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Polarization vortices that typically form in ferroelectric nanostructures are fundamental polar topological
structures characterized by a curling polarization around a stable core. The control of vortex chirality by
conventional fields including homogeneous electric field is a key to the utilization of vortices in technological
applications. However, an effective control of the vortex chirality by such an electric field remains elusive since the
toroidal moment of ferroelectric vortex is conjugated to a curled electric field rather than the homogeneous electric
field. Here we demonstrate the control of vortex chirality by homogeneous electric field in free-standing nanodots
with rationally designed nanostructures. The nanodots are designed by including a notch or an antinotch in the
rectangular structure of nanodots. The results show that the chirality of polarization vortex is deterministically
switched by a homogeneous electric field through the control of depolarization distribution by designed structures.
The evolution path under homogeneous electric field in antinotched nanodot takes place in the opposite direction
in comparison with that in notched nanodot. We further demonstrate that the designed nanostructures break the
symmetry of electrostatic field in the ferroelectric systems, where the depolarization field concentrates at the
notch but scatters at the antinotch. Such a symmetry breaking of electrostatic field results in the opposite evolution
paths in the notched and antinotched nanodots under homogeneous electric field and provides the fundamental
reason that allows such control. The present study suggests a new route on the practical control of the vortex
domain pattern in ferroelectric nanostructures by homogeneous electric field.
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I. INTRODUCTION

Pivotal to the further development of ferroelectrics and
multiferroics is a deep understanding of the susceptibilities
(particularly to electric fields) and routes to control and
manipulate ferroelectric order parameter in the materials.
Such knowledge has enabled variety of advanced electronic
devices to be realized, such as nonvolatile random access
memories [1,2], data storages [3,4], switchable photovoltaics
[5,6], tunnel junctions [7,8], field-effect transistors [9,10],
and magnetoelectric-coupling devices [11,12]. Until now,
these applications have typically exploited the switching
of polar states since the rectilinear polarization domains
can be easily switched between two opposite directions
by an external homogeneous electric field. On the other
hand, the trend of ever-shrinking electronic circuitry brings
about a decrease of ferroelectric dimensions approached to
nanoscale with the aid of micro- and nanoscale manufacturing
technologies. Recent theoretical studies [13,14] have shown
that the screening of a depolarization field [15] in confined
ferroelectrics with a size of several nanometers is enhanced
through the alignment of polarization along the free surfaces,
which results in the formation of closed-flux polarization
ordering, i.e., polarization vortex. The polarization vortex is
characterized by an in-plane curling of polarization around a
stable central core, which is regarded as topological defect
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[16,17]. More recently, experimental studies have made great
steps towards the realization of the theoretical predictions and
successfully observed the polarization vortices in ferroelectric
nanostructures [18–20]. These observations of polarization
vortices open exciting opportunities for novel ferroelectric-
based nanodevices. For instance, the bistability of vortex
chirality, i.e., clockwise (CW) and counterclockwise (CCW)
chiralities, is appealing for novel nonvolatile memory storage
concepts [14]. Moreover, the properties of electronic transport
at the polarization vortex core is quite promising for the design
and implementation of integrated oxide electronic devices
based on domain patterning [21]. To a reliable implementation
of vortices for such applications, the prerequisite is control of
the vortex chirality [22], i.e., polarization vortex switching.

However, the switching of ferroelectric vortex is a non-
trivial task since the toroidal moment of a ferroelectric
vortex is conjugated to a curled electric field rather than a
homogeneous electric field [23]. It is thus a natural idea to
utilize curled electric fields to switch ferroelectric vortices,
which has been theoretically investigated on the basic of an
effective Hamiltonian method [24] and phase-field simulations
[25–28]. The polarization vortex has been demonstrated to be
deterministically switched by the curled electric field, which
is required to be large and highly localized [24–26]. On the
other hand, a nonvanishing curled electric field can only be
generated by a temporal change of magnetic field, according
to the Maxwell’s equation, ∇ × E = −∂B/∂t . However, the
magnitude of the applied magnetic field that is necessary
for the switching of electric toroidal moment is somewhat
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impractical. Hence, many theoretical works have made efforts
towards an alternative switching strategy that avoids the use of
curled electric fields. For instance, transverse inhomogeneous
electric fields, which are produced by charged tips near the
ferroelectric nanodot, is used to switch the direction of the
electric toroidal moment in ferroelectric nanodots [29]. Such
control, nevertheless, requires complex implement structures
and seemingly a combination of a cooling down process.
Another strategy is the use of asymmetric ferroelectric rings
to switch the closure-flux state by homogenous electrostatic
field [30]. However, such nanorings exclude physical polar-
ization core in the closure-flux state, which is topologically
distinguished from polarization vortex [16,17]. Recently, the
feasibility of vortex switching by homogenous electric field
in ferroelectric nanosystems is investigated by taking into ac-
count the effects of asymmetric mechanical fields, e.g., caused
by substrate, dislocations, and local clamping force [27,31,32].
Although it is possible to realize single-vortex switching by
a homogeneous electric, such nanosystems further require a
delicate control of crystallographic and/or mechanical fields.
Therefore, an efficient control of polarization vortex by the
conventionally controlled field, e.g., homogeneous electric
field, remains elusive.

Pursuing an efficient control of polarization switching, we
have previously demonstrated that polarization pattern and its
switching behavior can be tailored by deliberately designed
geometry of ferroelectric nanostructures [33] and proposed
the concept of ferroelectric nanometamaterials, i.e., tuning
the polarization configuration and ferroelectric properties
by deliberately engineered structures rather than chemical
constituents [17,33–36]. Particularly, confined geometry of
ferroelectrics imposes extrinsic frustration to the polarization
field through the enhancement of depolarization fields at free
surfaces of the nanostructures. This geometrical frustration
may even give rise to a chiral symmetry breaking in rationally
designed structures such as nanosprings [37], where the chiral
interactions between polarization field and external fields are
induced by confined geometry of nanoscale ferroelectrics.
Therefore, the use of rationally designed nanostructures is
quite promising for the effective control of vortex chirality
under homogeneous electric field.

In the present study, we demonstrate the control of vortex
chirality by homogeneous electric field in designed nanodots,
using a phase field model based on the Ginzburg-Landau
theory. The phase field model is constructed incorporating
to the finite element algorithm to simulate the ferroelectric
system with arbitrary boundary condition and geometrical
shapes. The designed nanodots are intentionally included in
a notch or an antinotch. The domain evolutions of designed
nanodots under homogeneous electric field are investigated
and compared to that of a rectangular nanodot for clarity. In
addition, the underlying origins of the vortex switching and
the significant contribution of the designed nanostructures to
the control of vortex chirality are investigated and discussed.

II. COMPUTATIONAL DETAILS
A. Phase field model of PbTiO3 based

on the Ginzburg-Landau theory

To investigate the formation of spontaneous polariza-
tion patterns in the designed nanodots and the polarization

switching under homogeneous electrical field, a real-space
phase field model is constructed based on the Ginzburg-
Landau theory [38]. In the phase field model, the local
polarization vector, P = (P1,P2,P3) is taken as the order
parameter to describe free energies of the ferroelectric systems.
The total free energy of the ferroelectric system F is obtained
by integrating the total free energy density f over the entire
volume of the ferroelectric system V . The total free energy
density includes the Landau energy density, the gradient
energy density, the elastic energy density, the coupling energy
density, and the electrostatic energy density due to the external
electric field, which has the expression [39–42]:

f = fLand(Pi) + fGrad(Pi,j )

+ fElas(εij ) + fCoup(Pi,εij )

+ fElec(Pi,Ei),(i,j = 1,2,3), (1)

where Pi,j = ∂Pi/xj is the derivative of the ith component of
the polarization vector Pi , with respect to the j th coordinate
xj ; εij and Ei denote the components of strain and electric
field, respectively.

The Landau energy density is commonly expressed in terms
of polarization components as [43–45]:

fLand(Pi) = α1

∑
i

(Pi)
2 + α11

∑
i

(Pi)
4

+α12

∑
i>j

(Pi)
2(Pj )2 + α111

∑
i

(Pi)
6

+α112

∑
i>j

[(Pi)
4(Pj )2 + (Pi)

2(Pj )4]

+α123

∏
i

(Pi)
2, (2)

where α1 is the dielectric stiffness, and α11, α12, α111, α112,
and α123 are higher order dielectric stiffness constants. All
the higher order dielectric stiffness constants are assumed to
be independent of temperature, while the dielectric stiffness
constant linearly depends on the temperature according to
the Curie-Weiss law, α1 = (T − T0)/2κ0C0, where T and
T0 denote the temperature and the Curie-Weiss temperature,
respectively, C0 denotes the Curie constant, and κ0 is the
dielectric constant of a vacuum [46]. The gradient energy
density for ferroelectric materials represents the domain wall
energy density that gives the energy penalty for the spatially
inhomogeneous polarization. The gradient energy density is
described by [47]:

fGrad(Pi,j ) = GijklPi,jPk,l, (k,l = 1,2,3), (3)

where Gijkl are the gradient energy coefficients. The elastic
energy density induced by mechanical strain is given by:

fElas(εij ) = 1
2cijklεij εkl, (4)

where cijkl are the elastic constants. The coupling energy den-
sity between spontaneous polarization and strain is expressed
by [43–45]:

fCoup(Pi,εij ) = −qijklεijPkPl, (5)

where qijkl are electrostrictive constants. The electro-
static energy density, which is obtained through Legendre
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transformation, is expressed as [39,48]:

fElec(Pi,Ei) = − 1
2κcE

2
i − EiPi, (6)

where κc is the dielectric constant of the background material.
The temporal evolution of the polarization field towards

its thermodynamic equilibrium state is described by the time-
dependent Ginzburg-Landau (TDGL) equation:

∂Pi(r,t)

∂t
= −L

δF

δPi(r,t)
, (7)

where L is a kinetic coefficient, δF/δPi(r,t) denotes the
thermodynamic driving force for the spatial and temporal
evolution of the ferroelectric system, r = (x1,x2,x3) and t

denote the spatial vector and time, respectively. In addition
to Eq. (7), the following mechanical equilibrium equation
and the Maxwells (or Gauss) equation must be satisfied
simultaneously with respect to body force-free and charge-free
ferroelectric materials:

∂

∂xi

(
∂f

∂εij

)
= 0, (8)

and

∂

∂xi

(
− ∂f

∂Ei

)
= 0. (9)

To solve the equilibrium equations, numerical algorithm
based on the finite element method (FEM) is employed in the
present study. Using the variation or principle of virtual work,
the weak form of the governing equations (7), (8), and (9) is
expressed as:

∫
V

[
∂f

∂εij

δεij + ∂f

∂Ei

δEi + 1

L

∂Pi

∂t
δPi

+ ∂f

∂Pi,j

δPi,j + ∂f

∂Pi

δPi

]
dV

=
∫

A

[
tiδui − ωδφ +

(
∂f

∂Pi,j

nj

)
δPi

]
dA, (10)

where ti is the surface traction, ui is displacement, ω is
the surface charge, φ is electrical potential, (∂f/∂Pi,j )nj is
the surface gradient flux, and nj is the component of the
normal unit vector of the surface. For the space discretization,
hexahedral elements with seven degrees of freedom at each
node are employed. The seven degrees of freedom consist
of three polarization components, one electrical potential
variable, and three displacement components. In comparison
with previous phase field simulations of ferroelectrics that use
the Fourier spectral iterative perturbation algorithm [41,49],
the present phase field model does not require uniform
hexahedral (3D) and quadrilateral (2D) meshes and periodic
boundary conditions for numerical implementation [50]. All
the governing equations are solved in real space. The present
phase field model is able to simulate ferroelectrics with arbi-
trary boundary conditions and geometrical shapes. Therefore,
the real-space phase field model with FEM-based algorithm
is suitable and effective for the study of domain evolution in
ferroelectric nanostructures.

FIG. 1. Geometries of (a) rectangular nanodot, (b) antinotched
nanodot, and (c) notched nanodot.

B. Simulation model and procedure

To illustrate the idea of geometrical-tailored interaction
between polarization vortex and homogeneous electric field,
we design nanodots with notch and antinotch. For comparison,
a nanodot with rectangular shape is additionally considered.
Figure 1 shows the geometries of nanodots used in the present
study. To intentionally form spontaneous polarization vortex
in nanodots, the dimensions of nanodots are set in a range
from several to tens of nanometers, which takes into account
the strong depolarization field at free surfaces of the nanodots
[14,51,52]. Therefore, the thickness of nanodots t is prepared
at 4 nm, while the width w and height h are set to be
16 nm. The notch and antinotch are prepared with circular
curvatures, where the radii of the curves, R and r , are both
taken to be 18 nm. To realize bare free surfaces of the free-
standing nanodots, the mechanical boundary conditions on all
free surfaces are traction free, while the electrical boundary
conditions set to be open circuited, i.e., D · n = 0, so that
the depolarizing fields from the polar surfaces are explicitly
taken into account. Noted that previous studies [34,53] have
considered ferroelectric nanostructures under both general
and open-circuited electrostatic boundary conditions and
suggested that there is no difference in polarization domain
structures under both the electrostatic boundary conditions.
However, the open-circuited boundary conditions substantially
simplify the calculations since it does not require the external
space. Thus, in the present study, we employ the open-circuited
boundary condition in consideration of computing resources.
The nanodots consist of a single crystal of ferroelectric PbTiO3

with the [100], [010], and [001] orientations along the x1, x2,
and x3 directions, respectively. The material properties used in
the present study are provided in previous studies [42,51].

In order for ferroelectric nanodots to attain thermodynamic
equilibrium without external fields, a random distribution of
polarization with infinitesimal magnitude is introduced into
the systems as an initial condition, and the evolution of
the polarization field is numerically simulated by iteratively
solving the TDGL equation. A backward Euler scheme and
Newton iteration method are used in the FEM algorithm
for the time integration and nonlinear iteration, respectively.
The polarization configuration is stably formed when an
insignificant change in polarization is observed. Then, an
external homogeneous electric field is applied to the nanodots
step-by-step along the x1 direction with periodic triangular
waves to investigate the polarization switching behavior. We
use 61 points to mimic a period of the triangular wave, with E1

gradually varying between −7 × 106 V/m and 7 × 106 V/m.
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FIG. 2. Spontaneous polarization patterns in ferroelectric nan-
odots with (a) rectangular, (b) antinotched nanodot, and notched
structures. The black arrows indicate the direction of polarization
vector. The contour colors indicate the angle between the polarization
vector and the x1 direction.

At each point of E1, the simulation time is set to be sufficiently
long to ensure that the system reaches an equilibrium domain
structure.

III. RESULTS AND DISCUSSION

A. Formation of polarization vortex in free-standing
ferroelectric nanodots

Figure 2 shows the distribution of spontaneous polarization
in the free-standing PbTiO3 nanodots at the thermodynamic
equilibrium state in the absence of external field. The sponta-
neous polarization purely orients in the x1-x2 plane since the
polarization component in the x3 direction is suppressed owing
to a significant depolarization field induced by the strong
geometrical confinement [54]. In addition, the spontaneous
polarization energetically favors to align along free surfaces,
while keeping the head-to-tail arrangement, and thereby, forms
a circular closed-flux pattern, i.e., single polarization vortex.
From our preliminary results, the single polarization vortex
state is the most stable state in comparison with other states
such as multiple polarization domains or multivortices. This
is also consistent with that from a previous study [55], which
further verifies our phase field simulation. Figure 2 shows that
the polarization vortex in each nanodot has CCW chirality.
Although there are two equivalent yet opposite chiralities of
polarization vortex, i.e., CW and CCW, that can be formed in
the nanodots, only the CCW polarization vortex is described
here and is consistently adopted as initial polarization pattern
for the consideration of polarization vortex switching. The
characteristics of the polarization vortex obtained in the
present study are consistent with those of preceding studies
[14,51,52], which indicates the reliability of present phase
field simulations. The polarization vortex is characterized
by toroidal moment of polarization G3, which is defined
as G3 = 1

V

∫
V

ri × PidV , where ri is the position vector of
polarization Pi and V is volume of the nanodot. The direction
of toroidal moment vector is perpendicular to the vortex
plane, which is along the x3 direction in the present study.
Magnitudes of toroidal moments are determined equal 4.24,
4.22, and 3.94 e/Å for rectangular, antinotched, and notched
nanodots, respectively. Since the chiralities and magnitudes of
toroidal moment in all three types of nanodot are almost the
same, the characteristics of spontaneous polarization vortex
are insensitive to the geometry of nanodots.

B. Rectangular nanodot under a homogeneous electric field

To gain an insight into the effect of geometrical nanostruc-
tures on the polarization vortex switching, we investigate the
polarization evolution of the antinotched and notched nanodots
under a homogeneous electric field in comparison with that in
the rectangular nanodot. The obtained results for the free-
standing rectangular nanodot are firstly presented for clarity.

Figure 3 shows the domain evolution of free-standing
rectangular nanodot under a triangular wave of homogeneous
electric field E1. The initial state polarization pattern is taken
with the spontaneous CCW single vortex, as shown in Fig. 2(a).
From our preliminary simulations, the net of polarization in the
x2 direction keeps equal zero regardless of the magnitude of
applied electric field E1 due to the formation of equivalent yet
opposite direction along the x2 axis of polarization domains.
Thus, the consideration regarded to the net polarization in the
x2 direction is eliminated in the present study. Figure 3(a)
shows the toroidal moment G3 and the average polarization
in the x1 direction P ave

1 as functions of E1. The average
polarization is determined as P ave

1 = (
∑n

j=1 P
j

1 )/n, where n

is the total number of nodes in the FEM models and P
j

1 is
the magnitude of P1 at the j th node. The evolution direction
is marked by several typical points from A0 to A10. The
corresponding polarization domain patterns from point A0 to
A10 are depicted in Fig. 3(b). At the first electrical increase
process from A0 to A3, as E1 increases from 0 to 7 × 106 V/m,
the average polarization P ave

1 monotonically increases from 0
to about 1.15 C/m2, while the toroidal moment G3 decreases
from 4.24 e/Å to 0. An observation of the domain structures
reveals that the initial single vortex (A0) evolves into a polar
domain pattern where all polarization vectors align along the
direction of the applied electric field (A3), which causes the
drop in the magnitude of toroidal moment. In the electrical
decrease process from A3 to A5, as E1 decreases from
7 × 106 V/m to 0, the average polarization P ave

1 monotonically
decreases, while the toroidal moment G3 keeps a constant
equal to zero. The corresponding domain structures indicate a
transformation of the polar state to vortex state. This implies
that the polar state is only stable at a large enough field region
[56]. Although the vortex state can be achieved at low field
region, the nanodot adopts a double-vortices state instead of re-
forming a single-vortex state. This is because of two equivalent
nucleation sites at the top and bottom surfaces of the nanodot.
As the field E1 further decreases from 0 to −7 × 106 V/m,
the double-vortices state evolves into a polar state with its
polarization along the opposite direction to x1, as depicted in
Fig. 3(b) from A5 to A8. At the second electrical increase
process from A8 to A10, as E1 increases from −7 × 106 V/m
to 0, a transformation of polar state to vortex state happens
and a double-vortices state is reformed. The net toroidal
moment vanishes at all points during the evolution A3 to A10,
because of the formation of polar state or double vortices with
opposite chiralities. Comparing state A5 with state A10, the
chiralities of the double-vortices state have been switched by
the homogeneous field E1, which is similar to that previously
predicted in rectangular systems [27]. Therefore, single-vortex
switching in the free-standing rectangular nanodot by a
homogeneous electric field is prohibited due to the formation
of double-vortices state.
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FIG. 3. Domain evolution of free-standing rectangular nanodot under a triangular wave of homogeneous electric field along the x1 direction,
E1. (a) Average polarization P ave

1 and toroidal moment G3 as functions of E1. Direction of the evolution is indicated by black arrows and
marked by several points from A0 to A10. (b) The corresponding domain structures from point A1 to A10.

C. Antinotched nanodot under a homogeneous electric field

Figure 4 shows the domain evolution of the antinotched
nanodot under a triangular wave of homogeneous electric
field E1. Unlike the rectangular nanodot, clear P ave

1 −E1 and
G3−E1 hysteresis loops are exhibited in Fig. 4(a), indicating a
switching of the polarization vortex by the homogeneous field.
The initial polarization structure of antinotched nanodot adopts
a CCW single-vortex state, as depicted at B0 in Fig. 4(b). At the
first electrical increase process from B0 to B3, as E1 increases
from 0 to 7 × 106 V/m, the vortex state transforms into a polar
state, manifested with a decrease of G3 and an increase of P ave

1 .
The toroidal moment drops to zero value when E1 is as large as
5 × 106 V/m. The domain evolution and the evolution paths
during the first increase process in the antinotched nanodot
are almost identical to that in the rectangular nanodot shown
in Fig. 3. In the electrical decrease process from B3 to B6,
as E1 decreases from 7 × 106 V/m to 0, the polar state is
remained E1 is larger than 2.5 × 106 V/m, then transforms
into a single-vortex state. Because of the polar-to-vortex
transformation, the magnitude of P ave

1 suddenly decreases,
while the magnitude of G3 abruptly increases. Importantly,
the newly formed vortex (B6) has CW chirality, which is
opposite to the initial CCW chirality (B0). This demonstrates a
success of single-vortex switching in the antinotched nanodot.

It is interesting to find that the direction of the dipoles at the
antinotch region is intact as the polar-to-vortex transformation
occurs. In the subsequent poling under a negative field E1

from B6 to B9, the direction of dipoles at the antinotch
is inversed, and thereby, forming a polar domain structure.
However, the direction of dipoles at the antinotch is conserved
in the increase process from B9 to B0, leading to the reforming
of CCW polarization vortex (B0). Therefore, the polarization
vortex can be deterministically switched by a homogeneous
electric field via transition to intermediate polar state, in
which the direction of polarization in the antinotched region
determines whether the CW or CCW polarization vortices
survive.

To characterize and elucidate the details of the polar-to-
vortex transformation in the antinotched nanodot, temporal
evolution of domain structure at the homogeneous electric field
E1 = 2.5 × 106 V/m during the electrical decrease process is
considered. Figures 5(a) and 5(b) show the toroidal moment G3

and average polarization P ave
1 as functions of computational

time and typical snapshots during the temporal evolution of
domain structure in the antinotched nanodot, respectively. At
the beginning of the evolution, G3 has zero value of magnitude
since the polar domain structure dominates the entire
antinotched nanodot. Subsequently, G3 quickly decreases in
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FIG. 4. Domain evolution of free-standing antinotched nanodot under a triangular wave of homogeneous electric field along the x1 direction,
E1. (a) Average polarization P ave

1 and toroidal moment G3 as functions of E1. Direction of the evolution is indicated by black arrows and
marked by some special points from B0 to B11. (b) The corresponding domain structures from point B0 to B11.

its magnitude during the evolution and then gradually reaches
to constant after substantial time steps, where the equilibrium
of the system achieves. The magnitude of P ave

1 , meanwhile,
gradually decreases during the evolution, then reaches to a
constant after substantial time steps. The snapshots of the
polarization patterns during the temporal evolution from B′1
to B′6 in Fig. 5(b) show that the polarization firstly changes
by reversing its orientation at local area near the bottom
surface of the antinotched nanodot. The changing polarization
area then quickly expands to the left and right sides of the
antinotched nanodot during the evolution. Noted that the 90◦

switching occurs on the left and right sides of the antinotched
nanodot to arrange the polarization along free surfaces, which
help to reduce the depolarization field. On the other hand, the
direction of dipoles at the antinotch region is intact during
the temporal evolution. When the system reaches to the
equilibrium state, the CW polarization vortex is dominant,
the domain structure of the antinotched nanodot. Therefore,
direction of polarization in the antinotch region is preserved
in the polar-to-vortex transformation, which determines the
chirality of vortex after the transformation in the antinotched
nanodot.

D. Notched nanodot under a homogeneous electric field

Figure 6 shows the domain evolution of the notched nanodot
under the triangular wave of homogeneous electric field E1.
The initial polarization structure of the notched nanodot also
adopts CCW single-vortex state, as depicted at C0 in Fig. 6(b).
According to our preliminary simulations, to achieve complete
hysteresis loops of P ave

1 − E1 and G3 − E1 after one periodic
of the triangular wave, the homogeneous electric field should
be started with a decrease process. Therefore, a periodic of the
triangular wave starts with a decrease process of homogeneous
electric field is taken for the consideration of domain evolution
in the notched nanodot, as shown in Fig. 6(a). Although the
P ave

1 − E1 hysteresis loop in the notched nanodot is almost
identical to that in the antinotched nanodot, the behavior of
G3 − E1 hysteresis loop is inversely. At the first electrical
decrease process from C0 to C3, as E1 decreases from 0
to −7 × 106 V/m, the vortex state transforms into a polar
state, where all polarization vectors arrange in the direction
of applied electric field. During the process, the toroidal
moment gradually decreases with the decrease of the applied
electric field, then drops to zero value when E1 is as large
as −5 × 106 V/m. In the electrical increase process from
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FIG. 5. Temporal evolution of domain structure during the polar-
to-vortex transformation. (a) Toroidal moment G3 and average
polarization P ave

1 as functions of simulated time. (b) Snapshots of
the polarization patterns during the polar-to-vortex transformation in
the antinotched nanodot.

C3 to C6, as E1 increases from −7 × 106 V/m to 0, the
polar state remains until E1 equals −2.5 × 106 V/m then
transforms into a single-vortex state. The newly formed vortex
(C6) has CW chirality, which is opposite to the initial CCW
chirality (C0). This demonstrates a success of single-vortex
switching in the notched nanodot. As the polar-to-vortex
transformation occurs, the polarization near the tip of the
notch reverses its direction, while the polarization near the
bottom surface remains. In the subsequent increase process
under positive field E1 from C6 to C9, the direction of
polarization near the bottom surface is inversed, which results
in a polar state along the x1 direction. However, the direction of
polarization at the notch is reversed in the subsequent decrease
process from C9 to C0, leading to the reforming of CCW
polarization vortex (C0). Therefore, the polarization vortex

can be deterministically switched by a homogeneous electric
field, in which the chirality of vortex is determined by direction
of polarization at the flat surface that is opposite to the notch.

To characterize the reforming of polarization vortex in
the notched nanodot, temporal evolution of domain structure
under the homogeneous electric field E1 = 2.5 × 106 V/m
during the decrease process is considered in comparison with
that in the antinotched nanodot. Figures 7(a) and 7(b) show
the toroidal moment G3 and average polarization P ave

1 as
functions of computational time and typical snapshots during
the temporal evolution of domain structure in the notched
nanodot, respectively. At the beginning of the evolution, G3

has zero value of magnitude since the polar domain structure
dominates the entire notched nanodot. Then, the magnitude
of G3 quickly increases during the temporal evolution and
gradually reaches to constant after substantial time steps,
where the equilibrium of the system achieves. Inversely, the
magnitude of P ave

1 gradually decreases during the temporal
evolution, then reaches to a constant after substantial time
steps. The snapshots of the polarization patterns during the
temporal evolution from C′1 to C′6 in Fig. 7(b) show that the
polarization firstly changes near the tip of the notch by the local
180◦ switching. The changing polarization area then quickly
expands to the left and right sides of the notched nanodot,
where the 90◦ switching occurs to align the polarization
along the free surfaces. The arrangement of polarization along
free surfaces helps to reduce the depolarization field. On the
other hand, the direction of dipoles at the bottom surface
of notched nanodot is intact during the evolution. When the
system reaches to the equilibrium state, the CCW polarization
vortex dominates the domain structure of the notched nanodot.
Therefore, the change of polarization at the notch region
triggers the polar-to-vortex transformation.

E. Discussion

To understand the switching of vortex in asymmetry
ferroelectrics, a previous study [30] has defined a vector R

characterizing the system asymmetry. The cross product of
this vector with the electric field, R × E, can be considered
as a field able to interact with G in asymmetric ferroelectrics
because both are axial vectors. Unlike previous studies, where
vector R represents the asymmetry-induced shift in the center
of gravity of the ring, here we define vector R as a spatial vector
from the centroid of nanodot to the vortex core. The interaction
energy in asymmetric ferroelectrics is directly proportional to
(R × E) · G. Figures 4(a) and 4(b) show that the change of
toroidal moment to the applied homogeneous electric field
is gradually from point B0 to B1 where the vortex core is
closed to the centroid of the antinotched nanodot, i.e., small
R and thus small interaction energy. However, the change
becomes faster from point B1 to B2 as the vortex core is far
from the centroid, i.e., relatively large R and high interaction
energy. Similar tendency is also observed in notched nanodot,
as shown in Figs. 6(a) and 6(b). Therefore, the vortex switching
in asymmetry nanodots under homogeneous electric field can
be achieved owning to the susceptibility of G with the cross
product of R × E.

Note that the switching phenomenology in nanodots from
the present study is somewhat similar to that in nanorings from
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FIG. 6. Domain evolution of free-standing notched nanodot (initially with a polarization vortex structure) under a triangular wave of
homogeneous electric field along the x1 direction, E1. (a) Average polarization P ave

1 and toroidal moment G3 as functions of E1. Direction of
the evolution is indicated by black arrows and marked by some special points from C0 to C11. (b) The corresponding domain structures from
point C0 to C11.

previous studies [30,57]. However, the difference between
the polarization topology in nanodots with vortex core and
in nanorings without the core gives rise to some important
aspects that distinguish the vortex switching in nanodots from
that in nanorings. Particularly, the appearance of vortex core
is the main source for the interaction between the polarization
vortex in nanodot and the homogeneous electric field. For
example, in Figs. 4 and 6, the vortex structure in nanodots
initially responds to the applied homogeneous electric field at
the vortex core, subsequently, the position of the vortex core
is changed depending on the magnitude of the electric field.
This is because the highest energy density, i.e., instability, is
located at the vortex core since the continuously spatial change
of polarization near the core induces large gradient energy
and large elastic strain energy through the coupling between
the polarization and the strain [26]. In addition, the distance
between vortex core and the centroid of nanodots also affects
the switching behavior through the interaction energy, as
discussed above. Therefore, the vortex core plays a significant
role in the switching of polarization vortex in nanodots,
where the vortex structure is gradually changed according to
the magnitude of electric field through a successive shift in
position of vortex core. In a sharp contrast, the vortex structure

in nanoring is changed dramatically under homogeneous
electric field. For instance, an antiferrotoroidic state with
the formation of two opposite chirality vortices occurs as an
intermediate state [30,57]. Although there is one vortex core
appearing in such an antiferrotoroidic state, this core plays an
insignificant role in the vortex switching of nanorings, which
is distinguished from that in the proposed nanodots. On the
other hand, our proposed nanodots achieve an advantage with
a higher magnitude of toroidal moment in the absence of the
external electric field compared to that of proposed nanorings,
which is useful for the implementation of polarization vortex
for memory devices.

Given the domain evolutions in the rectangular,
antinotched, and notched nanodots, it is clearly seen that
the vortex chirality can be deterministically switched by
homogeneous electric field through the intermediate polar state
if the reformation of single polarization vortex from polar state
is achieved. To clarify the underlying mechanisms responsible
for the deterministically reformation of single polarization
vortex from polar state in antinotched and notched nanodots,
the distribution of depolarization field is investigated. Figure 8
shows distributions of depolarization field at the beginning
of the temporal evolution of polar-to-vortex transformations
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FIG. 7. Temporal evolution of domain structure during the polar-
to-vortex transformation. (a) Toroidal moment G3 and average
polarization P ave

1 as functions of simulated time. (b) Snapshots of
the polarization patterns during the formation of polarization vortex
in notched nanodot.

in antinotched and notched nanodots. For comparison, the
distribution of depolarization field in the rectangular nanodot
is also presented. Figures 8(d)–8(f) show that the distribution
of depolarization field is homogeneous in the rectangular
nanodot but inhomogeneous in both antinotched and notched
nanodots. Particularly, in the antinotched nanodot, the strength
of depolarization field is low in the antinotch area due to
the scatter of depolarization field, while it is relatively high
near the bottom surface. The scatter of depolarization field at
the antinotch area helps to preserve the polarization direction
in this region during the polar-to-vortex transformation.
Contrarily, the relatively high depolarization brings about the
change of polarization occurring firstly near the bottom surface
that triggers the evolution of polarization structure, as shown
in Fig. 5. On the other hand, in the notched nanodot, the
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FIG. 8. Polar domain structures in (a) rectangular, (b)
antinotched, and (c) notched nanodots. Distribution of depolarization
field in (d) rectangular, (e) antinotched, and (f) notched nanodots
corresponded to the polar state depicted in (a)–(c), respectively.

depolarization field highly concentrates near the notch area,
while its strength is moderate near the bottom surface. The
high concentration of depolarization results in the change of
polarization near the notch at the beginning of the polar-to-
vortex transformation, as shown in Fig. 7. The concentration
of the field near the notch yet scatter at the antinotch is similar
to that obtained in previous study [58,59]. Therefore, the
inhomogeneous distribution of depolarization field results in
the deterministically switching of polarization vortex shown
in Figs. 4 and 6. Such depolarization field can be tailored by
geometry of nanodots, where the antinotch helps to scatter the
depolarization field while the notch concentrates the field.

IV. CONCLUSION AND OUTLOOK

In summary, taking into account the effects of confined
geometry in ferroelectric nanostructures, we have investigated
the complicated evolution of polarization vortex in designed
nanodots with notch and antinotch structures under homoge-
neous electric field, using the real-space phase field model
based on the Landau-Ginzburg theory. The characteristics of
the domain evolution in different nanodot systems have been
revealed and compared comprehensively. The results show
that designed nanodots exhibit distinct evolution paths from
the rectangular ones in response to homogeneous electric field.
The present study demonstrates that single vortex can be deter-
ministically switched by a homogeneous electric field through
controlling the shape of nanodots. The designed nanostructures
break the symmetry of electrostatic field in the ferroelectric
systems, where the depolarization field concentrates at the
notch but scatters at the antinotch. Such a symmetry breaking
of electrostatic field results in the opposite evolution paths
in the notched and antinotched nanodots under homogeneous
electric field.

The dependence of vortex switching behavior on the shape
of a ferroelectric nanostructure may hold the key to the minia-
turization of ferroelectric-based memories. In the vortex-based
memory elements, any geometric, morphological, or physical
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variations of notch and/or antinotch and along the edges of the
elements can cause significant changes in the switching field
threshold. The design of geometry to achieve a much smaller
switching electric field is thus quite promising. The rich and
fascinating phenomena exhibited by designed nanostructures
depend intricately on the shape and size. The engineering
of patterned ferroelectric nanostructures with well-defined
memory state and robust, repeatable, and uniform polarization
switching characteristics is a fertile area for exploring future
ferroelectric and multiferroics devices. On the other hand, fer-
roelectric nanostructures are usually fabricated on substrates,
which gives rise to the substrate-induced strain. Since strain
can interact with both polarization and toroidal moment [36]
through the electromechanical coupling, the substrate-induced
strain alters somehow the polarization vortex switching under
homogeneous electric field. For instance, the appearance of
substrate-induced strain can enhance or reduce the magnitude
of the switching electric field. Thus, the present study poses a
fundamental yet important question on the effect of substrate-

induced strain on the polarization vortex switching under
homogeneous electric field. Ultimately, since the nanodot
can be considered as an internal constituent of ferroelectric
integrated structures, the present study opens exciting op-
portunities for tailoring ferroelectric and related properties
through rational engineering of internal nanostructures on the
basic of the ferroelectric nanometamaterials concept. This, on
the other hand, would further drive metamaterials researches.
Therefore, the present study would stimulate efforts from
both experimentation and simulation works to explore more
efficient routes to control the chirality of polarization vortex
and achieve novel or even unprecedented functionalities in
ferroelectric nanometamaterials.
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