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Composite materials composed of multiferroelectric nanoparticles in dielectric matrixes have attracted enormous attention for
their potential applications in developing future functional devices. However, the functionalities of ferroelectric nanoparticles
depend on shapes, sizes, and materials. In this paper, a time-dependent Landau-Ginzburg method has been used and
combined with a method as the coupled-physics finite-element-method-based simulations are used to illustrate the
polarization behavior in isolated BaTiO3 or PbTiO3 octahedral nanoparticles embedded in a dielectric medium, like
SrTiO3 (ST, high dielectric permittivity) and amorphous silica (a-SiO2, low dielectric permittivity). The equilibrium
polarization topology of the octahedral nanoparticle is strongly affected by the choice of inclusion and the size of matrix
materials. Also, there are three equilibrium polarization patterns, i.e., monodomain, vortex-like, and multidomain, because
of the various sizes and material parameters combination. There is a critical particle size below which ferroelectricity
vanishes in our calculations. This size of the PbTiO3 octahedral nanoparticle is 2.5 and 3.6 nm for high- and low-
permittivity matrix materials, respectively. However, this size of the BaTiO3 octahedral nanoparticle is 3.6 nm regardless of
the matrix materials.

1. Introduction

Ferroelectric (FE) materials are of great interest due to
their broad range of next-generation which perhaps can
be used in technological applications. FE materials have
already been used in memory and storage devices [1–5]
and are now being explored as components in sensors,
actuators, and battery-related technologies [6–8]. FE func-
tionalities and these FE functionalities involve composite
creations that consist of small FE nanoparticles diffused
in a dielectric matrix. We find that, on the other hand,
FE nanoparticles can produce various shapes through syn-
thetic techniques, such as spherical [9–11] and core-shell
[12] geometries. However, the current studies of the effect
of size and shape on FE properties have been largely
focused on thin films [13–15], with few research studies
dedicated to octahedral nanoparticles.

The system of competing energy interaction strengths,
including electrostatics, domain wall, and electrostrictive
coupling, depends on nanoparticle size and shape, material
parameters, and the surrounding environment. Since some
of these terms are of similar magnitude, the system becomes
very sensitive to changes by control parameters.

Although the existence of vortex-like states in ferroelec-
tric nanostructures, such as nanodots and nanowires, is well
known, [16] until recently, these structures shapes were lim-
ited to simple rectilinear, cylindrical, or spherical geometries.
However, we find that utilization of more elaborate nanopar-
ticle shapes involving changing curvature and sharp geomet-
rical features can result in distinctive new modes of
functional behavior that may be particularly easy to control
through external means.

We show that the general trend of transformations from
monodomain, through vortex-like, to multidomain
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polarization texture holds for all the particle shapes as the
size increases. However, the critical sizes at which the polar-
ization pattern instabilities develop are strongly shape depen-
dent, with octahedral particles undergoing their sequence of
transitions at much larger sizes, compared to the spherical
and cubic particles.

In this paper, we focus on the research of octahedral
nanoparticles dispersed in a dielectric medium. The electro-
static interactions among individual octahedral nanoparticles
can be ignored. We attempt to elucidate the size-dependent
behaviors of the polar dipoles’ equilibrium arrangement
(polarization texture or pattern) in the isolated FE octahedral
nanoparticles with varied materials parameters. We find that
near-critical nanoparticle size between different polarization
textures, a topological phase transformation, can be triggered
by an applied electric.

Two archetypical FE materials, i.e., PbTiO3 (PT) and
BaTiO3 (BT), are used to represent the properties of the octa-
hedral nanoparticles. At room temperature, PT has a larger
spontaneous polarization (PPT

s = 0:75C ⋅m−2) than that of
BT (PBT

s = 0:26C ⋅m−2). However, between elastic strain
and ferroelectric polarization, PT has weaker coupling than
BT. Two materials with radically different dielectric are
employed for the dielectric matrix: SrTiO3 (ST, high dielec-
tric permittivity) and amorphous silica (a-SiO2, low dielectric
permittivity). Our simulation results show that vortex-like
polarization textures are superior to monodomain and multi-
domain patterns in a certain range of materials parameters
and particle sizes. In some spatially confined FE nanostruc-
tures, similar polarization geometries have been observed
experimentally [17–19] and predicted theoretically [20–25].

2. Methods

A three-dimensional finite-element approach is employed to
compute the evolution of electrostatic potentialΦ, elastic dis-
placement fields u, and coupled polarization density P in the
system. Also, we used the FERRET code package, based on
the Multiphysics Object-Oriented Simulation Environment
(MOOSE) framework [26], to do all the numerical simula-
tions. In this study, an octahedral FE inclusion (ΩFE) is
selected, which is embedded in a nonpolarizable medium
cube (ΩM) to represent an individual nanostructure for sim-
ulation. The inclusion and dielectric medium were meshed
with an unstructured grid of tetrahedrons. The inclusion
and dielectric medium were meshed with an unstructured
grid of tetrahedrons. The core part and the outer part’s inter-
face are assumed to be coherent.

The system’s total free energy in the domain ΩFE is given
by the following expression by using the thermodynamic the-
ory of Landau-Ginzburg-Devonshire (LGD):

F =
ð
ΩFE

f bulk + f wall + f elastic + f elec + f coupled
h i

dV : ð1Þ

Here, the factor f elastic represents the linear elastic energy
density, the factor f elec represents the electrostatic energy
density, and the factor f coupled represents the energy density

due to strain and the local FE polarization density’s electro-
strictive coupling.

The polarization density field P’s temporal evolution can
be described by the following time-dependent Landau-
Ginzburg-Devonshire (TDLGD) equation:

−γ
∂P
∂t

=
δF
δP , ð2Þ

where γ is a time constant that has to do with polar domain-
wall mobility [27], t is time, and F is the total free energy of
the system. We are disinterested in the system’s temporal
evolution and only interested in its final equilibrium state,
so the time constant γ is set to unity in this simulation. The
TDLGD equation was used to reduce the total free energy
of the system until it reaches a state of equilibrium. In this
paper, we used a starting guess for all the particle sizes for
the P field by using a random paraelectric starting condition
(RPEIC). Outside the FE inclusion is a nonpolarizable
medium, i.e., P ≡ 0, and the behavior of the medium is con-
trolled by the linear elastic-dielectric medium equations.
The electrostatic potential fieldΦ is calculated by the Poisson
equation

∇ ⋅ εα∇Φð Þ = −∇ ⋅ P: ð3Þ

And the condition for mechanical equilibrium is governed by

∇ ⋅ σ = 0: ð4Þ

It is always believed that the polarization density field’s
characteristic relaxation times are much slower than the elas-
tic displacement fields and the electrostatic potential’s char-
acteristic relaxation times. Therefore, equations (3) and (4)
have to be satisfied at each step in system time evolution gov-
erned by equation (2). Here, εα represents the constant of FE
material’s background dielectric (α = b) or the matrix dielec-
tric constant (α =m), while σij = Cijkl∂uk/∂xl represents the
stress field of octahedral nanoparticles’ local surface
terminations.

Local surface terminations of the octahedral nanoparti-
cles vary depending on the synthesis route. The terminations
of the perovskite materials in this paper, composing in TiO or
Pb (Ba) O layers would produce amounts of uncompensated
surface charge differently, which will affect the polarization
field distribution on the octahedral nanostructure surface.
The charge compensation aggregate effects at surface termi-
nations of the different octahedral nanoparticle can be cap-
tured by studying the dielectric constants of two different
surrounding matrixes (SrTiO3 and a-SiO2). The size of the
cubic domain is considered large enough for the stresses σij
and the elastic displacement field u created in an elastic mis-
match at the interface between the matrix and the inclusion
and vanishes at boundaries of the domain. Dirichlet bound-
ary conditions u = 0 and Φ = 0 are applied on the [±100],
[0 ± 10], and [00 ± 1] boundaries of the cubic domain. Addi-
tionally, a Dirichlet boundary condition, like Φ ≠ 0, can be
employed on the [001] surface to introduce an external
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electrostatic field. In our experimental calculation, all simula-
tions are done at room temperature.

3. Results and Discussion

In this paper, the evolution of polarization textures in FE
octahedral nanoparticles with changing particle size, applied
electric field, and dielectric constant of the surrounding
matrix was researched. Two distinct transitions of polariza-
tion textures, i.e., from a polar-monodomain or paraelectric
to a vortex-like state, and then to a polydomain state, were
identified in each system as the size of the octahedral FE
inclusion increases. The polar-monodomain, vortex-like,
and polydomain states are shown in Figure 1, and the side
lengths of the three octahedral particles are 1.1, 6.5, and
10.2 nm, respectively. Although the two transitions are com-
mon to the FE materials investigated here, their occurring
particle sizes rest with the specific FE materials parameters.

3.1. Paraelectric and Ferroelectric States for Small l. The
polarization of the FE octahedral nanoparticle will disappear,
when its side length is below a certain critical value lc. We
found that the value of lc to a large extent depends on the
option of materials parameters for the inclusion and the
dielectric matrix. When the side length of the octahedral

nanoparticle exceeds lc, a nonzero polarization distribution
P may exist in some form. The critical value lc spans from
1 to 2.6 nm in all the systems considered here, which fall
within an approximate range identified by other research
groups [28–30]. It is also much smaller than the length L of
the FE correlation [31].

Simulations conducted for the PT/ST and BT/ST systems
with side length l ≤ lc can help us understand the details of
the evolution towards an equilibrium configuration. The
polarization produced by the RPEIC is inhomogeneous dis-
tributed, which makes the f wall energy term relatively large
at the beginning of the simulation. In a small octahedral
nanoparticle with side length l < <L, the polarization initially
develops to a monodomain state, producing a surface charge
density qs = P ⋅ n; the factor n in this formula represents the
surface normal vector of the octahedral inclusion. However,
the existence of the uncompensated surface charge qs leads
to a sharply augmented f elec energy term if the dielectric con-
stant of the outside medium is not big enough to screen out
the FE inclusion’s surface charge.

To reduce f elec energy term, the magnitude of polariza-
tion is uniformly reduced until P ≈ 0, which results in the sys-
tem’s paraelectric state. For inclusions with PT side length
l < 2:5 nm and dielectric constant εm ≈ 300 (i.e., ST matrix),
a monodomain state is observed, with a uniformly
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Figure 1: In the PT/ST system, as the sides length l of the octahedral nanoparticles increase, various polarization patterns are observed: (a)
monodomain, (b) vortex, and (c) multidomain. The local directions of the coupled polarization density P are indicated by arrows, and the
color change indicated the field intensity change. The unit of polarization is C/m2. The side lengths of the three octahedral particles are
1.1, 6.5, and 10.2 nm.

3Journal of Nanomaterials



distributed local polarization. For the lower values of dielec-
tric constant εm, we find a paraelectric state for the PT inclu-
sion, while such state persists for ST inclusion with different
values of εm. This can be explained by stronger electrostric-
tive couplings and the shallower bulk energy minimum for
the BT inclusion, which results in the energy growth that
comes from the factor f bulk and the factor f coupled energy that
was relatively quite small. The f elec energy term and minimi-
zation of qs decided the movement toward equilibrium.

3.2. Transition into a Vortex-Like State. The vortex-like
state’s commencement in both BT and PT octahedral nano-

particles are measurable and they can be measured by follow-
ing normalized bulk free energy dependence,

Fbulk =
1

ΩFEP
3
s

ð
ΩFE

f bulkdV , ð5Þ

on side length l which for the ST dielectric matrix is in
Figure 1(b).

The topological phase transition from monodomain in
ST/PT system to a vortex-like system occurs at a critical side
length lv ≈ 2:5nm accompanied by a sharp increase of Fbulk
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Figure 2: (a) The FE bulk energy (Fbulk) of PT/ST and BT/ST systems plotted as a function of octahedral nanoparticle inclusion’s side length l.
(b) The profile of jPj along a line perpendicular to the vortex core in octahedral nanoparticles with vortex-like polarization textures.
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as shown in Figure 2(a). However, the monodomain state
was not formed in the BT/ST system for l ≤ 3:6nm;
instead, it stayed in the paraelectric state. Above that side
length value, it transforms into a vortex-like state accom-
panied by an energy decrease. In the BT/ST system, the
physics underpinning the energy change is easy to under-
stand. To figure out the behavior in the ST/PT system, the
polarization patterns before and after the transition, i.e.,
Figures 1(a) and 1(b), should be examined and compared.
As shown in Figure 3, although the values of jPj ~ PBT

s
nearby the BT inclusion’s surface show an intense

depressed close to its center, it then forms a weakly polar
core region.

The value of polarization along a line perpendicular to
the vortex core axis is presented in Figure 2(b) for octahedral
nanoparticles with l = 9:9nm for both BT systems and PT
systems which combine with two different considered dielec-
tric matrices, i.e., SrTiO3 and a-SiO2. The polarization in the
core region is suppressed by a factor of 3-5 by a surface value
comparison (in ST/PT) or even completely disappears in PT
(in PT/a-SiO2 and always in BT). Such behavior is different
from that of ferromagnetic vortices, which have a constant
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Figure 3: The vortex-like polarization textures in BT/ST and BT/a-SiO2 octahedral nanoparticles with l = 5 nm.

5Journal of Nanomaterials



magnitude magnetization density at the core region. The
influence of the surrounding matrix on the polarization
values at the inclusion surface is also described in
Figure 2(b). In the PT system, polarization at the surface is
about one-fifth larger when the PT system is coupled with a
high dielectric permittivity medium, i.e., ST. However, in
the BT system, the polarization is not affected by the strength
of the dielectric screening of the surrounding matrix.

3.3. Subsequent Transition into Multidomain State.When the
side length of octahedral nanoparticle exceeds lv, the most
important energy term influence on further polarization tex-
ture evolution is the normalized gradient energy.

Fwall =
1

ΩFEP
3
s

ð
ΩFE

f walldV: ð6Þ

In this paper, the parameterization set for the gradient
energy tensor Gijkl in the Li et al. [32] was considered in the
PT system. The well-known parameterization of Hlinka
and Marton [33] was used for Gijkl in the BT system. In
PT/ST and BT/ST systems, an energy term Fwall dependence
of l is shown in Figure 4. The value of the energy term in
monodomain and paraelectric states is zero. It grows rapidly
when the system transforms to a vortex-like state. This
behavior can be explained by considering the vortex-like
state as a state consisting of many domain walls, which sepa-
rate small polar regions that have suboptimal polarization
arrangements. As the octahedral nanoparticle side length
increases beyond lv, the energy term Fwall gradually recedes

to a steady nonzero value. The leveling off of Fwall indicates
a multidomain state formation, which is composed of rela-
tively large areas of correlated polarization divided by
domain walls. This phase transition happens at l = lm = 12:3
nm and 15.4 nm for the PT/ST and BT/ST system,
respectively.

The multidomain polarization textures are depicted in
Figure 1(c). To reduce the electrostatic energy produced by
qs, domains orient their polarization direction tangentially
to the surface of octahedral nanoparticles. The weakly polar
vortex core region in the octahedral nanoparticle becomes
unstable at side length l > lm, partitioning into multiple
domains. The polarization texture vorticity diminishes
sharply after the phase transition from vortex-like to multi-
domain state; however, it does not completely disappear but
continues as localized vortices which still remain nearby
some domain walls, which results in finite values of Fwall at
large side length l.

Due to the normal vector of the octahedral nanoparticle,
surfaces have different orientations; the domains cannot be
directly split into low energy 90° or 180° variants collections
when the position is in the near-surface region.

4. Conclusions

In this article, we simulated the octahedral ferroelectric
nanomaterials in different environments as different dielec-
tric constants in different dielectric matrices and obtained
the material’s electrostrictive energy, electrostatic charge,
and domain wall evolution results. In general, we found that
the dielectric response of ferroelectric octahedral
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Figure 4: In PT/ST and BT/ST systems, Fwall as a function of d and will be zero when d < dv . However, because of suboptimal arrangement of
the local polarization vectors, normalized gradient energy Fwall increased rapidly in the vortex-like state. It tends to be stable in the
multidomain state, that is, it becomes a block, and its transition point (marked by a vertical line) is quite sensitively dependent on the
choice of the Gijkl parameters for PT.
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nanomaterials can be changed by changing the material
parameters by using different materials or by adjusting the
external electric field. At the same time, the excitation results
show that PT octahedral nanoparticles can generate a non-
zero polarization field in a dielectric matrix with a high
dielectric constant and so can generate compensation
charges on the surface of the octahedron. In contrast, when
the FE particle size is lower than the critical value lv, due to
the existence of a large amount of uncompensated charges
on the surface, the polarization of the ferroelectric material
will be affected by the PT octahedral nanoparticle in a dielec-
tric matrix with a low dielectric constant. When the size is
greater than the critical value lv , the electrostrictive energy
of the material is minimized due to the existence of the sur-
face charge; therefore, the ferroelectric particles will produce
vortex domain walls. In larger sizes, since the polarization
energy and electrostrictive energy in the total free energy of
the system are balanced, the ferroelectric particles exhibit a
multidomain-like domain wall pattern.

Understanding and controlling the collective behavior of
both ordered and disordered assemblies of such particles,
embedded into a variety of dielectric environments, [34, 35]
is paramount for the engineering of advanced functional
properties, not present in the bulk or other nanoscopic
phases (e.g., thin films) of the parent ferroelectric com-
pounds. For example, BaTiO3 (BTO) nanoparticles dispersed
in parylene exhibit superparaelectric behavior [34] that could
be exploited for energy storage applications, while their
ordered superlattices display distinct hysteretic switching
patterns depending on the size and packing order [36].
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