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Abstract: Diverse domain patterns significantly influence the nonlinear electromechanical behaviors
of ferroelectric nanomaterials, with polarization switching under strong electric fields being inherently
a frequency-dependent phenomenon. Nevertheless, research in this area remains limited. In this
study, we present a phase-field investigation of frequency-dependent electromechanical dynamics
of a polycrystalline BaTiO3 nanofilm with a core-shell structure, subjected to applied frequencies
ranging from 1 to 80 kHz. Our findings elucidate the microstructural mechanisms underlying the
electromechanical behaviors observed in these materials. The effect of the grain size and the strains
effect are also taken into account. Hysteresis and butterfly loops exhibit a marked change in shape
as the frequency changes. We discuss the underlying domain-switching dynamics as a basis for
evaluating such frequency-dependent properties. In addition, we examine the scaling behaviors of
the dynamic hysteresis and the influence of grain boundaries on the domain structure. We can also
observe from hysteresis loops that the remnant polarization and coercive field significantly diminish
when grain sizes decrease from 60 to 5 nm. A smaller grain size of the nanofilm yields a larger
percentage of the dielectric grain boundary, which “dilutes” the overall ferroelectricity of the film.
A vortex domain structure is more likely to form at low frequency and a small grain size.

Keywords: nanoscale ferroelectrics; core-shell structure; frequency dependence; grain size; phase-
field method

1. Introduction

Ferroelectric nanofilms have attracted growing attention due to their extensive ap-
plication potential in nonvolatile ferroelectric memories, actuators, and high-density ca-
pacitors [1,2]. In response, ferroelectric thin films have attracted increasing attention [3–5],
especially since advances in manufacturing technology have allowed film thicknesses to be
reduced to several hundred nanometers. Notably, the investigation of frequency effects
in ferroelectric films characterized by nanograins or engineered nanostructures warrants
particular attention. Multiple scales, different physical properties of constituent phases,
and complex domain structures play an important role in influencing domain configura-
tions within these heterogeneous materials [6–8]. Therefore, it is essential to examine the
grain-size dependence of hysteresis properties in nanograined ferroelectric films. Vladimir
Bystrov et al. [9] employed molecular dynamics methods to calculate the polarization
switching time as a function of the electric field and film thickness in nanosized ferroelectric
films. Liu et al. [10] found that reduced thickness, a dense microstructure, and low dielectric
tunability collectively enhance the energy storage capacity of relaxor ferroelectric films.

The polarization of ferroelectric films under a strong AC field is characterized by the
reorientation of the electric polarization, which involves a dynamic process associated with
a domain wall movement and is closely related to the frequency of the applied field [11,12].
Wang et al. [13] investigated the ferroelectric phase of HZO thin-films within a strain and
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electric fields, and optimized the relevant parameters to make the O-phase more stable.
Bedoya-Hincapié et al. [14] used Monte Carlo simulations to analyze the hysteresis loops of
ferroelectric thin films, showing results highly consistent with experimental observations
of ferroelectric responses. The polarization reversal in ferroelectric nanofilms is signifi-
cantly influenced by their microstructural characteristics, including microdefects [15], grain
boundaries (GB) [16], low-permittivity surface layers, and size effects [17,18]. Nicolas M.
Kawahala et al. [19] extracted the physical parameters associated with both phononic and
electronic contributions to terahertz (THz) permittivity using the Drude–Lorentz model.

Ferroelectric barium titanate (BaTiO3) with an intrinsic spontaneous polarization
displays multiple remarkable properties, which exhibit strong ferroelectric polarization
and a weak coercive field. In recent years, scholars have conducted relevant research on
dynamic ferroelectric hysteresis BaTiO3 thin films. The grain boundary, which serves as
the interface between neighboring grains, may exhibit distinct properties compared to the
grain interior. Zhu et al. [20] discovered the switching behavior of antiferroelectric domain
structures in response to an applied electric field, revealing that charge defects can induce
local ferroelectric domains, which may suppress saturation polarization and reduce the
enclosed area of the hysteresis loop. Wang et al. [21] mainly investigated the phenomenon
of mechanically induced polarization switching in BaTiO3 ferroelectric thin films using
AFM-based experiments and phase-field simulations, and revealed the effects of an epitaxial
misfit strain and thin film on the switching behavior. A transition from low-frequency to
high-frequency behavior and analysis of the theoretical model to explain the frequency
dependence of the domain motion as the cause of this scaling behavior was observed by
Zhang et al. [22]. Andreeva, N. V., et al. [23] concluded that the redistribution of oxygen
vacancies is responsible for facilitating electron hopping transport in thin polycrystalline
barium titanate.

Microdefects and interfacial effects significantly impact the frequency dependence of
critical characteristics in ferroelectric thin films [24,25]. These factors introduce additional
complexity in understanding the hysteresis behavior and underlying mechanisms in poly-
crystalline ferroelectric films. Additionally, grain size influences observed in fine-grained
ferroelectrics are attributed to multiple interacting factors. Studies have been conducted to
clarify these size-dependent phenomena, identifying several intrinsic and extrinsic size-
related factors. To investigate further, we are employing phase-field modeling to analyze
frequency-dependent polarization reorientation and size effects in BaTiO3 films subjected
to a strong electric field. Concurrently, we are studying the scaling behaviors of dynamic
ferroelectric hysteresis in polycrystalline BaTiO3 nanofilms.

2. Theory and Model

The dynamic hysteresis behavior of ferroelectric materials is fundamentally governed
by their microstructure. In order to acquire a more profound understanding of the mi-
crostructural mechanisms affecting the frequency-dependent behavior of nanograined
BaTiO3 films under the influence of strong electric fields, we undertook an extensive nu-
merical investigation. In this study, a phase-field model was implemented, which has been
widely utilized in addressing various phase transformation [26–29] and microstructural
evolution phenomena [30–34]. This modeling approach defines the total free energy, F,
which is given by the volume integral of the energy density, ψ, as

F =
∫

ψ
(

Pi, Pi,j, εij, Di
)
dV (1)

where Pi is the electrical polarization vector, Pi,j its gradient (Pi,j = ∂Pi /∂xj), εij the strain
tensor, and Di the electric displacement vector. The components of the electrical polarization
are taken as the order parameters of the system. The variational derivative of the free
energy with respect to the polarization is given by
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δF
δPi

=
∂ψ

∂Pi
− ∂

∂xj

(
∂ψ

∂Pi,j

)
, (2)

where δF/ δPi is the thermodynamic conjugate to ∂Pi/∂t, and its negative serves as the
thermodynamic driving force for the evolution of the polarization vector, Pi.

During the system’s progression toward equilibrium, there is a consistent decrease in
total free energy. The evolution of Pi can be effectively related to this driving force through
a linear dependency expressed as follows:

∂Pi(x, t)
∂t

= −Lij
δF

δPj(x, t)
or βij

∂Pj

∂t
=

(
∂ψ

∂Pi,j

)
,j

− ∂ψ

∂Pi
(3)

The temporal evolution of the electrical polarization Pi(i = 1, 2, 3) of any position
within the nanofilm is described by the time-dependent Ginzburg–Landau (TDGL) equa-
tion. where Lij denotes the components of the positive-definite kinetic coefficient matrix,
while βij represents the elements of the inverse mobility tensor. Furthermore, Su and
Landis [35] have outlined a general formulation for the free energy density, ψ, within a
three-dimensional spatial structure:

ψ
(

Pi, Pi,j, εij, Di
)

= 1
2 aijkl PiPj

+

{
1
2 aijPiPj +

1
2
=
a ijkl PiPjPkPl +

1
6
=
a ijklnmPiPjPkPl PmPn

+ 1
8

=
a ijklnmrsPiPjPkPl PmPnPrPs

}
+
{

bijlkεijPkPl +
1
2 cH

ijklεijεkl + fijklmnεijεkl PmPn

+gijklmnεijPkPl PmPn

}
+ 1

2κ0
(Di − Pi)(Di − Pi).

(4)

The total free energy of this system is fundamentally structured into four components:
the initial term accounts for the ferroelectric gradient energy, which is influenced by the
spatial polarization changes. The next four terms, within the first set of brackets, describe
the Landau free energy, encapsulating the intrinsic polarization characteristics. The four
terms following the second set of brackets represent the elastic energy, which contributes
to the mechanical stability of the system. The final term corresponds to the energy stored
in free space, κ0 the free space permittivity. In solving this problem, we incorporated a
quasi-static Maxwell equation, a mechanical equilibrium equation, and a time-dependent
Ginzburg–Landau (TDGL) equation to formulate a weak form of the virtual work principle.
This formulation was then applied to conduct numerical solutions via the finite element
method. For an extended explanation of this approach, along with details regarding the
selection of material parameters, please refer to the relevant literature [30,32,35].

Extensive research has demonstrated that the hysteresis behavior of ferroelectric mate-
rials is intricately linked to their microstructural characteristics [36]. Various factors such
as lattice structures, crystalline textures, grain sizes, and morphologies, as well as unique
properties at the local grain boundaries (GBs), can significantly influence the mobility of
ferroelectric domains, thereby impacting the overall hysteresis observed in these materials.
The grains within ferroelectrics are oriented in different lattice directions, each showcasing
specific behaviors at the interfaces between adjacent grains and within the grains them-
selves. In the core-shell model illustrated in Figure 1, the grain boundary is represented by
the gray zone, while the interior of the nanograins is depicted in a multi-colored zone. The
thin film unit serves as a representative segment of the entire nanofilm material, character-
ized by numerous randomly oriented grains. Periodic boundary conditions are applied
to both ends of the thin film unit. The grain boundary is conceptualized as a “dead layer”
where the polarization is entirely suppressed. The dielectric permittivity of this grain
boundary is assumed to be 35% of the inside of the grain. Furthermore, the thickness of
the GB is estimated to be between two and three atomic spacings (approximately 0.8 nm)
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and remains constant regardless of the grain size [37]. Notably, smaller grain sizes tend to
exhibit a more complex domain structure and pronounced electromechanical behaviors
in ferroelectric polycrystalline materials due to the influence of grain boundaries [38]. We
hence set the average grain size to 15 nm. As shown in Figure 1, the local crystal-lattice
orientations φ vary gradually from 0◦ to 90◦ between the global coordinates xG

i and the
local coordinates xL

i (i = 1,2).
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Figure 1. Schematic of a the BaTiO3 polycrystalline nano film with 22 grains (core-shell) and marked
orientation of each grain mentioned.

In this work, the nanofilm system is modeled as a two-dimensional (2D) problem. All
computational analyses are conducted based on the assumption of a planar configuration,
which implies that the z-components are effectively neglected (i.e., Pz = 0, Ez = 0, Dz = 0
and σxz = σyz = 0). To accurately represent the characteristics of the nanofilm structure, a
film segment is constructed with suitable boundary conditions. To investigate the ferroelec-
tric hysteresis loops, an external vertical electric field is applied to the thin film, described
by the equation:

E = Emaxsin(2π f ·t), (5)

where Emax denotes the amplitude of the electric field, t represents the time variable, and f
is the loading frequency. We consider the top surface of the film to be unconstrained, while
both the displacement and electric potential are maintained at zero along the bottom bound-
ary. The applied electric field must be sufficiently high to ensure complete polarization
switching; thus, we selected Emax = 8E0, with E0 defined as 218 kV/cm [3,30,35].

The influences of the grain boundaries and film-substrate misfit strain are taken
into account. The strain components are defined as εxz = εyz = 0 and εzz = ε, where
ε represents the in-plane strain arising from the lattice mismatch between the nanofilm
and the substrate [39]. This in-plane strain is treated as a uniform application across the
film, exerted on both sides via mechanical displacement boundary conditions: ux(0, y) =
ux(l, y) + lε, uy(0, y) = uy(l, y) (the length of the representative film segment is set as l). For
the left and right sides of the nanofilm, the periodic boundary conditions of electric potential
and polarization are also given as ϕ(0, y) = ϕ(l, y), Px(0, y) = Px(l, y) and Py(0, y) =
Py(l, y), respectively. All material constants utilized in this phase-field simulation are
sourced from the work of Su and Landis [35].

3. Results and Discussion
3.1. The Frequency-Dependent and Size Effect of Dynamic Hysteresis

The computation under each preselected frequency is run with sufficient time steps
to make sure that a stable response can be observed. The reference values for the electric
displacement, the electric field, and the strain constant are established at P0 = 0.26 C/m2,
E0 = 218 kV/cm and ε0 = 0.82%, respectively, with the in-plane strain set as −0.1%.
The resulting hysteresis and butterfly loops for each selected frequency are depicted in
Figure 2a,b, respectively. It is clear that, at relatively low frequencies, the hysteresis and
butterfly loops maintain conventional shapes. However, when the frequency reaches
20 kHz, noticeable changes in both loops begin to occur. Specifically, the hysteresis loop
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transforms into an elliptical shape starting at 20 kHz, while the butterfly loop evolves into
a kidney shape at 40 kHz, subsequently becoming elliptical at 80 kHz. As the frequency
increases, the sharp tails of the butterfly loops gradually fade away. Clearly, the frequency-
dependent behaviors of polycrystalline BaTiO3 nanofilms can be categorized into two
distinct frequency phases: a low frequency from 1 to 20 kHz, and a high frequency from 20
to 80 kHz. Previous studies have documented similar unconventional shapes of hysteresis
and butterfly loops at elevated frequencies. Liu et al. [40] experimentally observed that the
hysteresis loop shape transitions from a slender rhombic form to an elliptical configuration
as the frequency varies from 10−5 to 102 kHz. Moreover, Richman et al. [41] employed the
second-order Landau model to numerically simulate the dynamic hysteresis response of
ferroelectric systems, revealing that the hysteresis loop also adopts an elliptical shape at a
high frequency.
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In addition, to investigate the effect of the in-plane strain on the frequency dependence
of ferroelectric nanofilms, we also calculated the hysteresis loops and the butterfly loops
under an epitaxial strain of −2.23%, as shown in Figure 3a,b. Notably, the center of the
hysteresis loop exhibits a concave shape at 1 kHz, and both the remnant polarization and
coercive field experience a sudden decrease. Once the frequency is increased to 5 kHz, such
a concave shape gradually disappears and returns to an elliptical shape. When the grain
size is 15 nm, due to the dominant role of dielectric grain boundaries, the film exhibits a
significant “two-stage hysteresis” phenomenon under a larger compressive strain (−2.23%).
Therefore, at lower frequencies, the in-plane strain has a more significant impact on the
ferroelectric properties of thin films. However, as a result of the accelerated polarization
reversal at higher frequencies, the ferroelectric response is suppressed, leading to the
gradual disappearance of the concave shape of the hysteresis loops.
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The frequency-related parameters at the remnant state were measured under two
epitaxial strains, specifically −0.1% and −2.23%. The results are summarized in Figure 4.
The remnant polarization shows an initial increase (as the frequency is raised from 1 to
20 kHz), then drops sharply all the way as the frequency increases to 80 kHz for the in-plane
strain of −0.1%. However, the remnant polarization reached its peak at 5 kHz under the
epitaxial strain of −2.23%, as plotted in red dotted lines. As the frequency increases, the
remnant polarization decreases more sharply than when the strain is −0.1%. The coercive
field exhibited an increase until 20 kHz; but it decreased slowly afterwards for the in-plane
strain of −0.1%. When the in-plane strain is −2.23%, the coercive field initially exhibits a
sharp increase, followed by a slight decrease, and subsequently a gradual increase. Both
dielectric constants and piezoelectric constants monotonically decrease with frequency
under two epitaxial strains. This indicates that the effect of the in-plane strain on the
dielectric constants and piezoelectric constants is not significant. Such a first rise and then
drop trend of the remnant polarization and the coercive field with the frequency agrees with
the earlier experimental observations [40,42,43]; the same calculations were also obtained
theoretically [3,11].

For a quantitative analysis of dynamic hysteresis, we examined the scaling behaviors
of BaTiO3 polycrystalline nanofilms. The results, along with the fitting curves, are presented
in Figure 5 for the low and high frequency, respectively. The scaling law, represented by
the hysteresis area ⟨A⟩ as a function of frequency f and field amplitude E0, is a critical
factor in evaluating the key kinetics associated with domain nucleation, growth, and
motion. It has been found that the scaling relation between E0 and f follows the power
law in most systems as: ⟨A⟩ ∝ f αEβ

0 , where the exponents α and β are contingent upon
the dimensionality and symmetry of the system [44,45]. In this work, we maintain the
amplitude of the electric field at a constant value, thereby allowing for the consideration
of the scaling law solely in relation to the frequency, which can be denoted as ⟨A⟩ ∝ f α,
where the exponent α is the slope of log10 A and log10 f . The fitted exponent α is 0.42 in
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the low-frequency range, while the fitted exponent α is −0.97 in the high-frequency range,
as shown in Figure 5. Studies indicate that this frequency-dependent scaling exponent is
consistent with the experimental and theoretical results of dynamic scaling behavior in
ferroelectric thin film systems observed earlier [44,46].
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Liu et al. [46,47] experimentally studied the hysteresis scaling behavior of ferroelectric
thin films within the frequency range of 10−2 to 105 Hz. They found that the scaling
exponent in the low-frequency range is 1/3, while in the high-frequency range, it became
−2/3. Similarly, Guo et al. [44] experimentally measured the intrinsic scaling of PBZT
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ferroelectric thin films; the frequency-dependent scaling relation followed ⟨A⟩ ∝ f 0.35,
but at higher frequencies, the power-law exponent was −0.32. The findings from both
experimental and theoretical investigations indicate that, within the low-frequency range,
the theoretical results exhibit a general consistency with the experimental data. Conversely,
in the high-frequency range, there is a notable variation in the frequency-dependent scaling
exponent. This discrepancy can be attributed primarily to the hysteresis behavior observed
at low frequencies, which is largely a consequence of intrinsic domain switching within the
thin film. As the loading frequency increases, the depolarization field exerts a significant
suppressive effect on the polarization, resulting in a more pronounced divergence between
theoretical predictions and experimental observations in the high-frequency range.

3.2. Grain Size Effect of BaTiO3 Nano-Polycrystalline Film

The calculated hysteresis loops and butterfly loops under the average grain size being
60 nm, 30 nm, 15 nm, 10 nm, and 5 nm, respectively, are plotted in Figure 6. For each
computation, a constant frequency was set as 1 kHz under the strong electric field, wherein
the value of the in-plane strain was set at −0.1%. The hysteresis loop, as illustrated in
Figure 6a, exhibits conventional shapes within grain-size ranges from 60 to 10 nm; then
the loops become severely tilted at 5 nm and the behavior approaches a super-paraelectric
characteristic. The butterfly loops related to the nonlinear electromechanical coupling
behavior, as shown in Figure 6b. The butterfly shapes to an arc shape, and the “wings” of
the butterfly loop vanish when the grain size is set to 5 nm. This phenomenon confirms
that polarization switching in the ferroelectric material is frozen once the grain size is
below 5 nm. As the grain size of the thin film increases, the relative proportion of the grain
boundaries diminishes, consequently leading to a gradual reduction in their influence on
the ferroelectric properties of the thin film. The series of results revealed that the grain
boundary plays a significant role in a small grain size.
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The entire variations in the coercive field Ec, dielectric permittivity κr and piezoelectric
coefficient d33 were plotted in Figure 7 as the average grain size decreased from 60 to
5 nm. The coercive field and piezoelectric coefficient decrease as the grain size decreases,
as shown in Figure 7a. However, the dielectric permittivity first displayed a sharp increase
and then an abrupt drop, and the peak value was reached at 15 nm. The simulated remnant
polarization Pr compared with experimental observations is summarized in Figure 7b. The
remnant polarization shows a monotonically decreasing trend as the grain size gradually
decreases, which is consistent with the observed experiment in the trend for the corre-
sponding grain sizes in [42,48–51]. Variations in specific values may arise from differences
in selected material parameters and the actual compositions of the tested samples, as the
dynamics of polarization switching are highly sensitive to these parameters.
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permittivity, and piezoelectric coefficient at the zero electric field; (b) the remnant polarization and
other experimental data (κ0 = P0/E0, d0

33 = ε0/E0) [42,48–51].

Furthermore, the dielectric permittivity of BaTiO3 nanofilms with grain sizes be-
low 15 nm appears particularly responsive to the presence of a low-permittivity, non-
ferroelectric grain boundary layer. A smaller grain size of the nanofilm yields a larger
percentage of dielectric grain boundary, which “dilutes” the overall ferroelectricity of the
film. A smaller value of the parameter related to the ferroelectric properties under a smaller
grain size was caused by the intrinsic-dominated. Instead, the intrinsic effect is negligible
at larger grain sizes; it is the external effects such as the distribution of the domain structure
and the motility of the domain walls that result in a lower dielectric permittivity.

3.3. Underlying Domain Dynamics

To enhance our understanding of the origin mechanism behind the frequency de-
pendence, we examined the domain structures at selected frequencies of 0.1 kHz (low
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frequency) and 50 kHz (high frequency) under various electric field loading conditions, as
shown in Figures 8 and 9.
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In the remnant state, some grains display vortex domain structures, as illustrated in
Figure 8a. Figure 8b shows that the number of these vortex domain structures gradually
increases, appearing in nearly all grains. As the electric field rises to its maximum value,
these vortex domain structures gradually diminish. At the same time, the polarization
vectors point upward, resulting in a single domain structure, as depicted in Figure 8c.
The polarization distribution near the grain boundaries is non-uniform, leading to the
generation of a strong depolarization field, which inhibits polarization switching and
induces the formation of vortex domain structures. However, these vortex structures
are more readily reversible compared to mono-domain structures, which contribute to a
reduced remnant polarization and coercive field.

As the frequency increases, the polarization switching speed begins to lag, resulting
in a significant decrease in the remnant polarization. The polarization distribution of the
nanofilm at an electric field frequency of 80 kHz is depicted in Figure 9a–c. It is evident that
the polarization cannot achieve a 180◦ reversal. This is because the electric field loading
speed is too fast. In Figure 9c, the polarization is limited to a 90◦ switching (indicated by
the red oval dashed line) during each cycle of the electric field loading. The microstructural
interactions within the individual nanograins are intensified at high frequencies, which
suppress polarization switching and lead to a larger coercive field. Furthermore, high-
frequency loading does not allow sufficient time for the polarization vectors to switch,
resulting in a gradual decrease in the dielectric and piezoelectric constants as the applied
frequency increases.

The reorientation of polarization leads to microstructural changes, which are funda-
mental to the macroscopic nonlinear electromechanical behavior observed in ferroelectric
materials. To investigate the mechanism behind domain structure formation induced by a
strong AC field across various grain sizes, a constant frequency of 1 kHz was employed in
conjunction with a strong electric field of 8E0. The polarization distributions at the remnant
state with the average grain size being 10, 15, and 30 nm, are displayed in Figure 10. The
polarization vectors are all upward and exhibit a single domain structure with the larger
grain size, as shown in Figure 10c. The vortex domain pattern gradually disappears. The
presence of the grain boundary makes it easier for vortex domain structures to appear.
From the domain structure, it can be seen that vortex domain structures are present at
lower frequencies and smaller grain sizes. This finding offers valuable theoretical insights
for optimizing and advancing the ferroelectric thin film memory.

To further reveal the mechanism of domain structure induced by in-plane strains.
The distribution of the polycrystalline nanofilm at frequency 5 kHz under in-plane strains
−2.23% is displayed in Figure 11. In the remnant-state polarization state, most grains
exhibit vertically upward single domain structures, while some grains exhibit 90◦ domains,
as shown in Figure 11a. As the electric field is reverse-loaded to the coercive field state, a
complex multi-domain structure (180◦ domains and vortex domains) appears inside the
grain. An excessive compressive strain intensifies the internal interaction forces between
the grains and grain boundaries, thus leading to the formation of a complex domain
structure. Meanwhile, under a different in-plane strain, the dynamic microstructure of
ferroelectric thin films can exhibit diversity while the role of the grain boundaries is also
crucial. Therefore, selecting appropriate substrates and electrical parameters can further
control the electrical properties of ferroelectric polycrystalline materials by regulating the
distribution of micro-domain structures.
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4. Conclusions

In summary, we numerically investigated the influence of grain boundaries and the
in-plain strain of frequency-driven polarization switching of a BaTiO3 nanofilm with a
core-shell structure. The calculations were performed on a polycrystalline nanofilm with a
grain size of 15 nm, and the preselected frequency range varied from 1 to 80 kHz under
the in-plane strains −0.1% and −2.23%. Analysis of the hysteresis and butterfly loops
within −0.1% revealed that conventional hysteresis behavior is observed at frequencies
of 10 kHz and below. As the applied frequency exceeds 20 kHz, the hysteresis loop
transitions to an elliptical and kidney-shaped configuration, respectively. It has been
demonstrated that larger compressive strains (−2.23%) lead to a significant “two-stage
hysteresis” phenomenon at 1 kHz. The dielectric constant and piezoelectric coefficient are
very little affected by the in-plane strain, but the residual polarization and corrected field
are affected significantly. The polarization has enough time to achieve 180◦ full reversal
within a low-frequency range; however, at higher frequencies, only 90◦ switching occurs
in certain grains. It was also observed that vortex domains are more likely to form at
lower applied frequencies or with smaller grain sizes. Ferroelectric properties of thin
films are more affected by an in-plane strain at lower frequencies. Additionally, the polar
vortex domain structure has significant implications for ultra-high density and ultra-fast
information storage devices as well as modulating physical properties.
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