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Attaining an energy-efficient pathway to switch the rotation of polarization vortex with the use of trivial
homogeneous electric field is essentially important for low-power consumption electronic nanodevices, yet
still challenging. In this study, we systematically investigate the switching behaviors of polarization vortex
in triangular ferroelectric nanodots with different crystal orientations. The obtained results exhibit diversity
pathways for the vortex switching, including both indirect and direct switching, which depend on the crystal
orientation. In the indirect pathway, the switching process requires a destruction of initial vortex domain structure
to form a rectilinear domain at a large electric field. Otherwise, in the direct switching pathway, the initial vortex
is switched to an opposite one without the stabilization of an intermediate state. Importantly, the direct pathway
requires a lower switching field compared to that in the indirect ones. We further elucidate the temporal evolution
of domain structure during the direct switching of polarization vortex in the triangular nanodot. A comprehensive
viewpoint on the effect of crystal orientation is expressed, from which the advantages of direct switching are
clarified. The present study suggests an efficient route on the practical control of vortex rotation in ferroelectric
nanostructures under homogeneous electric field.
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I. INTRODUCTION

Numerous scientific breakthroughs have been achieved in
the past decade with the discoveries of new exotic polar
topological states, including vortex [1], skyrmion [2], hedge-
hog [3], and meron [4] states. These findings lead to plenty
of emerging physical phenomena and open a broad avenue
toward future topological electronic nanodevices [5–7]. Par-
ticularly, the recent advance in structural characterization,
which achieves a high spatial resolution down to atomic
scale, has enabled the realization of polarization vortex pat-
terns in ferroelectric nanostructures [8–10]. The emergence
of equilibrium polarization vortex can significantly reduce
the depolarization field, which is induced by the interruption
of polarization at free surfaces or interfaces of ferroelectric
nanostructures [1,8]. In the vortex structure, the polariza-
tion field continuously rotates through the space; but such
continuous rotation is disrupted at a singular point, i.e., the
vortex core, which constitutes a topological defect [11]. The
existence of topological defects, such as the vortex core, ac-
cumulates a high energy density in the vicinity of the core
due to the large gradients of polarization and strain fields
[12], and therefore, gives rise to exotic properties, such as
superfine conductive channels [13,14], nonlinear optical prop-
erties [15], giant enhancement of local nanoscale piezoelectric
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response [16], and unique negative capacitance [17,18].
The polarization vortex is characterized by its vorticity (or
toroidal moment) [19] and geometrically distinguishable by
its clockwise (CW) or counterclockwise (CCW) rotations. Im-
portantly, exploring a practical and energy-efficient pathway,
which can switch the vortex rotation from one to another state
through external stimuli, is highly desired from both academic
importance and technological applications.

Since the polarization vortex is formed at a delicate balance
among several energy contributions, such as electrostatic,
electromechanical, gradient, and elastic energies, an applica-
tion of external stimuli may disrupt this energetic balance.
Consequently, the transition of polarization vortex is possible,
in spite of its topological protection against low fields [11].
Theoretically, several strategies have been proposed for the
vortex switching based on the rational control of extrinsic
factors, such as electric and mechanical fields [12,20–22],
geometrical nanostructures [23,24], defects [25,26], and com-
position distributions [27]. For instance, early ideas have used
curled or inhomogeneous electric fields to switch the vortex
rotation because of the conjugation between these fields and
the toroidal moment of polarization vortex [20,21]. Mechan-
ical approaches are feasible to control the vortex rotation
[12,22]. Designed geometries of ferroelectric nanostructures
have also been demonstrated to enable switching of polariza-
tion vortex through geometry-induced symmetry breaking of
the vortex structure [23]. In addition, material design, which
can break spatial inversion symmetry at a scale beyond the
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unit-cell level and enables to stabilize an asymmetric vor-
tex, has also been proven for the control of vortex rotation
[27]. Experimentally, numerous efforts have been devoted to
observing the topological transformation of polarization struc-
tures. Recent progresses in experiments have made a great
step toward the electrical and mechanical manipulations of po-
larization vortex in ferroelectric superlattices and successfully
observed topological transformations of polar structures with
the spatial resolution down to atomic scale [28–31].

The mentioned strategies have demonstrated various pos-
sibilities for the switching of polarization vortex, however,
the switching pathways commonly destruct the single vortex
to generate a rectilinear domain or multiple vortex struc-
tures, before a single vortex with reverse rotation is formed.
These intermediate domain structures are topologically dis-
tinguishable from the single vortex [32]. Energetically, this
switching pathway is inefficient since a large electric or
mechanical field is commonly required to clear away the
single-vortex structure. In addition, such an indirect pathway
has a long switching duration since it involves several suc-
cessive processes of phase transitions. Until quite recently,
very few attempts have been made to find an approach that
can directly switch the vortex rotation. For example, po-
larization vortex can be directly switched back and forth
between CCW and CW rotations by a sweeping biased tip
over a homogeneous ferroelectric nanodot [33] or applying an
homogeneous electric field to a compositionally graded fer-
roelectric nanodot [27]. Therefore, more effective approaches
should be proposed, which can directly switch the polarization
vortex. However, previous studies have shown that the incom-
patibility between geometries of nanostructures and crystal
orientation of ferroelectrics can greatly disturb the polariza-
tion field, which brings about unusual switching behavior of
domain structures [34,35]. Therefore, it is expected that the
switching behavior of polarization vortex can be tailored with
the control of crystal orientation in ferroelectric nanostruc-
tures. However, the effect of ferroelectric crystal orientation
in incompatible nanostructures on the vortex switching has not
been explored.

In this work, a phase field model of ferroelectrics that
accounts for the effect of crystal orientation is constructed
to study the switching behavior of polarization vortex in a

low-symmetric nanodot with triangular geometry. The crystal
orientation is assumed to rotate in plane of the triangular
nanodot. Several switching pathways of polarization vortex
under homogeneous electric field are obtained and presented
in a dependence with the crystal orientation. Both direct and
indirect switching pathways of the polarization vortex can be
realized. In addition, the energy-efficient switching pathway
is suggested and discussed.

II. METHODOLOGY

A. Constitutive relations

A three-dimensional phase field model is constructed on
the basis of Ginzburg-Landau theory to investigate the po-
larization switching under the electric field in triangular
nanodots with different crystal orientations [36,37]. The total
free energy F of the ferroelectric system can be expressed as

F (p, ε,φ) =
∫

V
f (p,∇p, ε,φ)dV

=
∫

V
[ fPol(p) + fGrad(∇p)

+ fElas(ε, p) + fElec(p,φ)]dV, (1)

where, V is the volume of ferroelectric material; p,∇p, ε,
and φ refer to polarization, gradient of polarization,
strain, and electric potential, respectively. In Eq. (1),
fPol(p), fGrad(∇p), fElas(ε, p), and fElec(p,φ) denote the den-
sities of polarization (or Landau), gradient, mechanical, and
electrostatic energies, respectively. The polarization energy
density can be described as

fPol(p) = αi
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where αi, αi j , and αi jk (i, j, k = 1, 2, 3) are thermodynamic
coefficients; pL

i are polarization components in the local
crystallographic coordinate system. In the global Cartesian
coordinates (x1, x2, x3), the crystal orientation is described by
using three Euler angles (α, β, θ ) with respect to the global
axes. The transformation matrix R from the global to local
coordinate systems is given as

R =
⎛
⎝ cosα cosθ − sinα cosβ sinθ sinα cosθ + cosα cosβ sinθ sinβ sinθ

−cosα sinθ − sinα cosβ cosθ −sinα sinθ + cosα cosβ cosθ sinβ cosθ
sinα sinβ −cosα sinβ cosβ

⎞
⎠.

In the case where the crystal orientation rotates around the x3

axis, the transformation matrix R can be expressed as

R =
⎛
⎝ cosθ sinθ 0

−sinθ cosθ 0
0 0 1

⎞
⎠. (3)

The relations between polarization components in local and
global coordinate systems are expressed as

pL
i = Ri j p j, (4)

where Ri j denotes the i j component of the transformation
matrix R. The gradient energy density is given by

fGrad(∇p) = 1

2

∂ pi

∂x j
Gi jkl

∂ pk

∂xl
, (5)

where Gi jkl is gradient tensor. The mechanical energy density
is expressed as

fElas(ε, p) = 1
2

(
εi j − ε0

i j

)
ci jkl

(
εkl − ε0

kl

)
, (6)
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FIG. 1. (a) Schematic illustration of triangular ferroelectric nanodot and (b) its finite element meshing model. Triangular waves of electric
field initiated with (c) positive and (d) negative electrical loading.

where ci jkl is elasticity tensor. The spontaneous strain can
be expressed with respect to the local coordinate system by
ε0L

i j = Qi jkl pL
k pL

l , where Qi jkl is electrostrictive coefficient.
The spontaneous strain in global coordinate system can be
obtained from

ε0
i j = RT

ikε
0L
kl Rl j . (7)

The electrostatic energy density is expressed as

fElec(p,φ) = −1

2

∂φ

∂xi
ε0κi j

∂φ

∂x j
+ ∂φ

∂xi
pi, (8)

where ε0 and κi j are the permittivity of vacuum and dielectric
coefficient of background material, respectively.

The mechanical equilibrium equation for a body force-free
ferroelectric is given by

∂

∂x j

(
∂ f

∂εi j

)
= 0. (9)

The equilibrium of electric field for a charge-free ferroelectric
is governed by the Maxwell’s (or Gauss’) equation, as

∂

∂x j

(
− ∂ f

∂Ei

)
= 0, (10)

where Ei = −∂φ/∂xi is electric field. The evolution of po-
larization field is described by the time-dependent Ginzburg-
Landau (TDGL) equation, as

∂ pi(r, t )

∂t
= −L δF

δpi(r, t )
, (11)

where L is a kinetic coefficient; t and r = (x1, x2, x3) denote
the evolution time and the spatial vector, respectively. Numer-
ical algorithm based on the finite element method is used to
solve the governing Eqs. (9), (10), and (11). The backward
Euler scheme and Newton method are employed for time
integration and nonlinear iteration scheme, respectively.

B. Simulation model and procedure

According to the geometry design approach, previous
studies [23,24] suggested that the polarization vortex in a
low-symmetric ferroelectric nanodot can be switched by a
homogeneous electric field. In this study, a nanodot with
triangular prism geometry is considered, namely triangular

nanodot. The cross-section of nanodot is an equilateral trian-
gle, which exhibit the in-plane threefold symmetry. Such a
triangular shape exhibits an incompatible characteristic with
the in-plane fourfold symmetry of tetragonal ferroelectric
phase, which may bring about a significant interaction be-
tween the crystal orientation and the outer shape of nanodot.
To simulate the nanodot, a three-dimensional finite element
model is constructed using hexahedral elements with aver-
age mesh size of 0.32 nm. The geometry and finite element
model of the nanodot are illustrated in Fig. 1. To inten-
tionally generate a vortex in the nanodot [1,38], the edge
length of triangular nanodot is selected as 16 nm, while the
thickness is 5 nm. Note that ferroelectric nanodots with di-
mensions down to 5 nm have been successfully fabricated
thanks to the recent advances in manufacturing technology
[39]. In addition, different geometries of ferroelectric nan-
odots have been experimentally achieved, including triangular
prism [40], cube [39], dodecahedral shape [41], torus [42], and
disk [43]. Therefore, the triangular nanodot with edge size
of 16 nm is experimentally achievable. The origin of global
coordinate system is located at the centroid of nanodot. The
nanodot consists of a single crystal of tetragonal ferroelectric
PbTiO3, where the pseudocubic crystallographic [100] direc-
tion makes an angle θ to the x1 axis and the [001] direction
is coincident with the coordinate axis x3. In this study, the
crystal orientation is assumed to rotate about the x3 axis;
and the angle θ is considered in a range of [0, 360◦]. The
used material properties are adopted from previous studies
[44]. In this study, we consider free-standing ferroelectric
nanodots. To realize bare free surfaces of the nanodots, the
electrical boundary conditions on all surfaces are set to be
open-circuited, i.e., Dn = 0, so that the depolarizing fields
from the polar surfaces are explicitly included. In addition,
stress-free mechanical boundary conditions are imposed to the
free surfaces of the nanodots. These electrical and mechanical
boundary conditions have been widely used for free-standing
ferroelectric nanostructures [21,22,25,26,45,46].

The initial state of polarization field is generated with
a random distribution of infinitesimal polarization vectors.
The evolution of polarization field toward its thermodynamic
equilibrium at room temperature is determined by solving the
TDGL equation. The stable domain structure is obtained when
the change of total energy is as small as 10−3 eV, which is,
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FIG. 2. Polarization vortex structures in triangular nanodots with different crystal orientations: (a) θ = 0◦, (b) θ = 10◦, (c) θ = 40◦, and
(d) θ = 60◦. (e–h) Corresponding distributions of polarization vorticity.

otherwise, considered as a criterion for the thermodynamic
equilibrium state. Then, an external homogeneous electric
field E1 is applied stepwise to the nanodot along the x1 direc-
tion to consider the polarization switching. A triangular wave
of electric field is used to consider the polarization switching.
Depending on the switching behavior, the first loading pro-
cess can proceed toward positive or negative electric field, as
shown in Figs. 1(c) and 1(d), respectively. At each value of
E1, the simulation is carried out until the equilibrium domain
structure is achieved.

III. RESULTS

A. Polarization vortex structures in triangular
ferroelectric nanodots

Although the crystal orientation is considered in a full
range of [0–360◦], we present here four typical domain
structures in the nanodots with θ = 0, 10, 40, and 60◦
[Figs. 2(a)–2(d)], according to their distinguishable switching
behaviors that are detailed in the Sec. III B. The selected
domain structures are sufficient to exhibit the effect of crys-
tal orientation. In all considered nanodots, a single-vortex
structure is spontaneously formed, where the polarization field
continuously rotates around a core. In the absence of external
field, the vortex core is located near the centroid of triangular
nanodot, regardless of the crystal orientation. The polarization
vectors arrange in the x1x2 plane, while the polarization com-
ponent in the x3 direction is suppressed due to the geometrical
confinement [23]. In addition, such a ground state with vortex
domain structure formed in the nanodot is attributed to the
strong depolarization effect, similar to those emerged in fer-
roelectric nanodots with different geometries [1,10,23]. Since
the cross-sections of domain structures in the x3 direction are
almost the same, we consistently present domain structures

in the x1x2 plane for clear illustrations. Experimental studies
have demonstrated that the polarization vortex can be formed
in ferroelectric nanodots [10,47]. Furthermore, in ferroelectric
nanodots with plate geometry, polarization prefers to align in-
plane, whereas the polarization component in the out-of-plane
direction is suppressed [48,49]. Therefore, the formation of
in-plane polarization vortex in the triangular nanodots is con-
sistent. Although the single vortex forms in each considered
nanodot, the local polarization vectors that are far from the
vortex core mostly align along the 〈100〉 orientations, and
thereby, exhibit a strong dependence on the crystal orienta-
tion. Although two equivalent vortex states, i.e., CCW and
CW rotations, can appear in the nanodots, only CCW vortex
state is shown in Figs. 2(a)–2(d) for a consistent illustration.
To characterize the vorticity of polarization field, a toroidal
moment along the x3 direction is used and its magnitude
is calculated as, G3 = V −1

∫
V r × pdV . The overall toroidal

moments are determined at 1.06, 1.11, 1.12, and 1.13 e/Å
for the nanodots with θ = 0, 10, 40 and 60◦, respectively.
The calculated overall toroidal moments for the other crys-
tall orientations achieve similar magnitudes. Thus, the overall
toroidal moment of triangular nanodots is almost intact by
the change of crystal orientation. To determine the position
and direction of polarization vortex, distributions of vortic-
ity (or curl) of polarization (M = ∇ × p) are represented in
Figs. 2(e)–2(h) for the representative nanodots. When θ = 0◦,
the vorticity of polarization field highly concentrates at the
vortex core. This result is reasonable since the polarization
field near the vortex core deviates significantly from the spa-
tial uniformity. In addition, the vorticity is large in areas from
the vortex core toward three corners of triangular nanodots.
The shape of areas with large vorticity alters according to the
crystal orientation. Therefore, the change of crystal orienta-
tion slightly alters the overall characteristics of polarization

024104-4



DIRECT SWITCHING OF POLARIZATION VORTEX IN … PHYSICAL REVIEW B 104, 024104 (2021)

FIG. 3. Schematic illustration of possible pathways for the vor-
tex switching under homogeneous electric field E1: (a) indirect and
(b) direct switching pathways.

vortex, but significantly affects the local ones. In the following
subsections, we demonstrate that such a local effect gives
rise to distinguishable switching behaviors of polarization
vortex.

B. Vortex switching in triangular nanodots
under homogeneous electric field

Given the single vortex formed in the nanodots, the vortex
switching is investigated by applying a triangular wave of
homogeneous electric field E1 along the x1 direction. Before
we detail the vortex switching behaviors in the triangular
nanodots with different crystal orientations, a schematic that
illustrates some possible pathways for the vortex switching
is represented in Fig. 3 for clarity purpose. The switching
pathways can be separated into two classes; these are indirect
and direct switching pathways. In the former class [Fig. 3(a)],
the vortex rotation can be switched from one to another state
through an intermediate nonvortex state. For example, the
initial CCW vortex state is cleared away by forming a rec-
tilinear domain during the electrical loading process. Then,
the rectilinear domain transforms to a CW vortex state dur-
ing the unloading process. Such a switching pathway can be
proceeded by the loading processes of positive or negative
electric fields, which are named as types I-1 and I-2, respec-
tively [Fig. 3(a)]. In the latter class [Fig. 3(b)], the vortex
rotation can be directly switched back and forth between
CCW and CW states. Two types of direct switching can be
obtained with the use of positive or negative electric fields in
the loading process, named as types D-1 and D-2, respectively.
Since the indirect pathway has been reported in most previous

studies, the switching behavior of vortex in triangular nanodot
that follows this pathway is first presented.

1. Indirect switching of polarization vortex: Type I-1

Here, the indirect switching of polarization vortex that
follows the type I-1 is presented. In Fig. 4(a), the toroidal
moment G3 is represented as a function of applied electric
field E1 for the triangular nanodot with θ = 0◦. The initial
state of polarization pattern is taken with the CCW vortex,
which is relaxed to equilibrium, as shown in Fig. 2(a). The
first loading process is started with positive electric field. For
clarity, typical domain structures of nanodot during the first
electrical loading and unloading processes are represented in
Fig. 4(b), which are marked by several points from K0 to K4.
At the initial state, the toroidal moment achieves a high value
of 1.06 e/Å. In the loading process, as E1 increases from 0 to
0.1 V/Å, the toroidal moment G3 gradually decreases to 0.67
e/Å, then suddenly drops to a zero value at E1 = 0.054 V/Å.
The domain structure at point K1 indicates that the reduction
of G3 is accompanied by the decrease of vortex area since the
polarization vectors near the bottom edge of nanodot align the
electric field direction in a large area. At E1 = 0.054 V/Å,
the initial CCW vortex is cleared away due to the formation
of a rectilinear domain (K2), in which all polarization vectors
align along the direction of electric field. Here, the electric
field required for the vortex transformation is regarded as
coercive electric field, EC = 0.054 V/Å. The formation of
rectilinear domain leads to the zero value of toroidal moment
as E1 � 0.054 V/Å. In the unloading process, when E1 de-
creases from 0.1 to 0 V/Å, the toroidal moment G3 keeps a
zero value as E1 � 0.044 V/Å, then decreases to a negative
value at a lower field. The corresponding domain structure
(K3) indicates the transformation of rectilinear domain to
a polarization vortex. A careful observation of polarization
evolution exhibits that the polarization vectors near the bottom
edge of triangle reverse their orientations at the beginning
of evolution. This local change of polarization forms a small
vortex structure near the bottom edge (K3). The reformation
of vortex structure from the rectilinear domain is clarified in
previous study [23]. When the applied electric field decreases,
the newly formed vortex becomes larger and its core moves
toward the centroid of nanodot. At the zero field, the newly
formed vortex dominates the domain structure of the nanodot.
Consequently, the toroidal moment gradually decreases to
−1.06 e/Å in the unloading process. Importantly, the newly
formed vortex has the CW rotation, which is inverse to the
initial CCW state. Similarly, the vortex switching from CW to
CCW states can be achieved through the loading and unload-
ing of negative electric field, as shown in Fig. 4(a). Therefore,
the switching process occurs successively with a transforma-
tion of initial CCW vortex to rectilinear domain in the positive
loading process and a reformation of CW vortex from the
rectilinear domain in the unloading process. The switching
behavior of polarization vortex in the triangular nanodot with
θ = 0◦ is similar to that occurs in the antinotched nanodot,
which is reported in the previous study [23]. Note that, the
formation of rectilinear domain at large field is prerequisite
to the vortex switching in the triangular nanodot with θ = 0◦.
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FIG. 4. Switching behavior of polarization vortex under homogeneous electric field in the triangular nanodot with θ = 0◦. (a) The toroidal
moment G3 as a function of electric field E1. (b) Equilibrium domain structures at different magnitudes of electric field.

This switching behavior belongs to the switching type I-1, as
schematically illustrated in Fig. 3(a).

2. Indirect switching of polarization vortex: Type I-2

In Fig. 5, the domain evolution of the nanodot with θ = 60◦
under homogeneous electric field E1 is presented. Based on
the preliminary simulations, to obtain a complete switching
loop in one periodic of applied field, the first loading process
should be initiated with the negative electric field. The initial
polarization structure also adopts the CCW vortex state with
the toroidal moment of 1.13 e/Å, as depicted in Fig. 2(d). At
the first loading process from 0 to −0.1 V/Å, the toroidal mo-
ment decreases with decreasing electric field. In this process,
the CCW vortex state first transforms into a wavy domain
structure (L1). The formation of wavy domain structure orig-

inates from competitive effects of electric field and crystal
orientation on polarization directions, in which the overall po-
larization direction tends to follow the electric field, while the
local polarization vectors energetically prefer the 〈100〉 crystal
orientations. At point L1, most polarization vectors arrange
in the [100] and [010] crystal orientations. At E1 = −0.085
V/Å, the wavy domain structure is switched to a rectilinear
domain (L2), where the polarization vectors arrange along
with the [010] crystal orientation. The stabilization of [010]
single domain at large electric field is reasonable since the
[010] orientation in the nanodot with θ = 60◦ is closer to the
electric field direction (i.e., −x1 direction) than that of the
[100] orientation. The coercive electric field is determined as
EC = −0.085 V/Å. As a result, the toroidal moment drops
to zero value. In the unloading process, as E1 increases from
−0.1 to 0 V/Å, the rectilinear domain remains until E1 =

FIG. 5. Switching behavior of polarization vortex under homogeneous electric field in the triangular nanodot with θ = 60◦. (a) The toroidal
moment G3 as a function of electric field E1. (b) Equilibrium domain structures at different magnitudes of electric field.
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FIG. 6. Polarization vortex switching in the nanodot with θ = 40◦. (a) The toroidal moment G3 as a function of electric field E1.
(b) Equilibrium domain structures at different magnitude of electric field. (c) Snapshots of temporal domain structure during the vortex
switching.

−0.06 V/Å, then transforms into a V-shaped domain structure
(L3). Note that, such a V-shaped domain structure possesses
a large polarization gradient, leading to a nonzero value of
toroidal moment. At a lower field, the V-shaped domain struc-
ture transforms into a single vortex (L4). The newly formed
vortex has CW rotation, which is opposite to the initial CCW
state. It is obvious that the polarization vectors of the vortex
structure at point L4 remains their orientations in a large
area in comparison to that in the V-shaped domain structure,
except for the top corner of triangular nanodot. Therefore, the
formation of polarization vortex from the V-shaped domain
structure becomes easy; and the rotation of newly formed
vortex is determined by the V-shaped domain structure. A
switching from CW to CCW vortex state occurs similarly
under the positive electric loading and unloading processes.
The vortex switching in the nanodot with θ = 60◦ exhibits a
complex behavior, in which the vortex transformation passes
through several intermediate nonvortex states, including wavy,
rectilinear, and V-shaped domain structures. Note that, the
stabilization of wavy and V-shaped domain structures at a
moderate electric field originates from competitive effects of
electric field and crystal orientation on polarization direc-
tions [50]. However, if the first loading process initiates with
positive electric field on the CCW vortex, then the vortex
orientation cannot be switched in the first half periodic of the
applied electric field. However, the switching of CCW vortex

can be achieved after the first half periodic of the applied
electric field. In this study, to avoid the potential confusion on
the vortex switching, we choose the initial loading started with
negative electric field, where a complete switching loop can be
obtained in one periodic of applied field. The results shown in
Fig. 5 demonstrate a deterministic switching of polarization
vortex in the triangular nanodot with θ = 60◦. This switching
behavior is regarded as the type I-2.

3. Direct switching of polarization vortex: Type D-1

In this subsection, the switching behavior of polarization
vortex in the nanodot with θ = 40◦ under a homogeneous
electric field is investigated. The loading process begins with
an increase of positive electric field. The maximum of electric
field is selected as 0.05 V/Å, which is large enough for the
vortex switching. The initial state is taken with the CCW vor-
tex. The switching behavior of polarization vortex is shown in
Fig. 6. In the first increase of electric field from 0 to 0.05 V/Å,
the toroidal moment G3 gradually decreases from 1.12 to
0.77 e/Å, then suddenly drops to a large negative value of
−0.86 e/Å at E1 = 0.03 V/Å. The sudden change in the sign
of toroidal moment is associated with the reversal of vortex
rotation from CCW (M1) to CW (M2) states, which, other-
wise, demonstrates the direct switching of polarization vortex.
The newly formed CW vortex remains its rotation during the
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FIG. 7. Polarization vortex switching in the nanodot with θ = 10◦. (a) The toroidal moment G3 as a function of electric field E1.
(b) Equilibrium domain structures at different magnitude of electric field. (c) Snapshots of temporal domain structure during the vortex
switching.

unloading process (M3). Notably, the switching field EC=
0.03 V/Å is much smaller than those in the switching types
I-1 and I-2. In the indirect pathways, the switching process of
vortex takes place through one or several intermediate states,
in which the domain structure is distinguished from vortex
structure, e.g., rectilinear, wavy, or V-shaped domain struc-
tures. In addition, the intermediate states are maintained in a
wide range of electric field, and are prerequisite for the vortex
switching to occur. However, the single vortex in the nanodot
θ = 40◦ can be directly switched from CCW to CW rotations
and vice versa without the stabilization of any intermediate
state. This result exhibits a striking behavior of the switching
in the nanodot with θ = 40◦ under homogeneous electric field
and demonstrates the significant effect of crystal orientation
on the vortex switching behavior. This switching behavior is
regarded as type D-1.

To characterize and elucidate the detail on how the direct
vortex switching takes place in the nanodot with θ = 40◦,
temporal evolution of domain structure at E1 = 0.03 V/Å in
the loading process is considered. In Fig. 6(c), typical snap-
shots of domain structure during the polarization evolution are
represented and marked by several points from TM1 to TM4.
At the early evolution, the polarization vectors near the right
corner of nanodot depart from the [100] domain and form a
local curl polarization field (TM1). Then, a small polarization
vortex with CW rotation is formed near the right corner of

nanodot, which coexists with the original CCW vortex (TM2).
The CW vortex gradually expands, while the CCW vortex
shrinks (TM3). At point TM4, the CW vortex dominates the
domain structure of nanodot, while the original CCW vortex
disappears. At the end of evolution, only CW vortex remains,
and the switching of vortex rotation is obtained. It is obvi-
ous in Fig. 6(c), the domain structure also tends to form a
wavy configuration under the electric field due to compet-
itive effects of electric field and crystal orientation, similar
to that in the nanodot with θ = 60◦. However, the truncation
of wavy domain configuration due to the free edges of the
nanodot with θ = 40◦ creates a local distinguishable region
in the polarization field near the right corner of nanodot that
facilitates the formation of local vortex structure. Therefore,
the vortex switching behavior in the nanodot with θ = 40◦
is distinguished from that with θ = 60◦, although the crystal
orientation in these two cases closes to each other.

4. Direct switching of polarization vortex: Type D-2

In Fig. 7, the switching behavior of polarization vortex
in the nanodot with θ = 10◦ under a homogeneous electric
field is presented. Based on the preliminary simulations, the
electric field should be started with a negative electrical load-
ing; and the maximum of applied electric field is selected as
0.05 V/Å. The initial state polarization pattern is taken with
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FIG. 8. Dependence of switching behavior and electric coercive field EC on the crystal orientation (θ ) in the triangular nanodot.

the CCW rotation (N0). In the first decrease process of nega-
tive electric field, the toroidal moment G3 gradually decreases
from 1.11 to 0.76 e/Å, then suddenly drops to a negative value
of −1.05 e/Å at E1 = −0.025 V/Å. The sudden change in the
sign of toroidal moment originates from the CCW-to-CW vor-
tex switching, as illustrated at points N1 and N2. This result
clearly indicates the direct switching of vortex. The electric
field required for the vortex switching Ec is relatively small
in comparison to those in the indirect pathways. The rotation
of CW vortex state remains when the electric field reduces to
zero value (N3). The vortex structure in the triangular nanodot
θ = 10◦ is also switched directly from CCW to CW rotations
and vice versa without the stabilization of any intermediate
state. Although the vortex switching behavior in nanodot with
θ = 10◦ is similar to that in nanodot with θ = 40◦, the di-
rection of electric field that triggers the vortex switching is
opposite. This switching behavior follows the switching type
D-2.

To clarify the direct switching behavior in the nanodot
with θ = 10◦, temporal evolution of domain structure at the
switching field E1 = −0.025 V/Å in the loading process is
considered. Typical snapshots of domain structure during the
polarization evolution, which are marked by several points
from TN1 to TN4, are represented in Fig. 7(c). As shown in
Fig. 7(c) at point TN1, the polarization vectors near the lower
junction between the domain wall and the right free edge
change their directions at the beginning of evolution. Such
a change of polarization vectors initiates the formation of a
CW vortex near the junction (TN1). The CW vortex gradually
expands, while the original CCW vortex shrinks (TN2 and
TN3). At point TN4, the CW vortex dominates the domain
structure of nanodot, while the original CCW vortex fades
away. At the end of evolution, only CW vortex remains, and
the switching of vortex rotation is obtained (N2).

C. Effect of crystallographic orientation on the vortex switching

To provide a more general perspective on the effect of crys-
tal orientation on the vortex switching, here we summarize
the angular dependence of switching pathways in the range
of θ from 0 to 360◦, as shown in Fig. 8. The background
color in Fig. 8 indicates the angular span where a specific
switching pathway can take place. As shown in Fig. 8, the
polarization vortex in triangular nanodot can be switched
directly or indirectly in the full range of θ . This result demon-
strates that the triangular geometry of nanodot can guarantee
the deterministic switching of polarization vortex under a
homogeneous electric field. However, the switching behavior
follows different pathways, depending on the magnitude of θ .
More specifically, in the range of [0,90◦], the vortex switching
follows the type I-1 in [0,5◦] and [85,90◦], type I-2 in [15,35◦]
and [55,75◦], type D-1 in [35,55◦], and type D-2 in the re-
mained ranges, as shown in the enlarged view in Fig. 8. In the
full range of [0,360◦], the dependence of switching behavior
on the crystal orientation exhibits fourfold symmetry. Hence,
the results shown in Fig. 8 provides a helpful guideline for
tailoring and achieving various switching behaviors of polar-
ization vortex in the triangular nanodots.

Furthermore, we also present in Fig. 8 the angular de-
pendence of switching field EC , which is illustrated by a
continuous curved line. The magnitude of switching field
strongly depends on the crystal orientation. The EC magnitude
varies in a wide range from 0.025 to 0.1 V/Å. Importantly,
the EC magnitude in the direct types of vortex switching is
much smaller than that of indirect ones. For example, the
EC magnitudes in the switching types D-1 and D-2 are about
0.025 V/Å, while those in the switching types I-1 and I-2 are
larger than 0.05 V/Å. This result is reasonable since the direct
switching pathways can take place without the destruction of
vortex structure, which commonly requires a large electric
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field due to the topological-protection property. In addition,
this result suggests an effective pathway to switch the po-
larization vortex, which requires low-energy consumption.
However, the desired ferrotoroidic properties for memory ap-
plications simultaneously require a high remanent toroidal
moment and a low switching field. Since the direct switching
pathways can proceed at a small coercive field while preserv-
ing the high magnitude of the remanent toroidal moment, one
can improve the ferrotoroidic properties for memory appli-
cations by using rational crystal orientation in the triangular
nanodots.

Recently, the polarization vortices in PbTiO3/SrTiO3 su-
perlattice films are experimentally demonstrated to mobile
and can be switched to ordinary single ferroelectric domains
under an applied electric field [31]. After removal of the ex-
ternal field, the vortex structure spontaneously recovers [31].
These experimental results demonstrate the indirect switch-
ing of polarization vortex under electric field. However, in
magnetic materials, the switching of magnetization vortex is
experimentally observed in a triangular nanodot under in-
plane magnetic field [51,52]. In ferroelectrics, as an analog
material class of magnetics, the switching of polarization vor-
tex in the triangular nanodot under in-plane electric field can
occur similarly. Therefore, the switching pathways described
in this study are reasonable.

However, several extrinsic effects may influence the vortex
switching in ferroelectric nanodots. For example, the surface
effect is one of important factors affecting the polarization
behavior in ferroelectric nanodots since the charge screening
tends to decrease the depolarization field inside the nanodots.
In addition, ferroelectric nanodots are commonly fabricated
on substrates, which gives rise to epitaxial strain. Since strain
interacts with both polarization and toroidal moment through
the electromechanical coupling [53], the substrate-induced
strain may alter the polarization vortex switching under homo-
geneous electric field. However, a quantitative consideration
for the influences of electrical and mechanical boundary con-
ditions on the switching behavior of polarization vortex in
triangular nanodots is kept for future work. Furthermore, the

size effect that also influences the stability of polarization
vortex and the vortex switching should be considered. For
example, our preliminary simulations suggest that the polar-
ization vortex is stably formed in triangular nanodots with
the edge size below 40 nm. Although the results presented
in Fig. 8 specific for triangular nanodot, a similar results
can be obtained for diversity of nanodot geometries with
odd-fold symmetries. Therefore, this study opens exciting
opportunities for optimizing the vortex switching behavior
with low-power consumption and short switching duration
through a rational control of crystal orientation incompatible
to geometries of ferroelectric nanostructures.

IV. CONCLUSION

In summary, we performed a systematic investigation on
the dynamics of polar vortex in triangular PbTiO3 nan-
odots with different crystal orientations under a homogeneous
electric stimulus, using phase field model based on Ginzburg-
Landau theory. The polarization vortex and its characteristics
are considered in a wide range of crystal orientation. The
obtained results demonstrate that the vortex rotation in a
triangular nanodot can be switched by a homogeneous elec-
tric field, regardless of the crystal orientation. However, the
change of crystal orientation significantly tailors the switch-
ing behaviors, in which the vortex rotation can be switched
directly or indirectly. The indirect switching pathway requires
the stabilization of intermediate states, while the direct one
takes place without them. In addition, the direct switching
pathway requires lower electric field in comparison to that
of indirect one, suggesting an effective route to switch the
polarization vortex. Furthermore, this study demonstrates that
the incompatibility between the crystal orientation and ge-
ometry of ferroelectric nanostructures provides a new degree
of freedom to engineer the dynamic behavior of polarization
vortex under external fields, which, otherwise, is potentially
adopted to control the dynamic behavior of different topolog-
ical defects.
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