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Strain-gradient and curvature-induced changes in domain morphology of BaTiO3 nanorods:
Experimental and theoretical studies
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We investigate the impact of OH− ions incorporation on the lattice strain and spontaneous polarization of
BaTiO3 nanorods synthesized under different conditions. It was confirmed that the lattice strain depends directly
on Ba supersaturation, with higher supersaturation leading to an increase in the lattice strain. However, it was
shown that crystal growth and observed lattice distortion are not primarily influenced by external strain; rather,
OH− ions incorporation plays a key role in generating internal chemical strains and driving these processes.
By using the less reactive TiO2 precursor instead of TiOCl2 and controlling Ba supersaturation, the slower
nucleation rate enables more effective regulation of OH− ions incorporation and crystal growth. This in turn
effects both particle size and lattice distortion, leading to c/a ratio of 1.013–1.014. The incorporation of OH− ions
induces lattice elongation along the c axis, contributing to anisotropic growth, increasing of the rod diameter and
their growth-induced bending. However, the possibility of the curvature-induced changes in domain morphology
of BaTiO3 nanorods remains almost unexplored. To study the possibility, we perform analytical calculations
and finite element modeling, which provide insights into the curvature-induced changes in the strain-gradient,
polarization distribution, and domain morphology in BaTiO3 nanorods. Theoretical results reveal the appearance
of the domain stripes in BaTiO3 nanorod when the curvature exceeds a critical angle. The physical origin of
the domain stripes emergence is the tendency to minimize the elastic energy of the nanorod by the domain
splitting. These findings suggest that BaTiO3 nanorods, with curvature-controllable amount of domain stripes,
could serve as flexible race-track memory elements for flexotronics and domain-wall electronics. Overall, this
work enhances the understanding of how the shape anisotropy, lattice strains, and strain gradients influence
the domain morphology of ferroelectric nanorods, offering a pathway for tuning properties of the nanorods for
advanced applications in nanoelectronics.
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I. INTRODUCTION

Lattice strain can induce remarkable enhancement in the
piezoelectric and ferroelectric performance of perovskite-
based materials [1–3]. The importance of tailoring lattice
strain in ferroelectric perovskites makes strain engineering
a powerful tool for enhancing the performance of memory
elements, energy conversion and energy storage devices [4,5].
For instance, applying a compressive strain of −2.3% or more
(in magnitude) to BaTiO3 reduces its band gap, transforming
it into a direct band gap semiconductor; eliminating additional
conduction band interactions is a notable advancement for
photovoltaic devices [3].
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Curvature control of the polarization distribution and do-
main structure morphology in ferroelectric single-crystals [6],
layered two-dimensional (2D) ferrielectrics [7,8], buckled
ferroelectric free sheets [9], and adaptive ferroelectric mem-
branes [10,11] has recently became of significant interest.
This growing interest is due to an increased understand-
ing of strain-gradient and curvature-induced changes of the
ferroelectric long-range order, dipole-dipole correlations, do-
main wall structure, and electronic properties [12]. Curvature-
controllable domain stripes are highly promising as flexible
race-track memory elements for flexotronics [13] and domain-
wall electronics [14,15].

It should be noted that a proper description of domain
morphology has crucial physical significance in ferroelectric
materials [16,17], primarily because polarization switching
occurs via the domain nucleation stage in most cases (due
to growth defects, inhomogeneities, and incomplete screen-
ing conditions). Also, the critical sizes of ferroelectricity
disappearance in thin films and nanoparticles are largely
determined by emerging nanodomains [18,19]. Numerous
theoretical and experimental [6–11] studies demonstrate that
the strain gradient and/or curvature can induce principal
changes in domain morphology in various ferroelectric sys-
tems, ranging from layered van der Waals ferroelectrics [7,8]
to classical perovskites like BaTiO3 [9–11].

However, the possibility of strain-gradient and/or
curvature-induced changes in the domain morphology of
BaTiO3 nanoparticles and nanosheets remains largely unex-
plored, although the ferroelectric material is highly sensitive
to various kinds of strains. For instance, Choi et al. [20]
demonstrated experimentally that with epitaxial stress (lattice
mismatch) the spontaneous polarization Ps of BaTiO3 films
increased 250%, while the Curie temperature TC increased to
approximately 500 ◦C. First-principles calculations of Ederer
and Spaldin [21] and phenomenological thermodynamic the-
ory [22] corroborate the experimental results. Subsequently,
it was shown that chemical strains are responsible for the
strong increase in the Curie temperature (above 167 ◦C) and
tetragonality (up to 1.032) near the surface of a BaTiO3 film
with injected oxygen vacancies [23]. The lattice constants
mismatch, which induces epitaxial strains and/or strains be-
tween the core and shell, are responsible for the preservation
of Ps, the enhancement of tetragonality c/a, and TC increase
in BaTiO3 core-shell nanoparticles, as found in Refs. [24–27].
The structural origin of recovered ferroelectricity and the
phenomenological description of this striking effect are given
by Zhang et al. [27] and Eliseev et al. [28], respectively.

In this work, we investigate the impact of OH− ion incor-
poration on the lattice strain and spontaneous polarization of
BaTiO3 nanorods synthesized under different conditions, by
using x-ray diffraction (XRD), nuclear magnetic resonance
(NMR), and Fourier transform infrared (FTIR) spectroscopy.
To study the possibility of curvature-induced changes in do-
main morphology of BaTiO3 nanorods, we explore the impact
of strain gradients and curvature on the domain morphol-
ogy using analytical calculations and finite element modeling
(FEM) (see Fig. 1). The proposed approach provides in-
sights into the strain-gradient-induced and curvature-induced
changes of the polarization distribution and domain morphol-
ogy in BaTiO3 nanorods.

�

Ferroelectric domain stripes

FIG. 1. Geometry of undeformed (gray) and curved (colored)
rectangular-shaped nanorods. The angle of curvature is denoted as
α. The bottom surface of the curved nanorod is stretched, the central
section is undeformed, and the top surface is compressed. The color
scale of the curved nanorod shows schematically the stress-induced
changes in domain morphology.

II. EXPERIMENT

A. Materials and methods

BaTiO3 nanorods were synthesized using a single-step hy-
drothermal technique similar to that reported by Inada [29]
and Kovalenko [30]. However, different Ti4+ sources (TiO2

and TiOCl2 solution) and different concentrations of BaCl2
and NaOH were used. Nanopowder TiO2 (P25, 99/00–100.5
Evonik), along with TiCl4 [�99.0% (AT), Fluka], BaCl2 ·
2H2O (<99%, Carlo Erba), ethylene glycol (�99%, Sigma-
Aldrich), and NaOH (98.7%, Fisher Scientific) were used as
the initial reagents. To obtain a 1 М TiOCl2 solution, 15 mL
of the TiCl4 solution (concentration � 99.0%) was slowly
added to a flask containing ice water under a fume hood to
mitigate the exothermic reaction and prevent the release of
toxic HCl vapor.

To obtain the samples S1 and S3, 0.001 mol of TiO2

nanopowder was added to 20 ml of 0.2- and 0.3-M solutions
of BaCl2, respectively, under continuous stirring at 200 rpm
at room temperature. After this, 10 ml of 10-M NaOH (Na/Ba
ratio was 33) was added dropwise to the solution, followed by
the addition of 5 ml of ethylene glycol and 15 ml of water.
Finally, the prepared mixture was placed into a Teflon-lined
stainless-steel autoclave (100 ml) with a half-filled volume
and transferred to the furnace for hydrothermal treatment. The
reaction was carried out at a temperature of 200 ◦C and a
pressure of 10 bar for 24 hours. The precipitation was de-
canted using an Eppendorf 5810R centrifuge and washed with
distilled water and acetic acid to remove the residual barium
carbonate (BaCO3). The wet powder was dried in an oven at
50 ◦C for 12 hours. Sample S2 appeared to be quasispherical
BaTiO3 nanoparticles with an asymmetric structure attributed
to a mixture of cubic and tetragonal phases. This sample
will not be considered elsewhere. Samples S4 and S5 were
obtained in the same way as samples S1 and S3, except that
TiOCl2 solution was used as the Ti4+ source instead of TiO2.
The Ba2+ concentrations for samples S4 and S5 were 0.3 and
0.2 M, respectively. Moreover, sample S5 was obtained at a
Na/Ba ratio of 10 instead of 33.

The phase and structure of the as-prepared BaTiO3

nanopowder were determined by x-ray diffraction (XRD)
using a Bruker AXS D4 ENDEAVOR diffractometer with
Cu-Kα radiation. The crystallite size was evaluated based on
the size of the coherent scattering region calculated using
the Scherrer equation and the full width at half maximum
(FWHM) of the (100) and (001) diffraction peaks. The
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TABLE I. Characteristics of the BaTiO3 nanorods. La
001 and La

100 are the crystallite sizes based on the coherent scattering region calculated
with the Scherrer equation. Lb

00L, Lb
L00 and e001, e100 are the crystallite sizes and lattice strains in the [001], [100] crystal directions, respectively,

calculated with the Williamson-Hall technique based on the XRD data. c/aM and c/aG are c/a ratios calculated manually using X-peak software
and the Gauss function with Origin software, respectively.

Sample Widtha (nm) Lengtha (nm) Aspect ratioa (nm) La
001/Lb

00L (nm) La
100/Lb

H00 (nm) �a/a �c/c c/aM c/aG e001 e100

S1 70 410 6 38/41 81/70 0.0025 0.0021 1.013M 1.84 0.73
1.012G

S3 90 770 9 42/42 85/73 0.0035 0.0034 1.013M 1.67 0.66
1.012G

S4 50 800 16 37/38 46/42 0.0031 0.0012 1.011M 1.81 0.76
1.011G

S5 50 900 18 39/40 67/59 0.0035 0.0002 1.009M 1.51 0.71
1.009G

aCalculations are based on the SEM data; the listed dimensions correspond to the most probable (modal) values extracted from the particle
size distributions.

tetragonality (c/a) was determined from the (200) and (002)
reflection. Broadening of the low-angle diffraction peaks was
also used to estimate the particle size, strains, and anisotropy
using the Williamson-Hall technique.

The morphology and the size of the BaTiO3 nanorods were
analyzed using a field-emission scanning electron microscope
(FESEM) (Zeiss ULTRA plus) employing a voltage of 3 kV.
The sizes of BaTiO3 nanorods were measured from SEM
images by analyzing 150 particles per sample from multiple
randomly chosen regions to ensure statistical reliability and
reproducibility. Particle widths and lengths were manually
determined using the software IMAGEJ, and the resulting dis-
tributions were processed with ORIGIN software.

The nuclear magnetic resonance (NMR) spectra of samples
S1–S5 were recorded in a Bruker Avance II 400-MHz
commercial NMR spectrometer at a magnetic field of 9.40 T,
corresponding to the Larmor frequency of 44.466 MHz. The
137Ba NMR spectra were obtained with the conventional
90x-τ -90y-τ spin echo pulse sequence using a four-phase
“exor-cycle” phase sequence (xx, xy, x-x, x-y) to form echoes
with minimal distortions due to antiechoes, ill-refocused
signals, and piezoresonances. The π /2-pulse length was
typically tπ/2 = 1 µs, the spin-echo delay time τ was 20 µs,
and the repetition delay between scans was 0.15 s. Due to
the limited sample quantity, more than 2 000 000 scans were
collected to obtain the spectrum. The spectra were measured
at room temperature. The 137Ba spectra were referenced
against BaF2, using its narrow 137Ba resonance as the zero for
the chemical shift.

Hydroxyl (OH) groups were characterized by Fourier
transform infrared (FTIR) spectroscopy using a PerkinElmer
Spectrum 400 FT-IR spectrometer equipped with a diffuse
reflectance infrared Fourier transform (DRIFT) accessory.
Samples were homogenized with potassium bromide (KBr),
which served as the spectral background.

For additional characterization of samples, see the Sup-
plemental Material [31], which includes Refs. [32–39]. In
particular, we performed Electron Energy Loss Spectroscopy
(EELS) analysis of BaTiO3 nanorods (for the example of sam-
ple S5, see the Supplemental Material [31], Appendix D). The
combined analysis of Ti L2,3 and O K edges reveals that the
BaTiO3 nanorods exhibit a well-preserved electronic structure

with titanium predominantly in the Ti4+ state. The strong
and well-defined O K-edge prepeak, particularly the sharp t2g

component, indicates robust Ti-O hybridization and excludes
a significant concentration of oxygen vacancies. At the same
time, the reduced crystal field splitting (∼1.8 eV) and the
broadening of the eg states suggest local distortions of the
TiO6 octahedra. These features are attributed provide to local
strain and tetragonal distortion, likely associated with OH−

incorporation. Overall, the EELS results provide evidence for
the strain-induced modifications of the local electronic struc-
ture without significant oxygen deficiency.

B. Physicochemical properties of BaTiO3 nanorods

To investigate how synthesis conditions, size, and structure
of anisotropic BaTiO3 nanoparticles influence their polariza-
tion distribution, strain, and possible domain morphology, we
selected BaTiO3 nanorods with diameters ranging from 50 to
90 nm and lengths from 410 to 900 nm (see Table I and Fig. 2).
Owing to the asymmetric size distribution, the characteristic
dimensions listed in Table I correspond to the most probable
(modal) values extracted from the particle size distributions
[Figs. 2(e)–2(g)].

Two distinct types of OH bonding were identified in the
samples (see Fig. A1 in Appendix A of the Supplemental
Material [31]). The first corresponds to hydrogen-bonded
OH vibrations at 3330 cm−1, which is consistent with gly-
colate complexes [40]. The second, observed at 3480 cm−1,
is attributed to OH groups bonded to Ba vacancies (OH-VBa

defect complexes), as previously reported by Hongo et al.
[41]. The latter peak exhibits significantly greater intensity
than the hydrogen-bonded OH vibration, and its intensity in-
creases gradually from sample S5 to S4, reaching a maximum
in S1. A similar trend is observed for the νC-H asymmet-
ric and symmetric stretching vibrations of −CH2− groups
at 2925 and 2854 cm−1, respectively [42], with sample S1
showing notably higher intensities, indicating increased ethy-
lene glycol content. Although not presented here, sample S3
displays an intensity of the Ba-vacancy-bonded OH vibration
at 3480 cm−1 comparable to that of sample S1, suggesting a
similar concentration of OH− ions in the crystal lattice.

All reflections measured in these samples have been
indexed to the tetragonal structure of BaTiO3 (space
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FIG. 2. SEM images [(a)–(d)] of samples S1, S3, S4, and S5 showing rod-shaped BaTiO3 nanoparticles. Particle size distribution of
samples S1, S3, S4, and S5 based on SEM data: (e) width, (f) length, and (g) aspect ratio.

group P4mm), which agrees with the Crystallography Open
Database (COD No. 1513252 [43]); see Fig. 3. No traces of
impurities and/or secondary phases were observed.

The reference synchrotron diffractogram (COD No.
1513252) of crystalline BaTiO3 was obtained by Yasuda
et al. [43,44]. In nanopowders, including the BaTiO3 nanorods
studied here, the splitting of (101) and (110) reflections is very
small or nearly absent; for example, only a barely separable
right shoulder is observed in BaTiO3. Therefore, we rely on
the better-resolved high-angle (200) and (020) reflections to
confirm tetragonality and determine the c/a ratio at room
temperature (see Refs. [30,45] and references therein). The
splitting of the (002) and (200) reflections in these samples
indicates the formation of a tetragonal structure. The lattice
constant ratio, c/a, is 1.013 for samples S1 and S3, 1.011
for sample S4, and 1.009 for sample S5. The shift of (002)
and (200) reflections to lower angles in all samples, com-
pared to bulk BaTiO3, indicates lattice expansion due to the
introduction of OH− ions into the crystals, apparently into
transposition [41]. This expansion leads to high tetragonality
(c/a ratios ranging up to 1.013), as illustrated in Fig. 3.

It should be noted that relatively high noise levels are
typical for XRD spectra of most nanopowders. Although
synchrotron radiation could further reduce noise, such mea-
surements were not available for this study. Nevertheless,
the employed methodology, based on fitting well-resolved
high-angle peaks, provides a reliable determination of the
tetragonal structure and lattice strain in the nanorods. More-
over, the tetragonality determined for the studied nanorod
samples is consistent with that of nanoparticles obtained under
similar conditions [29,41].

Theoretical calculations give critical sizes of approxi-
mately 10–50 nm for well-screened quasispherical BaTiO3

nanoparticles [28]. Bulk-like properties are inherent for sizes
well above the critical size, e.g., 5–10 times the critical sizes.

Thus, we can expect that the state of BaTiO3 nanorods stud-
ied in this work to be close to the bulk ferroelectric state,
which is confirmed by their XRD spectra containing a pro-
nounced tetragonality. However, the nanorods are strained
and/or curved and misoriented in space, which also strongly
influences the observed XRD pattern.

The Williamson-Hall method was used to estimate the
crystallite size and strain in different crystal directions [see
Fig. 4(a)]. The crystallite size calculated from the Williamson-
Hall plot is consistent with values calculated using the
Scherrer equation (see Table I). The lowest position of the
solid lines connecting the positions of (100) and (200) re-
flections on the Williamson-Hall graph corresponds to a
crystallite stretched in the [100] direction, as shown in
Fig. 4(a). The dimensions of the blocks perpendicular to the
(001) plane in samples S1 and S3 are nearly double compared
to the size of blocks perpendicular to the (100) plane, indi-
cating a high anisotropy of these samples. The block sizes in
[001] and [100] directions (as well as the block sizes in [002]
and [200] directions) of sample S4 are closer in value than
in other samples [compare the distance between black circles
and black triangles in Fig. 4(a) with e.g., the distance between
green (red or blue) circles and green (red or blue) triangles
therein]. The solid line connecting the positions of (100) and
(200) reflections in the Williamson-Hall graph is significantly
higher for sample S4 than for samples S1, S3, and S5 [the line
connecting the two black circles is significantly higher than
the lines connecting the circles of the other color in Fig. 4(a)].
At the same time sample S5, which has the same particle
width (50 nm) as sample S4, reveals the lowest c/a and the
smallest lattice strain e001 in the [001] direction [see Table I
and compare the distances between the dotted vertical lines in
Fig. 3(c)]. Thus, we can conclude that the degree of crystal
anisotropy is determined not only by the lattice distortion, but
also by the other factors related to crystallite shape, their size
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FIG. 3. (a) XRD patterns of BaTiO3 nanorods. The indices in the diffractogram correspond to the tetragonal structure (COD No. 1513252)
of BaTiO3. Inset (b) shows the lattice distortion of the BaTiO3 nanorods, where the dotted lines show the theoretical positions of (200) and
(002) reflections in tetragonal BaTiO3. (c) Gaussian fits to the (200) and (002) reflections were performed using ORIGIN software (red lines).
Dotted vertical lines indicate the d spacings determined using X-PEAK software; the corresponding values are listed above.

distribution, and possible curvature, as well the differences in
the sample preparation as described in Sec. II A. Namely, the
Ba2+ concentrations for samples S4 and S5 were 0.3 and 0.2
M, respectively; and sample S5 was obtained at a Na/Ba ratio
of 10 instead of 33.

Consistent with the anisotropic nature of these materials,
lattice strain in the [001] direction is 2–2.5 times greater than
in the [100] direction for all samples. The higher deforma-
tion of the lattice in the [001] direction of samples S1 and
S4 compared to S3 and S5 is due to the increased Ba2+

044409-5
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FIG. 4. (a) Williamson-Hall plots for BaTiO3 nanorods (θ is the
Bragg angle, W is the diffraction line broadening). (b) The depen-
dence of tetragonality c/a on the lattice distortion �c/c calculated
using a Gaussian fit and X-PEAK software.

concentration in the crystalline particles formed during hy-
drothermal treatment. However, this difference in lattice strain
does not affect the degree of anisotropy and tetragonality of
the crystal. Furthermore, samples S1 and S4 have comparable
lattice strain values despite significant differences in particle
sizes and coherent scattering regions, suggesting that Laplace
pressure is not a primary factor determining the tetragonality
observed in the smaller particles (e.g., in samples S4 and S5).
However, a trend of decreasing tetragonality with decreasing
lattice strain in the c direction is observed [see Fig. 4(b)],
which is consistent with the reported effect of OH− ions on
tetragonality [41]. This trend means that the lattice strain of
particles with a diameter greater than 50 nm depends mostly
on OH− ions content rather than on the size effects in the
particles.

Sample S5 exhibits lower tetragonality than samples S1,
S3, and S4. This is attributed to a slower nucleation rate
at lower Na/Ba ratios, likely related to a lower degree of
crystallinity (see Fig. 3). Additionally, the sample S5 has a

FIG. 5. Fitting of the 137Ba NMR spectra of BaTiO3 nanorods.
Blue solid curves are the measured spectra, and the red solid curve
is the fit to the spectra, which is decomposed in two spectral lines
labeled as “GIM” (the dash-dotted blue curve) and “Tetr” (the dash-
dotted green curve). The “GIM” line represents the Czjzek model,
and the “Tetr” line corresponds to BaTiO3 in the tetragonal phase.

crystallite size approximately twice that of sample S4, de-
spite their similar particle sizes (see Table I). The narrower
particles of the samples S4 and S5 with a narrower particle
width distribution (Fig. 2 and Table I) are associated with the
increased crystallization rate due to the use of more reactive
TiOCl2 instead of TiO2. Sample S4, synthesized with TiOCl2,
exhibits longer particles but lower crystal anisotropy com-
pared to sample S1 (synthesized with TiO2). This suggests
that even a minimal degree of anisotropy is sufficient to induce
anisotropic growth, while the kinetics of particle formation
(i.e., nucleation rate and crystal growth speed) determines the
final particle sizes.

C. Nuclear magnetic resonance spectroscopy
137Ba NMR spectra of BaTiO3 nanorods were acquired

at room temperature and are shown in Fig. 5. 137Ba has a
spin of 3/2 and possesses a fairly large quadrupole moment
Q = 24.5 fm2. Nuclear magnetic resonance on quadrupole
nuclei can be used to determine the symmetry of the lo-
cal environment and phase composition of the sample under
study. Due to the ionic nature of the chemical bond formed
by barium in the studied compound, the shape of the 137Ba
NMR spectra is largely determined by the interaction of its
quadrupole moment with the electric field gradient (EFG)
created by external charges. Only the 1/2 ↔ −1/2 central
transition perturbed by the second-order quadrupole interac-
tion of the 137Ba nuclei with the EFG is observed. The shift
of the central transition, arising solely from the quadrupole
interaction, can be expressed as

ν
(2)
1/2 = − v2

Q

16νL

(
I (I + 1) − 3

4

)
fη(θ, ϕ), (1)

044409-6
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where νQ = − 3CQ

2I (2I−1) , CQ = eQVzz

2π h̄ is the quadrupole coupling
constant, Vzz is the largest principal component, and η =
Vxx−Vyy

Vzz
is the asymmetry parameter of the EFG tensor, which

determines the effect of quadrupole interactions on the NMR
spectra. The function fη(θ, ϕ) has a cumbersome form and its
actual expression can be found elsewhere [46,47].

The asymmetry parameter η has a nonzero value in the or-
thorhombic phase of BaTiO3 and is zero in other phases. The
quadrupole coupling constant CQ is zero in the cubic phase
of BaTiO3 and has a nonzero value in other phases. Namely,
bulk BaTiO3, as well as ceramic samples, pass through four
phases at different temperatures: the cubic nonpolar phase
Pm3̄m for temperatures above 393 K (η = 0, CQ = 0), the
tetragonal P4mm phase in the temperature range 278–393
K (η = 0, CQ

∼= 2.22–2.85 MHz), the orthorhombic C2mm
phase between 193 and 278 K (η = 0.85, CQ = 2.3 MHz),
and the rhombohedral R3m phase below 193 K (η = 0, CQ =
2.15 MHz) [48,49]. However, surface stresses and size effects
could shift these temperatures substantially in the nanopar-
ticles due to a large surface/volume ratio [50,51]. However,
experimental determination of the quadrupole coupling con-
stant CQ and the asymmetry parameter η of the EFG tensor
allows, in principle, the determination of the sample’s phase
composition from the shape of the NMR spectra.

The experimentally observed NMR spectrum is broadened
by a distribution of the EFG values. This distribution likely
arises from two main sources: (1) elastic deformations caused
by oxygen vacancies in the surface layers and OH− ions into
the crystals, and (2) variations in barium ion displacements
within domain walls, where the electric polarization changes
its value and/or orientation. The change in polarization leads
to different displacements of barium ions in the lattice and,
accordingly, to different values of the EFG experienced by the
barium nucleus.

Since both Ba and Ti are sensitive to local distortions, and
the presence of OH− ions is assumed to be responsible for in-
ducing tetragonality (as noted above), it is therefore plausible
that these OH− ions could also cause a breaking of the local
symmetry around these ions. This may lead to a distribution of
quadrupolar interactions like those observed in the presence
of oxygen vacancies. The observed asymmetric line shape,
with a steeper slope on the low-field side and a more gradual
decrease on the high-field side, could be attributed to local
distortions around the Ba sites induced by OH− ions. This
effect is similar to the distortion caused by the distribution of
Sr atoms in BaxSr1−xTiO3, as reported in Ref. [52].

This suggestion is consistent with several observations.
First, the BaTiO3 nanorods exhibit tetragonal distortions
(Fig. 3). Second, domain structures emerge in sample S3 (as
shown by TEM images in Ref. [30]). Third, the observed
strain is tensile, whereas oxygen vacancies typically lead to
compressive strain. These observations collectively support
the hypothesis that OH− ions, rather than oxygen vacancies,
are the primary source of the observed distortions. These
distortions lead to the formation of disordered areas within
the sample without any specific symmetry inherent to its
crystalline structure. However, these disordered areas coexist
with “mainly ordered” regions, where the EFG distribution
exists, but with a defined symmetry. The obtained spectrum

(fit with the red curve) can be decomposed into two spec-
tral lines corresponding to these “distinctly disordered” and
“mainly ordered” regions. These lines are labeled as “GIM”
(the blue dash-dotted curve) and “Tetr” (the green dash-dotted
curve), respectively. The description of abbreviations “GIM”
and “Tetr” and the physical nature of the lines, are given
below.

To model the NMR signal from regions where a significant
disorder is present, it is necessary to consider the distri-
bution of the quadrupolar parameters CQ and η defined by
the principal components of the EFG tensor. Being a trace-
less symmetric second-rank tensor, EFG has five independent
components whose variation due to a random atomic displace-
ment can be described by a Gaussian distribution. This results
in the interdependent distribution of CQ and η, which define
the shape of the NMR spectral line.

The mean values of the EFG tensor components are equal
to zero for “distinctly disordered” statistically isotropic areas.
In this case, the probability P(Vzz, η) of the mutual distribution
of CQ and η can be obtained using the Czjzek bivariate distri-
bution, also called as the Gaussian isotropic model (GIM), is
given by the expression [53,54]

P(Vzz, η) = V 4
zzη√

2πσ 5

(
1 − η2

9

)
exp

[
−V 2

zz

(
1 + η2

3

)
2σ 2

]
, (2)

where σ is a single fitting parameter that represents the width
of the Gaussian distribution of the EFG components. This
model allows us to calculate the joint probability density
function (PDF) of the quadrupolar parameters Vzz and η used
in Eq. (1). The spectral line corresponding to the GIM model
(shown by the dash-dotted blue curve in Fig. 5) was obtained
by summing up the contributions of the individual lines, de-
scribed by Eq. (1), where the parameter CQ varies from 0
to 9000 kHz, and the parameter η varies from 0 to 1. The
contribution of each individual line into the GIM line was
calculated by weighting the intensity of individual lines with
the corresponding PDF probability values from Eq. (2). The
line corresponding to the signal from disordered regions was
chosen to fit the distant edges of the NMR spectrum, where a
significant scattering of quadrupolar parameters is present.

The NMR spectral line “Tetr” originating from the “mainly
ordered” regions was calculated using the method described
in Refs. [55,56]. In this case the mean values of the principal
components of the EFG tensor are not equal to zero and
correspond to the symmetry of the crystal field. This method
involves applying a Gaussian distribution only to the principal
components of the EFG tensor in such a way as to preserve
the traceless character of the perturbed EFG. For each set
of the principal components, new values of CQ and η were
calculated, and the individual lines obtained using Eq. (1)
were summed with weights corresponding to the Gauss dis-
tribution of the principal components. The best fit to the
experimentally measured spectrum was obtained using the
EFG with the mean values of principal components corre-
sponding to CQ = 3.1 MHz and η = 0. The value η = 0 may
correspond to cubic, tetragonal, or rhombohedral symmetry
[48]. Synchrotron XRD and NMR studies performed across
a wide range of particle sizes reveal that BaTiO3 nanopar-
ticles can exist as a mixture of orthorhombic and tetragonal
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phases at room temperature [48,49]. Therefore, rhombohedral
symmetry in the nanorods is unlikely at room temperature
and would be expected only at significantly lower tempera-
tures. The fitted value of the quadrupole constant CQ allows
differentiation between the cubic and tetragonal states in this
case. The obtained CQ value is close to that of the tetrago-
nal phase, although slightly higher than previously reported
values for BaTiO3 ceramics. For example, the value of CQ in
submicron-sized crystals with tetragonal symmetry is known
to increase from 2.22 MHz (at 350 K) to 2.85 MHz (at
295 K) [49], which is accompanied by an increase in the
c/a ratio from 1.00996 to 1.0110 [57]. At the same time,
the subsequent transition to the orthorhombic phase with a
further decrease in temperature leads to a decrease in the
quadrupole constant to 2.3 MHz at 250 K. In comparison,
the larger quadrupole coupling constant CQ obtained in our
sample indicates a substantial increase in the c/a ratio and
suggests a greater degree of tetragonal distortion in the studied
nanoparticles.

III. THEORETICAL MODELING

The main goal of this section is comparison with experi-
ment and the deconvolution of the spontaneous polarization
from the tetragonality ratio determined by the XRD. The
most important information about the magnitude of sponta-
neous polarization can be extracted from this comparison.
Next, we explore the impact of strain gradients and curvature
on the domain morphology of BaTiO3 nanoparticles using
FEM. This provides insight into the strain-gradient-induced
and curvature-induced changes of the polarization distribution
and domain morphology in the BaTiO3 nanorods.

A. The problem formulation, analytical calculations,
and comparison with experiment

The theoretical model presented here focuses on a long
BaTiO3 core-shell nanorod with a rectangular cross section,
as shown in Fig. 6. The nanorod length Ls is at least 5–10
times longer than its lateral sizes As and Bs. This shape is con-
sistent with the typical morphology of BaTiO3 nanocrystals
and facilitates the construction of a suitable rectangular fine
mesh for the FEM. SEM and TEM analyses have confirmed
that BaTiO3 nanocrystals commonly exhibit rectangular or
near-rectangular morphologies. This is consistent with studies
of sintered BaTiO3 structures (e.g., nanocubes, nanorods, and

FIG. 6. The cross section (a) and the side view (b) of the BaTiO3

nanorod. The crystalline core permittivity is ε̂c. The core is covered
with a crystalline shell of cubic symmetry, with permittivity εs and
average thickness �R.

nanoribbons) reported in Refs. [26,30], Appendix C in Ref
[31], and Chap. 4 in Ref. [58].

The core of the nanorod is modeled as a crystalline material
with tetragonal symmetry and is a nearly perfect insulator.
The core is covered with a crystalline shell of cubic symmetry,
with an average thickness is �R. The shell is semiconducting
due to the high concentration of free charges and strained due
to the high concentration of elastic defects and/or core-shell
lattice constant mismatch. The charge screening is formed
spontaneously due to multiple mechanisms of spontaneous
polarization screening involving both internal and external
charges in nanoscale ferroelectrics (see, e.g., Ref. [59] and
references therein). The free charges provide effective screen-
ing of the core spontaneous polarization and prevent domain
formation. The effective screening length in the shell, λ, is
very small (less than 1 nm). All numerical calculations in this
work are performed at room temperature, whereas the analyt-
ical expressions are valid over a wide temperature range.

Analytical expressions are used to calculate the elastic
stresses and strains in the long core-shell nanorod, as derived
in Ref. [60]. These expressions are highly accurate for rods
with a cylindrical cross section. For rods with an arbitrary
cross section, the accuracy is only slightly reduced, provided
the aspect ratio (length divided by width) is greater than 10.
For a very long nanorod or nanowire, the variation �c of the
lattice constant c, the variation �a of the lattice constant a,
and the tetragonality ratio of the lattice constants c and a, are
given by the expressions [60]

�c

c
≈ u33 ≈ uc + (1 − δV )Q11P2

3 + δV δu, (3a)

�a

a
≈ u11 ≈ uc + (1 − δV )Q12P2

3 + δV

[
δu + −(s11 − s12)δu + (s11Q12 − s12Q11)P2

3

2(s11 + s12)

]
, (3b)

c

a
≈ 1 + u33

1 + u11
≈ 1 + (1 − δV )(Q11 − Q12)P2

3 − 1

2
δV

[
s11Q12 − s12Q11

s11 + s12
P2

3 − s11 − s12

s11 + s12
δu

]
. (3c)

Here, ui j are the components of elastic strain tensor, uc

is the core strain, P3 is the axial spontaneous polarization
of the rod, Qi j are electrostriction coefficients, and si j are
elastic compliances. Also, the relative shell volume (δV ) and
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“effective” strain (δu) are introduced as

δV = Vs

V
, δu = us − uc. (4)

In Eq. (4), the shell volume is Vs and the nanorod volume
is V . In a general case, the effective strain δu is created not
only by the difference between the core and the shell chemical
strains (uc and us), as assumed in Eq. (4), but also by the lattice
constants mismatch and/or different thermal expansion coef-
ficients in the core and the shell. Due to the reasons discussed
in Ref. [60], the surface tension contribution to δu and P2

3
appears negligibly small (less than 0.01%) for the considered
transverse sizes of the nanorods (50 nm and more; see Table I)
and realistic values of the surface tension coefficient μ < 4
N/m. The first two terms in Eq. (3) coincide with correspond-
ing expressions for a bulk ferroelectric with the spontaneous
polarization P3 in the tetragonal ferroelectric phase. The next
terms, proportional to the relative shell volume δV , are caused
by the elastic anisotropy between the tetragonal core and cubic
shell, as well as by the effective chemical strain, δu. From
Eq. (5), nonzero �c

c and c
a can exist in paraelectric core-shell

nanorods due to the term δu δV . The polarization P3 is de-
scribed by the time-dependent Landau-Ginzburg-Devonshire
(LGD) equation, which must be solved together with the
Poisson equation for the depolarization electric field and the
equations of state for elastic strains (see details in Ref. [60]).

The tetragonality c
a and the ratio �c

c as a function of relative
shell volume δV and effective strain δu are shown in Figs. 7(a)
and 7(b), respectively. The color maps are calculated for long
BaTiO3 nanorods at room temperature. Tensile strains support
and/or induce the ferroelectric (FE) state in the rods (see
the part of the maps where c

a > 1 and �c
c > 0); compressive

strains suppress the FE state and/or induce the paraelectric
(PE) state in the rods (see the part of the maps where c

a < 1
and �c

c < 0). The nature of the FE-PE transition depends
on the type of strain. Compressive strains lead to first-order
transitions, as evidenced by the relatively sharp boundary in
Figs. 7(a) and 7(b). In contrast, tensile strains result in second-
order transitions, characterized by the diffuse boundary in
Figs. 7(a) and 7(b).

The order of the FE-PE transition changes at the critical
point, {δucr, δVcr}, where the “renormalized” expansion coef-
ficient βR in the effective Landau energy becomes zero. The
effective Landau energy is given by

F = αR

2
P2

3 + βR

4
P4

3 + γ

6
P6

3 + δ

8
P8

3 − Ee
3 P3, (5)

where

αR ∼ 2

{
a1 − δu δV

Q11 + Q12

s11 + s12

}

and

βR = 4

{
a11 + δV

s11
(
Q2

11 + Q2
12

) − 2s12Q11Q12

2
(
s2

11 − s2
12

)
}

− 8
Z211

s11 + s12
δV δu

see details in Ref. [60]).

FIG. 7. (a) The tetragonality c
a and (b) the lattice strain �c

c as
a function of relative shell volume δV and effective strain δu cal-
culated in long BaTiO3 nanorods at room temperature T = 298 K
and uc = 0. Color scales are c

a and �c
c values in dimensionless units

and %, respectively. The FE-PE transition occurs at the dash-dotted
curve. The critical point, where the FE-PE transition changes its
order, is shown by the black open circle. The bottom part of the curve
(below the critical point), where the polarization contrast changes
from yellow-green to green-blue more sharply, corresponds to the
first-order FE-PE transition; the top part of the curve (above the
critical point), where the polarization contrast changes from yellow-
green to green-blue continuously, corresponds to the second-order
FE-PE transition. (c) The tetragonality c

a and (d) the lattice strain
�c
c as a function of the effective strain δu. (e) The tetragonality

c
a as a function of the lattice strain �c

c . Plots (c), (d), and (e) are
calculated for T = 298 K, uc = 0, and different values of δV = 0.1
(red curves), 0.4 (blue curves), 0.7 (magenta curves) and 0.9 (green
curves). (f) The experimental dependence of c

a versus �c
c (shown

by green triangles) was fit by the least-squares method. The dashed
black line corresponds to a linear fit; the solid black curve corre-
sponds to a parabolic fit (fitting parameters are described in the text).

Despite αR and βR depending linearly on δV , the FE-PE
transition order does not appear to depend on the relative shell
volume δV , as demonstrated in Figs. 7(a) and 7(b). Namely,
the nanorod core is ferroelectric, but the FE-PE transition is
absent for the small values 0 � δV < 0.2. This absence is
due to the negative values of αR and βR across the strain
range (−2% < δu < 2%), resulting in α11 < 0 and a11 < 0.
For intermediate values of δV (0.2 < δV < 0.7) and under
compressive strains, the first-order FE-PE transition appears
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in the nanorod core (because βR changes sign in the range of
δV and δu). For large values of δV (δV > 0.7) and under com-
pressive strains, the second-order FE-PE transition appears in
the nanorod core (because βR > 0 in this range of δV and
δu). The behavior of the transition order with increasing δV
(i.e., no transition → first-order transition → second-order
transition) determines the step-like dependencies of the tetrag-
onality and lattice strains on δu in the intermediate range of δV
(i.e., for 0.2 < δV < 0.7).

Dependencies of c
a and �c

c on the effective strain δu
calculated for different relative shell volumes δV at room
temperature are shown in Figs. 7(c) and 7(d), respectively.
The dependencies calculated for small (δV = 0.1) and large
(δV = 0.9) relative shell volumes are quasilinear [see red and
green curves in Figs. 7(c) and 7(d)], while the dependencies
calculated for 0.2 < δV < 0.7 contain a steplike feature cor-
responding to the first order PE-FE phase transition [see blue
and magenta curves in Figs. 7(c) and 7(d)]. The slopes of
c/a(δu) and �c/c(δu) curves increase with an increase in δV ;
the curves intersect at δu ≈ 1% and δu ≈ 0.78%, respectively.
The intersections correspond to the vertical straight contour
lines shown by thin dotted lines in Figs. 7(a) and 7(b). The
vertical lines correspond to the “saddle” contour lines, where
the derivatives of the functions c/a and �c/c with respect to
the relative shell volume δV are zero. The derivatives ∂ (c/a)

∂ (δV )

and ∂ (�c/c )
∂ (δV ) are negative to the left of the saddle contour lines

and positive to the right of the lines. Zero derivatives indicate
that the values of c/a and �c/c are δV independent along
the vertical lines, which correspond to the intersections of the
curves in Figs. 7(c) and 7(d).

The quasilinear dependencies of c
a and �c

c on strain, at
small values of δV (0 � δV < 0.2), exhibit a small slope,
which corresponds to the absence of the FE-PE transition in
the ferroelectric core. The quasilinear dependencies of c

a and
�c
c on strain, at large values of δV (δV > 0.7), exhibit a large

slope, which corresponds to a possible second-order FE-PE
transition in the core. The steplike dependencies of c

a and
�c
c on strain, at intermediate values of δV (0.2 < δV < 0.7),

correspond to the first-order FE-PE phase transition in the core

(the step itself corresponds to the point where the transition
order changes).

The slope of c
a and �c

c vs strain curves increases mono-
tonically with increasing δV . This is because the slope is
mainly determined by the coefficient αR (rather than by the
coefficient βR), which depends on δV according to αR ∼
2{a1 − δu δV Q11+Q12

s11+s12
}. As δV increases, the dependence of αR

on the stain becomes stronger. This trend contrasts with the
above behavior of the transition order (determined by the sign
of βR), which changes from “no transition” to a “first-order
transition” and then to a “second -rder transition” as the shell
volume increases.

We emphasize that the steplike behavior of the c
a and �c

c
curves in Figs. 7(c) and 7(d) aligns well with the critical point
where βR vanishes. A sharp jump in c

a and �c
c curves can be

seen where Landau theory predicts a change of the PE-FE
transition order. The experimental verification of the predic-
tion can validate the proposed model. In a favorable case, the
transition order in the BaTiO3 nanorods can be controlled by
changing the strain or/and the shell volume. The strain control
of the transition order is an effective way to tune the nanorods’
dielectric properties for various applications.

The curves for c
a in Fig. 7(e) are calculated for several

values of δV , with the assumption that �c
c = (1−δV )Q11P2

3 +
δV δu in accordance with Eq. (3a), where we set uc = 0.
From these curves, the dependence of c

a versus �c
c is linear,

and the values of �c
c required to overcome the tetragonality

of the bulk sample ( c
a ≈ 0.011) must be at least 0.8% for

δV = 0.1 and 1% for δV = 0.9. However, Fig. 7(f) shows
that c

a ≈ 0.011 can be reached with much smaller values of
�c
c ≈ 0.13%, which is consistent with XRD data (green trian-

gles) in Fig. 4(b).
It is worth noting that the condition uc = 0 can be violated

easily. Also, Eqs. (3) are derived for constant δu and δV ;
the derivation does not consider different orientation of the
nanorods in the powder sample, as well as the strain gradient
and possible curvature of the long rods (considered in the
next subsection). The statistical averaging of Eqs. (3) over
all possible orientations of the rods leads to the following
expressions for the mean square values, which are registered
by XRD:

√√√√〈(
�c

c

)2
〉

≈ 〈uc〉 + (1 − δV )Q11
〈
P2

s

〉 + δV 〈δu〉, (6a)

√√√√〈(
�a

a

)2
〉

≈ 〈uc〉 + (1 − δV )Q12
〈
P2

s

〉 + δV 〈δu〉 + δV

[
−(s11 − s12)〈δu〉 + (s11Q12 − s12Q11)

〈
P2

s

〉
2(s11 + s12)

]
, (6b)

√〈( c

a

)2
〉

≈ 1 + (Q11 − Q12)(1 − δV )
〈
P2

s

〉 + s11 − s12

2(s11 + s12)
δV 〈δu〉 + s12Q11 − s11Q12

2(s11 + s12)
δV

〈
P2

s

〉
. (6c)

Here, the symbol 〈· · ·〉 denotes statistical averaging, and
the quantities 〈P2

s 〉, 〈δu〉, and δV are the fitting parameters
corresponding to the averaged values of the square of the
spontaneous polarization, effective strain, and relative shell

volume. Each of the samples S1, S3, S4, and S5 can be
characterized by its own set of these parameters, whose val-
ues can be obtained by fitting Eqs. (6) to the data listed in
Table I.
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Figure 7(f) shows the least-squares fit of the experimen-
tal c

a versus �c
c data (green triangles) using Eqs. (6). The

dashed black line corresponds to the linear fit, c
a = C0 +

C1( �c
c ), with fitting parameters C0 and C1. The solid black

curve corresponds to the parabolic fit, c
a = C0 + C1( �c

c ) +
C2( �c

c )
2
, with fitting parameters C0, C1, and C2. Using the

fitting curves [shown in Fig. 7(f)] and Eqs. (6), we deter-
mined the average polarization

√〈P2
s 〉 and the shell strain

〈δus〉 as a function of the shell relative volume δV (see Fig.
B1 in Appendix B of the Supplemental Material [31]). The
fitting, whose reliability is sufficiently high, yields an aver-
age of 46–63 µC/cm2, which is nearly twice the bulk value
of BaTiO3 at room temperature (Ps ≈ 24–27 µC/cm2), but
significantly smaller in comparison with the giant sponta-
neous polarization (above 100–120 µC/cm2) experimentally
observed in BaTiO3 nanocubes [26]. The fitted average polar-
ization increases monotonically from 46–49 to 59–63 µC/cm2

with an increase in δV from 0.1 to 0.5 for samples S1–S5 [see
Fig. B1(a)]. The polarization enhancement is conditioned by
the shell strain, which is compressive and decreases monoton-
ically with increase in δV [see Fig. B1(b)]. The shell strain
exceeds very high values 10–20% for δV < 0.2 and becomes
smaller than 3–4% for δV > 0.5 in all samples S1–S5. At
the same time the average strain of the nanorod, 〈δus〉δV +
〈uc〉(1−δV ), does not exceed 2.3%, which is a reasonable
value [see inset in Fig. B1(b)].

Although the fitting results may seem counterintuitive, this
can be explained by the fact that the experimental tetrag-
onality (c/a ≈ 1.009–1.013) is close to the bulk BaTiO3

value (c/a ≈ 1.010), and the average spontaneous polarization√〈P2
s 〉 ≈ 46–63 µC/cm2 is significantly enhanced (consistent

with previous observations [26]). However, the experimental
spontaneous strain (�c/c ≈ 0.0012–0.0034), which repre-
sents the overall strain in the nanorod, is significantly lower
than the corresponding bulk value (�c/c ≈ 0.0075). This
contrasts with the fitting results, which suggest a much
larger strain within the shell of the nanorod. Despite this,
the fitting results indicate a much higher strain within the
nanorod’s shell. This suggests that the fitting process, partic-
ularly for thin shells (δV < 0.2), might be overestimating the
shell strain because it assumes a coordinate-independent shell
strain and may not fully account for other complex effects,
including OH− ions, within the nanorod shell.

B. Finite element modeling of curvature-induced changes
of the strain gradient, polarization distribution, and domain

morphology in BaTiO3 nanorods

FEM simulations are performed using COMSOL MULTI-
PHYSICS® software. The COMSOL model uses the electrostat-
ics module to solve the Poisson equation; solid mechanics and
general math (PDE toolbox) modules are used in conjunction
to achieve a self-consistent solution for the time-dependent
LGD equations. The FEM analysis is conducted using vari-
ous discretization densities for the self-adaptive rectangular
mesh and different initial polarization distributions, such as
randomly small fluctuations or poly-domain states. The ma-
terial parameters used for BaTiO3 in the FEM simulations
are detailed in Table AI in Appendix A of the Supplemental

Material [31]. The mesh element size ranges from a minimum
of 0.4 nm (equal to the unit cell size of BaTiO3 at room tem-
perature) to a maximum of 0.8 nm. The surrounding dielectric
medium is modeled with a larger mesh size of 4 nm. This
increase in the mesh size resulted in only minor changes in
the electric polarization, electric field, and elastic stress/strain
distribution.

FEM simulations are performed for rectangular-shaped
nanorods with varying sizes and aspect ratios. The length of
the rod L varies from 20 to 40 nm. Lateral dimensions (A and
B) range from 4 to 12 nm, resulting in aspect ratios between 3
and 10. Below, we consider the screening length λ to vary
from 0.1 to 1 nm, corresponding to ambient conditions at
normal pressure and humidity [59]. As a rule, the increase
of λ from 0.1 to 1 nm leads to the instability of the single
domain state and induces the formation of various domain
morphologies [60–62]. Note that an increase in λ above 1 nm
does not lead to the disappearance of domain stripes or signifi-
cant changes in their morphology. This is because the nanorod
behaves as an electrically open system for λ � 1 nm.

The initial distribution of polarization is a single domain
wall with randomly small fluctuations. Final stable structures
were obtained after a long simulation time, t 
 103τ , where
the parameter τ is the Landau-Khalatnikov relaxation time
[63]. The nanorod is clamped at one side (z = 0), and a shear
force with the density F is applied vertically along the y axis
to the opposite side (z′ = L). The corresponding geometry of
the undeformed and curved nanorod is shown in Fig. 8.

One particularly interesting nanorod shape for applica-
tions corresponds to nanoslabs with dimensions B < A < L,
whose electric polarization and elastic strain distributions are
discussed below. We consider both undeformed (i.e., mechan-
ically free, F = 0) slabs (see, e.g., Fig. 9) and slabs clamped
on one side to a substrate and subsequently deformed/curved
by a shear force with the density F applied to the other side
(see, e.g., Figs. 10 and 11). In the latter case, we increase the
force density F until domain splitting begins.

The domain structure is determined by the depolarization
field in mechanically free slabs, as illustrated in Figs. 9(a)–
9(c). It is seen from Fig. 9(a) that the so-called oppositely
polarized closure domains of the polarization component P1

appear near opposite ends of the slab (i.e., near z = 0 and
z = L), where the cross-sectional area AB is smallest. This
domain configuration minimizes the depolarization field out-
side of the slab by allowing the polarization component P1

to “circulate” along the surface [Fig. 9(a)]. The polariza-
tion component P2 (directed along the smallest side of the
rod) is absent [Fig. 9(b)], and the polarization component P3

(directed along the longest side of the rod) consists of two
opposite domains [Fig. 9(c)]. The elastic strain components
are distributed relatively uniform inside the central part of the
free-standing nanoslab; inhomogeneous strains are localized
inside the closure domains and near the domain walls, con-
sistent with the known effect of stress concentration in these
regions [see Figs. 9(d)–9(f)].

For small curvatures, only the polarization gradient is
observed across the nanoslab thickness, without significant
changes in the domain structure morphology. However, when
the bending force exceeds a critical threshold, an isomorphic
phase transition occurs in the domain structure [8]. The tran-
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FIG. 8. Geometry of undeformed (grey parallelepiped) and curved (colored parallelepiped) rectangular-shaped nanorods with sizes B <

A < L, hereinafter referred to as nanoslabs. The nanoslab is clamped at the right side (z = 0) and the shear force is applied vertically to
the left side (z′ = L). The color scale of the curved nanoslab shows an example of the surface distribution of hydrostatic stress, namely
σ11 + σ22 + σ33, calculated when the shear force density F = 30 MPa. The figure also shows the reference coordinate frame {x, y, z} and the
local frame {x′, y′, z′} attached to a specific point on the nanoslab. The bottom surface (y′ = −B/2) is stretched, the central section (y′ = 0) is
undeformed, and the top surface (y′ = +B/2) is compressed.

sition is driven by the tendency to minimize the slab’s elastic
energy through domain splitting.

To illustrate the above statement, Fig. 10 shows the po-
larization and strain distributions in the nanoslab clamped at
the side z = 0, and a vertical shear force with the density
of 30 MPa applied to the opposite side z′ = L. An elastic
stress gradient appears throughout the depth of the curved slab
along the bending direction; one side of the slab is stretched,
while the other side is compressed [see Figs. 10(d)–10(f)].
The two-dimensional surface with zero strain corresponds
to the so-called central section, which is close to the cross
section y′ = 0 in the local coordinate frame {x′, y′, z′} (shown
by the red dashed lines in Fig. 8). Electrostriction coupling
causes significant changes in the domain structure with an in-
crease of the strain gradient. Stretching the nanoslab along the

polarization direction increases its value, while compression
decreases it. Considering that the strains in opposite directions
have opposite signs (due to the positive Poisson coefficient
in BaTiO3), domains with polarization perpendicular to the
original direction occur in the compressed half of the nanoslab
and become pronounced with an increase in bending degree
[see Figs. 10(a)–10(c)].

The distribution of the polarization components Pi and
diagonal strains uii calculated for the different cross sections
of the BaTiO3 nano slab curved by a shear force F with the
density of 30 MPa are shown in Fig. 11. Each group of three
images (from the left to the right) corresponds to (1) the max-
imally stretched bottom cross section (y′ = −B/2), (2) the
less stretched middle cross section (y′ = +B/4), and (3) the
maximally compressed top cross section (y′ = +B/2). These

FIG. 9. The distribution of the polarization components (a) P1, (b) P2, and (c) P3 and the strain components (d) u11, (e) u22, and (f) u33

calculated at the surface of a free-standing BaTiO3 nanoslab with dimensions 4 × 12 × 40 nm3 at room temperature. The screening length
λ = 1 nm.
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FIG. 10. The distribution of the polarization components (a) P1, (b) P2, and (c) P3 and the strain components (d) u11, (e) u22, and (f) u33

calculated at the surface of a curved BaTiO3 nanoslab with dimensions 4 × 12 × 40 nm3 at room temperature and for a screening length λ = 1
nm. The slab is clamped at the side z = 0 and a shear force with the density of 30 MPa is applied vertically to the side z′ = L. The empty
rectangular-shaped parallelepiped shows the initial state of the undeformed slab (F = 0).

cross sections are curved, being perpendicular to the smallest
side of the slab {A, B} in the local frame {x′, y′, z′} (shown in
Fig. 8). The domain stripes are stable in the compressed part
of the slab (at y′ > 0) and they are absent in the stretched part
(at y′ < 0).

The distribution of P1 [shown in Fig. 11(a)] correlates with
the distribution of u11, as is evident in the reproduction of the
closure domains and domain stripes in Fig. 11(b). A vertical
central line, visible in the u11 cross section at y′ = −B/2,
corresponds to the domain wall between P3 domains, as seen
in Fig. 11(e). Distributions of P2 and u22 have very small con-
trast and look uncorrelated [compare Figs. 11(c) and 11(d)].
Distributions of P3 contain two oppositely polarized domains
separated by the wall, which are pronounced above the central
line (i.e., at y′ < 0). The P3 domains gradually disappear near
the clamped side with an increase in y′ [see Fig. 11(e)]. The
distribution of P3 very weakly correlates with u33 distribution
[compare Figs. 11(e) and 11(f)]. However, a thin lighter cen-
tral line, which corresponds to the P3-domain wall, is seen
in the distributions of u11 and u22 calculated for y′ = −B/2,
which are shown in Figs. 11(b) and 11(d), respectively.

The distributions of the polarization components P1 and P3,
calculated for different cross sections of the curved BaTiO3

nano slab, are shown in the left and right columns of Fig. 12,
respectively. The slab is clamped at the side z = 0 and a shear
force is applied to the opposite side z′ = L. The force density
F varies from 3 to 60 MPa. Each group of images consists
of five {x′, z′} cross sections perpendicular to the smallest di-
mension of the slab at different depths y′, representing varying
degrees of bending: y′ = −B/2 (the bottom surface that is
maximally stretched), y′ = −B/4 (the middle cross section,
which is less stretched), y′ = 0 (the central cross section,
which is undeformed), y′ = +B/4 (the middle cross section,
which is compressed), and y′ = +B/2 (the top surface, which
is maximally compressed).

For F < 20 MPa, the distribution of P1 consists of two
cuplike counterpolarized closure domains located near the
slab ends. The size of the domains increases slightly with an
increase in y′ from −B/2 to +B/2. The size of the domain
near the clamped end increases significantly with an increase
in F . For F < 20 MPa the distribution of P3 consists of two
counter-polarized domains, which occupy the central part of
the slab. The length of the domains decreases slightly with an
increase in y′ from −B/2 to +B/2. The size of the closure
domain near the clamped end increases significantly with an
increase in F .

For F � 20 MPa, the distribution of P1 splits into domain
stripes within the compressed part of the slab (y′ > 0). These
stripes are absent in the stretched part (y′ < 0) of the slab, re-
gardless of the magnitude of F . As F increases above 20 MPa,
the number of striped P1 domains and their contrast increase;
eventually filling the slab for F � 60 MPa and y′ > B/4. At
the same time, P3 domains disappear for F � 60 MPa and
y′ > B/4. The domain structure of P3 is almost independent of
the magnitude of F in the stretched part of the slab (y′ < 0).

The results presented in Fig. 12 highlight that it is possible
to control the appearance and number of domain stripes in
BaTiO3 nanoslabs by varying their curvature with the aid of
external shear force applied to the free side of the slab. A
highly oriented array of such slabs with one side clamped to
the substrate and another side subjected to a shear force can
be used for race-track memory elements and/or piezo-nano-
generators.

IV. CONCLUSIONS

It was confirmed that lattice strain depends directly on Ba
supersaturation, with higher supersaturation resulting in in-
creased strain of BaTiO3 nanorods synthesized under varying
conditions. However, the strain does not directly influence
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FIG. 11. The distribution of the polarization components (a) P1,
(c) P2, and (e) P3 and the strain components (b) u11, (d) u22, and
(f) u33 calculated in the different cross sections of a curved BaTiO3

nanoslab with dimensions 4 × 12 × 40 nm3 at room temperature and
for λ = 1 nm. Each group of three images presents cross sections
of the slab at different depths: y′ = −B/2 (stretched bottom sur-
face), y′ = +B/4 (very slightly compressed middle section), and
y′ = +B/2 (compressed top surface), taken perpendicular to the
slab’s smallest dimension y′. The slab is clamped at one side (z′ = 0)
and a shear force F with the density of 30 MPa is applied vertically
to the opposite side (z′ = L). The empty rectangular grey boxes show
the initial cross sections of the undeformed slab.

crystal growth or lattice distortion. Instead, OH− ions incor-
poration can play a significant role in these processes. The
slower nucleation rate, achieved by using the less reactive
TiO2 precursor compared to TiOCl2, along with control of
Ba supersaturation, enables more effective regulation of OH−
incorporation and crystal growth. This in turn affects both
particle size and lattice distortion, leading to a c/a ratio of
1.013–1.014. OH− ions induce lattice elongation along the c
axis, contributing to anisotropic growth, increasing of the rod
diameter and their growth-induced bending.

To explore the possibility of curvature-induced changes in
BaTiO3 nanorod domain morphology, LGD-based analytical
calculations and FEM were employed. These methods re-
vealed the appearance of domain stripes in nanorods curved
beyond a critical angle. This curvature-controlled domain
stripe formation may find application in flexible race-track
memory elements for flexotronics and domain-wall elec-
tronics. This work enhances the understanding of how the
shape anisotropy, lattice strains, and strain gradients influence

FIG. 12. The distribution of the polarization components P1

(a), (c), (e), (g), (i) and P3 (b), (d), (f), (h), (j), calculated for dif-
ferent cross sections of a curved BaTiO3 nanoslab with dimensions
4 × 12 × 40 nm3 at room temperature and for the screening length
λ = 1 nm. Each group of images consists of five cross sections
perpendicular to the smallest size of the slab, highlighting the bend-
ing deformation, which increases with increasing shear force. The
images correspond to different depths y′, namely, y′ = −B/2, −B/4,
0, B/4, and B/2 (from the left side to the right side of the figure). The
slab is clamped at the side z = 0 and a shear force with the density F
is applied to the opposite side z′ = L. The force density F is 3 MPa
(a), (b), 10 MPa (c), (d), 20 MPa (e), (f), 30 MPa (g), (h), and 60 MPa
(i), (j).

the domain morphology of ferroelectric nanorods, offering a
pathway for tuning properties of the nanorods for advanced
applications in nanoelectronics.
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