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ABSTRACT

The possibility of switching the direction of the dipole toroidal moment in ferroelectrics provides
exciting opportunities for development of novel nanoscale memory and logic devices. However, a
practical control of vortex chirality is rather challenging at present stage, not to mention via mechanical
methods. In this paper, we performed the phase-field simulations to show that mechanical switching of
vortex chirality can be achieved in ferroelectric nanoplatelet via defect engineering. After introducing a
void defect in the nanoplatelet, relative stability of single-vortex state and multi-vortices state is found to
be altered. Importantly, during stress-induced vortex multiplication process, the void is a favored
nucleation core of new vortex; meanwhile, vortices tend to annihilate away from the void during a vortex
annihilation process. As the favored regions of vortex nucleation and annihilation are not the same, a
deterministic mechanical switching of vortex chirality can be achieved. The effects of temperature, shape
of the nanoplatelet, void size, as well as void position, on the defect-mediated vortex switching behaviors
are systematically revealed. Our study demonstrates the feasibility of vortex switching by mechanical
loads and provides a route to control and develop electromechanical devices based on ferroic vortices.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Ferroelectric materials are attracting increasing attention due to
a wide spectrum of functional properties, such as dielectric,
piezoelectric, pyroelectric, and ferroelectric properties, etc., as well
as the formation of nanoscale domain structures. It is promising to
take advantage of these properties in manufacturing advanced
functional electronic, optoelectronic, and mechatronic devices. In
particular, low dimensional ferroelectrics have been the objects
under intense research during the past decade, for their novel or
abnormal properties in comparison with bulk counterparts. For
example, topological dipole states or domain structures, with
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vortex domain structure (VDS) being the well-known representa-
tive (in which the electric dipoles arrange a closure pattern and a
chirality appears), are found to form in low dimensional ferro-
electrics [1—6] and are attracting much attention due to the po-
tential applications in high-density memory “bits” applications
[1,3,7]. The formation of VDS in low dimensional ferroelectrics is
due to a poor screening of the polarization charges at the surfaces.
The stabilization of VDS in poor screening systems is attractive as it
has long been thought that depolarizing effect would drive the
system to be paraelectric. For the small size (typically < 10 nm) and
a series of novel static and dynamic properties, including a variety
of exotic states [8—10], vortex-polar transformation caused by
electric field [11—13], vortex multiplication and annihilation be-
haviors induced by mechanical loads [14,15], superior electrome-
chanical response due to vortex-polar coupling [16,17], etc,
ferroelectric VDS holds tremendous promise for future
applications.

In particular, the possibility of controlling the chirality of
ferroelectric VDS opens exciting opportunities for development of
novel nanoscale memory and logic devices. However, a practical
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control of the chirality of ferroelectric VDS is rather challenging,
due to the fact that the dipole toroidal moment is conjugate to the
curl of E but not to a uniform electric field [18]. A control of the
vortex chirality by curled electric fields has been modeled [12].
However, it is difficult to generate and apply a nanoscale curled
field in practice. Alternatively, homogeneous electric field has been
proposed to switch vortex chirality in asymmetric ferroelectric
nanodisks [19] and in a dot-film system [20]. A strategy of vortex
switching which utilizes mechanical loads (e.g., making use of the
dislocation stress field or AFM tip loading field) to impose an
‘extrinsic’ asymmetry to the ferroelectric nanostructures, has also
been proposed [21]. As a consequence, even for systems with a high
geometric symmetry, vortex switching can be realized by a ho-
mogeneous electric field as well.

Investigations of vortex switching in ferroelectrics so far are
focused on electrical switching, i.e., via the application of electric
fields. However, for electrical switching, the electric fatigue and
aging behavior of ferroelectrics are almost inevitable problems
[22—25]. Considering the well-known coupling between polariza-
tion and strain/stress, it is fundamental to ask if vortex switching
can be also realized via the application of mechanical loads. On the
one hand, polarization couples with electrical field in odd sym-
metry whereas it couples with strain or stress in even symmetry. It
is expected that the mechanism of mechanical switching of vortex
(if exists) should be quite different from that of electrical switching.
On the other hand, vortex switching is likely to occur via a nucle-
ation/annihilation mechanism, i.e., with the forming of new vortex
(vortices) in opposite chirality to the initial state and the dis-
appearing of old vortex (vortices). Not only electric fields but also
mechanical loads can lead to the nucleation and annihilation of
vortex [14,15]. This indicates a possibility of vortex switching via
mechanical loads. Without the use of electric field, mechanical
switching of vortex provides a novel route to control VDSs and
should be also significant for the development of mechanical logic

According to the previous works [26—29], we choose the sponta-
neous polarization field P = (Py, P, P3) as the order parameter to
represent the domain structure. The electric displacement D is
expressed as,

D=¢E+ Y, E+P=¢,-E+P (1)

where E is the electric field, ¢ is the vacuum dielectric constant,
xpand e, are the background permittivity tensor and dielectric
constant tensor, respectively.

The total free energy of system, which is a functional of the
order parameter P, is expressed as a sum of bulk Landau energy,
gradient energy, elastic energy, electrostatic energy and surface
energy, i.e.,

F(P,VP,e) = /[fLand (P) + felas(P; €) Jrfgrad (VP) + felec(VP)]dV
Vv

+ /fsurf (P)ds
S
(2)

where fiand, felas: ferad, and felec are densities of bulk Landau energy,
gradient energy, elastic energy, electrostatic energy and surface
energy, respectively. VP denotes the gradient tensor of the polari-
zation field, e is total strain tensor. V is the volume, and S is surface
of the system.

The bulk Landau energy density fiang describes the ferroelectric
transition of the bulk material. It is written as a Taylor series ex-
pansions in powers of the spontaneous polarization. For a ferro-
electric with a cubic paraelectric phase, such as PbTiO3 (PTO), a
sixth-order polynomial of the spontaneous polarization is usually
adopted [30],

frand :(11ZP,'Z+al1prl+alzzpizpjz+amZPF-FanzZ(P?sz*-PfPfZ) +ais [[ P? 3)
i i i i

i>j

devices based on VDSs. Nevertheless, to the best of our knowledge,
the feasibility of vortex switching by mechanical loads and its
regularity has not been demonstrated and discussed before.

In this paper, by performing the phase-field simulations, we
demonstrate a mechanical switching mechanism to control the
vortex chirality in ferroelectric nanoplatelet (FNPL) via defect en-
gineering. A void defect is introduced in the FNPL. Acting as an
artificial vortex core, such a void defect is found to affect not only
the stability of vortex states but also the stress-induced vortex
multiplication and annihilation behavior in the FNFL. Consequently,
a deterministic switching of vortex chirality can be realized after a
stress-loading/unloading process. We systematically summarized
the effects of temperature, shape of the nanoplatelet, void size, and
void position, on the defect-mediated vortex switching behaviors.
Our results demonstrate the feasibility of vortex switching via
mechanical loads and should be instructive for the practical control
and applications of ferroelectric VDS.

2. Phase-field model

A phase-field model is adopted to capture the characteristic of
ferroelectric VDS in FNPLs subjected to external mechanical loads.

i>j

where aj, dq1, a12, a1, d112 and ajp3 are phenomenological co-
efficients, and i and j are indexes ranging from 1 to 3. Coefficient a4
satisfies the Curie-Weiss law and depends on temperature linearly.

Due to inhomogeneous polarization field of the ferroelectric
domain structure, the gradient energy term fgaq is included to the
total free energy of system. To the lowest order of Taylor expansion,
it can be written in the tensor form as follows,

1
fgrad = jVP:g:VP (4)

where g is the fourth-order tensor of gradient energy coefficient.
For ferroelectrics with a cubic paraelectric phase, there are only
three independent components of g, i.e., 211, £14, and g44, with their
subscripts written according to Voigt notations [31].

According to Khachaturyan's microscopic elastic theory [32], the
elastic energy is contributed by the strains that can produce
stresses, which are originated from the incompatibility of the
eigenstrains (e.g., those from the ferroelectric domains), and from
the elastic deformation caused by the external force. Therefore, feag
can be described by the following tensor form,
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where C being the fourth-order tensor of elastic stiffness; e and &°
are the second-order tensors of elastic strain and eigenstrain,
respectively. The eigenstrain tensor € caused by the ferroelectric
domains is related to the polarization as ¢? = P-Q -P, with Q being
the fourth-order tensor of electrostrictive coefficient. For a ferro-
electric with a cubic paraelectric phase, there are only three
nonzero components of C and Q, i.e., Ci1, C12, C44 and Q11, Q12, Qa4,
with their subscripts written according to Voigt notations.

Due to the Coulomb interaction of electric dipoles, the electro-
static energy should be considered. Based on the continuum theory
[27,35], the electrostatic energy density fejec is expressed as,

1
felec = —-P:E - jElebIE (6)

Note that the sign here is negative as we are dealing with the Gibbs
free energy rather than the internal energy. For a background
material in cubic symmetry, the background dielectric tensor ¢, has
equivalent components in the three axis directions,
Le.ep = e11p = €220 = €33p-

In addition, to take account of the polarization inhomogeneity
across the surfaces, a surface energy term ﬂfsurf is included.
Employing the so-called extrapolation lengthé;", the surface en-
ergy density is written in a tensor form as,

1
Fourt :EP-(»-P (7)

where » is a surface coefficient tensor. Note, for simplicity, the
asymmetry effect of surface is neglected, otherwise a first-order
term should be added [36]. For ferroelectrics with a cubic para-
electric phase, we simply take w = diag(D5 /6eff,D§/6eff7D§/6§ff),
with Df being coefficients depending on the gradient energy co-
efficients and surface orientation [30].

Integrating the sum of free energy densities above over the
entire volume and all the surfaces, the total free energy of the
system can be obtained. The temporal evolution of the polarization
field is described by the time-dependent Ginzburg-Landau (TDGL)
equation,

oP(r,t) L OF

ot  OP(r,b) ®)

where L is a kinetic coefficient related to the domain wall mobility
and t is the time.

The boundary condition of polarization could be obtained
mathematically with the application of the variation principle to
the total free energy, i.e., 60F /6P = 0,

(g:VP)-n+w-P=0 9)

where n is the normal unit vector of a specific surface.

The mechanical and electrical fields are assumed to have much
smaller relaxation times than that of polarization, so that the
evolution of mechanical and electrical fields can be treated in an
‘adiabatic’ way. The mechanical and electrical equilibrium can be
instantaneously reached once the polarization field changes. Under
this approximation, the mechanical equilibrium equation is
considered,

Vea=0 (10)

where ¢ = C:e is the stress tensor. For FNPL subjected to external

mechanical stress, the mechanical boundary condition is given by
G'n'S:Tls (11)

with 7 being the surface traction vector. In this work, a surface
traction along x-axis 7 is applied at the top and bottom surfaces of
the FNPL, as shown in Fig. 1.

Moreover, to explore the possible formation of VDS, the system
is assumed to be absent of free charges. The electrostatic equilib-
rium equation is adopted as follows,

vV-D=0 (12)

Meanwhile, an open-circuit condition is considered by setting
D-n = 0 at the surfaces of the system.

3. Numerical method

The TDGL equation [Eq. (8)] is solved numerically with the
boundary condition [Eq. (9)] via an Euler iteration method after
discretizing it both on time and space. At each time step of polar-
ization evolution, the mechanical and electrical fields are obtained
by the solutions of the mechanical and electrostatic equilibrium
equations, i.e., Egs. (10) and (12), together with the appropriate
boundary conditions as mentioned above. Finite element method
(FEM) is adopted to solve the mechanical and electrostatic equi-
librium equations numerically.

In this study, we focus on FNPLs made of PTO. The results we
obtained, however, are not confined to PTO. Similar behaviors are
expected in other ferroelectric materials, such as BaTiO3, and even
in soft magnetic materials that can form VDS considering the fact
that formation of magnetic VDS is also driven by depolarization
mechanism, and the key for the vortex switching—transformation
behavior of vortex multiplication and annihilation induced by
mechanical loads-has also been found in soft magnets [38,39]. As
shown in Fig. 1, a Cartesian coordinate system is attached to the
FNPL with the origin point of the coordinate system being located at
the center of the FNPL, and X, y and z-axes parallel to the length,
width and thickness direction of the FNPL, respectively. A void
defect is introduced to the FNPL (Fig. 1b). We choose the default
simulation dimensions of FNPL to be I;=30nm, I, =20nm, and
h =4 nm, the default shape of void to be circular, the default loca-
tion of the void to be at the center of the FNPL, i.e., (xo, yo) = (0, 0),
and the default diameter D to be 4 nm, unless otherwise specified
when the size and geometry effects are discussed. A three-
dimensional (3D) discrete grid with a mix of cuboid and trian-
gular prism elements is 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 specified when
the temperature effect is discussed. Values of all the parameters
used in this work are listed in Ref. [37]. Specifically, the expansion
coefficients of the Landau energy, the elastic stiffness and the
electrostrictive coefficients are from Ref. [33], the isotropic gradient
coefficients are from Ref. [29], the extrapolation length is from
Ref. [34], and the background dielectric constant is from Refs. [27]
and [28]. In this paper, toroidization is adopted to characterize the
chirality of the vortex states, i.e, G=V~! [, R x (P — P)dV, where R
is the position vector, and P is the average polarization of the
system.

4. Results and discussion

We would first like to use a schematic to illustrate how a void
defect modifies the stress-induced multiplication/annihilation
behavior of a vortex state in FNPL, and how this can lead to a
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(a) " . Surface traction T
FNPL without void
PELLLEELEEL
I Apply [ ~ % Unload
“ stress i | stress
— WL
b Vortex nucleation region
(b) Surface traction 7
FNPL with a void
PELLLEREET T
Apply Unload

stress stress

Vortex nucleation region

Vortex annihilation region

Vortex not switched

Vortex annihilation region

Vortex switched

Fig. 1. A schematic illustrating the effect of a void on the transformation behavior of vortex states under external stress in FNPL. (a) Stress-induced transformation from a single-
vortex state to multi-vortices state in FNPL without void. The vortex nucleation region and annihilation region are the same at the middle region of FNPL. (b) Stress-induced
transformation from a single-vortex state to multi-vortices state in FNPL with a circular void. The vortex nucleation region is at the middle region, however, the vortex annihi-

lation region is at the top and bottom region of FNPL.

deterministic switching of vortex chirality by stress. As shown in
Fig. 1a, a FNPL without void is initially in a single-vortex state.
Application of an x-axis compressive surface traction 7 induces a
transformation from the single-vortex state to a multi-vortices
state (e.g., a 3-vortices state) in the FNPL. This vortex multiplica-
tion takes place via nucleation of a ‘new’ vortex at the middle re-
gion and splitting of the initial vortex into two vortices (we would
like to call them ‘old’ vortices) at the top and bottom regions.
Meanwhile, unloading of the surface traction (if the 3-vortices state
is not stable at stress free condition) or applying a relative tensile
surface traction leads to the re-formation of a single-vortex state,
via the annihilation of the ‘new’ vortex at the middle region and the
merging of the two ‘old’ vortices at the top and bottom. As both the
favored vortex nucleation region and annihilation region are the
same, i.e., at the middle region of the FNPL, the final single-vortex
state has the same chirality with that of the initial state. The sce-
nario, however, is different for FNPL with a void, where the favored
vortex nucleation region and annihilation region are not at the
same place (Fig. 1b). When the FNPL is under compressive stress,
transformation from the single-vortex state to a 3-vortices state
still occurs via the nucleation of a ‘new’ vortex at the middle region.
However, after unloading of the surface traction or applying a
tensile surface traction, a single-vortex state is re-formed via the
annihilation of the top and bottom ‘old’ vortices. This happens due
to that the void enhances the stability of the middle vortex, which is
difficult to be annihilated. As a result, chirality of a single-vortex
state in FNPL can be switched in a deterministic way via a stress
loading/unloading process.

4.1. Vortex formation in FNPL with a void

Fig. 2a and b respectively depict the equilibrium distributions of
polarization field in FNPLs without and with a circular void. The
diameter of circular void is D = 8 nm. It can be seen that both FNPLs

form a domain structure with the polarization field arranged in a
closed-flux pattern, and parallel to the surfaces, due to the open-
circuit boundary condition. Note that, due to the geometry and
the size of the FNPL that we concerned, what formed in the FNPL is
not ideal vortex (vortices) but flux-closure domain structure. In a
general point of view, such flux-closure domain structure can be
regarded as vortex-like domain structure. In this work, we simply
refer it as VDS or vortex state. A careful look into the polarization
field in the two FNPLs shows that the void modifies the polarization
field around it. In contrast to the ideal single-vortex in FNPL
without void (Fig. 2a), there are two small vortices (as heighted by
the white dashed lines) located on both sides of the void along x-
axis in FNPL with a void (Fig. 2b). These two small vortices are
caused by a combining effect of the open-circuit condition at the
void surface and the geometry incompatibility of the void and the
FNPL. Moreover, in Fig. 2¢, distributions of stress field components
011 and o093 in the two FNPLs are depicted. For the both FNPLs, the
stress takes larger values near the vortex core than the other region.
Note that while the void occupies a large part of the vortex core and
thus removes the high stress therein, it also causes a significant
stress concentration around it. Fig. 2d further depicts distributions
of the gradient energy density fgrad and the elastic energy density
felas of the two FNPLs. For FNPL without void, the two energy
densities have larger values near the domain walls, especially near
the vortex core. For FNPL with a void, a significant decrease of the
two energy densities near vortex core is clearly seen. In fact, as the
void is introduced to the FNPL, the total energy of the system de-
creases owing to the removal of the high energy region near the
vortex core. As a result, a void defect enhances the stability of
vortex states in the FNPL. This is similar to the observation in
previous works that vortex state in a ring is more stable than in a
disk [40,41]. In the following, it will be shown that the enhanced
stability of vortex around the void defect is the key to stress-
induced vortex switching.
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In practice, for FNPLs with a not too small size or at a relatively
low temperature, single-vortex state, together with multi-vortices
states with different number of vortices (e.g., 2- or 3-vortices
states), can be stabilized in the FNPL. It is interesting to ask how a
void defect modifies the stabilization of different vortex states in
FNPL. To see this, the formation probability of single-vortex and
multi-vortices states in FNPL without void and in FNPLs with a void
of circular, triangular or square shape are simulated and compared.
Simulations with over 100 sets of initial random polarization
perturbation are performed in order to obtain a statistics analysis
for each FNPL at given temperature. The random polarization
perturbation obeys the Gaussian distribution with a zero mean
polarization and a standard derivation being 10~#C/m?. Fig. 3a
depicts the evolution snapshots of forming a counterclockwise
(CCW) single-vortex state in the four FNPLs at T= 300 K. Note that
the evolution proceeds with nucleation, growth and merging of
dipole vortices. The vortex nucleation sites are quite different in the
four FNPLs due to the different random perturbations. Moreover,
dipole vortices tend to nucleate outside the void rather than around
it at the beginning stage. This is counterintuitive at the first glance
as structural defects are expected to be favored vortex nucleation
sites. Actually, this is due to the fact that the void size is not small
enough to be the vortex nucleation site, in contrast to the case of
lattice defects such as dislocations [21]. Nevertheless, as the void
exerts an open-circuit condition at the void surface, it strongly
modifies the dipole behavior around it and consequently affects the

fgrad fgrad
(10?J/m3) (10*;J/m3)
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
felas felas
(108J/m?) (108]/m?)

1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0

Fig. 2. Distribution of polarization field in x-y plane in FNPLs (a) without and (b) with a void under zero surface traction. The diameter of circular void is D = 8 nm. Different color
stands for different orientations of polarization here. (c) Distributions of stress field of equilibrium single-vortex state in the two FNPLs. (d) Distributions of gradient and elastic
energy density of equilibrium single-vortex state in the two FNPLs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

overall evolution of VDS.

Corresponding to the evolution shown in Fig. 3a, we depict in
Fig. 3b the evolution curves of toroidization component G, as a
function of time at 300K for the four FNPLs. It shows that the
evolution towards the stable single-vortex state tends to take a
longer time for FNPL without void than FNPLs with a void. More-
over, toroidization of the single-vortex state in FNPLs with a void
has larger values than that in FNPL without void. This is mainly due
to that the vortex core region, a large part of which are removed by
the void, has a smaller contribution to the total toroidal moment
than the outer region.

We summarize in Fig. 3c the statistics of formation probability of
single-vortex and multi-vortices states in FNPLs without void and
with voids in different shapes at T=200K and 300 K. The forma-
tion probability of single-vortex state in FNPL without void is
approximately 73% and 77% at T=200K and 300K, respectively.
Meanwhile, the probability increases to 85% (91%), 89% (92%), and
90% (94%) in FNPLs with a circular, square and triangular void at
T=200K (300K), respectively. Clearly, through introducing a void
defect in the FNPL, the single-vortex state is more favored to form.
On the one hand, the polarization field tends to rotate around the
void to form a pinned vortex, which reduces the probability of
forming other polarization configuration near the void. On the
other hand, as the void removes the high energy region near the
vortex core, the stability of the pinned vortex is enhanced, which
depresses the living space of other vortices in the rest region of the
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Fig. 3. Formation of single-vortex state in FNPL with different shapes of void at the center. (a) The evolution snapshots from initial random polarization perturbation to a single-
vortex state in FNPLs without void and with a circular, square, and triangular void in the center, respectively. The simulated temperature is T=300K. (b) The evolution curve of
toroidization G; as a function of time at T=300K. (c) Probability of single-vortex and multi-vortices formation in FNPLs with different shapes of void at T=200K and 300 K.

FNPL. The enhanced stability of single-vortex state should be useful
if we want this state in practical applications.

4.2. Stress-induced vortex switching in FNPL with a void at the
center

The vortex multiplication and annihilation behaviors and the
feasibility of stress-induced vortex switching in FNPL with a void at
the center is investigated in this section. We simulate the evolution
of a single-vortex state in FNPL without void and in FNPL with a
void subjected to a stress loading/unloading process at T=300K.
Specifically, the two FNPLs are set to adopt a CCW single-vortex
state at the initial state, which is relaxed to equilibrium. A
compressive surface traction 7= —3 GPa is then applied to the
FNPLs so that a vortex multiplication process occurs. After reaching
a steady state, the stress traction is then removed to trigger a vortex
annihilation process and a single-vortex state is reformed. Snap-
shots of the VDS evolution of the two FNPLs are depicted in Fig. 4a
and b, respectively, and the evolution curves of the toroidization
component G, are shown in Fig. 4c. One can see that, for both FNPLs,
the initial CCW single-vortex state evolves into a 3-vortices state
under the stress loading via the nucleation of a clockwise (CW)
vortex at the middle region. This is accompanied with the decrease
of the toroidization component G,. A single-vortex state is re-
formed for both FNPLs during the stress-unloading process. How-
ever, the evolution paths are quite different. For FNPL without void,
by removal of the compressive stress, the nucleated CW vortex
becomes unstable and shrinks, and the two CCW vortices at the top
and bottom expands and gradually merge into a CCW vortex in the
whole FNPL. In contrast, for FNPL with a void, the CW vortex

expands after the removal of stress, and the two CCW vortices on
both sides become smaller and finally vanish at the surfaces. As a
result, the final vortex state of FNPL without void is still CCW,
whereas for FNPL with a void, the final vortex state is CW, which is
opposite to the initial state. The toroidization curves also clearly
indicate the stress-induced vortex switching (Fig. 4c). As what we
have already illustrated in Fig. 1, such a stress-induced vortex
switching is deterministic rather than stochastic as the void alters
the vortex nucleation (on the loading) and annihilation (on the
unloading) process in a definite way. On the loading process, ‘new’
vortex with opposite chirality nucleates at the middle region of the
FNPL, due to the fact that the polarization field at the middle region
is against the compressive stress field and that void also has a stress
concentration effect, which together make the polarization field at
the middle region much easier to be changed. Meanwhile, during
the unloading stage, a single-vortex state is re-formed via the
annihilation of the top and bottom ‘old’ vortices. This happens due
to that the void enhances the stability of the middle vortex (as the
void surface enforces an open-circuit-like boundary condition),
which is difficult to be annihilated. Consequently, chirality of a
single-vortex state in FNPL can be switched in a deterministic way
via a stress loading/unloading process.

At relatively low temperature condition, FNPL might maintain a
multi-vortices state after a stress loading/unloading process. For
this situation, vortex switching can still occur in FNPL with a void, if
a tensile stress is further applied to the FNPL so that the multi-
vortices state transforms back to the single-vortex state. To see
this, we simulate the evolution of a CCW single-vortex state in FNPL
without void and in FNPL with a void at T= 100 K. At the first stage,
the FNPLs are subjected to a compressive stress loading/unloading
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Fig. 4. Evolution of a single-vortex state in FNPL without void and in FNPL with a void subjected to a stress loading/unloading process at T=300K. (a), (b) Snapshots of the VDS
evolution of the two FNPLs. (c) Evolution curves of the toroidization component G, of the two FNPLs.

process with 71 = —3 GPa. As shown by the snapshots of the VDS
evolution in Fig. 5a and b for the two FNPLs, respectively, this
process transforms the initial single-vortex state into a 3-vortices
state in both FNPLs. At the second stage, the FNPLs are subjected
to a tensile stress loading/unloading process with 7, =1 GPa. A
single-vortex state is reformed after this process for both FNPLs.
However, similar to the previous case at room temperature (Fig. 4),
the final vortex state of FNPL without void is the same as the initial
state, whereas the final vortex state of FNPL with a void is opposite
to the initial state. This is also clearly seen in the toroidization curve
(Fig. 5¢).

In general, for a single-vortex state in FNPL with a void subjected
to a compressive stress loading/unloading process at a given sur-
face traction and temperature condition, three kinds of evolution
paths can be expected. The first path is that the single-vortex state
would not transform into a multi-vortices state as the surface
traction 7 is below 7. [14], and therefore vortex switching does not
occur. The second path is that the single-vortex state transforms
into a multi-vortices state as the surface traction 7 is above 7, and
after the removal of stress, the multi-vortices state is transformed

into a single-vortex state. Accompanying with this path, vortex
switching occurs if the final single-vortex state has an opposite
chirality to the initial state. This kind of vortex switching has
already been demonstrated in Fig. 4, with the multi-vortices state
being a 3-vortices state. In the following, we would like to define it
as Type-I switching. The third path is that the single-vortex state
transforms into a multi-vortices state as the surface traction 7 is
above 7, and the multi-vortices state is maintained after the stress
unloading. In this case, vortex switching might occur when a tensile
stress is further applied so that the multi-vortices state transforms
back to a single-vortex state, as what we have shown in Fig. 5,
where the multi-vortices state is a 3-vortices state. We would like
to define it as Type-II switching.

To see the three paths and the possible vortex switching clearly,
in Fig. 6a and b, we depict the toroidization component G, as a
function of time for a single-vortex state in FNPL with a void sub-
jected to a stress loading/unloading process at various surface
traction and temperature conditions. Specifically, the three cases
shown in Fig. 6a are at T= 300K but at different values of surface
traction whereas shown in Fig. 6b are at 7= —2.2 GPa but at
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Fig. 5. Snapshots of the VDS evolution of a single-vortex state (a) in FNPL without void and (b) in FNPL with a void at T= 100K under a compressive stress loading/unloading
process followed by a tensile stress loading/unloading process. (c) The evolution curves of the toroidization component G, of the two FNPLs.

different temperatures. From Fig. 6a, one can see that the first path
occurs at 7=-1.0GPa and —-1.5GPa, and the second path
accompanying with Type-I switching occurs at 7= —2.0 GPa,
indicating that there is a critical surface traction 7. in between
—2.0 GPa and —1.5 GPa. The temperature dependence of the evo-
lution path is clearly seen in Fig. 6b. The second, the third and the
first paths occur at T=300K, 100 K and O K, respectively. Note that,
for the third path, vortex switching does not occur unless we
further exert a tensile stress loading/unloading process.

In Fig. 6¢c, we plot a phase diagram which summarizes the
feasibility of chirality switching of a single-vortex state in FNPL
with a void subjected to a compressive stress loading/unloading
process at different surface traction and temperature conditions.
One can see that the feasibility of vortex switching depends on the
temperature and surface traction, due to the different evolution
paths as mentioned above. The ‘unswitching’, Type-I switching, and
Type-II switching behaviors is associated with the first, the second
and the third paths, respectively. Type-I switching occurs when the
temperature is higher than 100 K. At temperature lower than 100 K,

Type-II switching instead of Type-I switching would occur. The
trend that the critical surface traction 7. decreases as temperature
increases is clearly seen.

4.3. Effect of void size on vortex switching

In the following, we would like to reveal effects of some factors
that can modify the feasibility of the stress-induced vortex
switching, which should be of both scientific and engineering sig-
nificance. On the one hand, it is fundamental to ask how the
strategy of defect-mediated vortex switching works well in
different conditions. On the other hand, in practice, phase diagrams
that predicting the proper range of conditions where vortex
switching is feasible should be necessary for experimentalists who
are interested on verifying our idea. At the first glance, there should
exist a suitable void size beyond which vortex switching fails.
When the void is small enough, its effect should be small. An in-
crease of void size could enhance the stability of the vortex around
it and lead to more feasible switching. However, when the void is
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large enough, as the width of the FNPL is finite, vortex nucleation
around the void is expected to be difficult. To see this, the evolution
of a single-vortex state in FNPLs with voids of various diameters
during a stress loading/unloading process is simulated. Snapshots
of the VDS evolution for four FNPLs with the void diameter being
D=1nm, 8nm, 15nm and D=19nmat room temperature are
shown in Fig. 7a—d, respectively. The loading stress 7 is chosen to be
—3.0 GPa for all FNPLs. It can be seen that FNPL with the void
diameter being D = 8 nm exhibit Type-I switching, similar to that
shown in the previous FNPL with D = 4 nm. Meanwhile, FNPLs with
the void diameter being D = 1 nm and 15 nm maintain a multiple-
vortices state after unloading indicating a feasibility of Type-II
switching. A further loading of a slight tensile stress indeed trans-
forms such state into a single-vortex state with opposite chirality to
the initial state (Fig. 7a and b). Note that the reason why FNPLs with
void diameter being D=1nm and 15nm both can maintain a
multiple-vortex state are not exactly the same, although both are
due to a balance of the relative stability of the nucleated vortex
around the void and the other two vortices. In the former FNPL, the
enhanced stability of the nucleated vortex around the void is not
strong enough to squeezing out the space of the other two vortices
as the void size is quite small; in the latter FNPL, as the width of the
FNPL is finite, the large void decreases the space of the nucleated
vortex around the void and hence its stability. Moreover, for FNPL
with the void diameter being D = 19 nm, as the lateral width of the
FNPL at the middle is quite small, both the top and bottom regions
forming a stable vortex. Vortex nucleation around the void does not
occur during the stress loading, leading to a failure of vortex
switching.

We calculate the critical surface traction 7. of Type-I switching
as a function of void diameter and temperature, as depicted in
Fig. 7e and f, respectively. It can be seen that the vortex switching
needs a smaller surface traction when the void is larger or the
temperature is higher. When the void size is fixed, 7. decreases as
the temperature rises, due to that a higher temperature leads to

easier nucleation of vortex. Meanwhile, at fixed temperature, 7.
decreases as the void size increases. Such a negative correlation
between 7. and the void size indicates that a larger void size leads
to an easier nucleation of vortex. Such an easier nucleation of
vortex is attributed to the stress concentration effect: as the void
size increases, the lateral width of the FNPL at the middle becomes
smaller and the stress therein becomes larger. Nevertheless, this
trend can only keep in a moderate range of size. As already shown
in Fig. 7d, when the void is large enough, vortex nucleation around
the void would become difficult.

Moreover, Fig. 7e depicts a phase diagram which summarizes
the feasibility of chirality switching of a single-vortex state in FNPLs
with a void of various diameters subjected to a stress loading/
unloading process and different temperature conditions. The
loading stress 7 is chosen to be —3.0 GPa for all FNPLs. One can see
that Type-I switching is feasible for most of the void sizes and
temperatures we have chosen. With the increase of temperature,
the range of void size for Type-I switching increases. When the void
size is beyond the range of void size for Type-I switching, Type-II
switching can occur. With the decrease of temperature, the range
of void size for Type-II switching increases. Unswitching only oc-
curs at the extreme cases where the void is very small or very large.

4.4. Effect of width-length ratio of FNPL on vortex switching

We further consider the effect of width-length ratio of FNPL on
the feasibility of stress-induced vortex switching. In the investi-
gation of this section, we keep the lateral size of FNPLs to be
Il, = 600 nm?2, but change the width-length ratio n =1/l of
FNPLs from 0.2 to 1.0. Snapshots of the VDS evolution for four FNPLs
with a void subjected to a stress loading/unloading process at room
temperature are shown in Fig. 8a—d, with 7 being 0.4, 1.0, 0.8 and
0.6, respectively. The loading stress 7 is chosen to be —3.0 GPa for
all FNPLs. One can see that the evolution paths are quite different in
the four FNPLs, indicating a strong effect of the width-length ratio.
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Type-I switching occurs in FNPL with = 0.6, accompanying with
transformation of the single-vortex state to a 3-vortices state and
back to a single-vortex state (Fig. 8d). For FNPL with 7 = 0.4,
transformation of the single-vortex state to a 4-vortices state and
back to a 2-vortices state is observed after a stress loading/
unloading process (Fig. 8a). In the 4-vortices state, there are two
new vortices with opposite chirality to the initial vortex state. One
of them is nucleated around the void. As the stress is removed,
these two vortices merge into a single-vortex by swallowing the
vortex among them, forming a 2-vortices state in the whole FNPL. A

further application of tensile stress can transform the 2-vortices
state into a single-vortex state with opposite chirality to the
initial state, thus vortex switching (Type-II) occurs. Note that 3-
vortices state can be formed instead of 4-vortices state this FNPL
at smaller surface traction, while 5-vortices state can be formed at
higher surface traction. Both cases can lead to Type-II switching.
Actually, FNPLs with a smaller width-length ratio tend to exhibit
more fruitful switching modes, as they can undergo more fruitful
vortex multiplication behaviors as a function of the surface traction.

For FNPL with n = 0.8, the single-vortex state transforms into a
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of width-length ratio and temperature in FNPLs with a void at the center.

3-vortices state, which maintains stable after stress unloading
(Fig. 8c). The stabilization of the 3-vortices state at zero stress re-
flects the delicate balance of the three vortices at this geometry.
Interestingly, Type-II switching does not occur after a further
application of tensile stress. Note that as the width-length ratio of
FNPL increases, the multi-vortices state becomes more and more

alike stripe domain pattern. Such a stripe feature may be respon-
sible for failure of vortex switching. Moreover, for FNPL with n = 1,
the single-vortex state evolves into a 3-vortices state and back to a
single-vortex state. However, vortex switching does not occur. In
this case, the vortex nucleation and annihilation region are the
same, i.e., near the top and bottom surfaces. As the width-length
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ratio approaches one, the vortex around the void is rather stable,
and the favored vortex nucleation region is changed to be near the
surfaces.

The critical surface traction 7. of Type-I switching is plotted as a
function of width-length ratio and temperature in Fig. 8e and f,
respectively. One can see that 7. increases slightly as the width-
length ratio increases at given temperature, whereas it decreases
with the increase of temperature for given width-length ratio.
Analogous to the above, we also draw a phase diagram about the
feasibility of stress-induced vortex switching as a function of
width-length ratio and temperature in FNPLs with a void at the
center, as shown in Fig. 8g. From this diagram, we can conclude that
mechanical switching is valid when the width-length ratio 7 lies
between the value ranges from 0 to 0.8. Type-II switching occurs at
smaller n and lower temperature, whereas Type-I switching is more

stress loading

(@)

important when 7 is larger and the temperature is higher. The
vortex switching cannot be achieved if 7 is larger than 0.8 for the
temperature range we investigated.

4.5. Effect of void position on vortex switching

The effect of void position on the feasibility of vortex switching
in FNPLs with a void is further discussed in this section. As we have
shown above, the void enhances the stability of the vortex rotating
around it. Vortices tend to nucleate around the void but annihilate
away from the void. As the favored vortex nucleation and annihi-
lation regions are not the same, a deterministic switching of vortex
chirality by stress can be achieved. Obviously, the enhancing effect
of the void on stability of nucleated vortex should be only appli-
cable when the void position is compatible with the geometrically
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favored vortex nucleation point. In particular, for FNPLs with the
default geometry studied in this work, the geometrically favored
vortex nucleation point is the center of the FNPL. If the void position
is too far away from the FNPL center, the void will not be a favored
nucleation site of new vortex. As a consequence, stability of the new
vortex will be only slightly enhanced or even decreased by the void,
leads to the failure of a deterministic switching of vortex chirality
by stress.

For simplicity, we focus on the effect of void position on the
feasibility of Type-I switching in FNPLs subjected to a stress
loading/unloading process at T=300K. The loading stress 7 is
chosen to be —3.0 GPa for all the FNPLs. Snapshots of the VDS
evolution for two FNPLs with void center located at (xo, yo) = (2 nm,
2nm) and (10 nm, —5 nm) are shown in Fig. 9a and b, respectively.
One can see that while Type-I switching occurs for the first FNPL as
the void is near the center of the FNPL, Type-I switching does not
occur for the second FNPL. In the latter FNPL, the void is too far
away from the center of the FNPL, but near the top surface. As a
result, it stabilize not the vortex nucleated at the center but the
vortex at the top surface, leading to the stabilization of a 3-vortices
state in the FNPL after the stress unloading. To have a clear insight
into the void position effect, we systematically inspect the feasi-
bility of Type-I switching as a function of void position and tem-
perature and summarize a phase diagram as shown in Fig. 9c. Here,
each pair of (xg, yo) coordinates, with the value limited in the region
the FNPL, corresponds to a position of the void in FNPL. The tem-
perature is ranging from 200 K to 500 K. It can be seen that for each
temperature point, the switchable region is a butterfly-like region.
As the temperature increases, the switchable region gets larger. The
large switchable region is of practical significance as it means we do
not need to precisely control the void position in the FNPL to obtain
Type-I switching.

5. Discussion

At the end of the part, we would like to use a schematic to
discuss the feasibility of stress-induced vortex switching in FNPLs.
Firstly, to realize such a switching, vortex multiplication with the
appearance of ‘new’ vortex (vortices) with opposite chirality to the
initial vortex is necessary. Secondly, vortex annihilation with the

C: AN G,

disappearance of ‘old’ vortex (vortices) with the same chirality to
the initial vortex is also necessary. As shown in Fig. 10a and b, both
FNPLs without or with a void would undergo vortex multiplication
under a compressive stress, as indicated by paths A—B and A’'— B/,
with A (A’) denoting the initial single-vortex state and B (B’) the
multi-vortices state at compressive stress. However, for FNPL
without void, stability of ‘new’ vortex (vortices) with opposite
chirality to the initial vortex is expected to be weaker than that of
‘old’ vortex (vortices) with the same chirality to the initial vortex,
since there are no sources that can bias the ‘new’ vortex (vortices)
to be more stable than the ‘old’ vortex (vortices). The ‘new’ vortex
(vortices) become unstable after the removal of compressive stress
(B—A), or although they maintain stable after the removal of
compressive stress (B—C) but become unstable when further
subjected to a tensile stress (C— D), with C denoting the multi-
vortices state at zero stress and D the single-vortex state at ten-
sile stress. As the ‘old’ vortex (vortices) are always dominant over
the ‘new’ vortex (vortices), neither route A—B—A and
A—B—-C—D—A can lead to vortex switching (Fig. 10a). In
contrast, for FNPLs with a void, the void can enhance the relative
stability of the ‘new’ vortex (vortices) with opposite chirality to the
initial vortex, as the void can remove the high energy of vortex core.
In other words, the void is like a bias source that can make the
vortex around it more stable. As a result, the ‘old’ vortex (vortices)
with the same chirality to the initial vortex become unstable after
the removal of compressive stress (B’—E’), or although they
maintain stable after the removal of compressive stress (B'— C’) but
become unstable when further subjected to a tensile stress
(C—D’). Here C', D’ and E’' denote the multi-vortices state at zero
stress, the single-vortex state at tensile stress, and the single-vortex
state with opposite chirality to the initial state at zero stress,
respectively. Both routes A’—>B'—E and A’—»B'-»C—D'—E’ can
lead to vortex switching (Fig. 10b). Specially, Type-I switching are
along the route A’—>B’—E where only compressive stress is
necessary. Meanwhile, Type-II switching, which requires a com-
bined application of compressive and tensile stress, are along the
route A —»B'-C—-D—F.

In the process of stress-induced vortex switching, the enhanced
stability of vortex around the void defect is the key factor. In
principle, other defects in ferroelectric nanostructures, such as

o,

o

FNPL without void
Unswitching: A-»B—> C—+»>D—> A
A->B—+>A
(@)

FNPL with a void

Type-I switching: A’—+B’—+»E’
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Fig. 10. A schematic summarizing the feasibility of stress-induced vortex switching in FNPLs. (a) Vortex switching does not occur in FNPL without void after stress-induced vortex
multiplication and annihilation processes A—B—A and A—B—C—D—A. In contrast, (b) Type-I switching and Type-II switching process can occur in FNPL with a void after stress-
induced vortex multiplication and annihilation processes A’'—B’—E’ and A’'—»B'-»C —D'—>FE".
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dislocation lines, immobile charge defects, and local surface rum-
plings, etc., are expected to affect the dipole behavior nearby and
consequently modify the stress-induced vortex multiplication and
annihilation behaviors of the overall system. In addition to voids,
these defects should be also promising sources that can facilitate
mechanical switching of ferroelectric vortex.

6. Summary

In ferroelectrics, owing to electrostrictive effect, the magnitude
and orientation of polar dipoles can be modulated mechanically. In
this work, we introduce a void defect into FNPL, and systematically
investigate the influence of a void on the formation and trans-
formation behaviors of VDS. It is found that stabilization of single-
vortex state is enhanced and vortex switching by stress becomes
feasible. This is due to that the void is like a bias source that can
make the vortex around it more stable, and consequently, the
stress-induced vortex multiplication and annihilation behaviors are
modified by the void. Furthermore, we systematically discuss the
effects of various factors on feasibility of stress-induced vortex
switching including temperature, void size, width-length ratio of
FNPL, and void position in FNPL. Fruitful phase diagrams are sum-
marized. Our results elucidate the feasibility of vortex switching by
stress, and should be instructive for the practical control and ap-
plications of ferroelectric VDS.
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