray, cyan, and pink,  structural phases of the SRO film are char-
respectively. ¢) ABF image taken from the same region as the HAADF image (a). The interface  acterized by the difference in the octahedral
position is denoted by the orange dashed line.
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Figure 6. Transport properties of the tetragonal SRO phase stabilized by interface engineering of the oxygen displacement. a) Temperature depend-
ence of longitudinal resistivity p,, of the 10 nm-thick SRO film on BTO (1.2 nm)/GSO. b) Magnetic field dependence of Hall resistivity p,, at 10 K. As
a reference, the field dependence of p,, for the monoclinic SRO film directly grown on the GSO substrate is also shown. c—e) Magnetic field angle 6,
dependence of p,, and p,, with various current and field configurations measured at 10 K. In (c), the field was rotated in the (1-10) 41, plane and cur-
rent was applied along the [1-10],,, direction. In (d), the field was rotated in the (001),., plane and current was applied along the [001] 4, direction.
In (e), the field was rotated in the (110)4.,, plane. The current flowed along the [1-10],4,, (the upper plot) and [001],4, directions (the lower plot).
The index is based on the orthorhombic perovskite notation. f) Temperature dependence of the magnetic easy axis (EA) angle a of the SRO layer on
BTO/GSO. The direction of the magnetic easy axis was determined from the magnetic field angle 6, dependence of p,,. The EA angles for m-SRO and
t-SRO were taken from our previous studies(?®l where the thickness- and temperature-independence of the EA angle o for m-SRO/GSO and t-SRO/

GSO were established.

distortions associated with the tilt relaxation. The finding of
close correlation between the film structure and the in-plane
displacement of the apical oxygen atom at the interface leads us
to the idea of controlling octahedral distortions in the SRO film
by inserting the three unit-cell-thick BTO layer between the
SRO layer and the GSO substrate. In the SRO/BTO/GSO het-
erostructure, the tetragonal phase of the SRO layer is stabilized
even with the film thickness for which the monoclinic phase is
seen without the BTO layer. Our results demonstrate that the
manipulation of the oxygen displacement at the heterointerface
is a good way to control structural and electronic properties in
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strained perovskite oxide films and provides a further degree of
freedom for designing novel oxide-based heterostructures.

4. Experimental Section

SrRuO; (SRO) and BaTiO; (BTO) film layers were epitaxially grown on
(110)ortho GdScO3 (GSO) substrates by pulsed laser deposition. For
the indexes, the subscripts “pc” and “ortho” denote the pseudocubic
and orthorhombic perovskite notation, respectively. Details of the thin
film fabrication process are given in our previous report.23% Briefly,
during film growth, the substrate temperature was fixed at 700 °C.
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The oxygen pressure was set to be 100 and 25 mTorr, respectively, for
the SRO and BTO layer depositions. We performed X-ray diffraction
to characterize the structural phases of the fabricated samples. We
confirmed that all heterostructures used in this study were coherently
grown on the substrates and that there were no crystallographic
twins.[% For the transport measurements, we used 50 pm-wide Hall-bar
samples fabricated by conventional photolithography and Ar-ion milling.
The longitudinal and transverse Hall resistivities were measured in
a conventional four-terminal configuration with a Physical Property
Measurement System (PPMS, Quantum Design) equipped with a
sample rotator.

For the cross-sectional STEM observations, the thin film specimens
were thinned down to electron transparency by mechanical polishing
and Ar-ion milling.*1 STEM images were acquired at room temperature
in a spherical aberration corrected STEM (JEM-9980TKP1; accelerating
voltage = 200 kV, C; = —0.025 mm, Cs = 15 mm) equipped with a cold
field emission gun. The annular detection angle for the HAADF imaging
was 50-133 mrad and that for the ABF imaging was 11-23 mrad, since
the convergent semi-angle of the incident probe was 23 mrad. 50 HAADF
and 50 ABF images were acquired from the same area with a short dwell
time (= 4.2 ps per pixel). Multiple images were then superimposed
after correcting for relative drifts.*2l This procedure provides high-
resolution STEM images with an improved signal-to-noise (SN) ratio
and minimized image distortion. Measurements of the atomic positions
in the STEM images were carried out at sub-pixel resolution using Bragg
filtering and cubic interpolation techniques in the “Find Peaks” option
(Peak Pairs Analysis software package by HREM Research).*344 The
lattice spacing was determined from the average over 18 unit cells of
the pseudocubic perovskite lattice layer along the [1-10]y, direction
(the in-plane direction) in the HAADF images. The tilt angle 6 of the
oxygen octahedra along the [110],.,, direction was also determined by
averaging alternately over 18 unit cells of the pseudocubic perovskite
lattice layer along the [1-10],,, direction.

The HAADF and ABF images were simulated using the multislice
simulation software (WinHREM by HREM Research). The optical
parameters used for the simulations were the same as the experimentally
obtained values. The image simulations were carried out for bulk
structures of SRO and GSO.
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Supporting Information is available from the Wiley Online Library or
from the author.
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