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Nanocomposites of ferroelectric ceramic filler and polymer matrix show considerable promise as high
energy-storage dielectric capacitors. However, the influence of the microstructure of the ferroelectric filler
on the electric energy-storage performance in the nanocomposite has not been quantitatively studied, yet it
is a key element in understanding the methods employed to improve the performance of capacitors.
We demonstrate a strategy to enhance the energy-storage density with topological vortex structures in
nanocomposites. Using three-dimensional phase field calculations, we show that multivortex structures can
exist in ferroelectric nanowires without charge defects or free charges at the interface between the filler
and matrix. The switching behavior of the topological structure (vortex and antivortex pair) under external
electric field is calculated in nanocylinder wires. The small remnant polarization and very narrow hysteresis
loop due to the vortex structure in the nanocomposites can lead to a large enhancement of energy density,
as high as 5 J=cm3 compared to 1–2 J=cm3 for commercial capacitors, and high energy-storage efficiency
(over 95%) at a relatively low electric field of 140 MV=m.
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I. INTRODUCTION

Because of the increasing demand for advanced elec-
tronic devices and electric power systems with reduced
weight, size, and cost, the development of high-power and
high-energy-density dielectric materials is important. The
energy density of commercial dielectric capacitors is
usually of the order of 1–2 J=cm3, far inferior to electro-
chemical capacitors (approximately equal to 20 J=cm3) [1].
The energy density of a dielectric material is essentially
given by U ¼ R

EdP, where E is the electric field and P
is the polarization. Therefore, materials with large polari-
zation value and high electric breakdown field can poten-
tially achieve a high energy density. Unfortunately, the
currently available BaTiO3 and PbZr1−xTixO3 (PZT)
ferroelectric ceramics have relatively low breakdown
strength. Although these materials have large polarization,
the large remnant polarization (Pr) does not lead to high
energy density due to the small-field-induced changes in
polarization [shaded areas in Fig. 1(a)]. In high-quality
ferroelectric or antiferroelectric thin films, the energy-
storage density is much higher than that of ceramics due
to the enhanced dielectric breakdown strength. For exam-
ple, a very high energy-storage density of 154 J=cm3 at

218 MV=m was achieved in the antiferroelectric film
ðBi1=2Na1=2Þ0.9118La0.02Ba0.0582ðTi0.97Zr0.03ÞO3 [2], and
recently, Xu et al. [3] predicted via first-principles calcu-
lations an energy-storage density of 100–150 J=cm3 in the
lead-free Bi1−xRxFeO3 system. However, from a practical
point of view, the energy density is determined by the
processing method and quality of the film, as failure is
often driven by flaws. The current trend in searching for
high-energy-density capacitors is to use polymer-matrix
composites with ferroelectric fillers, combining high
dielectric permittivity of the ceramic with high breakdown
strength of the polymer [4–7]. Nanowires of Ba0.2Sr0.8O3

nanocomposites have been reported to have an energy-
storage density as high as 14.86 J=cm3 at 450 MV=m [8].
However, such large electric field strengths present a
challenge to the supporting insulation systems in electronic
devices, thus, limiting the applications of miniaturized
devices with a high level of integration. Moreover, the
remnant polarization is still a negative factor for the high
energy density in the polymer nanocomposites. Therefore,
it is meaningful to develop large energy-storage devices
with comparable low electric field strengths. The energy
utilization efficiency is another important factor for energy-
storage materials and is influenced by the closed area of the
hysteresis loop [9,10]. As shown in Fig. 1(b), the charged
energy density (Jc) is equal to the integral area enclosed by
the charge curve and the y axis, whereas the discharged
energy density (Jd) is calculated by integrating the area
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enclosed by the discharge curve and the y axis. The energy-
storage efficiency is Jd=Jc. Thus, a narrow hysteresis loop
contributes to higher energy-storage efficiency. The micro-
structure of the ferroelectric filler plays an important role in
the dielectric property and electric energy density, but its
influence on enhancing electric energy storage has been
little studied and forms the focus of this work. The shape of
fillers, charge defects, and the inner stresses can affect the
microstructure of the ferroelectric nanocomposite, thus,
impacting the electric energy storage and ultimately the
design and optimization. We focus here on exploring the
effects of polarization vortices on properties of ferroelectric
composites.
The vortex domain structure has been observed in ferro-

electric nanoparticles [11,12], and polar vortices in super-
lattices demonstrated in Ref. [13] have been directly
observed recently in PbTiO3=SrTiO3 superlattices [14],
although nonuniform domain morphologies were studied
using an electrostatic model in Ref. [15]. The vortex-to-
polarization phase transition in PbðZrTiÞO3 nanoparticles
[16] was predicted on the basis of ab initio calculations.
Thereafter, vortex states with geometrical textures and criti-
cal temperatures were studied in two-dimensional systems
[17]. In ferroelectric nanowires (NWs), the vortex structure
has also been inferred via first-principles calculations [18].
A vortex core transition and phase locking of ferroelectric

vortices accompanied by the formation of antivortices was
predicted in BaTiO3=SrTiO3 nanocomposites [19] using
first-principles calculations. A three-dimensional phase
field study of domain structure in ferroelectric nanorods
of different shapes and sizeswas carried out bySlutsker et al.
[20].The possible applications of topological defects in
electronic devices were investigated in the past decade
[21–23]. Experimentally, electric conductivity was explored
to be enhanced at the vortex cores in BiFeO3 [21], which is
related to a form of modified band alignment as predicted by
ab initio calculations [23]. Topologically, the ferroelectric
vortex phase is expected to increase the information-storage
density by 5 orders of magnitude in memory devices [22]. In
this work, we show that in nanocomposites with BaTiO3

embedded in a nonferroelectric polymer matrix, a topologi-
cal vortex and antivortex phase can coexist if no free charges
are present at the interface between the filler NWs and the
matrix. This vortex structure undergoes a very different
phase transition from that observed in common nonlinear
dielectric materials. It leads to an almost zero remnant
polarization Pr and a very narrow polarization-electric
(P-E) hysteresis loop, resulting in a large energy-storage
density and efficiency even at relatively low electric fields.
This finding provides us with an approach to enhance the
electric energy storage of dielectric capacitors.

II. THEORETICAL MODEL

The microstructure and dielectric property of nanocom-
posites can be calculated by employing phase field sim-
ulations based on mesoscale Landau theory in which the
phase structure is described by the distribution of polari-
zation PðrÞ. To model the ferroelectric NW arrays
embedded in the nonferroelectric polymer matrix as shown
in Fig. 1(c), we simulate the evolution of the polarization in
the NWs while maintaining a fixed polarization P ≈ εmε0E
for different external electric fields E in the matrix, where
ε0 is the vacuum dielectric permittivity, and εm denotes the
permittivity of the matrix material. We assume that the
system is free of charge defects, and no space charges exist
at the interface between the ferroelectric filler and the
dielectric matrix. The equilibrium state is described by the
polarization distribution corresponding to the minimum
free-energy state. The total free energy of the NWs can be
written as [24]

F ¼
Z
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FIG. 1. (a) Schematic illustration of P-E hysteresis loops for
the energy storage of ferroelectric materials with small remnant
polarization Pr. The shaded green and red areas of the hysteresis
loops indicate the available energy density. (b) Schematic
illustration of the effect of the closed area of the hysteresis
loops on energy-storage efficiency; the narrow P-E loop II
compared to loop I has a larger energy-storage density
and efficiency. (c) Schematic diagram of nanowire arrays
embedded in nonferroelectric matrix. (d) Schematic diagram of
the model of the nanowire with a radius R in the matrix in the
simulation.
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is the Landau-Devonshire free-energy density, and α1, α11,
α111, α12, α112, α123 are the Landau coefficients. The
gradient term in Eq. (1) denotes the energy contribution
from the polarization changes in the NW and interfaces,
∇i ¼ ∂=∂i is the gradient operator, and βijkl is the gradient
coefficient. The k-space integral in Eq. (1) represents the
electrostatic energy and the elastostatic energy, in which ε0
and εb are the permittivity of vacuum and background
permittivity of the material, respectively. Kijkl ¼ Cijkl−
nmCijmnΩnpCklpqnq, Ωik ¼ ðCijklnjnlÞ−1, Cijkl is the elas-
tic stiffness constant tensor, and n ¼ k=k is the unit wave
vector. The spontaneous strain ε0ij is given by ε0ij ¼
QijklPkPl, where Qijkl is the electrostrictive coefficient.
The elastic moduli are assumed to be equal in the nanowires
and matrix. In Eq. (1), ~Pi and ~ε0ij are the Fourier transforms
of Pi and ε0ij. The temporal evolution of the polarization can
be obtained by solving the time-dependent Ginzburg-
Landau equation [25]:

δPiðr; tÞ
δt

¼ −L
δF

δPiðr; tÞ
; ði ¼ 1; 2; 3Þ; ð3Þ

where L is the kinetic coefficient. In our phase field
simulation, a 40 × 40 × 128 grid with 4.24-nm spatial
steps is used to simulate the NW embedded in a dielectric
matrix. The core part is the infinite cylindrical NW with a
radius R, while the outer part is the nonferroelectric
medium in Fig. 1(d). Periodic boundary conditions are
used in all three axial directions to model the infinite NW
arrays in the matrix. The Landau parameters are taken from
Ref. [26]. The elastic constants C11 ¼ 17.8 × 1010 N=m2,
C12 ¼ 9.6 × 1010 N=m2, and C44 ¼ 12.2 × 1010 N=m2,
the electrostrictive constants are Q11 ¼ 0.11 m4=C2,
Q12 ¼ −0.034 m4=C2, and Q44 ¼ 0.059 m4=C2, the back-
ground permittivity εb is set as 100 in ferroelectric NWs,
and εm ¼ 3 in dielectric matrix.

III. RESULTS AND DISCUSSION

The mechanism for the formation of vortex domains is
the competition between the elastic energy, the electrostatic
energy, and the gradient energy. The elastic energy, which
arises from the fact that BaTiO3 NWs are constrained by
the nonferroelectric polymer matrix, drives the NWs to
adopt a mixture of in-plane Px, Py and out-of-plane
Pz polarizations. The second major contribution is the

electrostatic energy induced by the built-in electric fields. If
the interface between the ferroelectric NWs and the non-
ferroelectric matrix is charge-free or has a very small charge
density, i.e., ∇ · P ≈ 0, the polarizations tend to align
parallel to the interface. Finally, the gradient energy tends
to change the direction and magnitude of the polarization.
The three energy contributions lead to the topological
structure in the NWs. The domain structure of the NW is
visualized by color maps in red, green, and blue for
components Px, Py, and Pz, respectively, as shown in
Fig. 2(a) (plotting details are given in the Supplemental
Material [27]), and the colored arrows represent the in-plane
polarization distribution Px, Py corresponding to the vortex
structures in Fig. 2(a). Unlike the reported multivortex
structures in nanogeometries confined in a two-dimensional

Vortex

Antivortex

(a) (b)

FIG. 2. Topological domain structures in the nanowire. (a) The
domain structure of the NW is visualized by color maps in red,
green, and blue for components Px, Py, and Pz; the colored
arrows denote the in-plane polarization directions Px, Py; vortex
and antivortex domains coexist in the nanowire. (b) The
distribution of the magnitude of polarization in the nanowire.

(a)  (b)

(c)

FIG. 3. (a) Polarization distribution in the R ¼ 22.4 nm NW.
(b),(c) The polarization changes across the domain wall.
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plane [17], the vortex (in the clockwise direction) and
antivortex (counterclockwise direction) structures coexist
along the axis of the R ¼ 22.4 nm NW in the absence of an
external electric field but not in the same plane. Figure 2(b)
shows the magnitude of the polarization in the NW. The blue
color in the center of the NW represents the vortex core, and
the blue bands on the wire indicate the domain walls that
separate the vortex and antivortex domains. The spontaneous
polarization of the vortex domain in the ferroelectric NWs is
about 0.24 C=m2. The exact distribution of the polar vector
PðPx; Py; PzÞ is shown in Fig. 3(a), and the in-plane
polarization Px, Py forms the vortex-antivortex structures,
while there is a polarization componentPz out of plane along
the z axis. Figures 3(b) and 3(c) show clearly that the
polarization changes across the vortex-antivortex domain
wall shown by the dashed rectangular region in Fig. 3(a). The
arrows at the domain wall denote the small magnitude of
polarization corresponding to Fig. 2(b).
Figure 4(a) shows the components of the total elastic

strain tensor, that is, ε11, ε22, ε33, and ε12 in the top plane of
the NW. The patterns of the strain components are similar
to that of first-principles calculations in PZT nanodots [28]
with large values of ε11, ε22 near the vortex core. However,
the magnitude of the strains are smaller in the NW case due
to the constraint of the matrix and smaller spontaneous
polarization of BaTiO3. The symmetry of the ε12 strain
pattern together with ε11, ε22 can guide experiments
towards finding topological vortices in ferroelectric

nanowires. The reason for the existence of the vortex-
antivortex pair is due to the competition between the
gradient energy and elastic energy. The multivortex struc-
ture will increase the gradient energy due to changes in
polarization across the domain wall, but it will decrease the
total elastic energy. For R ¼ 22.4 nm NWs with short
length, a single vortex exists as the gradient energy is the
principal contributor. The average elastic energy density
hGelai is obtained from hGelai ¼ ½ðFelaÞ=V�, where Fela is
the total elastic energy, and V is the volume of the NW. The
energy hGelai increases with length below 200 nm, as
shown in Fig. 4(b). Above 200 nm, if no transition occurs
from single vortex to multivortex in the nanowire, then
hGelai continues increasing. Thus, the elastic energy is a
major contributor in the transition from single vortex to
multivortex structures in order to decrease the elastic
energy (see Fig. S4 in the Supplemental Material [27]).
The decreasing of hGelai in Fig. 4(b) above 200 nm is
accompanied by an increase in the number of vortex-
antivortex pairs.
In order to investigate the dielectric response, we apply

an external electric field along the y axis to study the
dynamic properties of the vortex domains in the NWs.
This is shown in Fig. 5 for the NW with R ¼ 22.4 nm. The
vortex center is along the axis of the NW at zero applied
electric field in Fig. 5(a). With increasing electric field, the
vortex and antivortex display reverse switching behavior:
The antivortex center moves towards the negative x direc-
tion, whereas the vortex moves towards the opposite
direction, as shown in Fig. 5(b). When the electric field is
large enough at 110.9 MV=m, both the vortex and anti-
vortex structures switch to a single-domain phase with
polarization along the [010] direction, as shown in
Fig. 5(c). In order to show the vortex movement inside
the NWs, the magnitude of the polarization distribution in
the y ¼ 0 plane is calculated. In Fig. 5(e), the vortex core
(blue color) acts as a line defect, usually regarded as an Ising
line [29], in the center of theNWat zero field.At a field value
of E ¼ 55.4 MV=m, as shown in Fig. 5(f), the Ising line
passing through the vortex and antivortex cores separates
into two parts, one associated with the vortices and the other
with the antivortices. However, when the field decreases to
zero, thevortex and antivortex structures reappear as show in
Fig. 5(d), and the average polarization along the field
direction [010] is zero in the vortex. Thus, macroscopically,
this state corresponds to a zero remnant polarization of the
nanocomposite capacitor. Figure 5(g) depicts the normal-
ized average polarization along [010] and the toroidal
moment TM ¼ ½1=ðTM0Þ�

R
r × P as a function of the

electric field, where TM0 denotes the value of the toroidal
moment without field. The polarization along [010]
increases with the electric field, whereas the toroidal
moment decreases with the field. At E ¼ 75 MV=m, the
zero value of TM indicates a special vortex-to-polarization
phase transformation in the ferroelectric NW.

FIG. 4. (a) The distribution of the total strain ε11, ε22, ε33, and
ε12 in the top plane of the NW. (b) The average total elastic energy
density hGelai with the length of the NWs. hGelai increases with
the length of the NW, and the multivortex structure exists in order
to decrease the elastic energy.
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Since the vortex structure is sensitive to the size of the
NW, we carry out several simulations with increasing NW
radius R. If R ¼ 57 nm, the resulting domain structure is no
longer regular as previously described. The structures for
the NW are now far more complex, as shown in Figs. 6(a)
and 6(b), where the blue arrows denote the in-plane
polarization at the top face of the NW. A vortex-antivortex
pair can now coexist in one plane.

The electrical hysteresis loops for different NW R values
are calculated in Fig. 7. As R increases from 32 to 57 nm,
the saturation polarization increases from 3 to about
10 μC=cm2. Compared to the hysteresis loop for bulk
BaTiO3 [30], our NW BaTiO3 nanocomposites have an
almost zero remnant polarization due to the vortex structure
and much slimmer hysteresis loops. Thus, the almost zero

FIG. 5. The dynamic behavior of the vortex structure under an external electric field along the [010] direction. (a)–(d) show the domain
switching with increasing electric field. (a) E ¼ 0, the vortex core is along the axis of the NWs; (b) E ¼ 55.4 MV=m, the vortex and
antivortex display reverse switching behavior, and the cores of the vortex and antivortex move to the edge of the NWs but in opposite
direction along the x axis. (c) E ¼ 110.9 MV=m, the domains are poled to a single domain along [010], and the topological structures
disappear. (d) The vortex structure appears again with the electric field decreasing to zero. (e),(f) show the topological core lines of the
vortex structure across the inner lengthwise cross section of the nanowire at E ¼ 0 and E ¼ 55.4 MV=m, respectively. (g) The average
polarization along the field direction and the behavior of the toroidal moment vs the field.

Vortex core

(a) (b)

FIG. 6. Domain distribution of NWs with a radius of 57 nm;
two vortices exist on certain cross sections of the NW, and the
arrows show the polarization distribution on the top plane. (a) The
unpoled domain structure. (b) The poled domain structure. FIG. 7. The calculated P-E loop with increasing the radius R of

the NWs.
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remnant polarization and very small closed area of the P-E
loops associated with the topological structures lead to
considerable enhancement of the energy density in our NW
composites. The exact energy-storage densities as a func-
tion of increasing R from 32 to 57 nm are shown in
Fig. 8(a). The energy density increases from 1.8 to
5.0 J=cm3 at 140 MV=m as R increases. The reported
energy density for the nanocomposites with BaTiO3 nano-
particles embedded in TiO2 nanofibers in polyvinylidene
fluoride matrix (PVDF/BTO@TO_nfs) is about 1.4 and
1.7 J=cm3 for the 7.5% Ba0.2Sr0.8TiO3 NWs in polyvinyli-
dene fluoride nanocomposites at the same field [1,8,31]
[see Fig. 8(a)]. The enhancement of the energy density is
about threefold due to the polar vortex structures. Figure 8(b)
shows the calculated energy-storage efficiency; with the
increasing of the radius R, the energy efficiency decreases.
However, the efficiency is over 95% at R ¼ 57 nm, which is
higher than that of the reported BaTiO3@SrTiO3 ceramics
(about 90%) [9].

IV. CONCLUSIONS

In conclusion, we study the dielectric properties of
cylindrical nanowire composites consisting of ferroelectric
filler in a polymer matrix with coexisting vortex and
antivortex structures using phase field simulations. The
special vortex-to-polarization phase transformation under
an electric field leads to an almost zero remnant polarization
and a very slim hysteresis loop, which significantly enhances
the energy density and efficiency in the nanocomposites.
Even at a relatively low electric field of 140 MV=m, the
energy density can reach as high as 5 J=cm3 compared to
1.5 J=cm3 of recently reported nanocompositematerials, and
the energy efficiency is above 95%. Our results suggest an
alternate strategy to improve the electrical energy storage in

composite dielectric capacitors. Experimentally, oxygen
vacancies or other charge defects in the ferroelectric NWs
can potentially affect the formation of topological vortex
structures. Hence, our work should motivate experiments to
further decrease concentrations of defects and free charges at
interfaces between ferroelectric fillers and matrices to
produce dielectric capacitors with enhanced energy-storage
capacity.
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