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Abstract

When using the unit cell average of first moment data from four-dimensional scanning transmission electron microscopy (4D-STEM) to
characterize ferroelectric materials, a variety of sources of systematic errors needs to be taken into account. In particular, these are the
magnitude of the acceleration voltage, STEM probe semi-convergence angle, sample thickness, and sample tilt out of zone axis. Simulations
show that a systematic error of calculated electric fields using the unit cell averaged momentum transfer originates from violation of point
symmetry within the unit cells. Thus, values can easily exceed those of potential polarization-induced electric fields in ferroelectrics.
Importantly, this systematic error produces deflection gradients between different domains seemingly representing measured fields.
However, it could be shown that for PbZry 2 Tig gO3, many adjacent domains exhibit a relative crystallographic mistilt and in-plane rotation. The
experimental results show that the method gives qualitative domain contrast. Comparison of the calculated electric field with the systematic
error showed that the domain contrast of the unit cell averaged electric fields is mainly caused by dynamical scattering effects and the

electric field plays only a minor role, if present at all.
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Introduction

Due to their promising functionalities in nanoelectronics,
ferroelectric materials continue to be an interesting subject
for contemporary research (Dawber et al.,, 2005; Chang
et al., 2011; Parker et al., 2016; Carlier et al., 2020; Zhang
et al., 2020). One material class are perovskites, for example,
PbZr,Ti;_,O3 (Vrejoiu et al., 2006; Jia et al., 2007; Karthik
et al., 2012; Copie et al., 2017; Denneulin et al., 2018;
Pintilie et al., 2020; Ma et al., 2021; Vandana et al., 2021;
van der Veer et al., 2021; Beklesovas et al., 2022; Chen
et al., 2022) and BaTiO3 (BTO) (Everhardt et al., 2020; Xu
& Li,2020; Wei et al., 2021; Denneulin & Everhardt, 2022;
Mengetal.,2022; Ferrero et al., 2023). There are a wide range
of devices in the field of information technology that can be
built with ferroelectric components, for example, capacitors
(Shin, 2019), tunnel junctions (Wen et al., 2013; Garcia &
Bibes, 2014; Ding et al., 2021), high electron mobility transis-
tors (Zhao et al., 2021), and spintronics applications (Tao &
Tsymbal, 2021). Therefore, a detailed understanding of struc-
tural, and particularly, electrical properties of ferroelectrics at
the nanoscale is needed to design and characterize such
devices.

Ferroelectrics have a spontaneous electric polarization lead-
ing to surface charges and a nonzero electric field (electric

depolarization field) in the material in finite systems.
Depending on the size of the material, domain formation
with different polarizations becomes energetically favorable.
The coercive electric field is the external field that must be ap-
plied to reduce the average electric field in the material to zero.
Often, switching experiments are done to measure the proper-
ties of ferroelectrics including the coercive electric field by con-
tacting with electrodes and applying alternating fields (Parker
et al., 2016; Shin, 2019). However, this type of experiment
does not provide information about the behavior on the nano-
scale. Piezoresponse force microscopy could give informations
down to several nanometers but not at the unit cell scale
(Gruverman & Kalinin, 2006; Gruverman et al., 2019;
Kwon et al., 2020). Electron microscopy is a promising im-
aging solution to close this methodological gap as electrons
can be used to probe electric fields down to atomic resolution
in a transmission electron microscope.

To this end, several methods are in general feasible, such as
electron holography (Lichte, 1986, 1991, 1993, 2008; Lichte
etal., 1996, 2002; Lichte & Lehmann, 2008; Denneulin et al.,
2018; Haas et al., 2019; McCartney et al., 2019) or differen-
tial phase contrast (DPC) and first moment (FM) imaging
(Lohr et al., 2012, 2015; Shibata et al., 2012; Lubk &
Zweck,2015; MacLaren et al., 2015; Shibata et al., 2015;
Miiller-Caspary et al., 2017, 2019b). Common to those
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methodologies is the capability of measuring the electrostatic
potential (McCartney et al., 1994; Yazdi et al., 2015; Lazic
et al.,, 2016; Lazi¢c & Bosch, 2017; Shibata et al., 2017,
Yiicelen et al., 2018), the electric fields (Frabboni et al.,
1987; Deguchi et al., 2010; Bauer et al., 2014; Close et al.,
20135), or the charge density (Voelkl et al., 2019) under certain
conditions. As to FM imaging via scanning transmission elec-
tron microscopy (STEM), the introduction of ultra-fast cam-
eras (Ballabriga et al., 2011; Miller et al., 2013; Plackett
et al., 2013; Miiller-Caspary et al., 2015; Ryll et al., 2016;
Tate et al., 2016) enabled the recording of four-dimensional
STEM (4D-STEM) data with full momentum resolution. In
particular, the average in-plane momentum transferred to
the electron beam (Waddell & Chapman, 1979; Miiller et al.,
2014) via interaction with the specimen gives, in principle, ac-
cess to electric fields within the interaction volumes defined by
the position and extension of the STEM probe (Miiller et al.,
2014; Miiller-Caspary et al., 2018; Gao et al., 2019; Beyer
et al., 2021). Subsequently, charge densities and electrostatic
potentials can be mapped via postprocessing techniques.
Important prerequisites for the direct mapping of electric fields
at the atomic scale have been worked out in former studies and
mainly involve the requirement of ultrathin specimens.

With regard to thicker specimens with polarization-induced
electric fields superimposed on the atomic ones, symmetry as-
sumptions have been made, under which meso-scale electric
fields can be mapped from FM STEM data averaged across
unit cells (Miller-Caspary et al., 2019a). Importantly,
this methodology comes along with systematic errors
(Miiller-Caspary et al., 20194; Campanini et al., 2020; Grieb
et al., 2021) arising from symmetry breakings and dynamical
scattering, to be studied material- and case-dependent by de-
tailed accompanying simulations.

In hypothetical monodomain ferroelectrics, the presence of
rather strong polarization-induced electric fields would be ex-
pected. However, even in such cases it must be taken into ac-
count that free charges are attracted by the surface charges of
the ferroelectric. This leads to a screening field that counter-
acts the depolarization field to a large extent reducing the aver-
aged electric field in the ferroelectric by a few orders of
magnitude (Kalinin et al., 2018). As will be demonstrated in
this work, different ferroelectric domains are straight for-
wardly distinguishable by unit cell averaged FMs. The ques-
tion to which extent this contrast can be related to the
relatively weak remaining electric fields, or whether it arises
from systematic errors, therefore appears highly relevant for
future characterizations of ferroelectric nanostructures by
STEM.

In this work, the influence of dynamical scattering on the
unit cell averaged FM caused by atom displacements, speci-
men thickness, crystallographic tilt, acceleration voltage,
semi-convergence angle, and bonding effects is investigated.
This is done in both simulations and experiments. The system-
atic error of a FM-based electric field calculation is quantified
in a variety of case studies, and the reliability as well as feasi-
bility of polarization mapping with this method are addressed.
Since the focus is on the systematic error, the presented simu-
lations do not contain polarization-induced electric fields ex-
plicitly—taking into account the actual field distribution in
ferroelectrics in simulations in the presence of domains is left
as a future task.

Initially, the concept for calculating long-range electric
fields from unit cell averaged momentum transfers recorded
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under atomic resolution STEM settings is summarized. In par-
ticular, the physical origin of systematic errors in this method
is explained. Next, the used materials [SrTiO; (STO), BTO,
and PbZrg,TipgTiO3 (PZT)] and the experimental setups
are presented. Besides the established ferroelectrics BTO and
PZT, the nonferroelectric material STO is considered in ex-
periments and simulations as well, because any internal elec-
tric field can be ruled out, facilitating the study of systematic
errors in pure form. In the ferroelectric cases, focus lies on in-
herent variations of systematic errors across domain boundar-
ies. After this, the impacts of atom displacements, specimen
thickness and tilt, acceleration voltage, semi-convergence an-
gle, and bonding effects are investigated in a simulation study.
Several experiments were then conducted using a variety of
settings, and these were compared to simulations using the
same parameters.

Theory

Using Ehrenfest’s theorem (Ehrenfest, 1927), a relation be-
tween the in-plane-momentum transfer p1 and the in-plane
electric field E; can be given as

d{pL)=—e(EL)dt (1)

with the time ¢ that the electron travels through the electric
field, the elementary charge e and sharp brackets representing
expectation values. Using the paraxial approximation, dt can
be replaced with dz/v with the distance z along the optical axis
and the speed v of the electrons. Inserting this in equation (1)
yields (Miller et al., 2014)

. e, =
d(p)=—2(Es) dz. 2)
Integrating along the specimen thickness Az results in
~ e Az =
(Pry==_1y" (E1)dz. (3)
The expectation value of the in-plane electric field is given by

(EL) =1 Ei(x, y, 2)I(x, v, z) dy dx (4)

with the intensity I of the electron beam in the specimen.
The expectation value of the in-plane momentum transfer is
given by

<5L>=Ij Z;J_(Px, Py)I(px, py)dpx dpy’ (5)

where the intensity I(p., py) in diffraction space is recorded by
a calibrated pixelated detector on which f; = (px, p,) is the co-
ordinate of a pixel.

As soon as dynamical scattering plays a major role, the mo-
mentum transfer is not related to the electric field by a simple
expression anymore. If the electric field in the sample and the
illumination are known, the momentum transfer can be easily
calculated by a multislice approach. However, inverting this
problem, i.e., starting from recorded diffraction patterns
I(px, py), would need an iterative process. This is a promising
field of research, however, a simpler and direct approach
would be desirable.

The electric field can be separated in the following way:

E = El,atom + EL,ext (6)

with atomic electric fields E| atom and external fields E; ext.
External, in this context, means that the field can be regarded
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constant across a unit cell. Assuming the external electric field
E| ext to be constant also across the sample thickness leads to

Az = _
oZ (Epext)dz=E ext - Az (7)
Combining equations (3), (6), and (7) gives
o 1 e, = v (pL)
E| ext +A_z fo" (ELatom)dz = — e Az (8)

Notably, only the atomic contributions involve electric fields
that vary at the scale of the STEM probe. This is one reason
why momentum transfer and electric field lose their propor-
tional relationship at elevated specimen thickness. However,
assuming a centrosymmetric scattering geometry, the momen-
tum transfers of opposite scan points with respect to the sym-
metry center cancel out each other exactly, irrespective of
dynamical scattering effects. Consequently, an average of the
field across a unit cell would be zero.

In the following, the average over all scan points in a unit
cell is denoted with a bar. Applying this unit cell average to
equation (8) assuming a centrosymmetric unit cell and no mis-
tilt leads to

=

v-(p1)

e Az’
However, ferroelectrics such as BTO and PbZr,Ti;_,TiO3
having noncentrosymmetric unit cells as the energetically
ground state prefer an atom shift away from the symmetric po-
sitions. In fact, that is the origin of the polarization.
Additionally, mistilts from a desired zone axis can also lead
to noncentrosymmetric scattering geometries in centrosym-
metric crystals. In these cases, the unit cell average of equation
(8) takes the form

9)

EJ_,CX'E =-

=

v-{p1)

E:=E ext+0=— :
Lext ¢ Az

(10)

Here, the apparent electric field E* was defined, being com-
posed of the external electric field to be measured ideally,
and a systematic error
5= LE yd (11)
= Az L,atom) 42
caused by dynamical scattering effects in combination with the
violation of centro-symmetry (Miiller-Caspary et al., 2019a).

Material/Experimental Setup and Simulation
Details

STO, BTO, and PZT were investigated in the simulation
study. The unit cells are shown in Figure 1. STO and PZT
were also investigated in experiments. Therefore, a sample
was used that had been characterized by Denneulin et al.
(2018) before. The sample was prepared with a dual beam
FIB/SEM FEI Helios and further thinned by a nanomill. STO
was used as a reference case as it does not have polarization
effects. As PZT shows polarization effects above 4 nm thick-
ness (Jia et al., 2006; Gao et al., 2017), it was used in the po-
larization case. The sample was investigated in two different
setups, an FEI TITAN STEM 80-300 (Titan-S) (Heggen
et al., 2016) with a Medipix Merlin detector (Plackett et al.,
2013) and an FEI Titan G? 60-200 (ChemiSTEM) with
an electron microscope pixel array detector (EMPAD) (Tate
et al., 2016) detector.
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For the simulations, the software STEMsim (Rosenauer &
Schowalter, 2008) was employed. The crystal was set up
with periodic boundary conditions. Hence, there were no sur-
face charges included preventing the appearance of any exter-
nal field caused by polarization. The electrostatic potential of
the crystal was calculated in an isolated atom model (IAM) us-
ing a look up table (Lobato & Dyck, 2014) for the scattering
amplitudes of isolated atoms. With these conditions, any non-
zero value in the unit cell averaged electric field is caused by
dynamical scattering effects and, hence, is a systematic error.
With the crystal potential, a multislice calculation (Cowley
& Moodie, 1957, 1959) was done with a slice thickness of
one unit cell. The simulation resulted in an intensity distribu-
tion in diffraction space, from which the FM was calculated.
Inserting zero for the external field in equation (10) gives for
the systematic error:

¢ v-(pL)

=t (12)
For a density functional theory (DFT) calculation, WIEN2k
(Blaha et al., 2020) was used. The calculation was set up using
the known literature values for BTO and a self-consistency
cycle (SCF) cycle was run. From the result, the X-ray form fac-
tors were calculated with the sub-routine LAPW3. The elec-
tron scattering form factors were calculated with the
Mott-Bethe formula (Bethe, 1930; Mott, 1930) and imported
into STEMsim using the modified atomic scattering ampli-
tudes (MASA) model (Rosenauer et al., 2005; Miiller et al.,
2010).

Results

Simulation Study

For the probe, an acceleration voltage of 300 kV was used and
the semi-convergence angle was set to 25 mrad. All aberra-
tions were set to zero. In the following cases, only one param-
eter of the simulation was varied at a time.

In the first simulation series, the calculation was performed
for different atom displacements from the symmetry position
to study the impact of the degree of symmetry breaking on
the systematic error d. In one case, the atom displacements
were set according to the literature values (Kwei et al., 1993;
Frantti et al., 2000; Leal et al., 2009). The parameter d was in-
troduced to scale the displacements to artificial magnitudes. In
particular, d=0 corresponds to no displacement from the
symmetry position, d=1 to the displacement given in the lit-
erature, and d=2 refers to a displacement twice as large as
in the literature.

The results are shown in Figure 2. For zero atom displace-
ments, meaning that the unit cell is centrosymmetric, the sys-
tematic error is also zero, as expected. For all other cases,
the thickness dependence of the systematic error has a compli-
cated behavior with a few general features. The systematic er-
ror is already nonzero in very thin specimens with thicknesses
above 1 nm. In the first few nanometers, the systematic error
increases up to the order of 10 MV/cm. For large thicknesses,
the systematic error shows a slow convergence but not neces-
sarily to zero in the order of 1 MV/cm for BTO and 10 MV/cm
for PZT. In between, the behavior is more random. In general,
the systematic error increases with increasing atom displace-
ments. This cannot only be seen from the behavior for differ-
ent displacements but also from the larger systematic error in
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Fig. 1. The unit cells of (a) BTO, (b) PZT, and (c) STO in projection view
with the respective literature values (Kwei et al., 1993; Frantti etal., 2000;
Leal et al., 2009) for the unit cell size and the atom displacements.
The 1/2 denotes atom sites that are not at the front side of the unit

cell but shifted half a unit cell to the back. For illustration, the sizes are not
to scale.

PZT compared to BTO that is due to the larger displacements
in PZT. For small displacements in BT O, the systematic errors
adopt values up to 3 MV/cm, where approximately 25 MV/cm
are reached in PZT. Because of the complicated thickness de-
pendence, this trend is not observed at some particular thick-
ness values (e.g., 18 nm in BTO or 12 nm in PZT). As can be
seen in the position-averaged convergent-beam electron dif-
fraction (PACBED) data, the effect of dynamical scattering
on the intensity distribution is not obvious for BTO, whereas
intensity redistributions in the PACBED can be seen by eye
for PZT at 40 nm thickness at realistic displacements (d=1)
already.

In the following part, the displacement is set to literature
values (d=1) and several parameters of the microscope are
varied to ascertain whether they can reduce the systematic er-
ror. In the next simulation series, the influence of the acceler-
ation voltage is investigated as shown in Figure 3. In general,
the systematic error decreases with increasing acceleration
voltage. For example in PZT, the error reaches 15 MV/cm
for 300 kV and 35 MV/cm for 60 kV at a thickness of around
3 nm. Additionally, this trend is violated at some thicknesses
(especially in PZT in the range from 30 to 50 nm). Although
increasing the acceleration voltage reduces the impact of dy-
namical scattering, no simple way for minimizing J is obvious
within the range of electron energies covered by this
simulation.

In addition, the influence of the semi-convergence angle was
investigated as depicted in Figure 4. In general, the systematic
error decreases with increasing semi-convergence angle. In
PZT, the error reaches 15 MV/cm for 25 mrad and 150 MV/
cm for 2mrad at thicknesses below 10nm, respectively.
Again, this trend is violated for some thicknesses. It is import-
ant to note that, for the small convergence angles, no atomic
resolution is obtained that could give rise to a unit cell aver-
aging procedure in experimental data sets. These data were in-
cluded as it provides insights into the accuracy of studying
ferroelectrics by nano-beam electron diffraction.

Only the IAM was used up to this stage of the analysis. To
check the influence of bonding on the systematic error, a DFT
calculation in BTO was performed using the WIEN2K
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Fig. 2. Influence of specimen thickness and atom displacements on the
systematic error ¢ in (@) BTO and (b) PZT. The atom displacement d is
normalized to the literature values (Fig. 1) of the corresponding material.
With d=0, the atoms are at the symmetry positions, d= 1 denotes shifts
to the positions from the literature. Note that this results in larger
absolute displacements in PZT compared to BTO for the same d-values.
For the thicknesses of 9 and 40 nm marked with a vertical green line, the
PACBEDs are shown in (e)-(j), BTO in the left, PZT in the right column.
The size of the virtual CoM-detector is marked with a yellow cycle in (c)
and (d).

software. The result is shown in Figure 5 where it can be ob-
served that differences to the IAM start at around 10 nm.
These differences become more pronounced in the range
from 40 to 55 nm as the factor between the two models ex-
pands and becomes negative (IAM almost 0 MV/cm and the
DFT model around —0.5 MV/cm). Generally, bonding is a mi-
nor effect compared to the ionic displacements dealt with
above.

In an experiment, the sample should be in zone axis, but
nevertheless mistilts in the range of a few milliradians can eas-
ily occur. Hence, the influence of sample tilt on the systematic
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Fig. 3. Influence of sample thickness and high tension of the microscope
on the systematic error 6 in (a) BTO and (b) PZT with d =1 (i.e., cation
displacements from the literature).

error was investigated in the next simulation series as shown in
Figure 6. Tilt out of zone axis introduces a systematic error
parallel to the tilt direction even in STO, a material that is cen-
trosymmetric and would not create a net deflection by
polarization-induced electric fields in theory. This effect can
also be seen if tilting BTO or PZT perpendicular to the polar-
ization axis. If tilting parallel to the polarization axis, the
systematic error that is already present changes significantly.
In BTO, this effect is even one magnitude larger than the
dynamical scattering effect for a tilt of only 1 mrad. As a gen-
eral observation, the systematic error arising from mistilt in-
creases with the tilt angle and this is observed for almost all
thicknesses.

In conclusion, besides the dependence on specimen thick-
ness, the mistilt from zone axis appears to be the most relevant
source of error in real experiments. In fact, systematic errors
are already large for mistilts within the typical range of preci-
sions that can be achieved by manually aligning the specimen.
Moreover, specimens are bent within the field of view very
often, introducing a locally varying systematic error & that
could easily be misinterpreted as a variation of electric fields
in the specimen, especially if the tilt changes abruptly across
domain boundaries. To uncover the impact of experimental
uncertainties and the geometry of real specimens, we con-
ducted a comprehensive experimental study.

Experimental Study

For the experiments, several 4D-STEM scans have been per-
formed under different conditions. The experimental condi-
tions are summarized in Table 1 for two PZT cases and
STO, where numerous further data were analyzed as shown
in the Supplementary Material. All datasets are from the
same sample but from different regions. To calibrate position
and size of the Ronchigram on the detector, a circle was fitted

(a)BTO (b)PZT
20| /\/\’\, 150
£ 04 £ 100
L o /
%-20: % 50
5 | T ok
| ~—25 mrad
-50
0 50 100 0 20 40

thickness / nm

thickness / nm

Fig. 4. Influence of sample thickness and semi-convergence angle of the
electron probe on the systematic error d in (@) BTO and (b) PZT with d=1
(i.e., cation displacements from the literature).
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Fig. 5. Influence of sample thickness and atom model on the systematic
error § in BTO. The calculation was done once with the IAM and once
with the electron density from DFT calculations.

by radial gradient maximization (Miiller et al., 2012). The mo-
mentum transfer was calculated according to equation (5)
where the relative rotation between the scan coordinate sys-
tem and the detector has been taken into account. Because
long-range electric fields from potential residual depolariza-
tion fields, charged contamination, and the environment of
the microscope cannot be ruled out completely and could shift
the Ronchigram, using its center to define the zero point of the
momentum transfer is often inaccurate. As scans PZT 2 and
STO contain a vacuum region, it can be used to define the
zero point, i.e., (1) =0.

(a) STO
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Fig. 6. Influence of sample thickness and sample tilt on the systematic
error 6 in (a) STO, (b,¢) BTO, and (d,e) PZT. In STO, the tilt was done on
the main crystal axis (100) . The systematic error arises on the same
axes and is zero for the component perpendicular to it. On the other
materials, the tilt was done perpendicular to the polarization axis (x-tilt)
and parallel to it (y-tilt).
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Table 1. Experimental Parameters Used for the 4D-STEM Experiments
with the Acceleration Voltage U, Semi-convergence Angel a, Scan Area
in Scan Points S, Detector Pixel D, Dwell Time per Scan Point t,,, and
Dead Time per Scan Point tge.

Scan PZT 1/PZT2 STO
Material PZT STO
Setup ChemiSTEM Titan-S
U (kV) 200 300

o (mrad) 24.6 22.6

S 128x 512 255%x2048
D 128 x 128 256x256
t4,, (Ms) 1 1

t4e (Ms) 1 0

PZT 1 does not contain a vacuum region to define the origin
in momentum space. To remove arbitrariness, the zero point is
chosen as the mean value in one domain. That is the upper do-
main, as shown in Figure 8. Consequently, momentum trans-
fers are then approximately zero across the reference domain
region, and the momentum transfers in adjacent domains are
to be interpreted relative to the reference one. The consequen-
ces of this procedure are depicted in Figure 7 for the ideal situ-
ation. In that case, the outer domains would show a mean
momentum transfer of zero and the inner domain a mean mo-
mentum transfer in the diagonal direction, if the deflection
corresponded to a real electric field.

Another solution to the problem of a lacking vacuum region
in the scan itself would be to fit the Ronchigram position in a
vacuum reference scan performed separately after removing
the specimen from the field of view. However, this procedure
turned out to yield ambiguous results, especially unexpected
global offsets of the measured () in the region of interest
that almost completely overshadowed the variations of the
momentum transfer due to the local specimen properties. In
that respect, the following factors could be identified as pos-
sible sources of this effect. First, moving the sample (and
with it the holder including stage) changes the electrical envir-
onment, which can lead to a different background electric
field. Second, the position of the diffraction pattern might
change slightly after, e.g., blanking the beam between two
scans. Consequently, relative momentum transfer between do-
mains was focussed on, assuring locality of the interpretation

of (ﬁl)-

Fig. 7. Polarization in a ferroelectric with 45° domain boundaries. (a)
Polarization if the zero point is known. (b) Polarization if the zero point is
defined by the mean value of the outer domain.
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Fig. 8. Experimental results from PZT 1. (a) FM. (b) BF image with the
evaluation regions marked with red rectangles. (c) Unit cell average of (a).
(d) Divergence of (a). (e) Tilt map. To visualize small variations, outliers
were truncated. The signal to noise ratio was good enough for a unit cell
precise fitting. (f) In-plane rotation. The relative rotation between the
upper/lower and the middle domain is 92.2°. The axis of the images
correspond to the main crystallographic axis.
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Fig. 9. Experimental results from PZT 2. (a) FM. (b) BF image with the
evaluation region marked with a red rectangle. (¢) Unit cell average of (a).
(d) Divergence of (a). (e) Tilt map. To improve the signal to noise ratio,
averaging across two by two unit cells was necessary. Please note that
the signal to noise of the Kikuchi lines in the top two lines was still weak
resulting in a large fitting error. Therefore, the values in the top two lines
should not be trusted. To visualize small variations, outliers were
truncated. (f) In-plane rotation. The axis of the images correspond to the
main crystallographic axis.
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Fig. 10. Experimental results from STO. (a) FM. (b) BF image with the
evaluation regions marked with red rectangles. (e) Unit cell average of (a).
(d) Divergence of (a). (e) Tilt map. To improve the signal to noise ratio,
averaging across two by two unit cells was necessary. Please note that
the signal to noise of the Kikuchi lines in the top two lines was still weak
resulting in a large fitting error. Therefore, the values in the top two lines
should not be trusted. To visualize small variations, outliers were
truncated. (f) In-plane rotation rot. The axis of the images correspond to
the main crystallographic axis.

Itis generally expected, based on the simulation study and the
abovearguments,toobservemomentum transfersthatoriginate
from three different sources, explicit atomic electric fields,
polarization-induced electric fields, and deflections arising
frombreakingsymmetryinthescatteringgeometriesasincluded
in the quantity 6. The unit cellaveraging is supposed to eliminate
the atomic electric field contribution. Hence, net deflections ei-
ther arise from the polarization-induced fields, or from the sys-
tematic error J, or a combination of both. Due to screening
effects reducing the polarization-induced fields to a large por-
tion, special attention is needed to quantify the local magnitude
of § for the unit cell averaged FM in the following scans. This in-
volves the measurement of the specimen thickness, the mistilt,
and requires accompanying simulations to ascertain whether a
subsequentinterpretation of the measured { p, ) gives rise to po-
tentially present polarization-induced fields.

The FM results are shown in panels (a) of Figures 8 (PZT 1),
9 (PZT2), and 10 (STO) as a selection of representative data
sets in this article, where further data can be found in the
Supplementary Material. In PZT 1, three domains can be
seen that display slight steps at the domain walls. As expected
from the vacuum reference in PZT 2 and STO, the momentum
transfer is zero in the vacuum region despite some scan noise.
In the two scans, there are no domain boundaries visible. In
addition, some slow variations of the FM were observed
across all scans.

For the further analysis, bright field (BF) images turned out
to be useful. BF images were calculated by integrating the
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intensity within the Ronchigram as shown in panels (b) of the
respective figures. Also in the BF data, domain boundaries are
visible as slightly darker regions in the images that exhibit do-
mains, that is, PZT 1. In PZT 2 and STO, the vacuum region
can be seen in the upper part of the image. The atomic contrast
weakens towards the specimen edge. In the STO scan in
Figure 10b, the contrast changes over the whole field of
view, indicating thickness and tilt variations.

To separate long-range effects from the atomic contribu-
tions, a unit cell averaging procedure was applied to the FM
vector field. For this purpose, a unit cell grid was created by
a minimum finder to detect atom positions in the virtual BF
images. This was refined by applying a center of gravity fit sev-
eral times until convergence is reached. With the unit cells de-
fined in this way, unit cell averaging led to the data shown
color-coded in panels (c) of Figures 8 (PZT 1), 9 (PZT?2),
and 10 (STO). The domains can be distinguished clearly
from the abrupt changes of the unit cell averaged momentum
transfers. Furthermore, the FM changed slowly over the scan
area of PZT 1, PZT 2, and STO. Particularly strong changes
for the FM at the domain boundary between the upper and
middle domain in PZT 1 could be observed.

Without a critical assessment of the systematic error intro-
duced above, these different regimes of the momentum trans-
fer might initially be interpreted as polarization-induced fields.
Therefore, a detailed view on tilt and thickness variations is
necessary, along with consistency checks of the potential do-
main structure with the cation displacements in the center of
the unit cell, as can be determined from the atomically resolved
data.

Although the specimen thickness is too large for a direct in-
terpretation of electrical properties, the divergence of the FM
was used (which would otherwise reflect the charge density) to
detect the atom positions from the high-resolution 4D-STEM
data, as depicted in panels (d) of 8 (PZT 1), 9 (PZT2), and 10
(STO). Note that in PZT 1 and PZT 2, the oxygen atom col-
umns are clearly visible. In the STO scan, the oxygen columns
are only observable in the lower part. The atom positions are
needed for unit cell averaging and estimating the polarization
direction in order to set up the correct simulations, as detailed
below.

The unit cell averaged FMs up to this point did not allow for
a consistent conclusion on polarization effects. The FM can be
affected significantly by mistilt from a given zone axis. In PZT
1,PZT 2, and STO, Kikuchi bands were present in the diffrac-
tion patterns. Because Kikuchi band crossings define the zone
axis incidence, Kikuchi band intersections in unit cell averaged
diffraction patterns were detected using a procedure which
will be reported in more detail elsewhere. With the knowledge
of the exact center of the BF disc, the crystallographic mistilt as
well as the in-plane rotation can be calculated. The measured
2D tilt maps are shown in Figures 8e, 9e, and 10e. In the case
of PZT 1 in Figure 8e, three domains are observable, of which
the central one is approximately oriented in zone axis, the
upper one shows a mistilt of 2-3 mrad in horizontal direction,
and the lower one is tilted by approximately 1-2 mrad verti-
cally. Importantly, the dominant feature is an abrupt change
of the crystallographic tilt at the domain boundaries, which
are identified to run parallel to the main diagonal.
Additionally, the specimen is bent such that the orientation
varies at the nanometer scale, even inside the domains.
For PZT2 and STO in Figures 9 and 10, respectively, the
tilt maps only show bending. In the STO case, this was
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Fig. 11. The PACBEDSs of the three regions of PZT 1. Left: Experimental
data. Right: Simulation. The rotation between experiment and simulation
is 166°. The virtual CoM-detector is shown as a yellow cycle in (a).

expected due to the absence of domains. For PZT 2, either
no domain boundary is present in the field of view, or the spe-
cimen thickness is too small to allow for a ferroelectric
configuration.

Figures 8f, 9f, and 10f show the local in-plane rotation,
which concurs with the orientation maps in regard to the do-
main structure. PZT 1 shows strong domain contrast in a near-
ly binary map, where the central domain is rotated by 90° in
respect to those of the top and bottom. Note that all possible
90° rotations are distinguishable, because inversion symmetry
is broken in PZT. No domain contrast can be observed in the
rotation maps of the scans of PZT 2 and STO.

In the following, the key observations made in the experi-
ments are reproduced by simulations exemplarily for selected
regions. Therefore, evaluation regions were selected that have
almost constant parameters such as momentum transfer, crys-
tallographic orientation, in-plane rotation, or thickness.
Respective areas are marked in the BF images (Figs. 8b, 9b,
and 10b), where all parameters were averaged therein to im-
prove statistics. The displacement of the center atom was
also evaluated in the regions. Therefore, the position was cal-
culated relative to the corresponding local unit cell vectors.
Afterwards, the symmetry position (0.5, 0.5) was subtracted.
Due to the great uncertainties of this type of evaluation in
slow STEM scans, the atom displacement was only used as
an additional information in order to find the correct domain
orientation in comparison with simulations.

The thickness was determined by comparing the PACBED
data with a thickness dependent multislice simulation ac-
counting for the estimated mistilt. For PZT 1, this is shown
exemplarily in Figure 11. There is a good match between simu-
lation and experiment, except for a slight blurring of the ex-
perimental patterns arising from the modulation transfer
function (MTF) of the camera, and inelastic scattering due
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Table 2. Evaluation Results of Selected Regions from PZT 1.

Region 1 2 3
Experiment

Orientation Up Left Up
Tilt, (mrad) 1.6 0.9 -1.0
Tilt, (mrad) 0.8 -0.4 -0.3
Thickness (nm) 25 20 15
AE{[reg;] (MV/cm) 0 -10 40
AE;’,[regl] (MV/cm) 0 30 10
Simulation

Displacement,, (u.c.) 0.00 -0.07 0.00
Displacement,, (u.c.) 0.06 0.00 0.06
dx (MV/cm) —40 -10 20
dy (MV/em) -30 20 10
Ad.[reg;] (MV/cm) 0 20 60
Ady[reg] (MV/cm) 0 50 40

The displacements are the fit results from the simulated data. The apparent
electric fields E are given as a difference to region 1 AE?[reg,]. J is also given
as a difference relative to region 1 Ad[reg;]. All values are given in the
coordinate system of the unit cells and are rounded to significant digits.

to plasmon excitations (Beyer et al., 2020; Robert et al.,
2022).

The results are shown in Tables 2 and 3 and the
Supplementary Material. Note the tilt and thickness variations
within the same scan, and that an apparent electric field was
found in STO that additionally varies across the scan region.
Importantly, the apparent field is denoted by superscript E“.
It describes the electric field obtained from the momentum
transfer. If the origin of momentum space was obtained
from vacuum regions as described above, it is denoted as
AE{, [vac]. As we have previously elaborated some difficulties
in using this procedure, we additionally provide the field dif-
ferences with respect to one of the regions as denoted with
AE{ ), [reg,] with 7 as the region number.

The field components AES , [vac] in Table 3 adopt relatively
large values of hundreds of MV/cm in STO which are signifi-
cantly higher than the simulated systematic errors arising from
mistilts in Figure 6 due to the ambiguous choice of the origin in
momentum space. However, treating this ambiguity as ap-
proximately constant, i.e., an offset to all measurements, the
relative differences expressed by AE{, [reg;] in Table 3

Table 3. Evaluation Results of Selected Regions from STO.

Region 1 2 3 4 S
Experiment

Tilt, (mrad) 1.7 1.7 1.6 1.7 0.8
Tilt, (mrad) 1.3 1.0 0.5 -0.5 -1.2
Thickness (nm) 30 25 20 15 10
AE{[vac] (MV/cm) 30 30 30 30 50
AEj[vac] (MV/cm) =220 =200 =220 -190 =220
AEZ[reg;] (MV/cm) 0 0 10 10 30
AEj[reg;] (MV/cm) 0 20 10 30 10
Simulation

Displacement, (u.c.) 0.00 0.00 0.00 0.00 0.00
Displacement, (u.c.) 0.00 0.00 0.00 0.00 0.00
Ox (MV/cm) =20 -30 -40 -30 -10
dy (MV/em) =20 =20 -10 10 20
Ady[regq] (MV/cm) 0 -10 =20 0 10
Ady[reg] (MV/em) 0 0 10 30 40

The displacements are the fit results from the simulated data. The apparent
electric fields E? are given as a difference to vacuum AE“[vac] and to region 1
AE“[reg;]. d is also given as a difference relative to region 1 Ad[reg;]. All
values are given in the coordinate system of the unit cells and are rounded to
significant digits.
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correspond well with the simulated range of systematic errors.
In particular, the simulation taking the experimentally meas-
ured geometries into account explicitly are also shown in
Table 3. Systematic errors Ad,y[reg;] take values of some ten
MV/em, similar to AEY [reg, ] determined experimentally. It
is apparent that the simulated systematic errors ¢ reflect the
correct order of magnitude as to AE] [reg,], but sometimes
deviate numerically from the experiment. This is understand-
able due to the partly strong gradients of § with respect to mis-
tilt and specimen thickness, as implied by Figure 6. In general,
curved specimen surfaces and thickness gradients have not
been included explicitly in the simulations for Tables 2 and
3, meaning that the thickness and orientation dependence al-
ways assumed parallel-sided slabs of a bulk crystal.

To conclude the accompanying simulations, they led to sys-
tematic errors well reflecting the orders of magnitude of the
apparently measured electric fields in all cases. Moreover,
the experimentally determined thicknesses and mistilts using
state-of-the-art methodologies are not precise enough to nu-
merically provide exactly the same magnitudes for Ad and
AE?, and including fully realistic specimen geometries with
surface normal and thickness gradients would be necessary.
However, including these effects is not advisable here since
the experimental data at hand did not allow measuring the re-
spective quantities which would be needed as input for the
simulations. Consequently, no evidence of the presence of
polarization-induced electric fields were found in the speci-
mens investigated, despite the strong domain contrast of the
FM signal averaged over unit cells.

Discussion

Simulation Study

Equation (10) shows that quantifying the systematic error for
the experimental setup and material system is important for
quantitative measurements of mesoscopic electric fields by
means of unit cell averaged FM data. The simulations with dif-
ferent atom displacements in Figure 2 show that the origin of
the systematic error is a dynamical scattering effect that does
not cancel in unit cell averages due to broken symmetry.
This effect already plays a role for very thin specimens. The be-
havior of the systematic error at different acceleration voltages
in Figure 3 is explainable because the interaction constant is
smaller for higher energies, i.e., higher acceleration voltage.
Thus, it is advisable to use an acceleration voltage as high as
possible in the limit of the microscope capability or potential
radiation damage of the sample. The behavior of the systemat-
ic error for different convergence angles (Fig. 4) advises to use
rather large convergence angles within the limit set by the
probe aberration corrector.

For thick specimens (>30nm), bonding effects (Fig. 5) can
make a further contribution to the systematic error and
should be taken into account to quantify the systematic error
0. Between 10 and 30 nm, neglect of bonding can result in er-
rors of up to 25% of the true value; nevertheless, the contri-
bution of bonding is much lower as compared to the ionic
displacements or mistilt. The tilted simulations in Figure 6
show that even in a nonferroelectric material the formally
calculated unit cell averaged electric field appears to be non-
zero, meaning that tilt effects need to be addressed in detail
in ferroelectrics, because tilt gradients could easily be misin-
terpreted as internal electric fields. In general, the sample
should be oriented perfectly in zone axis if possible.
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However, our experimental study showed that domain
boundaries in PZT are inherently connected with an abrupt
change of specimen tilt.

Application Aspects

The evaluation of the BF-STEM showed contrast variations in
PZT 2 and STO, which could be explained by thickness varia-
tions of the sample. In STO, this variation changes slowly over
the whole scan, as is supported by the thickness measurement
in Table 3.In PZT, thickness also changes quite abruptly across
domain boundaries. A detailed discussion of various interface
effects that could cause the slightly darker BF contrast at the
domain boundaries in some cases is out of the scope of this pa-
per. Qualitatively, domain boundaries constitute interfaces
with strain, rotation, and static disorder which is usually a
source of Huang scattering to rather high angles constituting
an additional scattering channel that can decrease the BF
signal.

The evaluation of the unit cell averaged FM indicates that
this method provides significant domain contrast. In PZT 2,
it seems that there are no domains near the surface. This could
be verified by the rotation analysis. The slow variations of the
FM in all scans can be assigned to specimen bending.
Qualitatively this can explain the behavior of the correspond-
ing unit cell averaged FM results. It is expected that there is no
quantitative match as the FM is also sensitive to sample thick-
ness where the tilt map is not. The PZT 1 data show an add-
itional effect as depicted in Figure 7, where FM gradients
arise from a different tilt of the domains. The tilt analysis of
PZT 1 supports this. The kinks originate from mismatches at
the domain boundaries as an effect that can easily occur in
ferroelectric-ferroelastic materials (Catalan et al., 2011).
Under these conditions, it is impossible to bring more than
one domain in zone axis in the same scan. This will result in
different systematic errors on the apparent electric field in dif-
ferent domains. The FMs at the domain boundary between the
upper and the central domain have a rather large magnitude,
most probably due to interface effects (Grieb et al., 2021)
caused by probe broadening in thick samples and the simul-
taneous interaction with two different regions.

The rotation analysis of PZT 1 gives a strong domain con-
trast. The disadvantage is that only a relative rotation can be
gained and no information about the magnitude of the polar-
ization is provided. Finding the actual domain orientation in at
least one domain requires additional evaluations.

In STO, the electric field has a large constant mismatch giv-
ing a strong hint that using a vacuum region in the same scan is
not a reliable method to define the reference point of zero mo-
mentum transfer. In PZT 1, the domain configuration is con-
sistent with Denneulin et al. (2018), i.e., c-a-c domains.
Overall, measuring the electric fields potentially present in fer-
roelectrics remains a challenging task, as this work already
demonstrates the complexity of signal formation in real speci-
men when electric fields are not taken into account.

Structural Characterization

The polarization can, in principle, also be determined using
structural information, especially via evaluating the atom po-
sitions inside a unit cell. The atom positions can be fitted from
negative C; imaging (Jia et al., 2003, 2008), low angle annular
dark field STEM, annular BF STEM, integrated DPC STEM,
and imaging STEM. A comparison of these methods was
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presented by Gauquelin et al. (2017). However, atom position
measurement methods only yield accurate values if the speci-
men is in zone axis (Zhou et al., 2016). This is problematic
in cases dealt with in the present study, where imaging mul-
tiple domains at once in zone axis is inhibited by abrupt tilt
changes at domain boundaries.

Conclusion

To characterize ferroelectric materials by unit cell averaged
FM data, a variety of sources of systematic errors needs to
be taken into account. In particular, these are atom displace-
ments from the symmetry positions, the magnitude of the ac-
celeration voltage, STEM probe semi-convergence angle,
sample thickness and sample tilt out of zone axis.
Simulations showed that a systematic error of the calculated
electric fields using the unit cell averaged momentum transfer
originates from the violation of point symmetry within the
unit cells, and takes values that can easily exceed potential
polarization-induced electric fields in ferroelectrics.

Importantly, the systematic error produces deflection gra-
dients between different domains which are apparently repre-
sentative of measured fields. However, it could be shown that
for PZT at least, many adjacent domains exhibit a relative
crystallographic mistilt and in-plane rotation. A direct inter-
pretation of ferroelectric polarization therefore needs to be
carefully conducted. The experimental result of Strontium
Titanate showed that even defining the zero point of the mo-
mentum transfer is rather ambiguous under real conditions,
which makes absolute values of the simulated electric fields
less reliable. The experimental results from PZT showed that
the method gives qualitative domain contrast. In order to ob-
tain the correct domain configurations, there needs to be sys-
tematic comparison with simulations of all possible domain
configurations. Comparison of the relative calculated electric
field with the relative systematic error revealed that the do-
main contrast of the unit cell averaged electric fields was, at
least in the present PZT specimens, mainly caused by dynam-
ical scattering effects and the electric field plays only a minor
role, if present at all.

Supplementary Material

To view supplementary material for this article, please visit
https:/doi.org/10.1093/micmic/ozad016.
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