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ABSTRACT The rich functionalities in the ABO; perovskite oxides
originate, at least in part, from the ability of the corner-connected
BO, octahedral network to host a large variety of cations through
distortions and rotations. Characterizing these rotations, which have
significant impact on both fundamental aspects of materials
behavior and possible applications, remains a major challenge at
heterointerfaces. In this work, we have developed a unique method

to investigate BO, rotation patterns in complex oxides ABO; with

unit cell resolution at heterointerfaces, where novel properties often emerge. Our method involves column shape analysis in ABF-STEM images of the ABO;

heterointerfaces taken in specific orientations. The rotating phase of BO, octahedra can be identified for all three spatial dimensions without the need of

case-by-case simulation. In several common rotation systems, quantitative measurements of all three rotation angles are now possible. Using this method,

we examined interfaces between perovskites with distinct tilt systems as well as interfaces between tilted and untilted perovskites, identifying an unusual

coupling behavior at the CaTi05/LSAT interface. We believe this method will significantly improve our knowledge of complex oxide heterointerfaces.
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he family of ABOs perovskite oxides is
Ta veritable gold mine of diverse physi-

cal properties, due largely to the abil-
ity of the structure to host a wide variety of
metal cations on both A and B sites. When
the size of the A cation is smaller than
required for the perfect cubic unit cell, it is
accommodated via the rotations of the BOg
octahedral network (also known as octahe-
dral tilt).'~* These changes can in turn alter
the B—O bond lengths, the B—O—B bond
angles and therefore the electronic and
magnetic behavior of the material, resulting
in complex coupled phenomena. Additional
complexity arises at epitaxial heterointer-
faces due to built-in discontinuities of one
or more of the charge, orbital, spin, lattice
and stoichiometry degrees of freedom.>~'°
While the possibilities of engineering desired
interfacial properties through epitaxial strain
and substrate composition are widely ex-
plored, it has only recently been recognized
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that interfacial coupling of the BOg octahe-
dral networks with different symmetries can
also be a powerful route.""'? Surprising
material functionalities have already been
shown to emerge via engineering BOg¢ rota-
tions: for example, theoretical approaches
have been applied to predict nonconven-
tional ferroelectricity induced by BOg rota-
tions, while in bulk material such rotations
usually result in suppression of ferroelectric
behavior.”>~'® Examples of experimental
studies include BOg rotation controlled polar
order in BiFeO;,'” increased Curie tempera-
ture in Lag 751 3MnOs3 (LSMO)/Eug ;515 sMnO5
(ESMO) superlattices,'® altered magnetiza-
tion and electrical conductivity in LSMO thin
films,'® and modified magnetic properties
in LagsSresC003.2° Notably, BOg rotation
engineering has recently been applied to
generate room temperature electric polar
and weak ferromagnetic behavior in the
layered perovskite (Ca,Sr;_,)q.15Tby gsFe;0-,

* Address correspondence to
hegian.lehigh@gmail.com,
albinab@ornl.gov.

Received for review May 28, 2015
and accepted July 15, 2015.

Published online July 15, 2015
10.1021/acsnano.5b03232

©2015 American Chemical Society

8412

WWwWW.acsnano.org



Projected BOg
rotation angle

0° FBEEBaa0

T
interface

Figure 1. Schematic of an atomically abrupt but structurally
diffuse heterointerface for expitaxially grown ABO; perov-
skite materials. (a) The polyhedral model shows an interface
between two ABO; with different symmetries (in this case
Pm3m and Pbnm), with an interfacial coupling region around
the interface. (b) Existing methods allow BOg rotation to be
measured as projected angles on the image plane, and to be
plotted as a profile across the interface (tick marks reflect
arbitrary scale). However, new methods are needed to de-
termine the full 3D symmetry of the BO, rotations (shown as
overlaid colors: red, a®a®a% blue, a~b"c~; white, unknown).

further demonstrating the significance of this
strategy.?’

To fully understand the heterostructures created
using this new route, we need to identify the BOg
rotations, ideally both the symmetry and the magni-
tude, as a function of the distance from the hetero-
interface. This is a major challenge. Figure 1 shows a
hypothetical heterostructure between two ABO; pe-
rovskites with different bulk symmetries (in this case
Pm3m and Pbnm). Their BOg rotation patterns can be
conventionally described by using Glazer's notation®
as a’a’a® and a b"c, respectively. The letters repre-
sent, respectively, the rotation angles a, 5, and y along
pseudocubic [100],, [010],c, and [001],. axes (in this
work, we define the out-of-plane direction as [001],,
which is the film growth direction). If the same letter is
used for different axes, the corresponding rotation
angles have same magnitude. The superscripts de-
scribe the symmetry of rotation between adjacent
BOg units along the respective axes: “+” stands for in-
phase rotations, meaning that they are rotating in the
same direction, and thus a mirror plane normal to
the rotation axis exists; “—" stands for out-of-phase
rotations, meaning that they are rotating in oppo-
site directions; “0” means no rotation. As shown in
Figure 1a, the transition from one symmetry to another
creates an interfacial coupling region where symmetry
cannot be a priori known and the BOg units themselves
undergo additional distortions in order to maintain
their corner connectivity. The length scale of the sym-
metry interfacial coupling was previously reported
to be two to eight unit cells wide, significantly smaller
than the effective range of epitaxial strain.>~2® Exist-
ing techniques that probe BOg rotations from recipro-
cal space (e.g., synchrotron X-ray?® and electron
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diffractions®*3') do not yet have high enough spatial

resolution for heterointerfaces. Aberration corrected
electron microscopy imaging techniques, such as nega-
tive Cs high resolution TEM,?* bright field (BF)?*> and
annular bright field (ABF)*”32 STEM were used to map
BOe projected rotations by directly imaging oxygen
atoms in real space, and the interfacial coupling region
can be presented in the profile of projected rotation
angle across the heterointerface (Figure 1b). However,
since the BOg rotation is in three dimensions (3D),
merely knowing one projected rotation angle is not
enough to determine the full rotation pattern; in
particular, this approach discounts the possibility of a
distinct symmetry emerging in the out-of-plane direc-
tion in the film. Notably, recently developed tech-
niques, such as coherent Bragg rod analysis (COBRA)*®
and position averaged convergent beam electron
diffraction (PACBED),***3 can in principle obtain 3D
information about BOg rotations with unit cell spatial
resolution. However, each has intrinsic drawbacks: In
order for COBRA to work, the film in the in-plane
direction needs to be essentially defect free, as only
the folded electron density is obtained,** while tilted
perovskites are prone to mosaicism; PACBED, in turn,
still relies on symmetry information in the reciprocal
space, and requires intensive model based simula-
tion.>® Therefore, PACBED becomes very difficult for
complex materials with several competing phenom-
ena, since each sample parameter, such as thickness,
polarization, strain, and tilt, adds an extra dimension to
the simulation phase space. Therefore, a method that
can reliably obtain 3D BOg rotation information at the
heterointerface with unit cell resolution is still lacking.

In this work, we introduce a new method using
oxygen column shape analysis in ABF-STEM. In a typical
cross section specimen, rotation phases (“+", “—", or “0")
for all three components of the BOg rotations can be
quickly identified, and for some common rotation patterns
quantitative information about all three rotation angles
can also be obtained. We applied these methods to study
two model systems, namely, a (LSMO)g/(ESMO)g super-
lattice grown on SrTiOs (STO) substrate (representative of
the interfaces between two different tilted symmetries)
and CaTiO; (CTO) grown on (LaAlOs)g3(SroAITaOg)o
(LSAT) substrate (representative of the interfaces of
the tilted and untilted (cubic) perovskites).

RESULTS AND DISCUSSION

The reported instances of characterization of the
BOg rotations at heterointerfaces from electron micro-
scopy images rely solely on the position information
on oxygen column projections.?>?*>?”2 However, the
column position alone cannot fully describe the align-
ments of oxygen atoms due to the different BOg rota-
tions within the column. In contrast, we have realized
that the resulting distorted shape of the oxygen col-
umn projections can provide additional information.3¢
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Figure 2. Qualitative 3D determination of BOg4 rotation. Atomic models and corresponding ABF images (multislice simulation
using Kirkland's code®’) of model ABO; perovskite structures (modeled using POTATO®) with (a) a®a®a®, (b) a b"c~, and (c)
a b'c" BOg rotation patterns, viewed from a1 10]pc direction. The [001], is set to be the out-of-plane direction, shown as the
black arrow. The alignment of oxygen atoms in this projection depends on the BOg rotation pattern of the structure. Oxygen
columns in the corresponding simulated ABF images are therefore no longer round but have a teardrop-like shape (outlined
in green in (b) and (c)), providing 3D information about the BO¢ rotation. For example, the presence of a “+” rotation in the
out-of-plane direction can be seen as a mirror plane (yellow dashed line in (c)) emerging between two adjacent oxygen
columns.
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Figure 3. Quantitative 3D determination on BOg¢ rotation. Simulated ABF image chart of model perovskite structures with BOg
rotations of constant o and 3 but different y. The [001],. is set to be the out-of-plane direction. The overlapped polyhedral
model highlights the position of oxygen columns (red) in the simulated images. The resultant oxygen column image can be
considered as an ellipse (outlined in blue), due to o and fj rotations both being “—". We can define an inclination angle 6
between the major axis of the ellipse with respect to a reference (e.g., A—A or B—B). In this case, the magnitude of 0 has a
correlation with the magnitude of the y rotation, and therefore quantitative information can be obtained by measuring 6.
Yellow dashed lines indicate the mirror planes along the out-of-plane direction when y rotation is either “+” or “0”. A more

detailed summary of shape analysis can be found in the Supporting Information.

Figure 2 shows three model perovskite structures with
BOg rotations patterns of (a) a°a®a®, (b) a b*c~, and (c)
a b*ct and their corresponding simulated ABF
images,”” viewed from the pseudocubic [110],,. direc-
tion. The pure oxygen columns are highlighted in red.
Compared to aa®a® (Figure 2a), the oxygen atoms
are not aligned but split into multiple columns in the
cases of a b'c (Figure 2b) and a b*c" (Figure 2c),
Although the projected separation of the oxygen
atoms is usually so small (e.g, <0.3 A) that it cannot
yet be resolved even with a state-of-the-art STEM,
changes can be observed. The image of the oxygen
columns will no longer appear not circular, but tear-
drop-like in shape (outlined in green), preserving the
key symmetry information. For instance, the adjacent
oxygen columns in the structure with “+” rotation
seem to be related via a mirror plane (denoted by a
yellow dashed line in Figure 2c), while for “—" rotation
(Figure 2b) there is no such mirroring. This allows the
qualitative information about BOg rotation in the out-
of-plane direction to be obtained from a cross-section
view of the heterointerface. Previously extracting this
information at the heterointerface would have require
a plan view specimen with the substrate removed,
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resulting in inevitable changes of the original epitaxial
state, and also making impossible studies of the struc-
ture as a function of distance from the interface.

Furthermore, in some cases, a quantitative determi-
nation of the BOg rotation in 3D can be obtained.
Figure 3 shows a sequence of simulated ABF images
of model perovskite structures where oc and 3 are both
held constant at (10°, “—") and y ranges from (10°, "—")
to (10°, “+"). Compared with Figure 2, the oxygen
columns shown in Figure 3 have elliptical shape
(outlined in blue). We can denote the inclination angle
of the major axis of these ellipses as 6; this angle is
clearly correlated with the magnitude of y rotation and
can therefore be used to quantify y.

A related practical example can be found in
(LSMO)g/(ESMO)g superlattice grown on STO. In the
bulk form, LSMO has a rhombohedral structure with
a~a a tilt pattern, while ESMO has an orthorhombic
lattice with a—a ¢ tilt pattern. Representative STEM
HAADF and ABF images of the LSMO/ESMO interfaces
are shown in Figure 4a. The oxygen columns in both
LSMO and ESMO regions all appear to be elliptical in
shape, similar to the model case in Figure 3. A change
in y rotation phase can be visually detected as a mirror
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Figure 4. Interfaces in the (LSMO)6/(ESMO)6 superlattice on STO substrate. (a) Experimental STEM HAADF and ABF images
of the LSMO/ESMO interfaces along one [110],,. axis, with overlapped polyhedral model and the simulated ABF images (insets).
The [001],, direction for both oxides is the out-of-plane direction, which is the film growth direction. (b) Plane averaged profile of
60, measured from the image in (a) with respect to the direction defined by adjacent B sites. The symmetries of BOg4 rotation
across the interfaces are displayed as the overlaid colors (red, a a ¢~; green, a a c*), which are determined from 6 angle

measurement and other analysis, such as PCA (see text and Supporting Information for more details).

plane (shown as a yellow dashed line) that arises
between adjacent oxygen columns along the out-of-
plane direction. Figure 4b shows the plane averaged
inclination angle 6 of the major axes of the oxygen
column ellipses as a function of coordinate along the
out-of-plane direction. The emergence of “+" v rota-
tion in the ESMO layer can be seen as 6 with alternating
signs. The magnitude of 6 appears constant within
both LSMO and ESMO layers, with no interfacial effects,
indicating that the y rotation phase changes abruptly.
This is possible as the phase of the y rotation does not
alter the position of the apical oxygen atom that
bridges the two materials.

Spatial correlations and local symmetries such as
those found in tilted perovskite images are also well
suited for automatic identification with multivariate
methods.3® In Figure S1, we show how local symmetry
relations in ESMO/LSMO superlattices can be revealed
by principal component analysis (PCA) of the oxygen
column shapes. Similarly to the quantification approach
described above, PCA results show that the rotation
transition in this particular superlattice is abrupt.

When faced with a broader task of identifying
unknown tilt symmetry from a STEM image, one needs
to have a more complete understanding of the corre-
spondence of the oxygen column shapes and their
symmetry relations to the 3D BOg rotation systems.
Figure 3 provides a one-dimensional glimpse of such
a pattern; the full phase space in this case is three-
dimensional (o, B, and v), with some simplifications
due to interchangeability of a and . To build this
comprehensive view and outline additional routes for
characterization of three-dimensional tilted structures,
we simulated the images for all the possible tilted
perovskite symmetries for 5° steps in tilt angles using
atomic models generated by POTATO.*® Figure S2
shows several nonredundant excerpts from the tilt
phase space: the origin, i.e. the simulated image of
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the untilted perovskite (Figure S2a), and two 2D slices
we term ABF navigation charts, for different BOg rota-
tion patterns: constant /5 rotation (10°, “—") with vary-
ing oo and y (Figure S2b) and constant y rotation
(10°, “—") with varying o and S (Figure S2c). All the
images in these charts are simulated in [110],, orienta-
tion; for structures such as rhombohedral perovskites
with two inequivalent [110],, directions, [011]g projec-
tion was used (see Figure S3).

Examination of these charts allows us to formulate
general rules for characterization of 3D BOg rotation
information; the rules are summarized in Table S1.
For instance, we found that (i) the symmetry of indivi-
dual columns and (ii) the symmetry between columns
can be used to quickly identify rotation phases in all
three [001],,. directions. Furthermore, (iii) the apparent
tilt angle of the oxygen column centroids and (iv)
the inclination angle of oxygen columns can provide
quantitative information about rotation angles in
many cases. Notice that there is usually no one to
one correlation in Table S1, meaning that multiple
features need to be considered simultaneously to draw
a conclusion. We have also analyzed the effect of the
possible imaging artifacts, including residual probe
coma aberrations up to 200 nm (Figure S4), and sample
mistilt up to 5 mrad (Figure S5), and concluded that
these artifacts do not generate features that can be
confused with those discussed above.

This broader understanding given by Figure S2
and Table S1 was indispensable for interpreting our
observations of the CTO/LSAT interface. In bulk, CTO
has an orthorhombic structure with a~a ¢* pattern,
while LSAT has a cubic lattice with a®a°a® pattern.
Figure S6(a) shows the STEM images of the CTO/LSAT
interface along [010], direction, in which an in-phase
rotation of BOg octahedra can be directly detected. The
HAADF image shows the interface to be atomically
sharp, as the CTO film appears much darker compared
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Figure 5. Interface of the CTO film and the LSAT substrate with a transition layer of a different BOg rotation pattern. (a) STEM
HAADF and ABF images of the CTO/LSAT interface along [110],, axis, with overlapped polyhedral model and one simulated
ABF image (inset). The [001], direction for both oxides is the out-of-plane direction, which is the film growth direction.
(b) Plane averaged profile of 6. The solid squares are measured values, and the empty squares are speculated values for the
LSAT substrate, where there is no well-defined deviation from roundness to detect. Symmetries of BOg rotation across the
interfaces are displayed as overlaid colors (green, a°a®a®% white,a b*?; purple, a b*c%blue — a b ¢), which are determined
from 0 angle measurement as well as other analysis, such as PCA (see text and Supporting Information). In contrast to the case

of the LSMO/ESMO interface (see Figure 4), a distinct BO, rotation pattern (purple, a b c°) is found in the transitional layer

at the interface.

to the LSAT substrate, consistent with much lower
atomic numbers of the constituent elements. The
interfacial coupling region was found to extend to five
to six unit cells from the interface; within this region,
the [ rotation angle gradually changes from around
10° in the CTO film to 0° in the LSAT substrate.
p rotation with “+" phase is clearly developed in
top two layers of LSAT. Such in-plane BOg rotation
coupling is mainly due to connectivity constrains of
adjacent BOg units and is in agreement with previous
studies.22'23'27'32

We can further obtain 3D information about BOg
rotations at this interface. Figure 5a shows the STEM
images of CTO/LSAT interface looking down the
[110]pc. The oxygen columns in CTO region appear to
be teardrop-like in shape. We can therefore confirm
that the in-plane rotation components o and 3 are “+"
and “—", respectively, which agrees with the results in
Figure S6. The PCA analysis of the oxygen column
shapes (Figure S7a—c) shows that the first component
has one bright spot at lower right corner and a dark
spot at the opposite, consistent with the rotated
teardrop shape. The corresponding map and the plane
averaged profiles reveal a checkerboard spatial distri-
bution of the shapes. This indicates that no mirror
symmetry is present in the out-of-plane direction and
thus “—" is assigned to the v rotation for the CTO film
starting from the first layer at the interface. The average
PCA weight factors for the LSAT layers are close to zero,
showing that the oxygen column shapes in that area of
the image are close to round, probably due to a small
rotation angle in the in-plane direction (Figure S6).
Therefore, the presence and phase of the y rotations
cannot be determined from the column shapes alone.
Nevertheless, we found that at least the top two layers
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of LSAT have nonzero apparent tilting of the oxygen
column centroids (Figure S7d—f), suggesting that the
in-plane components of the BOg rotations are either
“+"and “—", or two “—" but not equal in magnitude or
“+"and "0" (Table S1). Since we observed a “+" rotation
from the [010],. specimen from the top two layers of
LSAT substrate, we can infer that “+" and “—" rotations
are developed in plane, following the symmetry of the
film in both directions.

Interestingly, when measuring the inclination angle
of the oxygen columns, we clearly observed that the
averaged value of 6 in the first two layers of CTO was
zero, which is significantly different than that of the
CTO film away from the heterointerface, despite the
relatively large error bars due to weak signal-to-noise
ratios in the oxygen images. Because in-plane rotations
in the CTO film are already confirmed to be “+"and “—."
we can rule out other possibilities described in Table S1
and directly correlate the zero 6 to a zero out-of-plane
y rotation. Therefore, a distinct BOg rotation pattern,
namely, a b*c® was found in the first two layers of
CTO at this heterointerface. For the LSAT side of the
heterointerface region, we could not do the same
measurement as the aspect ratio of the ellipse is too
close to 1 so that the primary axis and inclination angle
are not well-defined.

The presence of a transition layer with respect to the
y rotation is rather surprising, as no direct connectivity
constrain applies to this rotation; in fact the geometric
constraints are similar to the LSMO/ESMO case de-
scribed above where an abrupt transition was found.
The tensile strain, which is sometimes known to pro-
duce this effect,?* is also not the likely reason, since the
strain coupling region is much larger than the transi-
tion region we detect. It is however reasonable to
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suspect this phenomenon is due to a combined effect
of connectivity constraints on o rotation and f3 rotation,
rigidity of the BOg octahedral®® and tensile strain.
Further studies are required to understand this behavior.

From the above two examples, we have demon-
strated that using shape analysis methods we can
deduce the 3D rotation pattern of the BOg rotation
with unit cell resolution. Different interfacial coupling
behavior in perovskite heterostructures was found
between different materials: abrupt changes between
ESMO and LSMO, where the noninterconnected out-
of-plane y rotation was the main difference between
the two sides of the heterointerface; and a distinct BOg
rotation pattern developing in the transition region at
the interface for CTO and LSAT, where the symmetry
mismatch is more profound.

This method is applicable to real-world thin films
containing domains and defects, which are often seen
when the film is much less symmetric than the sub-
strate. The domain structure can be observed by
electron microscopy. In the areas with no overlapping
domains, the BOg rotation coupling can be studied in
all three directions using the method described in this
work. Such information cannot be obtained from other
techniques such as X-ray diffraction, which averages
signals from a much larger volume. To obtain qualita-
tive phase, and in some cases quantitative information,
no material-specific simulation is required. This meth-
od has several limitations. For instance, if the domain
sizes are too small (e.g., <10 nm), it is going to be
difficult to apply this method due to extensive domain
overlapping. In addition, multiple specimens with
different orientations are sometimes necessary, such
as in the case of two inequivalent [110], directions

EXPERIMENTAL SECTION

LSMO/ESMO Synthesis. The [(Lag 7Sr03MnO3)e/(Eug7Sro3Mn0s)e] x 8
superlattice was grown on a SrTiOs (001) substrate in an inter-
rupted epitaxial growth mode by oxide molecular beam epitaxy.
The thickness of each Lag ;Srp 3MnO3 (LSMO) and Eug 7Sro 3sMnOs
(ESMO) layer is 6 unit cells (uc), and the LSMO/ESMO bilayer is
repeated 8 times (total thickness of the superlattice is 96 uc).
During deposition, the temperature of the substrate was kept at
~600 °C and an ozone/oxygen mixture (approximately 5/95%)
was used as the oxidizing agent at a chamber pressure of ~8.5 x
107° Torr.'%48

CTO/LSAT Synthesis. CaTiO3 films were grown by pulsed laser
deposition (PLD) on LSAT using a polycrystalline CaTiO3 ceramic
target synthesized by solid state method. The films were grown
in 100 mTorr pressure at substrate temperature of 650 °C with
a laser fluence of 1.5 J/cm?. LSAT substrates were air-annealed
at 1000 C for 2 h to improve the crystalline and surface quality
for epitaxial growth. The CTO films have roughness on the order
of 1 unit cell and grew in a layer-by-layer growth mode as
evidenced from reflection high energy electron diffraction
oscillations. The film thickness was limited to ~10 nm to prevent
relaxation of the epitaxial strain which was found to occur for
thicknesses exceeding ~20 nm. X-ray diffraction indicated that
both films were fully commensurate with the substrate with
cube-on-cube-type epitaxy.
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(Figure S3). Out-of-plane vy rotation information can be
difficult to elucidate when the in-plane rotation angles
are small or they have particular combinations such as
two “+” (Figure 52c). Full quantitative analysis*®~** will
still require a quantitative comparison between the
simulation and the experiment, which can be very
difficult for practical specimens due to the nonlinear
imaging nature of ABF.* Ultrathin specimens (several
nanometers) and annular bright field phase imaging*®
can potentially relieve this problem by providing quan-
titative interpretable oxygen images. Future micros-
copy development®” will also bring atomic resolution
in specimen thickness direction (parallel to the elec-
tron beam), which might enable depth-resolved map-
ping of the heterointerface structure through the
sample including 3D BOg rotation information.

CONCLUSIONS

In summary, we have developed a method to eluci-
date 3D BOg rotation information unit cell by unit cell at
ABO; heterointerfaces from ABF-STEM images, a hereto-
fore intractable problem. Using the developed method,
we examined two heterointerfaces that displayed very
different behaviors: the ESMO/LSMO interface exhibits
an abrupt change between two symmetries, while an
extensive interfacial layer with a distinct BOg rotation
pattern was found at the CTO/LSAT interface. We show
that abrupt changes in the out-of-plane BOg rotation
can occur at heterointerfaces due to the invariance of
the apical oxygen position to the y rotation. We believe
this new method will greatly enhance our capability to
characterize the heterointerface structure, which can
be used to test the existing theories and also to help
design new materials with tailored interface properties.

Scanning Transmission Electron Microscopy (STEM). Cross-sectional
specimen oriented along [110],. direction for STEM anal-
ysis were prepared by conventional mechanical thinning,
precision polishing and ion milling. HAADF and ABF STEM
images were taken using Nion UltraSTEM operating at 200 kV,
equipped with a cold field-emission electron gun and a
corrector of third- and fifth-order aberrations. The conver-
gence semiangle for the electron probe was about 30 mrad.
HAADF signals for the samples were collected from a detector
angle range with an inner collection angle of ~63 mrad.
Thirty quickly scanned images (0.5 us/pixel, with pixel size of
5—10 pm), were aligned via autocorrelation and displayed
as sum image, which has been wiener filtered to reduce noise.
Image analysis was done via Digital micrograph and ImageJ
scripts.

STEM Image simulation. The image simulations were carried
out with a 200 kV probe with a probe-forming aperture half
angle of 30 mrad and an ABF detector spanning the range
15—30 mrad, using the Kirkland's multislice code. 20 frozen
phonon configuration was computed. The probe size was set to
be 0.7 Angstrom, following reference 44.
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