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1. Introduction

Ferroelectric domain walls are a rich source of emergent electronic properties

and unusual polar order. Recent studies show that the configuration of
ferroelectric walls can go well beyond the conventional Ising-type structure.
Néel-, Bloch-, and vortex-like polar patterns have been observed, displaying
strong similarities with the spin textures at magnetic domain walls. Here, the
discovery of antiferroelectric domain walls in the uniaxial ferroelectric
Pb;Ge;0O;, is reported. Highly mobile domain walls with an alternating
displacement of Pb atoms are resolved, resulting in a cyclic 180° flip of dipole
direction within the wall. Density functional theory calculations show that
Pb;Ge;0,, is hyperferroelectric, allowing the system to overcome the
depolarization fields that usually suppress the antiparallel ordering of dipoles
along the longitudinal direction. Interestingly, the antiferroelectric walls
observed under the electron beam are energetically more costly than basic
head-to-head or tail-to-tail walls. The results suggest a new type of excited
domain-wall state, expanding previous studies on ferroelectric domain walls

into the realm of antiferroic phenomena.

Lead germanate, Pb;Ge;O,;, is a uniax-
ial ferroelectric material with a sponta-
neous polarization P = 4.8 uC cm™
along the crystallographic [001] direction
and an enantiomorphic structure (space
group P3).'2] One of the most peculiar
consequences of the enantiomorphism in
Pb;Ge;0,; is its polarization-dependent
optical activity, which makes ferroelec-
tric 180° domains discernible in polarized
light.[>3] Because of the unipolar struc-
ture of PbsGe;0,;, only 180° domains ex-
ist in this material, forming irregular pat-
terns elongated along the polar [001] axis as
shown in Figure 1a. An interesting feature
of the associated domain walls is that they
can be strongly inclined with respect to the
polar axis, giving rise to head-to-head and
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tail-to-tail sections with unusual electronic and dynamical
responses. For example, the nominally charged domain walls
have been reported to form characteristic saddle points that
remove the need for screening charges!*! and scanning probe ex-
periments showed that they expand in length under application
of an electric field.l’) These physical properties are incompatible
with the formation of classical Ising-type walls, pointing toward
a more complex domain wall structure. In this study, we use
density functional theory (DFT) calculations to understand the
microscopic origin of the ferroelectric polarization in Pb;Ge; 0,
and apply different scanning transmission electron microscopy
(STEM) methods to resolve the atomic-scale structure of the
nominally charged domain walls.

2. Results and Discussion

2.1. Hyperferroelectriciy in Pb;Ge,0O;,

We begin by analyzing the structural instabilities of the prototyp-
ical centrosymmetric bulk phase (space group P6) that drive the
ferroelectric order in Pb;Ge;O,;. Our DFT calculations reveal a
single discontinuous unstable phonon band at the center of the
Brillouin zone (Figure Sla, Supporting Information), consistent
with the system’s uniaxial ferroelectricity and the associated re-
duction in space group symmetry (P6 — P3). Interestingly, by
comparing the ferroelectric and prototypical structures (phonon
analysis performed with AMPLIMODES!®l), we find that both a
polar (I',) and a non-polar mode (I';) are involved in the ferroelec-
tric phase transition (Movie S1 and Figure S2, Supporting Infor-
mation present a visualization of the I'; and I', modes). The cor-
responding 2D potential energy landscape is given in Figure 1b
with cell parameters fixed to those of the ferroelectric structure.
These results show that the ferroelectric ground state is not sta-
bilized by condensing the polar I', mode, but becomes stable
only when both the polar and non-polar modes condense, analo-
gous to an improper ferroelectric phase transition.”! We further
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find that the elastic energy (obtained by comparison with the lat-
tice parameters of the prototypical phase) is significantly smaller
than the phonon mode condensation, suggesting that contribu-
tions from macroscopic elasticity are minor. Following the sym-
metry of the prototypical phase, the coupling of the polar and
non-polar modes at leading order in the amplitude is of the type
[,2T";. Based on the ab-initio calculations, we construct a mini-
mal Landau model of the potential energy landscape F(I',,I';) as
presented in Figure 1c, showing two minima as function of T,
that correspond to the two ferroelectric domain states with +P
and —P (see Note S1, Supporting Information for details). To de-
scribe the effect of the depolarizing electric fields, we plot the po-
tential energy, including the electrostatic energy (F(I';,I',)+F,),
as a function of the electric displacement field D%, regarding D
as an external parameter (Figure 1d). The resulting curve is very
different from the double-well potential of classical proper fer-
roelectrics. The main difference is the emergence of a bi-stable
state in open-circuit conditions (D = 0) with a nonzero polar-
ization, whereas the unstable prototypical structure lies at sub-
stantially higher energy. This behavior identifies Pb;Ge;0,; as a
uniaxial hyperferroelectric material % where the polar instabil-
ity survives under longitudinal (in addition to transverse) open-
circuit electrical boundary conditions (Figure S1, Supporting In-
formation). Thus, in contrast to classical proper ferroelectrics,
where depolarizing fields completely suppress the ferroelectric
instability in open-circuit conditions, Pb;Ge,;0;; sustains its fer-
roelectric order for D = 0. Simultaneously with our study, hy-
perferroelectricity in Pb;Ge;0,; was independently confirmed in
ref. [11] with a similar energy landscape F(I';,I',) as reported in
ref. [12]; it was also shown in these works that spin-orbit cou-
pling further increases the stability of the ferroelectric phase
in both short-circuit and open-circuit electrical boundary condi-
tions. Most importantly for our work, in principle, the hyperferro-
electricity enables atomically sharp charged domain walls (head-
to-head and tail-to-tail) even in the absence of mobile screen-
ing carriers as previously discussed for LiNbO,,['*1*] making it
largely immune against the emergence of uncompensated bound
charges.

2.2. Polar displacements in +P and —P domains

To measure the domain wall structure in Pb;Ge;0,;, we image
the polar order at the atomic scale using different STEM ex-
periments. The STEM images in Figure 2a—c delineate the do-
main configuration on the non-polar (010) surface, where the
polarization direction within the field of view was determined
by STEM differential phase contrast (DPC) (see Experimental
Section and Figures S3 and S4, Supporting Information).['>-%7]
Here, dark and bright areas correspond to +P and —P domains,
respectively, revealing an extended tail-to-tail domain wall with
a sawtooth-like structure. The image series shows that the tail-
to-tail domain wall is remarkably mobile, changing position
from frame to frame, which we attribute to an interaction with
the electron probe (Movie S2, Supporting Information).[16:1819]
The same behavior is observed in large-area scans obtained
by scanning electron microscopy (SEM), independent of the
scan direction of the SEM probe (Figure S4, Supporting
Information).
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Figure 1. Domain structure and free energy landscape of Pb;Ge; Oy;. a, 3D sketch of the as-grown domain structure constructed based on piezoresponse
force microscopy measurements. b, Contour plot of the 2D potential energy landscape with respect to non-polar I'; and polar I', mode amplitudes as
extracted from ab-initio calculations. ¢, Ferroelectric double-well potential for different non-polar mode amplitudes I';. d, Plot of the potential energy
versus displacement field, D, showing the hyperferroelectric behavior of the material with three possible polar states. The minima at D = +1 correspond
to the two polar states +P and —P (E = —30 meV f.u.~'), which remain stable in open-circuit conditions (D = 0, E = —20 meV f.u.~"). The local minimum

at D = 0 corresponds to the non-polar prototype phase (E =0 meV f.u.”").

Corresponding high-resolution annular dark-field (ADF)
STEM images recorded along the [010] and [100] zone axes
are shown in Figure 2d.e, respectively, presenting the atomic
structure, which is consistent with earlier neutron diffraction
studies.?”) Pb;Ge,0,; contains layers of isolated tetrahedra
(GeO,) and layers of double tetrahedra (Ge,0O,); the Pb atoms
are located in threefold triangular pyramids and sixfold trian-
gular prisms. The spontaneous polarization is associated with a
displacement of Pb atoms located in triangular prisms along the
[001] direction, resulting in distinct Pb plane spacings (d,, d,, and
d;) as illustrated in the unit cell images in Figure 2d,e. In +P (- P)
domains, three of the sixfold coordinated Pb atoms in the unit
cell move upwards (downwards), leading to a shorter (longer) dis-
tance d, compared to d,, whereas d; remains constant (see also
Figure S5, Supporting Information). Quantifying the Pb plane
spacings for a —P domain, we find d, = 3.462 A + 0.021 A, d, =
3.417A +0.025A,and d, =3.771 A + 0.025 A. The relative change
in Pb column positions, as well as the positions of light oxygen
atoms relative to heavier Pb and Ge atomic columns (see Figures
S6 and S7, Supporting Information), are in qualitative agree-
ment with the reported ferroelectric structure of PbsGe; 0, %]
and our DFT results (Figure S8, Supporting Information). We
note that quantitatively, however, the difference between d,
and d, measured based on the ADF STEM is much smaller
compared to the calculated values and previous experimental
results.
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2.3. Antiferroelectric domain walls

After characterization of the +P and —P domains, we next turn
to the nominally charged domain walls. We find that bright field
transmission electron microscopy (TEM) imaging at low dose
and low magnification reduces effects from domain wall motion,
showing a region of reduced intensity between +P and —P do-
mains with a width 216 nm (Figure S9, Supporting Informa-
tion). This value is substantially larger than what is expected for
a domain wall in a hyperferroelectric system!'*!* and also much
larger than for 180° domain walls in conventional perovskite-type
ferroelectrics, which have a typical width of ~5-10 A.2"22] The
large width prohibits imaging of the entire region of interest in
a single STEM frame with spatial resolution and signal-to-noise
ratio per atomic column sufficient for atomic displacement map-
ping. To overcome this experimental challenge, we perform high-
resolution ADF STEM imaging separately on both sides of the
low-intensity region associated with the domain wall as shown
in Figure 3a,b (see Experimental Section for details). The ADF
STEM imaging demonstrates that a distinct stripe-like pattern
arises in connection with the tail-to-tail domain wall, which dis-
tinguishes it from the +P (Figure 3a) and —P (Figure 3b) do-
mains with homogeneous polarization orientation. This stripe-
like pattern is observed for different polarization configurations
as shown in Figure S10 (Supporting Information), suggesting
that it arises in association with both tail-to-tail and head-to-head
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unit cell:
d,+d, +d,

dy<d,=+P{}
d,>d,=-PJ
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Figure 2. Polar structure of PbsGe;O4;. a—c, STEM DPC maps recorded in consecutive frames, showing antiparallel 180° domains (+P dark, —P bright).
The position of the domain walls varies between the three images, showing that the walls are highly mobile, moving under electron beam irradiation.
The inset image of the quadrant ADF detector to a shows that the lower quadrant was subtracted from the upper to create the images a—c. Yellow and
blue arrows indicate the polarization directions in +P and -P domains. d, Representative ADF STEM image of the atomic structure viewed along the
[010] direction. The inset shows the atomic model of the unit cell, overlaid on a magnified section of the image.l?%] The colorized ADF STEM panels on
the right in d display the Pb spacing of unit cells associated with positive (+P, top) and negative (—P, bottom) polarization, parametrized by d,, d,, and

ds. e, Same as in d recorded along the [100] zone axis.

domain walls. The stripe-like pattern is more readily illustrated
using Fourier filtering, as shown in the processed Fourier-filtered
image in Figure 3c (see Figure S11, Supporting Information and
ref. [23] for details). Importantly, as the stripe-like pattern is not
observed within +P and —P domains, we can exclude that it is
caused by the electron probe alone and that it requires the pres-
ence of a domain wall to emerge.

We then map the atomic displacements as explained in the
Experimental Section and fingerprint the local polarization as
shown in Figure 3d-f (see Figure S12, Supporting Information
for source images and details). We find that the atomic structure
of the domain walls typically exhibits three characteristic regions.
Starting from the —P domain in Figure 3b with uniform orienta-
tion of the electric dipoles (Figure 3d), the atomic structure trans-
forms into an aperiodic pattern of dipole alignment formed by
unit cells with limited short-range ordering of the alternating Pb
displacements (Figure 3e). Subsequently, this aperiodic pattern
evolves into a well-defined structure with periodically changing
directions of Pb displacements, forming a regular antiparallel

Adv. Mater. 2024, 2405150 2405150 (4 of 9)

dipole alignment (Figure 3f). We note that this type of structural
transformation is independent of the viewing direction and wall
type (i.e., it is also seen at head-to-head domain walls) and can be
observed in the images recorded along the [010] and [100] direc-
tions (Figure S10, Supporting Information). Based on the STEM
data, we conclude that toward the center of nominally charged
tail-to-tail and head-to-head domain walls, the ferroelectric order
transforms into an antipolar structure, corresponding to antifer-
roelectrically coupled dipole layers (Figure 3g), for which the di-
rection of P changes from one layer to the next.

2.4. (Meta)stability of the antiferroelectric order

The observation of antiparallel dipoles within the tail-to-tail
and head-to-head walls is consistent with the robustness of
Pb;Ge;0,; against the emergence of domain wall bound charges
as expected due to its hyperferroelectric nature. However, al-
though hyperferroelectricity enables the formation of such

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Atomic-scale structure of domain walls in PbsGe;O4;. a,b, ADF STEM imaging of +P (a) and —P (b) domain regions transitioning into anti-
polar regions; imaged along the [010] direction. ¢, Fourier-filtered image (selecting the superlattice spots) of a section of the ADF STEM image in a,
highlighting the stripe-like pattern associated with the tail-to-tail domain wall. d—f, ADF STEM maps along with the corresponding cell-to-cell dipole
alignments arising due to the displacement of the Pb atoms. d, +P domain region, e, aperiodic transition region, f, domain wall. Black and white circles
correspond to the measured atomic spacing of the Pb atoms in the triangular prisms in the [001] direction. Black squares correspond to the unshifted
Pb atoms in the triangular pyramids. Yellow and blue arrowheads denote the resulting +P and —P polarizations based on the inter-layer distances d;
(i=1,2,3) as defined in Figure 2 (+P: dy < d,; —P: dy > d,). g, Schematic illustration of the dipole layer-by-layer alignment corresponding to the atomic

structure in d to f.

atomically sharp antiparallel polar segments,[**] it cannot explain
the short-period modulation observed experimentally. To under-
stand the energetics of the emergent antiferroelectric order, we
revisit the phonon dispersion of the prototypical phase (P6, see
Figure Sla, Supporting Information). We find an unstable anti-
ferroelectric phonon mode (A;, modulation q = (0, 0, ¥2)) with an
imaginary frequency comparable to I',, that is structurally con-
sistent with the antiferroelectric order observed experimentally
at the domain walls. Static mapping of the energy as a func-
tion of the A; phonon amplitude (Figure S1b,c, Supporting In-
formation) reveals that the antiferroelectric instability results in
a small energy lowering relative to the prototypical phase. Start-
ing from the A, structure close to the energy minimum in Figure
Slc (Supporting Information), we find a total energy lowering of
the antiferroelectric (AFE) phase relative to the prototype phase of
AE(AFE) = 3 meV fu.™! after full structural relaxation, suggest-
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ing that the antiferroelectric phase is (meta)stable in Pb;Ge;Oy;.
This is further confirmed by the lack of unstable phonon modes
in the phonon dispersion of the antiferroelectric structure af-
ter relaxation (Figure S13, Supporting Information). Investigat-
ing the resulting atomic configuration after full relaxation more
closely, we find that the atomic displacement of the central Pb
atoms (Figure S14, Supporting Information), which gives rise to
the alternating dipole alignment, persists after structural relax-
ation, providing additional evidence for the (meta)stability of an-
tiferroelectric order.

From the point of view of atomic displacements, the I" mode
(Figure S14a,b, Supporting Information) of the antiferroelec-
tric phase is almost identical to the non-polar I'; mode of the
ferroelectric phase (Figure S15a,b, Supporting Information). In
the A-point distortion, the lower half, as depicted in Figure
S14d (Supporting Information), has the opposite displacement
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Figure 4. DFT modeling of the antiferroelectric domain wall structure in PbsGe; O4;. a—c, Calculated Pb plane spacing (a), local potential profile (b), and
electronic density of states (DOS) (c) across the supercell. Yellow and blue arrowheads in a correspond to +P and —P polarizations, respectively, whereas
closed circles, open circles, and squares correspond to the plane spacings d,, d,, and ds, respectively. For comparison, the potential for a conventional
domain wall configuration (Figure S13, Supporting Information) is plotted in grey in b. The horizontal lines in a and b illustrate positions of interfaces
between unit cells of opposite polarization direction, where the red and blue lines mark the center of the charged domain walls. The vertical dashed line

in c corresponds to the Fermi level.

directions compared to the upper half, and it is almost identical to
the polar I', mode of the ferroelectric phase (Figure S15¢,d, Sup-
porting Information). Thus, one can regard the antiferroelectric
phase as a periodic structure, which consists of ferroelectric lay-
ers with opposite polarization. We note, however, that the energy
lowering associated with the fully relaxed antiferroelectric state
(AE(AFE) = 3 meV fu.™!) is ~10 times smaller compared to
the energy lowering associated with the ferroelectric (FE) phase
(AE(FE) = 31 meV fiu. 7). Thus, while our DFT calculations
show the possibility of competing ferroelectric and antiferroelec-
tric phases in Pb,Ge;0,;, they also show that the antiferroelec-
tric order observed at the domain walls is not the ground state.
The latter is corroborated by the calculated domain wall forma-
tion energies as a function of domain wall distances in Figure S16
(Supporting Information), which indicates that antiferroelectric
domain walls are consistently higher in energy than Ising-type
domain walls.

This leads us to the conclusion that the antiferroelectric or-
der observed at the domain walls represents an excited state.
Based on domain wall motion seen in Figure 2a—c (as well as
Movie S2 and Figures S3 and S4, Supporting Information), the
dynamical changes at the unit cell level (Figure S17, Support-
ing Information), and the reduced ferroelectric distortions mea-
sured by ADF STEM (Figure 2d,e), it is reasonable to assume
that the excitation is driven by the electron probe. The interac-
tion between electron probe and sample, however, is complex and
possible mechanisms include electron-beam-induced heating,
beam-induced charging, electric fields and related electrostric-
tive phenomena, as well as dynamical screening effects. To clar-
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ify the physical mechanism, additional in-depth studies are re-
quired. Most importantly for this work and the understanding,
both theory and experiment indicate that the emergent antiferro-
electric order is an excited dynamic state rather than the ground
state.

2.5. Electronic domain wall properties

To gain additional insight into the electronic properties of the an-
tiferroelectric domain walls, we model their structure with an an-
tiferroelectric supercell (Figure 4a) and calculate the correspond-
ing potential profile (Figure 4b) and local density of states (DOS,
Figure 4c) using DFT. The calculations reveal that the antiferro-
electric structure leads to a flattening of the electrostatic potential
and corresponding band-energy shifts in the DOS compared to
individual head-to-head or tail-to-tail domain walls (Figure S18,
Supporting Information). Importantly, the results in Figure 4b,c
indicate that the conductivity at the antiferroelectric domain walls
is similar to the bulk despite the bound charges that exist within
the wall (i.e., similar band gap and no additional defect states).
The latter is in agreement with previous local transport measure-
ments, which demonstrated that the nominally charged domain
walls in Pb;Ge;0,; exhibit the same electronic conductance as
the surrounding domains.!

3. Conclusion

The observation of anti-polar order at ferroelectric domain walls
extends previous work into the realm of antiferroic phenomena.
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In recent years, substantial progress has been made in under-
standing the properties of bulk antiferroelectrics, reflected by sev-
eral comprehensive reviews.[2#2°] The observation of antiferro-
electric order in domain walls, however, is unprecedented both
in terms of the effect itself and in terms of the underlying mecha-
nism that relates this phenomenon to competing phonon modes
and local electrostatics. Emergence of antiferroelectric order in
domain walls represents an extreme example of size effects and
thorough investigations are essential for the understanding to the
antiferroelectricity. Interestingly, the domain-wall-related evolu-
tion from ferroelectric to antiferroelectric order through an ape-
riodic structure is reminiscent of frustrated magnets. In the lat-
ter case, competing magnetic exchange interactions drive the
system away from simple ferromagnetic arrangements, promot-
ing incommensurate/aperiodic spin textures and antiferromag-
netic order. In particular, the obtained results introduce an in-
novative strategy for designing antipolar structures, which can
be applied also in heterostructures and superlattices: by utiliz-
ing hyperferroelectrics in combination with strain and electro-
static boundary conditions — analogous to the conditions found at
the charged ferroelectric domain walls — competing polar phases
may be exploited to create and fine-tune antiferroelectric 2D sys-
tems. This possibility may lead to artificial antiferroelectrics and
ferroelectric-antiferroelectric superlattices with unusual physi-
cal properties. The engineering of artificial antiferroelectrics
and (hyper)ferroelectrics with high-density antiferroelectric do-
main walls represents a promising approach for increasing
the currently limited number of known antiferroelectric single-
phase materials and antiferroelectric systems with improved
functionality.

4. Experimental Section

Sample Preparation: Electron transparent cross-sections of single
crystal PbsGe;O4; were prepared for STEM using a dual-beam focused
ion beam (FIB) integrated SEM (Thermo-Fisher Scientific FEI Helios G4
CX). The specimens were mounted onto Omniprobe copper-based lift-
out grids. Thinning of the samples was done with decreasing accelerat-
ing voltage and electron beam current!?%] in four steps: 1) thinning from
2 um to 800 nm was performed using a 30 keV, 0.23 nA Ga ion beam, 2)
800 to 500 nm: 16 keV, 50 pA, 3) 500 to 300 nm: 8 keV, 50 pA, and 4) be-
low 100 nm: 5 keV, 46 pA. Final polishing was done with 2keV and 9 pA.
Plan view FIB samples were made for STEM imaging of the polar top facet
using the method detailed by ref. [27].

Scanning Electron Microscopy: The switching behavior of the domains
over large fields of view (i.e., tens of um) on the surface of the bulk crystal
of PbsGe;O4; was analyzed by SEM as shown in Figure S4a,b, (Support-
ing Information). The data was recorded using a Thermo-Fisher Scientific
Apreo SEM with 5 kV acceleration voltage and 0.8 nA electron beam cur-
rent. See, e.g., ref. [28] for a review on domain and domain wall contrast
in SEM. As shown in Figure S4a,b, (Supporting Information), the domain
pattern on the non-polar surface changes in every scan, independent of
the scan direction of the SEM probe.

Scanning Transmission Electron Microscopy: STEM imaging was per-
formed using a Thermo-Fisher Scientific double aberration-corrected
monochromated Titan Themis Z, operated at 300 kV accelerating voltage.
The convergence angle for ADF STEM imaging was 24 mrad and the col-
lection angle was 52-200 mrad using the HAADF detector; the measured
fluorescent screen current was ~30 pA. Additional imaging was carried out
using a Nion UltraSTEM T100MC “Hermes” microscope at a lower accel-
erating voltage of 60 kV, with a convergence semi-angle of 33 mrad and
typical beam current of 30pA. The HAADF detector angular range was 85—
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180 mrad. STEM DPC mapping was done using a segmented ADF detec-
tor and processed via Thermo-Fisher Velox software. To capture the inter-
nal atomic-scale structure, initially a domain wall was imaged using low
magnification STEM DPC. After several scans from the same direction, a
charged domain wall became stable. Then the beam was blanked, and the
magnification was increased to the required level with enough pixels per
atomic column for post-processing. After this, a single STEM ADF frame
was captured. The presence of the domain wall pattern was readily identi-
fied by respective extra spots in the Fourier transform of the STEM image,
which arise due to the alternating direction of Pb atoms displacement at
the unit cell level (Figure S11, Supporting Information). If a longer camera
length (and thus decreased collection angle) was used for ADF imaging,
the domain wall was seen as an alternating stripe of high and low con-
trast, associated with the changing in the atomic column spacing as seen
in Figure 3a—c. Series of consecutive STEM images with relatively short
pixel dwell times were drift-corrected by first aligning and averaging all im-
ages in a time series and then calculating a mean unit cell. Next, this unit
cell was tiled to fill the entire image, which was then used as a reference
image for measuring and correcting the distortions using the procedure
given in ref. [29] Since absolute distances were not preserved, only relative
site displacements were measured. To analyze the PbyGe;Oqy structure,
the images both in one dimension (1D) perpendicular to the domain wall
and in two dimensions (2D) were averaged, to produce mean unit cells
as described by Danaie et al..[3% This averaging was performed by first
fitting the peak positions and then assigning each peak to a lattice coordi-
nate, and finally computing the best fit lattice. In the 1D and 2D averaged
images, we fit each Pb site to a 2D Gaussian distribution to estimate its
position. For the displacement plots shown in Figure 2, the total unit cell
dimensions were equal to the bulk value were assumed. Transmission elec-
tron microscopy (TEM) using parallel beam mode and the Gatan Oneview
camera were used to suppress effects from domain wall motion during
imaging. The response of the sample, however, was dose-rate dependent
and the threshold value was found to be too low to achieve atomic resolu-
tion, so that STEM imaging was performed instead. Dose measurements
were acquired by taking the reading from the incident beam hitting the flu-
orescent screen in units of e~ A=2, which was converted into a dose rate
based on the exposure time of acquisition. The Pb—Pb plane spacing (i.e.,
dy, dy, and d;) was estimated from 14 unit cells of the —P domain shown in
Figure 3d, with the error bars representing the standard deviation of these
measurements.

Density Functional Theory:  Density functional theory calculations were
performed using VASP.31-33] The domain walls were modeled by 684
atom supercells comprised of 12 unit cells along the lattice vector c.
Since the domain walls were experimentally found to span far beyond
what our DFT models can capture, two unit cells in each domain were
fixed to the relaxed bulk structure to ensure bulk-like properties in the
center of each domain. The domain walls were modeled by four unit
cells accordingly. Pb (5d, 6s, 6p), Ge (3d, 4s, 4p), and O (2s, 2p) were
treated as valence electrons, with a plane-wave cutoff energy of 550 eV.
Brillouin zone integration was performed using a I'-centered 2 X 2 X
2 grid for unit cell calculations, and a 2 x 2 x 1 grid for the charged
domain wall supercells. Lattice positions were relaxed until the residual
forces on all the atoms were below 0.05 eV A~', with lattice parame-
ters fixed to relaxed bulk values. Ferroelectric polarization was determined
using the Berry phase method,[33¢] performed on unit cells extracted
from the relaxed domain wall supercells. Frozen phonon calculations!’]
were performed on 2 X 2 x 2 supercells (456 atoms) with the finite
displacement method as implemented in the PHONOPY code,[38 us-
ing atomic displacements of 0.01 A for calculating the force constants.
Phonon analysis was carried out using the AMPLIMODESI®] and Sumol3°]
packages.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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