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Abstract—Taking into account the effects of asymmetric mechanical fields (e.g., caused by substrate, dislocations and local clamping force), we con-
duct phase-field simulations to investigate the evolution of vortex domain structure in ferroelectric nanodots. For nanodots under different mechan-
ical constraints, their characteristics of the domain evolution, e.g., the hysteresis loop, the domain patterns and the evolution paths, have been
revealed and compared comprehensively. Our calculations show that substrate, dislocations and local clamping force significantly affect the domain
evolution of the nanodots, leading to distinct behaviors from those of the free-standing ones. For such systems, as the asymmetric mechanical field
breaks the symmetry of vortex domain nucleation and growth, the evolution of the vortex domain structure is dominated by a specific region of
dipoles, which we name “dominant dipoles”. As a result, the nanodots exhibit distinct evolution paths, and the coercive field of vortex switching
by a curled electric field is reduced compared with the free-standing ones. More importantly, for such systems, it is possible to realize single-vortex
switching by a homogeneous electric field through controlling the flowing direction of the dominant dipoles. Our study provides useful information
on the practical control of the vortex domain structure in ferroelectric nanostructures by conventional electrostatic fields.
� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Evolution of ferroelectric domain structures under exter-
nal fields is an active topic in research of ferroelectrics as it
is the prerequisite for many device applications based on
domain structures [1,2]. Take 180� and 90� domain struc-
tures as examples. Based on 180� domain switching by an
eclectic field, a basic memory device can be designed [3].
The large piezoelectric effect originated from 90� domain
rotation under electric or mechanical fields also provides
us a promising mechanism for sensor and actuator applica-
tions [4]. Recently, it has been found that ferroelectric sys-
tems can exhibit a series of novel domain structures, such as
those called “topological defects” [5,6]. It is natural to
wonder how these novel domain structures evolve under

external fields, which is crucial to applications utilizing
these domain structures.

A representative “topological defect” is vortex domain
structure (VDS), which is likely to form in low-dimensional
ferroelectrics with poor surface screening [7,8]. An impor-
tant feature of VDS is its vorticity, which is conjugated to
a curled electric field and leads to distinct behaviors from
those of the conventional polar domain structures [9]. A
novel memory device could be designed by utilizing the vor-
tex to carry information, with the vorticity controlled by a
curled electric field [10]. Similar to conventional 180�
domain switching, vortex switching under a curled electric
field usually proceeds via a nucleation mechanism [10,11].
Due to the nanoscale size of vortices, it is promising to real-
ize ultrahigh-density of storage. Nevertheless, in practice it
is still challenged to generate a large and highly localized
curled electric field. Other strategies for the control of
VDS such as using the common electrostatic fields [12–16]
and mechanical loads have been proposed [17–19].

Intuitively, it is not wise to switch ferroelectric vortex by
electrostatic fields, which are irrotational (i.e., G~E � ~dl ¼ 0).
Vortex nucleation is difficult to be induced by such fields.
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Nevertheless, in the literature several works have shown the
possibility of vortex switching by electrostatic fields. Partic-
ularly, a first-principle-based simulation demonstrated that
the chirality of single-vortex state in nanodots could be
controlled by the electric field of point charges [12]. Based
on the same method, it was proposed that homogeneous
electric field could be applied to switch the single-vortex
state in asymmetric ferroelectric rings [13]. Interestingly,
simulation further showed that, for rectangular systems
with double vortices, the chirality of the opposite vortices
can be simultaneously switched by a homogeneous field
[14]. More recently, a strategy for switching the single-vor-
tex state (based on its interplay with adjacent polar
domain) has been revealed in ferroelectric nanofilm-dot sys-
tem [15]. According to these works, the key of single-vortex
switching by electrostatic fields is to introduce an asymme-
try to the system. Consequently, there is a region of dipoles
(which we name “dominant dipoles”) that dominate the
formation of new vortices. Vortex switching is possible by
reversing the flowing direction of the dominant dipoles by
electrostatic fields.

Previous theoretical investigations mainly focused on
VDSs in regularly shaped systems subjected to a homoge-
neous strain state (e.g., the trivial case, free-standing). Real
ferroelectric nanostructures, however, are usually clamped
by substrate. Defects like dislocations and space charges,
etc., also exist in the ferroelectric nanostructures [20,21].
Moreover, the nanostructures are likely to be under non-
uniform external forces. For these cases, the systems are
expected to be under asymmetric mechanical and/or electri-
cal conditions, manifested with the appearance of dominant
dipoles. As a consequence, they should be able to realize
vortex switching by homogeneous electric field. Neverthe-
less, so far there have been no simulations on the VDS evo-
lution in such systems.

In this paper, basing on a real-space phase-field method,
we study the domain evolution of ferroelectric nanodot sys-
tems in response to external electric fields. With solving the
electric and mechanical fields by a finite element method
(FEM), the phase-field method carefully takes into account
the effects of substrate, dislocations and external local
clamping force on the VDS evolution of ferroelectric
nanodots. Four types of nanodot systems subjected to
asymmetric mechanical conditions would be investigated
(Fig. 1a). They are epitaxial nanodots (i) without or (ii)
with an edge dislocation line at the interface, (iii) a nanodot
with an edge dislocation line in the body, and (iv) a nano-
dot under local clamping force at two edges. The possibility
of vortex switching by the application of a homogeneous
electric field is explored (Fig. 1b). The characteristics of
the VDS evolution of these systems, e.g., the hysteresis
loop, the domain patterns and the evolution paths, are cal-
culated and compared. Our results should be instructive for
the practical control of ferroelectric VDS.

2. Model

A real-space phase-field model is constructed to investi-
gate the domain evolution in ferroelectric nanodot systems.
The background material is taken to be an unstressed,
unpolarized and surfaceless crystal. Ferroelectric domain
structure is described by an order parameter field, which
is chosen to be the spontaneous polarization P = (P1, P2,
P3). The electric displacement field D is written as [22–24]:

D ¼ e0Eþ vbEþ P ¼ ebEþ P; ð2:1Þ

where E is the electric field, e0 is the vacuum dielectric con-
stant, vb and eb are the background permittivity tensor and
dielectric constant tensor, respectively. For a background
material in cubic symmetry, the background dielectric con-
stants in the three axis directions are the same, i.e.,
eb ¼ e11b ¼ e22b ¼ e33b.

We express the system’s free energy, which is a func-
tional of the order parameter field, as a sum of bulk Lan-
dau energy, elastic energy, gradient energy, electrostatic
energy and surface energy, i.e.,

F ¼
Z

V
ðf Land þ f elas þ f grad þ f elecÞdV þ

Z
S

f surf dS; ð2:2Þ

where V and S are the volume and surface of the system,
respectively.

The bulk Landau energy density fLand describes the fer-
roelectric transition of the bulk material. For a perovskite
ferroelectric with a cubic paraelectric phase, such as
PbTiO3, fLand is written as a six-order polynomial of the
spontaneous polarization [25,26], i.e.,
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where a1, a11, a12, a111, a112 and a123 are phenomenological
coefficients, with a1 linearly dependent on temperature
and obeying the Curie–Weiss law.

Based on the theory of micromechanics, ferroelectric
domains and dislocations are treated as sources of
eigenstrains [27]. The eigenstrain of the polarization is given

by e0;P
ij ¼ QijklP kP l, with Qijkl being the electrostrictive

coefficients. The dislocation line is defined as a part of a
slip plane. The eigenstrain related to a dislocation on a
slip plane with a Burgers vector bs ¼ ðbs

1; b
s
2; b

s
3Þ is given

by [28]:
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where ns ¼ ðns
1; n

s
2; n

s
3Þ is the unit vector normal to the slip

plane, d0 is the interplanar distance of the slip planes,
and dðx� xs

0Þ is the Dirac delta function with xs
0 being a

point on the slip plane. The incompatibility of the eigen-
strains (which leads to internal inhomogeneous stress field),
together with the application of external force or strain
constraint, would cause an elastic energy felas as:

f elas ¼ 1=2cijkleijekl

¼ 1=2cijklðeij � e0;P
ij � e0;D

ij Þðekl � e0;P
kl � e0;D

kl Þ; ð2:5Þ

with cijkl being the elastic coefficients, and eij and eij being
the components of elastic and total strain, respectively.

Due to the inhomogeneous polarization field of the
domain structure, a gradient energy contributes to the sys-
tem’s free energy [29]. To the lowest order of Taylor expan-
sion, the gradient energy density fgrad of a perovskite
ferroelectric can be expressed as:
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