
PHYSICAL REVIEW APPLIED 11, 054001 (2019)
Editors’ Suggestion

Deterministic Switching of Polarization Vortices in Compositionally Graded
Ferroelectrics Using a Mechanical Field

Le Van Lich,1,* Tinh Quoc Bui,2 Takahiro Shimada,3 Takayuki Kitamura,3 Trong-Giang Nguyen,1 and
Van-Hai Dinh1

1
School of Materials Science and Technology, Hanoi University of Science and Technology,

No. 1 Dai Co Viet Street, Hanoi, Vietnam
2
Department of Civil and Environmental Engineering, Tokyo Institute of Technology, 2-12-1-W8-22, Ookayama,

Meguro-ku, Tokyo 152-8552, Japan
3
Department of Mechanical Engineering and Science, Kyoto University, Nishikyo-ku, Kyoto, 615-8540, Japan

 (Received 3 February 2019; revised manuscript received 2 April 2019; published 1 May 2019)

Deterministic switching of polarization vortices in ferroelectrics by a uniaxial mechanical load is
challenging. Here, we demonstrate, by using phase field simulations and ferroelectric instability analy-
ses, a deterministic switching of polarization vortices in a compositionally graded ferroelectric (CGFE)
nanoplate under a compressive stress. The obtained results suggest that the rational distribution of mate-
rial constituents in the CGFE nanoplate tailors the distributions of electromechanical coupling and total
energy densities of the nanoplate, which modifies the stress-induced vortex multiplication and annihilation
behaviors, distinguished from those in a homogeneous ferroelectric nanoplate. The switching of polariza-
tion vortices by compressive stress is verified through instability analyses for the CGFE nanoplate, which
not only confirms when the polarization switching occurs, but also demonstrates how the polarization
responds at the onset of the switching. In addition, the effects of various factors on the feasibility of stress-
induced vortex switching, including material gradient, temperature, and width-to-height ratio of the CGFE
nanoplate, are investigated and summarized in phase diagrams.
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I. INTRODUCTION

A ferroelectric vortex is a swirling polarization config-
uration around a stable central core, which is character-
ized by its vorticity of in-plane polarization vectors, i.e.,
clockwise (CW) and counterclockwise (CCW) rotations
[1]. Although polarization vortex structure was predicted
decades ago [1–6], experimental observations of the polar-
ization vortex have been achieved only in recent years
[7–10]. The realization of the polarization vortex opens
exciting opportunities for alternative ferroelectric-based
nanodevices. For instance, the bistability of CW and CCW
vortices is appealing for nonvolatile memory storage con-
cepts [1]. Moreover, the properties of electronic transport
at the vortex core are quite promising for the design
and implementation of integrated oxide electronic devices
based on vortex domain structures [11]. For a reliable
implementation of vortices in such applications, the pre-
requisite is an effective control of the polarization vortex,
i.e., deterministic switching of the polarization vortex.

Controlling polarization vortices has attracted great
attention over the past decade. An early idea is to utilize a
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curled electric field to switch the polarization vortex [12–
14]. However, the magnitude of the applied field that is
necessary for the switching of electric toroidal moment
is difficult to generate in practice [15]. Alternatively, a
homogeneous electric field has been proposed to switch the
polarization vortex in ferroelectric systems with rational
designs of nanostructures, such as asymmetric ferroelectric
nanorings [16], dot-film systems [17], and asymmetric fer-
roelectric nanodisks [18]. Another attempt has been made
to switch the polarization vortex using a homogeneous
electric field with the mediation of asymmetric mechanical
fields caused by substrate, dislocations, and local clamping
force [19].

Investigations on the switching of polarization vortices
have been mostly focused on electrical switching, where
the electrostatic interaction between polarization and the
external electric field is exploited to control the switch-
ing behavior. However, the ferroelectric aging and fatigue
phenomena are common issues emerging in the electrical
switching [20–23]. Other than the electrostatic interac-
tion, ferroelectric materials intrinsically include the elec-
tromechanical coupling between polarization and strain
(or stress), which makes ferroelectrics susceptible to a
mechanical excitation. Since the electromechanical cou-
pling is distinct from the electrostatic interaction, it is
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expected that the mechanical switching of a polarization
vortex (if possible) should follow a different pathway
from that of electrical switching. On the other hand, the
vortex switching process generally proceeds through a
nucleation of a new vortex with opposite vorticity, fol-
lowed by the annihilation of the initial vortex [12,13].
In addition, the nucleation and annihilation of vortices
can be induced by both electric fields and mechanical
fields [24–26]. This result indicates a possibility of vortex
switching via mechanical fields. Pursuing the mechani-
cal switching of polarization vortices, a recent study [27]
showed that, by introducing a physical pore in a fer-
roelectric nanoplate, a closure flux polarization pattern
can be switched by mechanical load. However, such a
porous nanoplate inevitably excludes the physical vortex
core in the closure-flux pattern, which is topologically
distinguished from a polarization vortex [28–30]. Since
the characterized properties of polarization vortices mostly
exhibit at the vortex core and its vicinity region [11,31,32],
the appearance of a physical pore significantly degrades
or even eliminates the vortex properties. In addition, the
presence of a pore in a nanoplate brings about a high
stress concentration near the pore under mechanical load
[27], giving rise to a serious concern in the fracture resis-
tance of the porous nanoplate due to the inherent brittle-
ness and low fracture toughness of ferroelectrics [33,34].
Therefore, the deterministic switching of a polarization
vortex by mechanical loads remains elusive, in spite of
its strong possibility. More recently, an electromechanical
control of polarization vortex ordering has been investi-
gated in a system of two interacting ferroelectric nanopar-
ticles surrounded by an elastic medium [35]. The obtained
results suggested that by applying an electric field, a
mechanical strain is transferred into the elastic matrix
and facilitates preferential switching of the vortexlike
patterns.

In general, the switching of polarization vortices is
governed by the nucleation and annihilation process of
polarization vortices; thus, if one can control the trajectory
of this process, the switching of polarization vortex can
be achieved. Recent significant advances in manufactur-
ing technology have enabled us to obtain compositionally
graded ferroelectric (CGFE) heterostructures [36,37]. In
CGFE nanostructures, the material compositions are site
dependent, which gives rise to gradients in both polariza-
tion and strain fields. The intrinsic polarization and strain
gradients significantly modify the electromechanical cou-
pling interaction in CGFE nanostructures in comparison to
that in the homogeneous ferroelectric (HFE) counterparts
[37]. Since the nucleation and annihilation process of a
vortex under mechanical fields is dominated by the elec-
tromechanical coupling interaction, such a modification
of the electromechanical coupling interaction in CGFEs
is quite promising to exploit for a control of the vor-
tex nucleation and annihilation process and, therefore, has

potential for the feasibility of vortex switching in CGFE
by mechanical fields.

In this paper, we conduct phase field simulations
and ferroelectric instability analyses to demonstrate a
deterministic switching of the polarization vortex in a
CGFE nanoplate under a compressive stress. The mate-
rial constituents are assumed to linearly vary in the long
axis direction of the nanoplate. The compositional gradi-
ent of materials strongly affects the stress-induced vortex
multiplication and annihilation behaviors in the CGFE
nanoplate. Consequently, a deterministic switching of a
polarization vortex can be realized after a stress load-
ing and unloading process. In addition, we systematically
discuss the effects of material gradient, temperature, and
shape of the CGFE nanoplate on the switching of a polar-
ization vortex under stress.

II. METHODS

A. Phase field model for compositionally graded
ferroelectrics

The formation and switching of domain structures in
CGFE nanoplates under a mechanical field are investigated
using the phase field model based on the Ginzburg-Landau
theory. In this study, we modify the phase field model of
HFEs [18,38–42] and then apply it for CGFEs by including
the site-dependent character into the model. As a typi-
cal example, CGFE material is selected as Pb1−xSrxTiO3
(PST), where the material parameters are assumed to be
a weighted linear average of the constituent materials
[43,44], i.e., PbTiO3 (PT) and SrTiO3 (ST), as

ξ x = (1 − x)ξPT + xξST, (1)

where ξ x are any material parameters, such as the dielectric
stiffness, elastic constants, electrostrictive constants, and
Curie temperature of constitution materials, corresponding
to a particular mole fraction, x, of ST in PST material; ξPT

and ξST are any given material parameters for pure PT and
ST, respectively.

To easily compare and see the distinction between phase
field models of HFEs and CGFEs, we present the phase
field model of CGFEs in a similar manner with that of
HFEs described in a previous study [18]. In addition,
energy components of the CGFE system, which include
varying material parameters according to material con-
stituents, are marked with superscript x. In the phase
field model of CGFEs, three physical fields, including the
displacement u(= ui), electric potential φ, and polarization
p(= pi), are required to describe behaviors of the materi-
als, in which the spontaneous polarization vector is usually
regarded as the material order parameter. Therefore, the
electrical enthalpy f x

FE is a function of polarization pi,
polarization gradient ∇ipj , electric field Ei, and strain εij ,
where ∇ipj = ∂pj /∂xi, Ei = ∂φ/∂xi, and εij = (∂ui/∂xj +
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∂uj /∂xi)/2 (i, j = 1, 2, 3). The electrical enthalpy f x
FE is

given by

f x
FE = f x

L (pi) + f x
G (∇ipj ) + f x

Elas(εij )

+ f x
Coup(εij , pi) + f x

E (pi, Ei), (2)

where f x
L (pi), f x

G (∇ipj ), f x
Elas(εij ), f x

Coup(εij , pi), and
f x
E (pi, Ei) denote the Landau, gradient, elastic, elec-

tromechanical coupling, and electrostatic energy densities,
respectively. Detailed expressions of these energy densi-
ties are presented in similar forms to those in previous
studies [18,45]. The total energy of the CGFE system �

is obtained by integrating the electrical enthalpy over the
entire volume of the CGFE system V, implying

� =
∫

V

[∫
x

f x
FEdx

]
dV. (3)

The temporal evolution of the polarization field toward its
thermodynamic equilibrium state is governed by the time-
dependent Ginzburg-Landau (TDGL) equation, as follows:

∂pi(r, t)
∂t

= −L δ�

δpi(r, t)
, (4)

where t denotes evolution time, r = (x1, x2, x1) is the spa-
tial vector, and L is a kinetic coefficient. In addition to the
TDGL equation, the mechanical equilibrium and Maxwell
(or Gauss) equations must be satisfied simultaneously with
respect to body force-free and charge-free CGFE materials
as follows:

∂

∂xj

(
∂f x

FE

∂εij

)
= 0 (5)

and

∂

∂xi

(
−∂f x

FE

∂Ei

)
= 0. (6)

To solve these equilibrium equations [Eqs. (4)–(6)], a
numerical algorithm based on the finite-element method
(FEM) is employed in the present study. For the space
discretization, hexahedral elements with seven degrees of
freedom (DOFs) at each node, i.e., ui, φ, pi, are taken.
All the governing equations are solved in real space. The
implementation of the phase field model of CGFE in a
FEM framework is described in detail in the previous
study [46].

B. Instability analysis for ferroelectrics

We consider a three-dimensional finite-element model
of a continuum ferroelectric system consisting of N nodes.

The potential energy of the system U can be described as

U = U(u, φ, p), (7)

where

u = (u1
1, u1

2, u1
3, u2

1, u2
2, u2

3, . . . , uN
1 , uN

2 , uN
3 )T, (8)

φ = (φ1, φ2, . . . , φN )T, (9)

p = (p1
1 , p1

2 , p1
3 , p2

1 , p2
2 , p2

3 , . . . , pN
1 , pN

2 , pN
3 )T. (10)

Here, uα
i , φα , and pα

i respectively represent the displace-
ment, electrical potential, and polarization vector at the
node αth in the xi direction. According to the previous
study [14], the irreducible number of DOFs in the con-
sidering system is 7N − 7. For simplicity, all irreducible
DOFs of the system are represented by the following
m-dimensional vector d:

d = (u2
3, u3

1, u3
2, u4

1, u4
2, u4

3, . . . , uN
1 , uN

2 , uN
3 , φ2, φ3, . . . , φN ,

p1
1 , p1

2 , p1
3 , p2

1 , p2
2 , p2

3 , . . . , pN
1 , pN

2 , pN
3 )T

= (d1, d2, . . . , dm)T. (11)

When the system is in a thermodynamic equilibrium state
(d = d0), the polarization vectors are unchanged under a
static mechanical load. Generally, the total energy of the
system � consists of the potential energy U and the work
done by an external mechanical load W. It is given by

� = U + W. (12)

The total energy of the system in terms of an infinites-
imal deformation and/or perturbation of the polarization
vector, �(d0 + 	d), can be described by the Taylor series
expansion of the total energy, �(d0), with 	d, and is
described as

�(d0 + 	d) = �(d0) +
m∑

k=1

∂�

∂dk

∣∣∣∣∣
d=d0

	dk

+ 1
2

m∑
k=1

m∑
l=1

∂2�

∂dk∂dl

∣∣∣∣∣
d=d0

	dk	dl + · · ·

(13)

At the thermodynamic equilibrium state, the stability con-
dition requires minimization of the total energy. In the
other words, the second term on the right-hand side (the
first derivative of total energy) in Eq. (13) must be zero
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[14,47–50], i.e.,

m∑
k=1

∂�

∂dk

∣∣∣∣∣
d=d0

	dk = 0. (14)

In addition, the external load is constant due to the static
loading; therefore,

∂2W
∂dk∂dl

∣∣∣∣
d=d0

= 0. (15)

By ignoring the higher-order terms, the change in total
energy 	� can be rewritten as

	� = �(d0 + 	d) − �(d0) = 1
2	dTH	d, (16)

where H is the m × m Hessian matrix. The components of
the Hessian matrix are given by the second derivative of
the total energy with respect to the DOFs as follows:

Hkl = ∂2�

∂dk∂dl

∣∣∣∣
d=d0

= ∂2U
∂dk∂dl

∣∣∣∣
d=d0

. (17)

The eigenvalues ηi (η1 ≤ · · · ≤ ηi ≤ · · · ≤ ηm) and the
corresponding eigenvectors νi of matrix H are obtained by
solving the following eigenvalue problem:

Hνi = ηiνi. (18)

Using the eigenvectors νi, the matrix H is diagonalized as

V−1HV = VTHV =

⎡
⎢⎣

η1 0
. . .

0 ηm

⎤
⎥⎦ , (19)

where V = (ν1, ν2, . . . , νm). Introducing

	Q = V−1	d = (	Q1, . . . , 	Qm)T, (20)

the total energy change in Eq. (16) becomes

	� = 1
2
(V	Q)TH(V	Q) = 1

2
	QT (

VTHV
)
	Q

= 1
2

m∑
i=1

ηi(	Q)2. (21)

A previous study [14] indicated that the critical condi-
tion for instability (	� = 0) appears when the minimum
eigenvalue reaches zero (η1 = 0) and the corresponding
eigenvector ν1 at η1 = 0 represents the change in the polar-
ization vector and the elastic deformation at the instability,
i.e., the instability mode vector.

C. Simulation models and procedure

In the present study, we focus on nanoplates made of
CGFEs, in which the constituent materials vary linearly
as Pb0.8Sr0.2TiO3(Top)⇔PbTiO3(Middle)⇔Pb0.8Sr0.2TiO3
(Bottom) (namely, PST20⇔PT⇔PST20), as shown in
Fig. 1. For comparison, a nanoplate with the same size,
yet made of HFE Pb0.9Sr0.1TiO3 (PST10) is also consid-
ered. Note that the averaged mole fractions of material
constituents in CGFE and HFE nanoplates are selected
the same. Figure 1 shows the geometries of nanoplates
used in the present study. To intentionally form a spon-
taneous polarization vortex, the dimensions of nanoplates
are set in a range from several to tens of nanometers,
which takes into account the strong depolarization field
at free surfaces of the nanoplates [1,51]. Therefore, the
thickness of nanoplates t is prepared at 10 nm, while the
width w and height h are set to be 16 and 24 nm, respec-
tively. Three-dimensional (3D) discrete grids with brick
elements are employed. The size of the smallest element is
less than 0.4 nm. A default simulated temperature is set to
be near room temperature (300 K), unless otherwise speci-
fied when the temperature effect is discussed. Values of all
material parameters used in this work for pure PT and pure
ST materials are listed in previous studies [26,52,53].

In order for ferroelectric nanoplates to attain thermo-
dynamic 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 integrated
into the FEM algorithm for the time integration and nonlin-
ear iteration, respectively. The polarization configuration
is stably formed when the change of total energy magni-
tude in the considered system is below 10−3 eV. Previous
studies suggested that a compression can trigger the nucle-
ation of new vortices. Therefore, in this study, a uniform
compressive stress σapp is applied in a step-wise manner

x2

x1

%ST

x2

200

σapp

%ST

x2

100

σapp
(a) (b)

FIG. 1. Geometries and loading conditions of (a) HFE and (b)
CGFE nanoplates.
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to the nanoplates along the x2 direction with periodic tri-
angular waves to investigate the polarization switching
behaviors. At each value of σapp, the computational time
is set to be sufficiently long, in order for the ferroelectric
system to reach an equilibrium domain structure. The max-
imum value of compressive stress is set to be sufficiently
high to ensure that saturation of the polarization switching
could be reached.

III. RESULTS AND DISCUSSIONS

A. Spontaneous polarization pattern of ferroelectric
nanoplates

Figures 2(a) and 2(b) depict the equilibrium distribu-
tions of polarization field and stresses in HFE and CGFE
nanoplates, respectively. In both nanoplates, the sponta-
neous polarizations are arranged in a head-to-tail man-
ner and form a single-vortex domain structure [1]. Fig-
ures 2(a1) and 2(b1) show the CCW polarization vortices
in HFE and CGFE nanoplates, respectively. The polariza-
tion vortex is characterized by toroidal moment of polar-
ization G3, which is defined as G3 = (1/V)

∫
V(ri × pi)dV,

where ri is the position vector of polarization pi and V
is volume of the nanoplate. The direction of the 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 to 2.83 and 3.22
e/Å for the HFE and CGFE nanoplates, respectively. On
the other hand, in the HFE nanoplate, the polarization mag-
nitude is nearly uniform, except for the domain wall and
vortex-core areas, as shown in Fig. 2(a2). However, in
the CGFE nanoplate, the magnitudes of polarization vec-
tors are high in the middle of the CGFE nanoplate and
gradually decrease toward the top and bottom surfaces
[Fig. 2(b2)]. The spatial gradation in polarization magni-
tude originates from the compositional gradient of ST in
the CGFE nanoplate, which is consistent with experimen-
tal observation [37]. In addition, the polarization magni-
tudes at domain wall and vortex-core areas are relatively
small in comparison to that in the remaining area. More-
over, distributions of stress components σ11 and σ22 in the
two nanoplates suggest that the stresses highly concentrate
near the vortex cores, which is also consistent with pre-
vious studies on HFEs [26,32,54]. Importantly, the stress
gradients in the CGFE nanoplate become steeper than
that in the homogeneous counterpart. Therefore, not only
polarization but also stress fields in the CGFE nanoplate
are altered in comparison to those in the HFE nanoplate,

P (C/m2)

0 0.80.4

b2

σ11 (GPa)

–2 62

b3

σ22 (GPa)

–2 62

b4

x1

x2

3x

P

0
π

π/2

3π/2

b1

a1 a2 a3 a4

P (C/m2)

0 0.80.4

σ11 (GPa)

–2 62

σ22 (GPa)

–2 62
x1

x2

3x

P

0
π

π/2

3π/2

(a)

(b)

FIG. 2. Polarization vortex
structures, distributions of polar-
ization magnitude, stresses, and
total energy densities in (a) HFE
and (b) CGFE nanoplates.
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which originates from the partial distribution of mate-
rial constituents in the CGFE nanoplate. Such distinctions
may bring about a different electromechanical coupling in
the CGFE nanoplate, and thereby, a different switching
pathway under mechanical loads.

B. Stress-induced switching of polarization vortex in
ferroelectric nanoplates

To gain more insight into the effect of the compo-
sitional gradient on the polarization vortex switching,
we investigate the polarization evolution of the CGFE

nanoplate under mechanical load in comparison with that
in its homogeneous counterpart. The obtained results for a
HFE nanoplate are firstly presented for clarity.

Figures 3(a) and 3(b) show the domain evolution in the
HFE nanoplate under a triangular wave of compression.
Figure 3(a) visualizes the toroidal moment G3 as a func-
tion of σapp. The evolution direction is marked by several
typical points from H1 to H5. The corresponding polar-
ization domain patterns from point H1 to point H5 are
depicted in Fig. 3(b). The initial state polarization pattern
is taken with the CCW single vortex, as shown at point H1

C1 C2 C3

C4 C5 C6

(c)

(d)
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–8 –2
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0 2–6–10
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id
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t G
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Å
)
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–14
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H4 H5
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0
π

π/2

3π/2

CCW vortex

CW vortex
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x1x3
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–2.0

–3.0
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H3
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H2

FIG. 3. (a) Toroidal moment of polarization vortex as a function of mechanical load in HFE nanoplate. The direction of the evolution
is indicated by black arrows and marked by several points from H1 to H5. (b) The corresponding domain structures from point H1
to point H5. (c) Toroidal moment of polarization vortex as a function of mechanical load in CGFE nanoplate. The direction of the
evolution is indicated by black arrows and marked by several points from C1 to C6. (d) The corresponding domain structures from
point C1 to point C6.
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in Fig. 3(b). At the first decrease process of the mechani-
cal load from H1 to H3, as σapp decreases from 0 to −4.0
GPa, the toroidal moment G3 slightly decreases from 2.83
to 2.5 e/Å, then suddenly drops to 0.99 e/Å at σapp = −3.2
GPa. An observation of the domain structures reveals that
the initial single vortex evolves into triple vortices with
alternative CCW-CW-CCW vorticities, which causes the
drop in magnitude of the toroidal moment. In the increase
process from H3 to H5, as σapp increases from −4.0 to 0
GPa, the toroidal moment G3 slightly increases and then
abruptly jumps from 1.20 to 2.80 e/Å at σapp = −0.8 GPa.
The corresponding domain structures indicate a transfor-
mation from the triple-vortex state to the single-vortex
state, in which two CCW vortices near the top and bot-
tom surfaces expand to annihilate the middle CW vortex
and then merge into a single vortex. Importantly, the newly
formed single vortex has CCW vorticity, which is the same
as that of the original single vortex. A similar tendency
is observed for the vortex switching starting from a CW
single vortex, as shown by the dashed lines in Fig. 3(a).
Although Fig. 3(a) exhibits a mechanical hysteresis loop of
toroidal moment where a transformation between single-
vortex and triple-vortex states occurs, the rotation of polar-
ization vectors in the single vortex cannot be reversed.
This result is also consistent with the switching behav-
iors in HFEs with different averaged mole fractions of
material constituents [24]. Therefore, the switching of a
polarization vortex in a HFE nanoplate by compression is
prohibited. In the following, the switching behavior similar
to that in Figs. 3(a) and 3(b) is defined as type A.

Figures 3(c) and 3(d) show the domain evolution of
a CGFE nanoplate under a triangular wave of compres-
sion. The initial polarization structure adopts a CCW single
vortex, as depicted at point C1 in Fig. 3(d). At the first
decrease process of the mechanical load from C1 to C3, as
σapp decreases from 0 to −10 GPa, the initial single vortex
transforms into triple vortices, manifested with a sudden
decrease of G3 from 3.22 to 1.04 e/Å at σapp = −8.2 GPa.
The triple-vortex state has alternative CCW-CW-CCW
vorticities. The domain evolution and the evolution paths
during the first decrease process of the mechanical load
in the CGFE nanoplate are similar to those in the HFE
nanoplate shown in Figs. 3(a) and 3(b). However, the trans-
formation from single- to triple-vortex states in a CGFE
nanoplate occurs at a larger magnitude of stress, in com-
parison to that in the homogeneous counterpart. This result
indicates that the single vortex in the CGFE nanoplate is
more stable than that in the HFE nanoplate. In the increase
process of the mechanical load from C3 to C6, as σapp
increases from −10 to 0 GPa, the toroidal moment gradu-
ally decreases. Then it decreases dramatically and achieves
a negative value as σapp is as large as −3.0 GPa. When σapp
completely releases, the toroidal moment achieves a high
negative value of −3.22 e/Å. An observation of domain
structure indicates that the middle CW vortex expands and

clears away two CCW vortices near the top and bottom
surfaces. Therefore, only one single vortex remains as the
applied stress releases. Importantly, the remaining single
vortex has CW vorticity, which is opposite to the initial
CCW vorticity. In the subsequent period of mechanical
loading, the CW single vortex can be switched back to the
original CCW single vortex, such that the evolution path
follows a reverse tendency in comparison to that in the
previous period of mechanical loading. This result demon-
strates a deterministic switching of a single vortex in the
CGFE nanoplate. In Fig. 3(c), a butterfly loop character-
izing the change of toroidal moment due to an applied
compression is striking. The switching behavior similar to
that in Figs. 3(c) and 3(d) is defined as type B.

C. Origin of stress-induced vortex switching in CGFE
nanoplate

To validate stress-induced switching of polarization vor-
tex in CGFE nanoplate, an investigation on the instability
behavior of polarization is conducted. The instability crite-
rion is determined by calculating the minimum eigenvalue
of the Hessian matrix with a consideration of all degrees of
freedom.

First of all, we consider the instability behavior of the
domain structure in a HFE nanoplate under compression.
Figure 4(a) shows the normalized minimum eigenvalue
η∗

1 as a function of compression σapp. Here, the minimum
eigenvalue η1 is normalized according to its magnitude at
zero mechanical field, η0

1. The minimum eigenvalue η0
1 is

positive at σapp = 0 GPa, indicating that the system is sta-
ble. η∗

1 is almost a constant at the beginning of the decrease
process and then decreases with the decrease of the applied
stress. η∗

1 reaches zero at point H -I as σapp = −3.2 GPa and
then increases abruptly to a value of about 0.5. It should be
noted that the stress magnitude at point H -I with η∗

1 = 0,
which indicates the onset of instability, agrees exactly with
the respective mechanical field for the initiation of trans-
formation from single- to triple-vortex states, as described
in Figs. 3(a) and 3(b). Similarly, in the increase process of
the mechanical load, the normalized minimum eigenvalue
η∗

1 reaches a zero value at point H -II, where σapp = −0.8
GPa. Figure 4(b) illustrates the eigenvector distribution
that corresponds to η∗

1 = 0 at point H -II, which indicates
the instability mode, i.e., the change of polarization with
the transformation of triple- to single-vortex states. The
instability mode vector is significantly large at the domain
walls and the middle area of the nanoplate, while it is rel-
atively small in the other areas, for example, the regions
near the top and bottom vortices. This result demonstrates
that polarizations at the domain walls and the middle area
of the HFE nanoplate are quite sensitive to the change of
applied mechanical load. The instability mode vector also
demonstrates that the vortices near the top and bottom sur-
faces are more stable than those in the middle of the HFE
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at points H -II and C-II in (b) HFE and (d) CGFE nanoplates,
respectively.

nanoplate. In addition, the instability mode vector clearly
shows the changing tendency of the polarization vectors,
which corresponds to the onset of polarization transforma-
tion from triple- to single-vortex states in the unloading
process. The obtained results shown in Figs. 4(a) and
4(b) not only confirm when the polarization switching in
a HFE nanoplate occurs, but also demonstrates how the
polarization responds at the onset of the switching.

For the CGFE nanoplate, the normalized minimum
eigenvalue η∗

1 is shown in Fig. 4(c) as a function of the
imposed compression. In the first decrease process of com-
pression, the system is stable at σapp = 0 GPa as the mini-
mum eigenvalue η0

1 is positive. Then, η∗
1 decreases in value

as σapp decreases and reaches a zero value at σapp = −8.2
GPa (point C-I), where the transformation from single- to
triple-vortex states occurs. In the increase process of com-
pression, there are three positions where η∗

1 drops to zero
(from C-II to C-IV), which correspond to the successive
transitions from triple- to single-vortex states through sev-
eral metastable states in a CGFE nanoplate. Figure 4(d)
illustrates the instability mode vector, which corresponds
to η∗

1 = 0 at σapp = −3.6 GPa [point C-II in Fig. 4(c)] in

the increase process. The instability mode vector is domi-
nant at the domain walls and vortex cores near the top and
bottom surfaces, while it is relatively small in the other
areas. A similar distribution of the instability mode vectors
can be obtained for η∗

1 = 0 at points C-III and C-IV. This
result demonstrates that the motions of domain walls and
vortex cores near the top and bottom surfaces are the most
favorable instability phenomenon that occurs in the CGFE
nanoplate under mechanical load. In other words, the CW
vortex in the middle of the CGFE nanoplate is likely
to remain during the polarization change in the unload-
ing process. Therefore, the instability analyses clearly
show the underlying mechanism of stress-induced vortex
switching in the CGFE nanoplate.

We further consider the distributions of total and cou-
pling energy densities in HFE and CGFE nanoplates that
correspond to points H -II and C-II shown in Figs. 4(a)
and 4(c), respectively. In a HFE nanoplate [Figs. 5(a) and
5(b)], the total and coupling energy densities highly con-
centrate at the domain walls and vortex cores. Since vortex
cores near the top and bottom surfaces are surrounded
by small magnitudes of total and coupling energy densi-
ties, these vortices are less sensitive to the applied stress
and become relatively more stable than the middle vor-
tex. Particularly, both total and coupling energy densities
highly concentrate near the vortex core at the middle of
the nanoplate. Therefore, the middle vortex is likely to be
annihilated, which is consistent with the instability mode
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FIG. 5. Distributions of (a) total and (b) electromechanical cou-
pling energy densities in a HFE nanoplate and distributions of
(c) total and (d) electromechanical coupling energy densities in a
CGFE nanoplate.
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and switching phenomenon in the HFE nanoplate. On the
other hand, in the CGFE nanoplate [Figs. 5(c) and 5(d)],
the total and coupling energy densities also highly concen-
trate at the domain walls and vortex cores. However, in
the area surrounding the vortex core in the middle of the
nanoplate, both total and coupling energy densities are rel-
atively small, which tends to preserve this vortex during
the evolution. In contrast, the total and coupling energy
densities highly concentrate near the top and bottom sur-
faces, such that the polarization in these areas is likely to
be switched during the evolution and, thereby, two vortices
near the top and bottom surfaces are cleared away.

D. Effects of various factors on the switching of
polarization vortex: Material gradient, temperature,

and geometry of CGFE nanoplate

To provide a comprehensive viewpoint on the feasibil-
ity of stress-induced switching of polarization vortices in a
CGFE nanoplate, the effects of several factors are investi-
gated. At first glance, there should exist a suitable material
gradient beyond which the switching of a polarization
vortex is prohibited. When the gradient of material compo-
sitions is small enough, its effect should be small and the
switching behavior is similar to that in HFE (type A). An
increase of material gradient could enhance the stability of
the vortex at the area with a high mole fraction of PT and
lead to more feasible switching (type B). However, when
the material gradient is large enough, the evolution path of
vortex switching is expected to be different. To make this
point clear, we fix the material composition at the middle
of the nanoplate as PT, while the material compositions at
the top and bottom surfaces are simultaneously changed.
Note that the constituent materials vary linearly from the
middle of the nanoplate to the top and bottom surfaces.

Snapshots of the vortex evolution for three CGFE
nanoplates with different material gradients, i.e., PST10⇔
PT⇔PST10, PST20⇔PT⇔PST20, and PST40⇔PT⇔
PST40, near room temperature (300 K) are shown
in Figs. 6(a)–6(c), respectively. It can be seen that
a CGFE nanoplate with the material gradient being
PST10⇔PT⇔PST10 exhibits domain evolution follow-
ing type A. However, a CGFE nanoplate with the material
gradient being PST40⇔PT⇔PST40 exhibits a different
domain evolution. More specifically, in the loading pro-
cess, the initial CCW single vortex is switched to triple
vortices. However, the triple-vortex state has alternative
CW-CCW-CW vorticities, which is opposite to that in the
CGFE nanoplate of PST20⇔PT⇔PST20. In the unload-
ing process, the middle vortex with CCW vorticity clears
away the other vortices. After the loading-unloading pro-
cess, the CCW vorticity of single vortex still preserves.
Therefore, the switching of a polarization vortex in the
CGFE nanoplate of PST40⇔PT⇔PST40 is prohibited.
This switching behavior is regarded as type C.

We further conduct simulations for CGFE nanoplate
with various material gradients under different tempera-
ture conditions. Figure 6(d) depicts a phase diagram, which
summarizes the feasibility of stress-induced vortex switch-
ing in CGFE nanoplates with various material gradients
under different temperature conditions. Near room tem-
perature (300 K), the polarization vortex can be switched
by mechanical load in CGFE nanoplates as the material
gradient changes in a range from PST16⇔PT⇔PST16
to PST30⇔PT⇔PST30. In addition, one can see from
Fig. 6(d) that the range of the material gradient for the
switching of a single vortex increases with the decrease
of temperature.

Finally, the effect of the width-to-height ratio of a
CGFE nanoplate on the feasibility of stress-induced vor-
tex switching is considered. In the investigation of this
section, we keep the lateral size of a CGFE nanoplate
to be w × h ≈ 384 nm2, but change the width-to-height
ratio w/h of CGFE nanoplates from 0.5 to 1.0. The
material composition of a CGFE nanoplate is selected as
PST20⇔PT⇔PST20. From the preliminary results, we
also observe three types of vortex switching, e.g., types
A, B, and C, as discussed in previous sections. Figure 6(e)
shows a phase diagram that summarizes the feasibility of
stress-induced vortex switching in CGFE nanoplates with
various w/h ratios under different temperature conditions.
Near room temperature (300 K), the polarization vortex
can be switched as w/h in a range of [0.6, 0.85]. The range
of the w/h ratio for vortex switching increases with the
increase of temperature.

On the other hand, inhomogeneous distributions of
strain and polarization magnitudes in the CGFE nanoplate
exhibit steep gradients in strain and polarization fields
[Fig. 2(b)] that lead to flexoelectricity. The flexoelectric
effect contributes to enhance the electromechanical cou-
pling [55]. Since the coupling between polarization and
strain is one of the sources for the vortex switching, the
flexoelectricity may affect the magnitude of applied stress
at which the vortex switching occurs, while the switch-
ing behavior of a polarization vortex in a CGFE nanoplate
may not change in general. However, a quantitative con-
sideration for the influence of the flexoelectric effect on the
stress-induced switching of a polarization vortex is kept for
future work.

It should be noted that the mechanical stress and strain
can be imparted into a nanoplate through a lattice parame-
ter mismatch and differences in thermal expansion behav-
ior between the nanoplate and the underlying substrate or
they can arise from grain boundaries and defects formed
during fabrication [56–58]. However, exerting a well-
controlled stress (or strain) on a nanoplate in practice
requires some techniques. There are several practical meth-
ods being employed. One possible approach is using the
tip of an atomic force microscope pushed onto the surface
of a nanoplate; thus, a compressive stress can be induced
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FIG. 6. Snapshots of the vortex evolution for three CGFE nanoplates with different material gradients: (a) PST10⇔PT⇔PST10, (b)
PST20⇔PT⇔PST20, and (c) PST40⇔PT⇔PST40, near room temperature (300 K). (d) Phase diagram summarizing the feasibility
of vortex switching in CGFE nanoplates with various material gradients and temperature conditions. (e) Phase diagram summarizing
the feasibility of vortex switching in CGFE nanoplates with different width-to-height ratios and temperature conditions.

due to the tip [59–61]. Another approach is the use of
magnetic-ferroelectric composites, where a large strain can
be induced and controlled in the magnetic phase by an
external magnetic field due to the magnetostrictive effect.
This strain transfers to the ferroelectric phase through
interfaces between magnetic and ferroelectric phases [62–
64]. In addition, a designed bending device is also a
usable tool providing good control over stress (or strain)
on nanoplates [65].

IV. CONCLUSIONS

In this work, the formation and transformation of a
polarization vortex in a CGFE nanoplate under mechan-
ical excitations is systematically investigated. It is found

that stabilization of a single-vortex state is enhanced
in CGFE nanoplates and the switching of a polariza-
tion vortex under mechanical compression becomes fea-
sible. The rational distribution of material constituents
in CGFE nanoplates can tailor the distributions of elec-
tromechanical coupling and total energy densities in the
nanoplate and, consequently, the stress-induced vortex
multiplication and annihilation behavior is modified. The
switching of a polarization vortex by mechanical com-
pression is further verified by instability analyses, which
not only confirm when the polarization switching in a
CGFE nanoplate occurs, but also demonstrates how the
polarization responds at the onset of the switching. Fur-
thermore, we systematically discuss the effects of var-
ious factors on the feasibility of stress-induced vortex
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switching, including the material gradient, temperature,
and width-to-height ratio of the CGFE nanoplate.
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