
Acta Materialia 250 (2023) 118866

Available online 16 March 2023
1359-6454/© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Topological vortex induced large recoverable electrostrain with high 
temperature-stability in ferroelectric nano-dots 

Xiaoqin Ke a, Dong Wang a,*, Sen Yang a, Xiaobing Ren b, Yunzhi Wang c 

a School of Physics, MOE Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed Matter, Frontier Institute of Science and Technology, Xi’an Jiaotong 
University, Xi’an 710049, China 
b Ferroic Physics Group, National Institute for Materials Science, Tsukuba, Ibaraki 305-0047, Japan 
c Department of Materials Science and Engineering, The Ohio State University, Columbus 43210, USA   

A R T I C L E  I N F O   

Keywords: 
Ferroelectrics 
Phase field 
Topological vortex 
Nano dots 
Electrostrain 

A B S T R A C T   

Here we report by phase field simulations that in ferroelectric nanodots the single domain generated from the 
vortex under external electric field will transform back to the vortex structure after removal of the field, which 
could offer large recoverable electrostrain during the process. Moreover, it is found that the recoverable elec
trostrain maintains a large value and could exist over a wide temperature range. The good recoverability of the 
vortex structure and electrostrain in the ferroelectric nanodots is found to be mainly ascribed to the dipole-dipole 
interaction energy and the elastic interaction energy in the system. This work may shed light on the development 
of miniaturized actuators in Micro-Electro-Mechanical System (MEMS) or Nano-Electromechanical System 
(NEMS).   

1. Introduction 

Ferroelectric materials normally exhibit multi-domain structures at 
bulk and topological structures such as vortices and skyrmions when 
their size goes to nanometer level as a result of the interplay among 
electrostatic energy, elastic energy and gradient energy [1–3]. The to
pological vortex has attracted intensive attention during the past two 
decades due to both its intriguing physics and emergent functionalities 
that can find applications in ultrahigh density data storage devices 
[4–9]. 

Upon applying a large enough homogeneous external electric field, 
the polarizations in both the multi-domain structure of bulk ferroelec
trics and the vortex structure of nano ferroelectrics would align to the 
direction of external field and form a single domain [10,11]. Corre
spondingly, large electrostrain could be generated during the trans
formation from multidomain/vortex to single-domain structure as a 
result of the strong coupling between polarization and strain in ferro
electrics. Normally the single-domain structure generated from 
multi-domain structure under external electric field at bulk ferroelec
trics would largely keep the single-domain state and not go back to the 
initial multi-domain structure after the removal of the field due to the 
usually large energy barrier between different domain variants [10,12]. 
The irreversibility of the multidomain to single-domain transformation 

in conventional bulk ferroelectrics makes the large electrostrain ob
tained during the multidomain to single-domain transformation irre
coverable and thus greatly limits its application on actuators [12]. 
Although there are ways to bring the single-domain state back to 
multi-domain state upon removal of the electric field for bulk ferro
electrics, e.g., by introducing large local electric fields through doping a 
large number of point defects in ferroelectrics (i.e., relaxors) [13–15], 
the recoverable electrostrain in relaxors is obtained at the expense of 
sacrificing the magnitude of the electrostrain, not to mention its inferior 
temperature stability [15,16]. It is thus important to know whether the 
single-domain structure generated from vortex at nanoscale ferroelec
trics under homogeneous electric field would go back to the initial 
vortex structure or not upon the removal of the electric field, which 
determines whether the electrostrain obtained during the vortex to 
single-domain transformation in nano ferroelectrics is recoverable or not 
and in turn determines whether or not nanosized ferroelectrics could be 
utilized as nano-actuators in Micro-Electro-Mechanical System (MEMS) 
or Nano-Electromechanical System (NEMS) [17]. 

There are a series of theoretical works devoted to studying the vortex 
to single-domain structure transformation, by varying parameters such 
as electric fields, mechanical fields, compositions and the screening 
conditions [11,18–22]. Although it has been mentioned in Ref. [20] that 
the single-domain structure obtained by applying a homogeneous 
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electric field could revert back to the initial vortex structure upon 
removing the field at poor screening conditions, it is not the focus of 
Ref. [20] and thus the reversible transformation between single-domain 
and vortex structure under homogeneous electric field has not been 
systematically explored, especially how and why the single-domain 
structure reverts back to the vortex structure upon removal of electric 
field. More importantly, how the reversible transformation would affect 
the electrostrain property of ferroelectrics at nanoscale is unclear. 

Here in this work we design a BaTiO3 dot embedded in a non- 
ferroelectric matrix and study the polarization hysteresis and electro
strain properties of these composite materials through phase field sim
ulations. We find that as the dot size gradually decreases to nanometer 
level, the domain structure changes from multi-domain structure to 
polarization vortex structure. Interestingly, it has been found that the 
vortex structure in the confined ferroelectric nanodots could recover 
itself fully at zero electric field from the single-domain state obtained at 
large homogeneous electric fields due to the restoring force provided 
mainly by the dipole-dipole interaction energy and the elastic interac
tion energy. Correspondingly, the electrostrain is fully recoverable and 
the large recoverable electrostrain can be maintained over a wide tem
perature range. This work may shed light on the development of mini
aturized actuators in MEMS and NEMS. 

2. Phase field models 

The total free energy F of the model system includes Landau free 
energy, FLandau, the gradient energy, Fgrad, the elastic strain energy, Felas, 
the electrostatic energy, Felec [23,24]: 

F = FLandau + Fgrad + Felas + Felec =

∫

V

(
fLandau + fgrad + felas + felec

)
dV, (1)  

in which fLandau, fgrad, felas, felec are the corresponding energy density and 
V is the volume of the system. The Landau free energy density fLandau can 
be written in terms of P (P1, P2, P3) as: 
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where A1, A2, A3, A12, A13, and A14 are the Landau coefficients and 
depend on T (temperature). The gradient energy density fgrad is written 
in terms of P as follows:fgrad = 1

2 β
∑

i,j=1,2,3(Pi,j)
2, where β is the gradient 

energy coefficient. The elastic energy density felas is calculated by felas =
1
2Cijkleijekl = 1

2Cijkl(εij − ε0
ij)(εkl − ε0

kl), where Cijkl is the elastic constant, 
eij,εij, ε0

ij is the elastic strain, total strain, and spontaneous strain, 
respectively. The spontaneous strain is obtained from the polarization P 
by ε0

ij = QijklPkPl , whereQijklis the electrostrictive coefficient. The elec
trostatic energy density is calculated by felec =

∑
i=1,2,3 − 1

2EiPi −

1
2Ei,depolPi − Ei,appPi, where Ei denotes the inhomogeneous electric field 
due to the dipole-dipole interactions, Ei,depol denotes the average depo
larization field due to the surface charge, Pi denotes the average polar
ization, Ei,app denotes the applied external electric field. The temporal 
dependence of the spontaneous polarization can be obtained by solving 
the time-dependent Ginzburg-Landau (TDGL) function given by: 

∂Pi

∂t
= −M

δF
δPi

+ ζ, i = 1, 2, 3 (3)  

where M is the mobility coefficient and t is the time, ζ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2kBTM/(l30Δt)
√

ρ represents the thermal fluctuation and is described by 
the random number ρ in simulations [25]. 

The parameters used in the simulations are the same as those used in 
Ref. [26]. In the simulations, BaTiO3 ferroelectric dots with different 
diameters (D=400 nm, 200 nm, 80 nm and 40 nm) are embedded in a 
paraelectric non-transforming matrix (e.g., polymer) with constraint 
elastic boundary. It is assumed that the interface between the ferro
electric nanodots and the matrix is charge-free. Note that changing the 
electrical boundary condition would dramatically affect the polarization 
structure formed in nano ferroelectrics, as intensively discussed in 
existing literature [27–29] and we do not discuss this effect in our 
simulations. 

3. Results and discussions 

3.1. Formation of polar vortex structure at ferroelectric nanodots 

Fig. 1 shows the domain structure of ferroelectric dots with different 
diameters (D) at 40 ◦C. It is seen that at large sizes (D=400 nm, 200 nm, 
80 nm), the dot exhibits a multidomain state which is similar to bulk 
ferroelectric materials. Ample 90o and 180o domain boundaries are 
found in these domain structures. When the size of nanodots is reduced 
to a certain level (such as D=40 nm), the dot exhibits a vortex-like 
domain structure with four 90o domain boundaries and one intersect
ing point of the four boundaries (i.e., the center point). Such vortex-like 
structure at reduced physical dimensions is consistent with previous 
experimental observations [30–32], first-principle simulations [4,33] as 
well as phase field simulations [34,35]. The formation of the vortex 
structure is due to the delicate balance between electrostatic energy, 
elastic energy, and polarization gradient energy [5]. 

3.2. Recoverable electrostrain obtained in ferroelectric nanodots with 
polar vortex structure and its temperature stability 

The polarization (P)-electric field (E) loop and strain (S)-E loop of 
these ferroelectric dots with different sizes at T=60 ◦C and T=20 ◦C are 
calculated and the results are shown in Fig. 2. The D=400 nm dot with 
initial multidomain structure displays conventional polarization-field 
loops and butterfly-shaped strain-field loops at both temperatures. 
With the reduction of the dot size, it is seen that the P-E loop becomes 
pinched and the S-E loop becomes more and more recoverable. It is 
illustrated that the D=40 nm dot with initial vortex structure shown in 
Fig. 1 displays double hysteresis loops and fully recoverable electro
strain at both temperatures. Such results suggest that the ferroelectric 
vortex structure in ferroelectric nanodots could be fully recoverable 
upon removal of external electric field once it is transformed to single- 
domain state by external field, which is consistent with experimental 
observations reported in Ref. [36]. 

The strain-electric field loops of D=40 nm nanodot at several 
different temperatures between 80 and -20◦C are calculated and given in 
Fig. 3. It is illustrated that the electrostrain is fully recoverable for all 
temperatures between 80 and -20◦C for D=40 nm nanodot. In addition, 
it is shown that the hysteresis of the loop as well as the maximum strain 
value become larger with temperature decreasing. The strain becomes 
larger because the polarization becomes larger at lower temperatures as 
determined by the Landau free energy shown in Eq. (2). On the other 
hand, the hysteresis becomes larger because the energy barrier between 
different polarization variants becomes larger when temperature de
creases which can also be deduced from the Landau free energy and thus 
larger electric fields are needed to trigger polarization switching. 

3.3. Origin of the recoverable electrostrain at ferroelectric nanodots 

To explore the origin of the recoverability of the vortex structure and 
the electrostrain of the D=40 nm nanodot, we first analyze how the 
vortex structure returns to its original state upon increasing and 
decreasing the electric field. Fig. 4 gives the domain structure evolution 
upon increasing and decreasing the electric fields at two temperatures 
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(T=60 ◦C and 20 ◦C). It is seen that at both temperatures, upon 
increasing the electric field, the vortex gradually evolves into a single- 
domain state through domain wall motion. Interestingly, upon 
decreasing the electric field, the single domain reverts back to the vortex 
structure through nucleation and growth process, and it is seen that the 
nucleation always starts from the surface as found for surface charge- 
induced polarization switching in PbZr0.2Ti0.8O3 BiFeO3 thin films 
[37]. Such phenomenon can be attributed to the surface effect because 
at the surface of the single domain state, the polarization gradient is 
large, and the minimization of gradient energy in Eq. (1) would tend to 
align the polarization at the surface parallel to it, i.e., ∇P ≈ 0 [33]. More 
importantly, the minimization of the electrostatic energy would tend to 
align the new polarizations formed at the surface into flux-closure 
configuration. Therefore, the flux-closure loop firstly forms around the 
surface of the nanodot and then gradually spreads into the inside with 
further decrease of the electric field. As the external electric field finally 
decreases to zero, the vortex structure forms. Note that the recovered 
vortex after electric field cycling may switch to “anticlockwise-vortex” 
from the initial “clockwise-vortex” as shown in Fig. 4(a). This is because 
both vortex structures possess identical free energy and which vortex 

would appear depends on the random nucleation at the surface here. 
Note that the chirality of the vortex can be also manipulated by local 
surface charge or electric field as reported in Ref. [38]. 

On the other hand, at larger dot sizes (e.g., R = 200 nm or 400 nm), 
with the removal of the external electric field, although nucleation of 
new polarizations occurs at the surface of the single-domain structure 
and grows into the inside similarly, the polarization remains unchanged 
at the center of the dots. Fig. 5 illustrates the domain structure evolution 
under external electric fields at ferroelectric nanodots with different 
sizes. It is demonstrated clearly that with the increase of electric field, all 
systems transform from multidomain/vortex structure to single-domain 
structure. However, with the removal of the electric field, ferroelectric 
nanodots with small sizes (e.g., R = 40 nm) could transform back to the 
vortex structure while ferroelectric nanodots with larger sizes (e.g., R =
200 nm or R = 400 nm) would only transform into a near single-domain 
structure with the center of the dot keeping the polarization the same as 
that of the single domain at large fields. To understand such differences, 
the energy density of different polarization structures appearing upon 
removing the electric field for dots with different sizes(D=40 nm, 
D=200 nm, and D=400 nm) is calculated and the results are shown in 

Fig. 1. Change of domain structure with the dimension of ferroelectric dots at 40◦C. Arrows and colors describe the four different polarization directions 
respectively. 

Fig. 2. The strain-electric field loop and the polarization-electric field loop of ferroelectric dots at different temperatures for different sizes. The electric field is along 
x1 direction. The polarization and strain on x1 direction are recorded. 
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Fig. 6. It is illustrated that as the size of the dots decreases, the energy 
barrier between the single-domain structure and the multi-domain 
structure (for D=200 nm and 400 nm dots) or vortex structure (for 
D=40 nm dots) becomes gradually reducing. The decreasing energy 
barrier between the single-domain structure and the vortex/multido
main structure with reduced dot sizes could help explain why the vortex 
structure of the nanodots is easier to recover itself than the multi-domain 
structure of large dots although both the initial multi-domain structure 
and the vortex structure transform to single-domain structure at large 
electric fields. 

Further simulations turning off one of the energy terms each time 
have confirmed that the electrostatic energy along with the elastic en
ergy plays the main role in the recoverability of the vortex structure. 
Fig. 7 demonstrates the S-E loops and the polarization state upon 
removal of electric field for D=40nm nanodot at T = 60 ◦C and T = 20 ◦C 
for five cases: case 1(with all the energy terms on); case 2(with the de
polarization field turned off), case 3(with the elastic constraint turned 

off); case 4(with the elastic interaction turned off); case 5(with the 
dipole-dipole interaction turned off). It is illustrated from Fig. 7 that 
when the depolarization field is turned off (case 2), the recoverability of 
the S-E loop maintains at both two temperatures. On the other hand, 
when the elastic constraint is turned off (case 3), the recoverability of S- 
E loop becomes limited, especially at low temperature (20 ◦C). The 
domain pattern shown in Fig. 7(h) demonstrates that at case 3, the flux- 
closure domain pattern is partially reserved and the volume fractions of 
different polarization directions are not all equal at the low temperature. 
Furthermore, when the elastic interaction is turned off (case 4), the 
recoverability of the S-E loop becomes more limited, especially at the 
low temperature (20 ◦C). The domain pattern shown in Fig. 7(d) and 7(i) 
demonstrates that at case 4, at the high temperature (60 ◦C) the volume 
fractions of different polarization directions are not equal although flux- 
closure domain pattern is reserved and at the low temperature (20 ◦C), 
the flux-closure domain pattern is almost lost and the nanodot is filled 
with polarizations aligned along the field direction. Finally, when the 
dipole-dipole interaction is turned off (case 5), the S-E loops at both 
temperatures completely lose the recoverability, and with the removal 
of the electric field, the nanodot maintains the single-domain state. 
Therefore, it is illustrated that the dipole-dipole interaction plays a 
major role in regulating the vortex structure and the recoverability of S- 
E loop. The elastic interaction (including elastic constraint) also con
tributes to the recoverability of vortex domain structure and S-E loop but 
the contribution is not as significant as the dipole-dipole interaction. 

3.4. Polar vortex structure and recoverable electrostrain obtained in a 3- 
dimensional (3D) ferroelectric nanodot 

The above simulations are performed in 2-dimensional (2D). To 
verify that the electrostrain of polar vortex structure is also recoverable 
in 3-dimensional (3D) cases, phase field simulations on a 3D ferroelec
tric nanodot are also performed. Fig. 8(a) shows the polar vortex 
structure obtained in a 3D nanodot with D= 40 nm at T=40 ◦C. It is 
illustrated that the vortex forms in the x1-x3 plane. Fig. 8(b) shows the P- 
E and S-E loop of this nanodot (the external field direction is along x1 
direction). Clearly, the polarization and electrostrain are both recover
able. Fig. 8(c) then gives the change of the polar structure of this 
nanodot upon increasing and decreasing the electric field, which 

Fig. 3. The strain-electric field loop of D=40nm ferroelectric nanodots at 
different temperatures. 

Fig. 4. The domain structure evolution of D=40 nm nanodot upon increasing and decreasing electric fields at two temperatures. The direction of the external electric 
field is along x1 direction. The colors in the domain structure represent different polarization directions. 
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illustrate that similar mechanism as that for the 2D nanodots (as shown 
in Fig. 4) operates in the recoverability of the electrostrain. Note that 
upon removing electric fields the vortex forms in the x1-x2 plane rather 
than in the initial x1-x3 plane due to the random nucleation at the sur
face, which is similar to the case shown in Fig. 4(a) obtained for the 2D 
nanodots. 

3.5. Comparison with recoverable electrostrain obtained in bulk 
ferroelectrics 

In bulk ferroelectrics, there are two common ways to recover the 
initial multidomain state and obtain recoverable electrostrain. One is 
utilizing the large local electric fields induced by point defects (i.e., in 

relaxor ferroelectrics) [13–16], and the other is utilizing the restoring 
force provided by the reorientable defect dipoles (i.e., in aged 
acceptor-doped ferroelectrics) [12]. However, the recoverable electro
strain of relaxor ferroelectrics suffers from temperature instability and 
the strain magnitude is not large as a result of the large number of point 
defects in it [13,15,16]. On the other hand, the stability of the recov
erable electrostrain in aged acceptor-doped ferroelectrics is also limited 
because the ageing state of it could easily be destroyed by temperature 
increasing [12]. Therefore, the recoverable electrostrains obtained in 
bulk ferroelectrics are limited for real applications on actuators. In 
contrast, the recoverable electrostrain achieved in ferroelectric nano
dots has the following two advantages: (1) The strain value maintains a 
large value; (2) the temperature stability is good. These two 

Fig. 5. Domain structure evolution under electrical fields for ferroelectric nanodots with different sizes. (a) D=400 nm, (b) D=200 nm, (c) D=80 nm, (d) D=40 nm. 
Arrows and colors describe the four different polarization direction respectively. The electric field is along x1 direction. 

Fig. 6. Variation of the reduced total energy density of different po
larization structures appearing upon removing external electric fields 
for dots with different sizes(D=40nm, 200nm and 400nm).The energy 
barrier between the single-domain structure and multi-domain/vortex 
structure for different dot sizes is indicated by the double-headed ar
rows. △ftotal is the difference of the total energy density between the 
polarization structures at different electric fields of each dot and its 
single-domain structure at 80kV/cm, f0 is a normalization constant.   
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Fig. 7. Effect of depolarization energy, elastic constraint, elastic energy and electrostatic energy on the recoverability of vortex domain structure and S-E loop of 
D=40nm nanodot at two temperatures at five cases: (a) and (f) case 1 (all energy terms are turned on). (b) and (g) case 2(the depolarization energy term is turned 
off). (c) and (h) case 3(the elastic constraint is turned off). (d) and (i) case 4(the elastic interaction is turned off). (e) and (j) case 5(the dipole-dipole interaction is 
turned off). 

Fig. 8. (a) Vortex structure obtained in a 3D nanodot with D=40nm at T=40 ◦C. (b) The recoverable electrostrain loop of the 3D nanodot obtained by applying 
external electric fields along x1 direction. The inset figure gives the recoverable polarization-electric field loop. (c) The evolution of the polarization structure upon 
increasing and decreasing the electric field of the vortex.1-7 indicate the 7 points on the recoverable electrostrain shown in Fig. 8(b). 
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characteristics of the recoverable electrostrain achieved in ferroelectric 
nanodots are beneficial for their applications in MEMS and NEMS as 
nanoactuators. In addition, the recoverable electrostrain achieved in 
ferroelectric nanodots with vortex structure should be general for any 
ferroelectric systems, which offers a wide range of material choices. 
Furthermore, unlike the recoverable electrostrain obtained for bulk 
ferroelectrics mentioned above, the recoverable electrostrain in ferro
electric nanodots does not rely on any point defects, which could ease 
the process of fabrication. Despite of all the above advantages, the 
recoverable vortex structure and large recoverable electrostrain appear 
only in ferroelectric nanodots with a narrow range of sizes as illustrated 
in Figs. 1 and 2, which could limit its real application. 

4. Conclusions 

In conclusion, we report fully recoverable vortex structure and large 
recoverable electrostrain over a wide temperature range in nanodots 
with constrained elastic boundary and open-circuit electric boundary. 
The recoverability of the electrostrain is due to the restoring force pro
vided mainly by the dipole-dipole interaction energy and elastic energy. 
The large recoverable strain over a wide temperature range for ferro
electric nanodots does not rely on point defects and should be general for 
any ferroelectric systems. This work could stimulate further research on 
applications of ferroelectric nanodots on MEMS and NEMS. 
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