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ABSTRACT

Diffraction analysis in four-dimensional scanning transmission electron microscopy now enables the mapping of local structures including
symmetry, strain, and polarization of materials. However, measuring the distribution of these configurations at the unit cell level remains a
challenge because most analysis methods require the diffraction disks to be separated, limiting the electron probe sizes to be larger than a
unit cell. Here, we show improved spatial resolution in mapping the polarization displacement and phases of BaTiO; sampled at a rate
equivalent to the size of the projected unit cells using 4D-STEM. This improvement in spatial resolution is accomplished by masking out
the overlapping regions in partially overlapped convergent beam electron diffraction patterns. By reducing the probe size to the order of
single projected unit cells in size, the measurement shows local fluctuation within the nanosized rhombohedral domains in tetragonal
phased BaTiOs3, indicating the origin of phase transition and evolution across different length scales.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001451

I. INTRODUCTION

The structural configurations in materials including symmetry,
phase, composition, and distribution of domains are related to mate-
rial properties and functions. The correlation of these structure con-
figurations at different length scales plays an important role in
identifying the origin of material properties. In complex oxide, for
example, to understand how the electronic and mechanical properties
are influenced by the polarization, symmetry, and strain usually
requires the application of multiple characterization methods to
probe the structure at different length domains.™ In BaTiOj, the
first perovskite oxide was shown to be ferroelectric at room tempera-
ture,” a combination of diffraction analysis, imaging, and simulation
has been done; evidence shows that the tetragonal phases of BaTiO;
at room temperature do not show the same symmetry at the nano-
scale but may possibly emerge from rhombohedral phases that exist
in domains as small as several nanometers in size.”” The appearance
of such nanoscale rhombohedral regions sharing one polarization
component along the 002 direction can be explained by the order-
disorder phase transition.*” Beyond identifying the symmetry and
phases in small dimensions that are different from the bulk materials

phases, mapping the distribution of such structural configurations is
also critical. Recently, exotic states including polarization vortex, sky-
rmion, and meron were discovered in the thin films of complex
oxide multilayers and superlattices, where these new states, probed
and confirmed by atomic resolution scanning transmission electron
microscopy,”'’ are used as input for theoretical calculations that
show how the energy terms across different length scales are
balanced and stabilize the new polarization states.'" It is worth notic-
ing that despite the high precision, major characterization methods,
like x-ray diffraction, measure averaged structural information within
the broad beam size, local structure features critical to the material’s
electronic and magnetic properties are lost. To identify the local
structures, measurement needs to be done using probes with sizes
close to the dimension of the local features.

In transmission electron microscopes (TEMs), the beam sizes
can be continuously adjusted from the atomic scale to the micro-
scale, making it possible to probe characteristics specific to different
regions, such as the works done using scanning electron nanodif-
fraction™ > and four-dimensional scanning transmission electron
microscopy (4D-STEM).'" In the regular STEM mode, an electron
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beam is converged into an electron probe with its size determined
by the convergence angle and lens aberration. To take an image,
the probe is raster scanned across the sample, convergent beam
electron diffraction (CBED) patterns form in the diffraction plane,
and electrons scattered to different angles are collected by detectors
and counted to yield a number as the pixel intensity. By segment-
ing an annular STEM detector into quadrants and using it to
capture the CBED pattern, differential phase contrast (DPC) mea-
sures the difference of intensity falling on the segmented detectors,
which reflects the intensity shifts.'> Using this technique, the inter-
nal electric fields are revealed in a variety of materials systems,
including GaAs P-N junctions and GaN/AlGaN/GaN heterostruc-
tures.' ™" Atomic resolution DPC was also demonstrated on
BaTiOs, SrTiOs, and single gold atoms.'”'® Recently, with the
development of high speed electron detectors, 4D-STEM data can
be collected by synchronizing the scanning beam in the STEM
mode with one of the primary cameras that collect the entire
CBED pattern as a 2D image at each position of the probe, as
shown in Fig. 1. As the interaction of the forward moving electrons
with the sample takes place in regions limited by the probe size, the
polarization and symmetry can be measured by quantifying their
influence on the CBED pattern. 4D-STEM thus also enabled the
mapping of local electron density and fields."”~*" By reconstructing
the sample phase object using ptychography, it is possible to
improve the image resolution beyond the diffraction limit.***’
With the advancement of 4D-STEM comes the chance for
bridging the gaps between the dimensions of the measurement
probes by easily changing the probe sizes while scanning the same
sample region. However, there are also challenges, in terms of
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determining the atomic structure, especially, the polarization and
atom displacement, atomic resolution high angle annular dark field
(HAADF) and iDPC images are 2D images which do not necessar-
ily make the determination of the 3D structure straightforward,
while diffraction analysis might reveal the symmetry in 3D, the
spatial resolution is larger than several unit cells. For example, to
map the local phase and symmetry of BaTiO3, most diffraction
experiments are performed using convergence angles below the
Bragg angle to make the diffraction disks separated, so the internal
intensity in each diffraction disks can be analyzed. It requires new
techniques in 4D-STEM to consider each unit cell separately and
reveal the structures at the single unit-cell level.

To this end, we developed a method to analyze partially over-
lapping coherent CBED patterns and present the mapping of the
polarization in BaTiO; here, as shown in Fig. 1. As the overlap of
diffraction disks affords a probe size on the scale of an individual
unit cell, the structural information is extracted at the single
unit-cell level, which can be binned to represent the structural evo-
lution across length scales. Together with insights from diffraction
simulations, we demonstrate that in the tetragonal phase BaTiOs;,
the population of rhombohedral domains with opposite atom dis-
placement fluctuates at the unit cell level within the previously
reported nanosized rhombohedral domains.

Il. METHOD
A. Simulation details

Simulations of CBED were performed using the Bloch wave
methods in EMAPS.** A series of CBED was produced with sample

FIG. 1. (a) Schematic of data acquisi-
tion in 4D-STEM. (b) A representative
partially overlapping CBED pattern.
(c) The remaining diffraction informa-
tion from the overlapping CBED pattern
after masking. (d) Calculation of polari-
zation using intensity from Friedel pair
diffraction.

1_{020}

o 1(002) - 1(005)

1_{002}

Dis = UD + LR
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thicknesses from 0.4 to 40 nm.”® This process was repeated for cubic,

tetragonal, centered tetragonal, and rhombohedral phases.””
Multislice method was applied to simulate 4D-STEM data across a
unit cell of BaTiO5 using MulTEM.”® 4D datasets of 20 x 20 CBED
patterns were then averaged over the entire unit cell to generate posi-
tion averaged CBED (PACBED) to remove the dependence on the
probe position from the pattern results and compare with experi-
mental PACBED to measure the sample thickness.”’

B. Experimental details

STEM samples were prepared by thinning a BaTiO; single
crystal with [001] in the plane of the wafer. Samples were wedge pol-
ished before ion milling in a Gatan PIPS II under liquid nitrogen
(LN,) temperature in order to achieve a final thickness in the 5-
20 nm regime with suitable flatness. To avoid the tetragonal to cubic
transformation, the samples were brought back from LN, tempera-
tures gradually over 20 min to equilibrate and prevent cracking and
held under vacuum at 20 °C for 24 h to remove any trace solvents or
polishing lubricant before imaging. 4D-STEM datasets were acquired
using an aberration corrected FEI-Titan STEM operated at 200 kV
outfitted with a 128 x 128 pixel EMPAD detector as the diffraction
camera.” 4D-STEM was collected in the microprobe mode using a
4 mrad convergence angle with a 0.24 nm step size.

lll. RESULTS AND DISCUSSION

The sizes of the electron probes are calculated for convergence
angles from 0.5 to 10 mrad using C; of 5um and Cs of 1 mm and
presented in Fig. 2. Using a convergence angle of 4 mrad, the
FWHM of the electron probe is 3.6 A, as shown in Fig. 2, compared
to the unit cell of BaTiO5 with 4.09 x 4.09 A in size, in contrast to a

45
Voltage
40 1 — 80 kV
35 - — 200 kV
- 300 kV

0 2 4 6 8 10
Convergence Angle (mrad)

FIG. 2. Calculated sizes of electron probe formed using different convergence
angles. Line-profiles across the simulated probes taken at 2, 3, and 4 mrad are
the inset.
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7 A probe size using a convergence angle of 2 mrad, sampling more
than four columns of unit cells at each probe position.

We first compared the simulated diffraction data using 2 and
4 mrad as the convergence angles and based on cubic, tetragonal,
and rhombohedral phases. A mask for the diffraction pattern was
applied to include only the interior 2 mrad around the center of
each diffraction disk. By applying this mask to each diffraction
pattern as shown in Fig. 3, each dataset was processed to contain
only the nonoverlapping regions of the patterns for analysis. When
applying the masks to experimental datasets, position-averaged dif-
fraction patterns are used to determine the center position and
radius of the non-overlapping regions. Each pattern is then masked
individually as shown in Fig. 4 and a new 4D-STEM dataset was
generated from the masked data.

After normalizing the two masked datasets by the max inten-
sity in the direct beam, the datasets were compared. The difference
between the two patterns is on the order of less than 1%, with no
clear structure in the difference map. This indicates that the differ-
ences are likely random and due to the uncertainty from frozen
phonon configurations. In data analysis, for measurements of sym-
metry, we considered two different approaches. A crosscorrelation
symmetry analysis method was considered;’ however, because of
low dynamic diffraction due to the thin samples being considered,
the crosscorrelation coefficient values for the tetragonal and rhom-
bohedral phases were too similar to be differentiated. The method
applied by Tsuda et al. looks at inequalities in the integrated inten-
sities between pairs of diffraction spots across the mirror planes.’
The break in the symmetry of the Friedel pair intensities is corre-
lated with the break in the symmetry of the overall unit cell.
Specifically, the intensity ratio in Friedel pairs of the CBED pat-
terns can be calculated and compared with simulated data,’ only

FIG. 3. Simulated CBED for a 19 nm sample using 2 and 4 mrad convergence
angles before (a) and (b) and after (c) and (d) masking. The intensity distribu-
tion is equivalent within 2 mrad.

40, 013205-3
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FIG. 4. Experimental CBED patterns taken using 2 and 4 mrad convergence
angles from a 35nm thick sample. The intensity within 2mrad from both
masked (a) and (b) and unmasked (c) and (d) patterns has been normalized.

left-to-right (LR) or up-to-down (UD) ratios not equal to 1 are
expected with a tetragonal phased cell, and deviation from these
states indicates the existence of other phases. The polarization in
diffraction thus reflects the polarization associated with different
phases of BaTiOs. Using the formula in Fig. 1(d) the LR compo-
nent along 020 and the UD component along 002 of the diffraction
are used to calculate the polarization. From these two vectors, a dis-
placement vector with magnitude, M, and angle, 0, is computed
and represents the overall polarization. We define 6 as the deviation
from the 002 direction to show how the atom displacement in the
local region deviates from the overall tetragonal phase. In data anal-
ysis, the symmetry of the patterns as well as the Friedel pair inten-
sity ratios were maintained in the masked regions for all simulated
configurations resulting in equivalent displacement vectors calcu-
lated from both the 2 and 4 mrad datasets. From the simulated pat-
terns of the tetragonal and rhombohedral unit cells, we observed
unequal intensity distribution across the second order Friedel pairs
consistent with the overall unit cell symmetry. In the tetragonal
phase, we observed unequal total intensity between the 002 disks,
but the total intensity in the 020 disks is equivalent. In the cubic
phase, the total intensity in all four 002 disks is the same, in agree-
ment with fourfold rotational symmetry. The rhombohedral struc-
ture as expected shows twofold symmetry in the diffraction pattern,
with 002 and 020 disks possessing equal total intensity, as well as
the 00—2 and 0—20 disks. It is also worth noting that in the simu-
lated data, the magnitude of the displacement vector changes with
thickness, however, the polarization direction remains the same.
Through the comparison of the intensities of these key disks, the
projected average displacement vector at the probe position can be
determined for any given CBED pattern. In the experiment, the
as-acquired 4D-STEM data were analyzed to show the distribution
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FIG. 5. Analysis of polarization using Friedel pairs in (a) as acquired, (b) 3 x 3
binned, and (c) 5 x 5 binned diffraction patterns. (d) Pair distribution function for
regions with a nominally left composition. The unit of r is nanometers.

of polarization at the subunit cell scale, the 4D datasets were also
averaged with 3 x3 and 5 x5 binning in the position to map the
polarization at larger scales. Because the polarization also influ-
ences the local electric field,”” which impacts the momentum of the
electron probe as it propagates through the sample, the calculation
of the center of mass (COM) of the intensity in the diffraction was
also done to measure the electric field. The electric field map was

40, 013205-4
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compared with the polarization maps calculated using the Friedel
diffraction pairs.

Experimentally, scanning electron diffraction datasets were
acquired from a BaTiO; sample from regions with estimated thick-
ness ranging from 19 to 35 nm. Representative diffraction patterns
taken using the convergence angle of 2 and 4 mrad from locations
of equal thickness are presented in Fig. 4. By applying a mask of
the 2 to 4 mrad data, the diffraction disks and intensity distribution
within are similar to the 2 mrad data. The deviation can be attrib-
uted to the slight difference in locations where each diffraction was
taken. Using the experimental data, Friedel pair intensity ratios
were analyzed and a phase and polarization map was generated
with the results presented in Fig. 5. This 4D dataset was obtained
at a sample thickness of 19nm, with a sampling step size of
0.24 nm. In Fig. 5, top-left pointing displacements colored by blue
and top right pointing displacement colored by red are seen domi-
nating the polarization and discretely populated over the mapped
area, with a few domains in the size of 1-2 nm showing collective
polarization toward the same direction. Overall, both top-left and
top-right polarization featured by offset 020 components and
monodirectional 002 components indicate the dominance of the
rhombohedral phase in the projected length scale of a unit cell.
The abrupt transitions in © of the displacement vector occur
between adjacent probe positions indicate abrupt transitions
between rhombohedral cells also at the length scale of individual
unit cells. To approximate the effects of using larger probe size to
map the polarization, the data were binned in 3 x 3 [Fig. 5(b)] and
5x5 [Fig. 5(c)] regions, effectively equivalent to a 0.8 and 1.3 nm
FWHM probe size. At higher length scales, the abrupt changes in
polarization of adjacent unit cells lose visibility and emerge into
gradual and smooth transition boundaries between red-colored and
blue-colored domains with uniform polarization. Eventually, with
the 5 x 5 binning, the polarization along 020 was attenuated due to

60 -

40 -

20 A

Theta (deg)

0 10 20 30 40 50
Composition (% L)
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the effects of averaging the 020 and 0-20 components in rhombo-
hedral orientations. This data with 3x3 and 5x5 binning is in
good agreement with the observations in prior studies using large
probe sizes, showing 4-10nm sized continuously coordinated
rhombohedral regions. Additionally, by separating the data into
majority left and majority right projected columns, the pair distri-
bution function (PDF) of the 020 composition, showing how two
cells with the same polarization components either along 020 or
along 0-20 are spaced, was calculated for the data. This data pre-
sented in Fig. 5(d) show a limited change in the PDF from the
measurements at single unit cell scale to the larger binned regions.
To understand our observation of abrupt transition of rhom-
bohedral unit cells polarized oppositely along 020, simulations of
diffraction from BaTiO; with different combinations of up-left and
up-right polarized rhombohedral unit cells along the thickness
direction were performed to determine the extent of change in
composition required to affect the change in the measured dis-
placement direction. For a range of sample thicknesses from 3 to
35nm, the displacement vector was calculated for compositions
ranging from 100% of one orientation to a 50% mix of both up-left
and up-right displacement. The relationship between the displace-
ment vectors, thicknesses, and compositions is shown in Fig. 6.
Despite the expected change in polarization measured in
the simulated diffraction patterns, thickness effects lead to unde-
pendable displacement vectors above 26 nm and below 6nm.
Dynamical diffraction effects from samples thicker than 26 nm, and
minimal diffraction contrast from sample thickness below 3 nm
lead to the inversion of the LR vector and unreliable measurement,
respectively. Comparison of PACBED simulation with the experi-
mental PACBED allowed the determination of the sample thickness
to 19 nm. Using the estimated thickness of 19 nm, further simula-
tions to investigate the nature of diffraction generated by the beam
passing through multiple displacement directions were performed.

Thickness

3.22 nm
6.46 nm
9.69 nm
12.91 nm
16.14 nm
19.37 nm
22.60 nm
25.83 nm
29.06 nm
32.28 nm
35.6 nm
38.74 nm

FIG. 6. Influence of the composition on
the projected angle from simulated
CBED with different sample thicknesses.
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FIG. 7. Polarization and orientation mapping performed on the same region
using (a) Friedel pair analysis and (b) COM analysis of the masked center
beam.

It was observed that a beam passing through two separate regions
of the rhombohedral displacement vector with opposing 020 com-
ponents would result in an apparent 002 polarization with tetrago-
nal symmetry. From the 19nm data, a change of 20° in the
displacement vector measured in the diffraction can be caused by a
change of polarization direction in as little as 10% of the unit cells
between adjacent columns. For higher 6, a larger change is required
to effect the same difference in vector angle, for example, a change
of 30% is needed for a 20° shift from 45° to 25°. Therefore, the
observed distribution of scattered rhombohedral phase with abrupt
change in the polarization direction across adjacent unit cells is the
result of variation in distribution of the polarization displacement
along the depth direction, which can be equivalent to the change of
as few as one out of ten unit cells.

Considering both the experimental results and the simulation,
beyond available studies showing the critical length of nanometers
where the assembly of rhombohedral domains emerges into a tet-
ragonal phase, this new result suggests that at the scale of a single
unit cell, the rhombohedral phase is represented by disordering of
polarized cells in the three dimensional volume. The change in the
population of the polarized rhombohedral cells is the origin of the
nanosized domains and the transition between the domains.

To visualize the effect of the polarization distribution among
unit cells on the electric field, additional measurement on the
COM of the center disk was done using a separate experimental

ARTICLE avs.scitation.org/journalljva

dataset acquired from the same sample (Fig. 7). When comparing
with the displacement map using Friedel pairs, the COM data
shows little to no 020 component to the polarization, demonstrat-
ing less sensitivity to the deviations in the local geometry and more
dependence on the overall domain polarization. This is to be
expected since the electron distribution in the center beam is
dependent on local electric field contributed from both local and
long range Coulomb interactions, whereas the intensity distribution
among diffracted disks is dependent on the local structure.
Coupling the COM analysis with Friedel pair analysis using the
partially overlapping CBED potentially allows decoupling the
overall electric field and the structure at the unit cell level.

IV. CONCLUSIONS

We interrogated the projected symmetry and phase of a local
sample area specific to the probe position using 4D-STEM data
obtained on the order of a single unit cell in spatial resolution. By
increasing the convergence angle and masking the overlapping
regions in the diffraction, this method allows the analysis of the
projected symmetry and phase at each position. As predicted by
the order-disorder phase transition mechanism, we observe local
correlated rhombohedral regions in a largely tetragonal domain.
Within the nanoregions range from 1 to 5nm in width, the results
show that the polarization domains break down further to ran-
domly polarized unit cell regions. This indicates that as the spatial
resolution of the method increases, the observed local correlation
in the rhombohedral structures decreases. This breaks down the
structural observations into three critical length scales. When
observations are performed at the resolution of 1 unit cell, roughly
correlated rhombohedral regions can be observed with local fluctu-
ations from unit cell to unit cell. When the probe sizes increase to
the 0.8 to 1.3nm regime, local fluctuations decrease, and the
overall nanoregions become clearer. As the probe sizes or binned
regions increase, the data trend toward a homogeneous tetragonal
polarization, as predicted by previous studies. The fluctuation of
population among rhombohedral unit cells with opposite displace-
ment along the three dimensional volume covered by a unit cell is
critical to understanding the origin of phase and symmetry evolu-
tion across different length scales in BaTiO;.
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