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We report a detailed investigation into the response of single BaTiO3; (BTO) nanocrystals under applied electric
fields (E-field) using Bragg coherent diffraction imaging. Our study reveals pronounced domain wall migration
and expansion of a sample measure in situ under applied electric field. The changes are most prominent at the
surface of the nanocrystal, where the lack of external strain allows greater domain wall mobility. The observed
domain shifts are correlated to the strength and orientation of the applied E-field, following a side-by-side domain
model from Suzana et al. [Adv. Funct. Mater. 33, 2208012 (2023)]. Notably, we identified a critical electric field
strength of 3 MV /m, which leads to irreversible structural changes, suggesting plastic deformation. The findings
highlight how surface effects and intrinsic defects contribute to the enhanced dielectric properties of BTO at
the nanoscale, in contrast to bulk materials, where strain limits domain mobility. These findings deepen our
understanding of nanoscale dielectric behavior and inform the design of advanced nanoelectronic devices.
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I. INTRODUCTION

In ferroelectric materials such as BaTiO; (BTO), the elec-
tric polarization is inherently linked to the crystal structure
where the titanium (Ti*") ion is displaced from the unit
cell center, creating a dipole along the ¢ axis in the room-
temperature tetragonal phase. Comes et al. [1] demonstrated
that linear disorder can cause local deviations from this align-
ment, while Senn et al. [2] showed that such distortions
contribute to the emergence of long-range order in BTO.
Nanosized BTO particles exhibit a remarkable enhancement
of their dielectric constant, sufficient for widespread commer-
cial applications in multilayer ceramic capacitors (MLCC)
[3]. Wada et al. [4] performed powder dielectric measure-
ments on various BTO particles ranging from 17-100 nm.
Their study showed the BTO particle with a size of 70 nm has
the best dielectric constant, around 15000, meaning it is ideal
for storing electric energy. Our study examines the dielectric
response of hydrothermally synthesized BaTiO; nanoparti-
cles, particularly focusing on their behavior under varying
electric fields and domain configurations.

The fundamental nature of the dielectric response in ma-
terials involves the displacement of charges proportional
to an applied electric field. In ferroelectrics, this response
is further complicated by the permanent polarization that
is not only dependent on the applied field but also inti-
mately tied to the structural phase of the material. BTO, for
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instance, typically exists in a high symmetric (nonferroelec-
tric) cubic phase at high temperatures but transforms into a
low symmetric tetragonal phase when the temperature drops
below the Curie temperature around 398 K [1]. This phase
transition, driven by lattice instabilities and displacements of
Ti** ions, has been extensively studied and modeled using
first-principles methods [5].

Models have been proposed to elucidate the enhanced di-
electric behavior observed in nanoscale BTO. These models
include, (i) A sudden switch of polarization within domains,
such as a 90-degree rotation, which reflects a dramatic reori-
entation of the polarization direction [6]. (ii) Modulation of
the polarization direction by altering the displacement of the
Ti** ion within the crystal lattice, potentially enhancing or
suppressing the overall polarization [7]. (iii) Another alter-
native model [8] is that the tetragonal ferroelectric domains
rotate in response to the field. Since it is believed that the
polarization in BTO is locally aligned with the tetragonal ¢
axis, this would involve crystal rotations, which would be
directly measurable in x-ray diffraction from a single crystal.
(iv) The migration of domain walls, which could be influenced
by external factors such as the application of an electric field
or mechanical stress, leading to configurations such as side-
by-side domain arrangements as proposed by Suzana et al.
[9,10] or in core-shell configurations [11,12].

Suzana et al. [9] introduced a side-by-side model as il-
lustrated in Fig. 1(a), detailing the structural characteristics
of hydrothermally synthesized BTO nanoparticles. Compre-
hensive x-ray diffraction (XRD) analyses found that specific
batches of BaTiO; samples displayed a mixture of both
tetragonal and cubic phases [9]. Interestingly, it emerged that
the cubic phase was the one that demonstrates a higher di-
electric constant in these samples. A comparative analysis
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FIG. 1. (a) A sketch of the side-by-side model; (b) A model-based prediction of the domain wall movement when an external electric field

is applied to a BTO nanoparticle.

between cubic and tetragonal preparations of similar particle
size revealed a notable discrepancy: cubic particles exhib-
ited a considerably higher degree of “microstrain” in the
Williamson-Hall analysis [13] of their powder diffraction pat-
terns. Moreover, the examination of local structure using x-ray
pair distribution function (PDF) analysis [14] revealed a lower
symmetry consistent with tetragonal arrangements [9]. Cubic
BTO should not be stable at room temperature, but appears to
be stabilized in the granular material by mutual strain between
nanodomains with tetragonal structure.

Bragg coherent diffraction imaging (BCDI) [15,16] is a
powerful technique for probing strain within single nanocrys-
tals. When a crystal is sufficiently smaller than the coherent
beam [17], typically less than 1 um x 1 um x 1 um, BCDI
can generate high-resolution 3D maps of complex electron
density. The amplitude of the BCDI complex image reflects
the Bragg density, which is the contribution of the local elec-
tron density to the Bragg peak, while the phase represents the
projection of local lattice displacement along the Bragg peak
direction [16]. The phase V¥, associated with the crystal
displacement vector u, is given by the relation [18]:

Vi1 (r) = Qpyy - u(r), (D

where Q,,, is the momentum transfer vector of the Bragg
peak. The BCDI image and the diffraction pattern are related
by a three-dimensional (3D) Fourier transform. Diffraction
patterns represent scattered intensities proportional to the
square of the structure factor. Since pixelated detectors cap-
ture only intensity, the phase information is inherently lost.
This limitation, known as the phase problem, requires compu-
tational reconstruction techniques [16,19] unless the scattered
radiation is lensed to form an image.

Despite this challenge, the phase of the diffraction pat-
tern is encoded within the diffraction fringes, and iterative
phase retrieval algorithms have been developed to recover it
[20,21]. These algorithms apply constraints in both real and
reciprocal space to refine the phase information [22-24]. A
prerequisite for successful phase retrieval is oversampling.
According to Bates [25], the fringe spacing of the diffrac-
tion pattern must exceed twice the Nyquist frequency, in
line with Sayre’s interpretation [26] of Shannon’s information
theorem [27].

Remarkably, when imaged using BCDI, it was evident that
individual BTO nanoparticles invariably contained multiple

domains, each displaying spatially varying strain [9]. This
led to the model-based prediction as shown in Fig. 1(b),
linking the domain structure within BTO nanoparticles to the
dielectric enhancement of BTO nanocrystals. When exposed
to an electric field, these domains would undergo a growth and
shrinkage response, rather than reorientation of the domain ¢
axes. This energy-efficient response requires no ionic diffu-
sion, so the behavior might contribute to the extended service
lifetimes and superior high-frequency performance observed
in commercial nano-BTO MLCCs. Our investigation here
employs operando electric field BCDI measurements, which
confirm this model.

II. EXPERIMENTAL METHODS

A. Hydrothermal synthesis

We synthesised high-quality nanocrystals, approximately
200 nm in size, using hydrothermal methods. These samples
were prepared in an autoclave at 240 °C nominal temperature
from starting solutions of TiCly and BaCl,. They were stirred
and mixed in a 50 mL two neck round bottom flask. NaOH in
10 mL of deionized water was then added to the system. The
whole growth process took place in an autoclave for 48 h. The
detailed procedure was described by Suzana et al. [9].

Predominantly, these BTO 240 °C crystals were found to
be in the cubic phase, understood to be a strained composite
of tetragonal domains [9]. This work directly extends the
findings of Suzana et al. within our group, utilizing the same
batch of hydrothermally synthesized nanoparticles prepared
at 240 °C. The earlier study provided predictions of the field
response, which have been experimentally validated here. Our
analysis builds on the side-by-side domain model proposed by
Suzana et al. [9].

We then deposited these nanocrystals onto gold interdigi-
tal electrode arrays with a 3-um gap between the electrodes
and an electrode width of 10 pum, following the methodology
of Kim et al. [28]. Particles were drop cast and seamlessly
bonded into a continuous film using tetraethyl orthosilicate
(TEOS), followed by a process of annealing [29]. This method
was developed to stabilize the particles for BCDI experiments,
while preventing dielectric leakage and ensured a uniform
electric field throughout the dielectric particles. Examples of
the samples used are shown in Fig. 2(a).
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FIG. 2. (a) Electrode region selected for crystal searching. The beam is passing from left to right, so the Q vector of the measured particle is
roughly parallel to the electrodes (shown as vertical white lines) and perpendicular to the applied electric field. (b) Differential k map lighting

up crystals that respond to the change of field.

B. Scanning x-ray diffraction microscopy (SXDM)

In Fig. 2(a), these electrodes, arranged vertically and per-
pendicular to the x-ray beam that came from 001 direction,
and generated electric field in the z direction. The alignment
microscopes at ID-01 enabled the selection of crowded re-
gions of particles, which bridge the electrodes without gaps,
so the full field was seen by the target crystal. By selecting
densely clustered BTO particles for the measurement, we
minimized capacitance loss due to air exposure and enhanced
the electric field response between domain walls. SXDM was
then employed to scan locally for crystals that responded to
changes in the applied electric field. As shown in Fig. 2(a), this
method divided the confocal microscope field of view into an
80 um by 80 um region (red box). A raster scan was performed
from the top left to the bottom right of the box. The detector
was placed according to the calculated [110] 26 position,
and picked up intensity once a crystal was illuminated during
the raster. SXDM was then repeated with an applied electric
field. Crystals that responded to the electric field exhibited
intensity changes, while those that did not remained neutral.
Figure 2(b) displays the net intensity differences before and
after applying the electric field, with variations between =+
10 V direct current (dc) indicated by positive and negative
colors.

C. BCDI experiment

By applying safe voltages up to +/— 10 V dc, we could
achieve fields up to 3 MV/m. This allowed us to investigate
the rearrangements of internal domain wall structures using
BCDI at beam line ID-01 of the European Synchrotron Ra-
diation Facility (ESRF), utilizing x-rays with an energy of
10.5 keV (A = 0.118 nm). The sample was mounted on a
three-axis goniometer with the Maxipix detector (55 um X
55 wm pixels) placed 0.586 m away. 3D BCDI data were
collected as rocking curves of detector frames with a step
size of 0.01° with a 1 s exposure time. The voltage scans are
measured in (0 V, 10 V, =5V, 5V, —10 V, 0 V) sequence
to eliminate any systematic uncertainties. We ensured repro-
ducibility by measuring each crystal twice before changing
voltage levels. To account for potential crystal motion during
measurements, we employed subpixel cross correlation [30]
processes for pattern alignment. This method provided a more

accurate interpretation of crystal behaviors under variable
electric fields.

III. COMPUTATIONAL MODELS
A. Guided algorithm (GA)

We used a guided error reduction (ER) and relaxed av-
eraged alternating reflections (RAAR) algorithm [31], in
conjunction with the shrink-wrap (SW) approach [32], to
reconstruct BTO nanoparticles. The SW algorithm utilised a
Gaussian fill function. To ensure uniqueness and reliability
of the reconstruction, we incorporated multiple random starts
in a guided algorithm (GA) framework that leveraged genetic
breeding techniques [33]. For the GA, we utilized a population
of 100 with five generations of breeding. In each generation,
the “avg-half” method was used, which computes the average
across the better half of the population [34]. The breeding
mode “avg_ab” combines the best population iterate (“a”),
determined by GA metrics, with the current population iterate
(“b”), using a geometric mean [35].

To reduce noise, the diffraction pattern data were binned
by a factor of two along each axis of the detector plane. The
SW threshold was varied between 12% and 15%, consistently
yielding reconstructions with Chi square (x?) values [Eq. (2)]
between 1.6% and 1.8%. The final model was reconstructed
using a 12% SW threshold, achieving a x2 of 1.62%.

B. Phase transfer algorithm (PTA)

To visualize the structural changes in real space, we need to
invert the diffraction patterns to images. Previously it has been
effective to use a difference Fourier algorithm (DFA) [36,37].
The DFA is based on the idea that each missing phase of the
diffraction pattern has contributions from every point in the
real-space object; hence if there is a small local change of
structure, the diffraction phase is almost unchanged and can
be transferred to the measured diffraction amplitude. When
we calculated real-space images by DFA, we found there
were no localized features in the images, so concluded it was
insensitive to the kind of domain wall motions expected.

We then employed a phase transfer algorithm (PTA)
instead: a single reconstruction was carried out and the
diffraction phases were transferred to the data measured at
the other voltages. Like for the DFA, this served to reduce
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inconsistencies, which might have arisen from noise propaga-
tion effects resulting in spurious differences between separate
reconstructions. We note that these are phase domain struc-
tures, strong real-space phase objects, which are hard to
reconstruct reliably. The PTA avoids the small variations be-
tween the different reconstructions (from random starts) by
using just one solution to phase the structural differences.

The comparison of diffraction patterns, both between mea-
surements and with reconstructed models employs metrics
such as the x2 and Pearson correlation coefficient (PCC) as
defined below:

,_ 2(A-By )
= ——ZAZ S5 2)
> (A—A)B—B) 3)

r= s
JXwa-a2. yB-Bp

where A and B are data arrays of model diffraction pattern and
experimental data.

The PTA approach we used involves employing a ge-
netic algorithm (GA) in MATLAB to reconstruct the merged
diffraction patterns of the crystal at different applied electric
fields. Instead of starting from a random phase, we used
the single merged 0 V reconstruction, described above, as
the initial guess for subsequent voltage scans. This ensured
consistent results and avoided reproducibility issues. For each
voltage scan, guided ER and RAAR algorithms introduced in
Sec. IIT A were performed until the algorithm converged, ac-
curately capturing the structural evolution of the BTO sample
under different voltage levels. The resulting reconstructions
yielded x? values of 7.54% (10 V), 4.65% (5 V), 1.42% (0 V),
3.16% (—5 V), and 3.66% (—10 V).

C. c/a ratio from domain phases

Our side-by-side model from Figs. 1(a) and 1(b) predicts a
shift of domain walls under applied electric fields to enlarge
the domains polarised parallel to the field. This process should
not change the unit cell structure, meaning a constant ratio
between the lattice parameter. The c/a ratio of the lattice
parameter follows the equation below [9]:

c a A1 Ap,
-1 _ 4
a \/ +2ﬁn<Ax1 sz)’ @

where A¢; and A¢, are the positive and negative slope of
the phase; Ax; and Ax, are the thickness of the domain
corresponding to the phase changes. The derivation of Eq. (4)
is provided in the Appendix A. The lattice parameter of BTO
at room temperature are a = 3.9942 A, ¢ =4.0305 A [9,38].
The c/a ratio is therefore 1.0091.

IV. RESULTS

The result is shown in Fig. 3(a), which compares all
the measured diffraction patterns under varying electric field
strengths using PCC [Eq. (3)] method. Each scan is compared
with the rest of the voltage scans, presented as a 20 x 20 heat
color map. Results are set in an ordered sequence from 10 V
to —10 V.

0.98

0.96

0.94

0.92

PCC

-5 | 0.82

Voltage (v)
(b) \““é“‘@ s ooooosososoos s !\Q\?\QI\Q
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FIG. 3. (a) Comparative analysis of voltage scans for a single
BTO nanoparticle using the Pearson cross correlation (PCC) of the
full 3D BCDI diffraction patterns to identify changes with applied
voltage. (b) PCC analysis incorporating merged scans, denoted by
“M”. The corresponding voltage levels are labeled on the axes.

At 0 volts, PCC values were high (above 0.94), indicat-
ing a good consistency of the measurement. These minor
differences observed can be attributed to systematic errors
inherent in BCDI measurements, such as beam stability or
sample positioning variations. However, at 10 and +£5 volts,
there was a notable shift: PCC values decreased to as low as
0.79. This significant change in diffraction patterns suggests
a voltage-induced alteration in the BTO crystal domain struc-
ture. Additionally, we removed three outliers, one in the initial
10 V scan and discrepancies in the last two 0 V scans. These
might arise due to sample damage or dielectric breakdown
from the high voltages.

After the outliers were excluded to ensure consistency, the
scans with identical voltage levels were merged together by
cross correlation using subpixel shifts, enhanced the signal-to-
noise ratio of the data. The PCC heat map in Fig. 3(b) presents
the merged scan data, showing clearer differentiation between
voltage regions. This improved our ability to observe the
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FIG. 4. (a)-(b) 3D reconstruction of a BTO nanoparticle with no applied voltage, measured at 186 nm x 187 nm x 266 nm. The phase
range is —7.3 to 7.3 rad. (c) Cross section on the XZ (4+Y) plane showing phase variations as color changes indicative of the [110] lattice
displacement. (d) Cross-sectional view of the BTO nanocrystal, reconstructed from ten diffraction patterns at 0 V (Model 0V). Using PTA,
ten slices were sequentially reconstructed based on Model OV. A 100 nm scale bar is included with the blue Q vector and the orange E-field

aligned along the x and z axis, respectively.

subtle structural changes within the BTO nanocrystal under
varied electric fields.

The merged scan labeled OM is the sum of the ten 0 V
diffraction pattern with consistent PCC values from 0.94—
0.98. This merged scan was subjected to phase reconstruction
as discussed in Sec. IIT A. Its solution becomes the reference
structure input for the PTA. Figures 4(a) and 4(b) show the
3D reconstruction of the diffraction pattern of the merged 0 V
scan. The sample has a rectangular shape with dimensions of
186 £ 5nm in length and width, and 266 &+ 5nm in height.
The nanocrystal size varies depending on the SW threshold,
ranging from 12%-15%. A cross section in the XZ plane is
shown in Fig. 4(c), where the positive red phase indicates
regions of the crystal displaced in the direction of the Q
vector, while the negative blue represents displacement in
the opposite direction. The same slice in Fig. 4(d), labeled
Model 0 V, further highlights strain patterns at the central
region, suggesting the presence of a dislocation loop. This
dislocation serves as a fiducial marker when comparing recon-
struction slices of the same crystal under different voltages.
This slice was selected because it aligns with the applied
voltage along the z axis, where domain wall motion is ex-
pected. This allows evaluation of PTA consistency, as the
phase along the red dashed line should remain uniform at
0 volts.

We applied a phase unwrapping algorithm to avoid phase
wraps and ensure the phase distribution is spatially continu-
ous. This results in a phase range beyond =+ 7 in the analysis,
accurately representing physical changes in the system. In
Fig. 4(d), the phase is deliberately constrained to & & for visu-
alization purposes to highlight the color/phase variation more
effectively. This visual choice does not affect the underlying

unwrapped data, which reflects the actual physical behavior
with little ambiguity.

To assess the consistency of our PTA, we analyzed the
phase reconstruction patterns of ten separate zero voltage
scans. Figure 4(d) displays the zero voltage phase maps
obtained sequentially from the experiment, demonstrating
similar patterns. These patterns align with the side-by-side
domain model shown in Fig. 1(a), where adjacent domains
alternate polarization directions, resulting in repeated strain
patterns.

Phase profiles extracted along a line crossing multiple
domains (Fig. 5) confirm the reproducibility of these re-
constructions across all ten scans. These phase profiles

1.00
0.75
”-8\ 0.50
= 0.25
8 0.00
_ccu —-0.25
£ 0.
—0.50
-0.75
0 50 100 150 200 250
Distance (nm)
= 0OV 1th 0V 4th 0V 7th 0V 10th
= (V 2th 0V 5th me OV 8th = 0V model
= (V 3th 0V 6th = (QV 9th

FIG. 5. Phase line profiles along the red dashed line across the
nanocrystal in Fig. 4(d), from slices 1-10 and 0 V model.

054101-5



LIU, YANG, SUZANA, LEAKE, AND ROBINSON

PHYSICAL REVIEW B 111, 054101 (2025)

(@) : 10V Y LoV Y . -0V
ZARS ' A A A S 4
- 1 1 | 1 |’I 1 1 I 1
X 1 1 1 1 1 1 /IQ-| I\:
L/\ :,_.'.\-_ :’\ A 4 4
Y Hy X y —> ; —* , —> | —
®) | | : | - :
_—
Y Y Y V¥
1 - | 1 - 1 4 1
) A A A A A
1 I . I . ] !
Yo 1% il | | ']
© i ! | | |
| A | e | A | s | o
1 — 1 — 1 1 = 1 ~
x B B A A A
AL : : | :
Y -X : Y I’ |‘ I‘ I’
200 nm Phase (rad)
I 314 0 314
[ |

FIG. 6. (a)—(c) show isovolumes and 2D slices of a BTO nanoparticle at various voltage levels across the XY (+X), XZ (+Y), and YZ
(—X) planes in laboratory cartesian coordinates. The E-field (orange arrow) aligns with the z axis, and the blue Q vectors point roughly in the

x direction. Dashed red phase lines are perpendicular to Q.

exhibit triangular shapes, closely resembling those reported
by Suzana et al. [9]. Minor variations in slope are observed
between 0 and 100 nm, likely due to noise. These deviations
are more pronounced at the edges of the nanocrystal. The
phase profile in Fig. 5, corresponding to the red dashed line
in the schematic [Fig. 1(a)], shows maxima and minima that
indicate domain boundaries, aligning with the blue lines in
Fig. 1(a). The sharp contrast between positive and negative
phase regions represents domain walls, consistent with the
boundaries separating adjacent domains in the side-by-side
model.

The domain thickness, measured as the distance between
these extrema, is approximately 100 nm. The c¢/a ratio, de-
rived from phase changes over these domain distances, yields
a mean of 1.00052 with a standard deviation of 5.9 x 1073,
closely matching the reference Model OV value of 1.00056.
This strong agreement validates the reliability of our compar-
ison algorithm for zero voltage conditions. When a voltage is
applied, domain wall motion is expected to shift these extrema
horizontally, while maintaining a consistent linear slope, as
will be discussed in the following section.

V. PHASE PROFILE

Figures 6(a)-6(c) display domain structures within the
same BTO nanoparticle under different voltages. The Q vector
points along the [110] direction. The dashed red lines indicate
the locations of the extracted phase plots, perpendicular to the
0 vector. These choices are aimed at determining whether
the domain expansion is driven by the applied electric field.
The reconstructed nanocrystals at each voltage are aligned
using the center of mass (COM) method to ensure consistent
comparisons across voltages. As mentioned previously, slices

were aligned on a common central dislocation loop used as a
fiducial marker.

In the —X view of the YZ plane, a triangle-shaped wave
of in-plane shifts is seen to respond to the E-field. Similarly,
the +Y view of the XZ plane shows migrated domain stripes
due to out-of-plane shifts with increasing E-field. However,
the +Z view of the XY plane shows no significant response.
This suggestion of orientation-dependent domain behavior is
discussed below. The domain migration occurs predominantly
along the Z axis, which is further analyzed in the phase plots
below.

Figure 7(a) illustrates the phase plot in the +Z plane, where
the domains remain stable, with a mean c/a ratio of 1.00081
(from slope, see Appendix A) and a standard deviation of
4.2 x 1075,

In contrast, Fig. 7(b) highlights the most pronounced
domain size changes and migration in a slice of the XZ
plane. Under applied voltages, the domains extend up to
135 nm deep from the particle surface along the z axis.
At +5 V and +10 V, the phase-positive domain contracts
by 25 nm and 35 nm, respectively, whereas it expands by
20 nm and 100 nm under —5 V and —10 V. The mean c/a
ratio is calculated as 1.00078 with a standard deviation of
6.3 x 1073,

Figure 7(c) also illustrates significant motions of domain
walls in a Y Z plane slice. At 410V, the phase-positive domain
migrates from 160—200 nm along the z direction of the slice,
while it shifts back to 145 nm at —5 V and —10 V. Like-
wise, the phase-negative domain migrates from 85-145 nm
at +10 V and reverses by 10 nm at —5 V and —10 V. Mi-
gration effects are less pronounced at +5 V. The mean c/a
ratio in this plane is 1.00066, with a standard deviation of
8.3 x 1073,
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at different voltages from Fig. 6, with domain distances in nanome-
ters. The line is perpendicular to the @ vector, highlighting regions
of the largest phase shifts. (a) represents the XY (+Z) plane, (b) the
XZ (4+Y) plane, and (c) the YZ (—X) plane.

d 00) g4
o~ 110 ,
..... 5 ‘ a /’l/
" > ¢ d c
\ o\
4 ¢
(c,0)

- | Q1o
a|:| / \

c

FIG. 8. An exaggerated side-by-side model, provided for de-
tailed calculation of the c¢/a ratio from phase domains.

VI. DISCUSSION

Our study offers insights into the response of BTO
nanocrystals under applied electric fields, employing BCDI
to capture real-time domain behavior at the nanoscale. With
the electric field oriented approximately along the z axis and
the Q vector positioned around 12 degrees off the x axis,
our results show a direct correlation between electric field
strength and domain wall migration. As shown in Figs. 7(b)
and 7(c), domain walls exhibit significant shifts along the z
axis under applied fields, with boundary displacements in-
creasing with voltage magnitude. PCC analysis of voltage
scans [Figs. 3(a) and 3(b)] further supports this correlation,
highlighting structural changes in response to varying fields.
These observations, coupled with consistent c/a ratios, con-
firm that domain wall motion is driven by the electric field.

In the side-by-side model, the polarization of each do-
main aligns along the ¢ axis with a measurable component
in the Q vector direction. BCDI real-space reconstructions in
Figs. 7(b)-7(c) clearly illustrate pronounced domain expan-
sions and shifts along the z axis, particularly in the XZ (4Y)
and YZ (—X) plane slices. This behavior can be attributed to
the alignment of the Q vector perpendicular to these planes,
and phase lines parallel to the E-field, which maximizes the
observed effects. Conversely, no significant domain wall mo-
tion was detected when phase lines were perpendicular to
the E-field, indicating an orientation-dependent response. The
most significant domain wall motion occurred perpendicular
to the Q vector, driven by the E-field along the z axis.

We selected the red dashed lines in the phase plots
[Figs. 6(b), 6(c) and Figs. 7(b), 7(c)] to capture the regions of
most significant phase shifts, which occurred predominantly
at the surface of the BTO nanocrystals. This can be attributed
to the nearly strain-free nature of the open surfaces, allowing
domain walls to move more freely compared with those in the
interior, where domains are constrained by strain and more
tightly locked. This higher degree of freedom for domain mo-
tion at the surface may explain why nanosized BTO exhibits a
higher dielectric constant than bulk materials, a phenomenon
first discovered by Wada et al. [4]. In contrast, the strain in
bulk materials restricts the motion of domain walls, limiting
this mechanism of dielectric response.

While the domain shifts remained largely reversible across
various electric field strengths, a notable loss of reversibility
was observed at the maximum applied voltage of +10 V,
corresponding to an electric field strength of 3 MV/m. As
depicted in Fig. 3(a), the diffraction patterns at 0 V exhibited
permanent changes after applying +10 V. This suggests that
+10 V represents a critical threshold, beyond which the in-
fluence of the electric field on the crystal structure becomes
pronounced, showing plastic deformation. At such extreme
voltages, the mechanisms driving domain migration may shift
from purely reversible electric field effects to irreversible and
might be a structural explanation of dielectric breakdown.
Some other regions with steep slopes (high c¢/a ratio) in the
phase plots further indicate that additional factors, such as
intrinsic defects, may contribute to the limited reversibility of
domain behavior.

As discussed in Sec. I, the KEMET company model [8]
proposes that tetragonal ferroelectric domains rotate under an
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electric field, causing detectable lattice shifts. However, our
x-ray diffraction measurements show no such peak move-
ment, indicating that domain rotation is not dominant in
nanosized BTO. Instead, our study confirms the side-by-side
model of domain wall migration under external E-field and
highlights critical thresholds for significant structural changes
in BTO nanocrystals. Furthermore, this work provides insight
into explaining the enhanced dielectric response of nanosized
materials. These findings hold significant implications for
future applications in nanoelectronic devices and materials
engineering, where controlling domain behavior and dielectric
properties at the nanoscale is crucial.
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APPENDIX

According to Fig. 8, the trigonometric relations can be
written as:

a
tanyy = —
c
: a
sinyr = 7
y=1 (A1)
cosy = —.
d
The shift § is therefore given by:
6 =(c—acos¢,asing)
= (c —asin2yr, acos2r). (A2)

Starting with the definition of |§|> and proceeding with the
simplifications using Eq. (A3):
. . 2ac
sin(2yr) = 2 sin(y) cos(¢¥) = Ve
G,

cos(2¥) = cos>(Y) — sin*(Y) = yp (A3)

8> = [c — asin2y)]* + [acos(2y)]?
= ¢ — 2acsin(2y) + a* sin®(2y) + a® cos>(2y)
2\ 2 2
= 02<1 - %) + Z—4(C2 —a*)?
4 2 2 4)

1
:d—4(a6+c6—ac —a‘c

a4(a2 _ 62)2 + C4(C2 _ aZ)

(@ + 2 )2
(612 _ C2)2
- (A4)
Taking the positive root,
2
—1
5] = /D) a. (AS)

I+ (cjay

The resulting |§] can be used to calculate the displacement u
over a lateral distance x:

X
U= 8| ——

a/«/i

(c/a)* —1
= 2 _—
«/—x(w/l + (c/a)2>

~ x((c/a)* — 1). (A6)
The phase ® introduced by the displacement u is
=0 -u
2
= — - u
a/v2
= 27v2((c/ay — 1) - =, (A7)
a
Rearrange to get ¢/a ratio:
c - a (@)
a Zﬁn X
A A
= (52 -02) e
227 \Axi Axy

where A¢; and A¢, are the positive and negative slope of
the phase; Ax; and Ax, are the thickness of the domain
corresponding to the phase changes.
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