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a b s t r a c t

Porous ferroelectrics have some special properties and features for specific promising applications. The
nanopores structure have been observed in experiments may have great influence on the ferroelectric
domain structures and the switching properties of ferroelectrics. In this study, we proposed a phase field
model to predict the domain structures of porous ferroelectrics and their evolution under a switching
electric field. The effects of the pores size/shape on domain structure, switching properties, and dielec-
tric/piezoelectric properties are investigated and analyzed. The simulated hysteresis loop is in good
agreement with experimental reports. It is shown that the porosity can strongly affect the ferroelectric
domain size, and furthermore, will influence the hysteresis loop. Therefore controlling the porosity of fer-
roelectrics may provide a possible way to adjust the properties of porous ferroelectric materials.

! 2018 Elsevier B.V. All rights reserved.

1. Introduction

Porous ferroelectric materials can be tailored to achieve special
properties and features for specific applications [1,2]. By control-
ling ferroelectric porosity with its size/shape/orientation/intercon
nectivity shows enhanced properties including piezoelectric coeffi-
cient [3–8], dielectric constant [5–8], and ferroelectric properties
[7–9]. Porous ferroelectrics also show higher pyroelectric harvest-
ing for its potential energy harvesting applications [10–12]. These
properties enhancement suggest that porous ferroelectrics have
great potential in various applications.

Very recently, nanosized pores formed in nano-thin film or
nanowires also have attracted great attentions. Ferreira et al.
reported nanoporous piezo- and ferroelectric thin films from sol-
gel solutions [13], and noticed ferroelectric properties are
enhanced in nanoporous films [14]. Kalinin et al. studied local fer-
roelectric properties and switching polarization using piezore-
sponse force spectroscopy and have revealed an enhanced
piezoresponse from the nanostructured films [15]. Nanopores with
a typical diameter of around 10 nm are discovered in ferroelectric
nanowires, nanopores didn’t break the monocrystallinity and the
negative pressure results in enhancement of tetragonality, Curie
temperature, spontaneous polarization and piezoelectric [16].
Please note that nanoporous ferroelectrics/piezoelectrics are highly

promising as platforms to construct mechanical/magnetoelectric
composites with a designed architecture.

Many experimentalists would like to avoid pores to fetch a per-
fect crystal. However, the generation of porosity in ferroelectrics
can be seen as an avenue to achieve lighter materials with
enhanced or optimized ferroelectric properties. Thus, it is impor-
tant to study the roles played by pores for improving/adjusting fer-
roelectric properties. Many theoretical works have been developed
to expect the properties, e.g., a finite element model (FEM) built by
Mitoseriu et al. investigated permittivity and tenability for isotro-
pic/elongated pores in 2D [17] and 3D interconnectivity [18,19].
The switching properties also have been investigated by the multi-
scale nonlinear finite element simulation [20] or 3D Ginzburg-
Landau theory based finite element model [21], and the simulated
ferroelectric properties can be compared to experimental observa-
tions. The switching properties of Nb-PZT (Lead Zirconate Titanate)
ceramics with anisotropic porosity (!40% relative porosity) were
investigated by comparison with the dense ceramics (!5% relative
porosity) of the same composition by means of the first-order
reversal curve analysis [22]. Khachaturyan et al. used FEM simula-
tions of the statistical field-distributions to study switching pro-
cess of the ferroelectric ceramics with pores of different size,
shape, and orientation. Simulation results predicted the roles
played by the shape isometric/anisometric, size, distribution of
the pores in ferroelectric switching process [23]. Some very early
works done by Li et al. [24] and Brown et al. [25] with a finite ele-
ment model show that the remanent polarization decreases with

https://doi.org/10.1016/j.commatsci.2018.02.022
0927-0256/! 2018 Elsevier B.V. All rights reserved.

⇑ Corresponding authors.
E-mail addresses: pingpingwu@xit.edu.cn (P. Wu), dulifei@xust.edu.cn (L. Du).

Computational Materials Science 148 (2018) 216–223

Contents lists available at ScienceDirect

Computational Materials Science

journal homepage: www.elsevier .com/locate /commatsci

http://crossmark.crossref.org/dialog/?doi=10.1016/j.commatsci.2018.02.022&domain=pdf
https://doi.org/10.1016/j.commatsci.2018.02.022
mailto:pingpingwu@xit.edu.cn
mailto:dulifei@xust.edu.cn
https://doi.org/10.1016/j.commatsci.2018.02.022
http://www.sciencedirect.com/science/journal/09270256
http://www.elsevier.com/locate/commatsci


the increase of porosity density. The effect of the shape and dis-
placement was also analyzed in three dimensional [25].

However, above studies didn’t include any ferroelectric domain
structures, which is strongly affiliated with the ferroelectric prop-
erties, and also, domain structure affiliated switching process is
less investigated. A significant differences in remanent polarization
(Pr) between porous and dense PZT films was observed by Trolier-
McKinstry et al. [26], which suggests that the porosity has an
impact on domain wall motion and may further contribute to the
switching properties [27,28]. Weng et al. used a thermodynamic
model to simulate the hysteresis loop of ferroelectric crystal on
various porosity [29].

Recently, phase field method have great potential in simulat-
ing porous ceramics [30], ferroelectric domain structures [31]
and various types of magnetoelectric materials [32–35]. The
switching properties also have been simulated using this method
[35–38]. In this paper, we would like to solve the following
problems: (i) what is the domain structure like when a specific
shaped pore (isometric/anisometric) is introduced into the
ferroelectrics, (ii) what is the hysteresis loop and the remanent
polarization (Pr)/coercive electric field (Ec) like with this porous
material. (iii) The relationship between the hysteresis loop and
the domain structures, how the pores influence on the switching
properties and the Pr/Ec. In this work, the ferroelectric domain
structure of BaTiO3 with various shapes/sizes of pores was stud-
ied by employing the phase-field dynamical model with solving
the time dependent Ginzburg-Landau (TDGL) equations. The
switching properties of BaTiO3 with nanopores are also illus-
trated with its domain structure evolution, and the influence of
the porosity on the ferroelectric domains and switching proper-
ties have been studied.

2. Phase field model with pores

Consider four types of energy to describe the domain of ferro-
electric in phase-field model, where the total free energy of ferro-
electric materials includes bulk free energy, domain wall energy,
electrostatic energy and elastic deformation energy, i.e.,

Felectric ¼ Fland þ Fwall þ Felec þ Felas; ð1Þ

where Fland can be expressed by an eight-order Landau polynomial:
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where a1, aij, aijk, and aijkl are the phenomenological Landau
expression coefficients, Pi (i = 1, 2, 3) is the spontaneous polar-
ization which set as the order parameters, thus the ferroelec-
tric domain structure can be described by the spatial
distribution of Pi. V is the volume of the simulated system
and d3x = dx1dx2dx3.

The ferroelectric domain wall energy is given by:

Fwallð@Pi=@xjÞ ¼
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where Gijkl is coefficient of gradient energy and Gijkl = Gklij.
The electrostatic energy can be written as:

FelecðPi; EiÞ ¼ (
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where Ei represents electric field component, which depends on the
polarization distribution and the boundary conditions, e0 is the vac-
uum permittivity, and eb is the background relative dielectric
permittivity.

According to Khachaturyan’s elastic theory [39], the elastic
energy Felas can be written as:

FelasðPi; eijÞ ¼
Z
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where eij is strain and cijkl is the elastic stiffness tensor. Qijkl is the
electrostrictive coefficient.

In the current work, we introduce a static phase field gðrÞ to dis-
tinguish the ferroelectric phase and the pores phase, as the phase
field g do not evolve with time, the position and the size of the
pores are fixed. If gðrÞ ¼ 1, position r is occupied by the ferroelec-
tric phase, whereas for gðrÞ ¼ 0 means position r is occupied by the
pore phase. The total free-energy of a ferroelectric material with
pores includes the contribution of ferroelectric energy and pore
energy, i.e.

Ftotal ¼ gðrÞ ) Felectric þ ð1( gðrÞÞFpores; ð6Þ

for simplicity, we set Fpores = 0, which means the pore phase has no
contribution to the total energy of the materials, especially for pre-
dicting the domain structures of ferroelectrics.

With all the energetic contributions, the temporal and spatial
evolution of the polarization distribution of ferroelectrics can
be described by the Time-Dependent Ginzburg-Landau (TDLG)
equations,

@Piðr; tÞ
@t

¼ (L
dFtotal

dPiðr; tÞ
; ði ¼ 1;2;3Þ ð7Þ

where t is time, and L is kinetic coefficient.
All the corresponding coefficients are employed here:

a1 = 4.124(T-388) * 105, a11 = (2.097 * 108, a12 = 7.974 * 108,
a111 = 1.294 * 109, a112 = (1.905 * 109, a123 = 2.500 * 109, a1111 =
3.863 * 1010, a1112 = 2.529 * 1010, a1122 = 1.637 * 1010, a1123 =
1.367* 1010, c11 = 1.78* 1011, c12 = 0.964* 1011, c44 = 1.22* 1011,
Q11 = 0.10, Q12 = (0.034, Q44 = 0.029, where cij and Qij are the
Voigt notation for cijkl and Qijkl. All the coefficients are in SI unit
and T in Kelvin [40].

3. Simulation results

We systematic studied the effects of various shapes/sizes of
pores on the domain structure and switching properties. Firstly,
we illustrated the simulation of ferroelectric switching process
by a hysteresis loop with the evolution of ferroelectric domain
structure. Then we assumed the shape of the pores are ideal perfect
isometric geography, e.g. square shaped or circle shaped pores.
After that, the situation of the anisometric shaped pores were con-
sidered, like using a rectangle/ellipse shaped pores with various
aspect ratio. Finally we discussed the ferroelectric/dielectric/
piezoelectric properties by comparing the Pr, rectangularity factor,
dielectric constant and piezoelectric constant with experimental
results.

3.1. Hysteresis loop with domain structure for porous BaTiO3

Fig. 1(a, b) illustrates a complete Polarization-Electric field
hysteresis loop (PE loop) with the domain evolution of BaTiO3

crystal with a squared shaped single pore under a switching
field along the x direction. The simulation size is 256 nm *
256 nm with the pore size of 96 nm * 96 nm. The domain
structures A-I in Fig. 1b are corresponding to the points A-I
in Fig. 1a, respectively. The microstructure evolution under the
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electric field occurs through two mechanisms, the domain wall
movement and the polarization rotation. At point A, as no elec-
tric field applied, four tetragonal domains with their directions
along +x/(x/+y/(y are observed in this 2D simulations. With

the increase of the external field, the x domains are favored
by the electric field, in the first stage of the initial polarization,
the (x domains and partial y domains shrink and disappear,
lead to a jump in the switching loop. The comparison between

Fig. 1. (a) A typical switching loop of BaTiO3 with a square shaped pore, (b) the domain structure evolution during the switching process, domain structure A-I are
corresponding to the point A-I of (a).
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the domain structures of B and C show that, minor changes are
observed in the domain structures and the total polarization
climbs very slowly. We found that the polarization rotation
mechanisms governed this process. It is important to note that
the switching processes didn’t end up in a single domain state
since the grain structures or defects are not considered in our
current simulation. During the depolarization stage, the domain
structure didn’t change, the polarization rotation makes the 90
degree domain wall movement and the volume fraction
increase of y domains. However, at the remenant polarization
point E, a small new domain with opposite polarization ((x
domain) is observed at the pore surface. If the external applied
field increased along (x direction, one can see the (x domains
nucleate and grow (see point F). Meanwhile, in order to
decrease the electrostatic energy, one can see +y domains
appear in the +x domains. In the following stage, a narrow
stripe structure formed at point G lead to the whole structure
switched with a rapid decrease in the PE loops. Finally, the
structure is switched to (x/(y domain structure, which is sep-
arated by 90 degree domain walls at –x electric field max
(point I), previous +x domains shrink and is replaced by +y
domain, while the (y domains expands and switched to (x
direction.

3.2. Squared/circle shaped pores

To study the effect of pore sizes on the domain structures and
switching properties, Fig. 2 shows simulated ferroelectric domain
structures with various squared shaped (b–d) and circle shaped
(e–g) pores absence of applied field. Fig. 2a shows a perfect fer-
roelectric domain structure of BaTiO3. One can see the classical
stair-shaped domain structure which is in consistent with previ-
ous experimental works; x domains and y domains are separated
by 90 degrees domain walls. To investigate the effect of the
pores, we embedded a square shaped pore at the center of the
domain structure and increased its size from 32 * 32 nm to
160 * 160 nm. If increase the size of the pores, the ferroelectric

domains can be changed to a complex structure, with a number
of small domains and domain walls. The presence of domain
walls involve other energy cost, especially for 90 degrees domain
walls, which will generate inhomogeneities in the strain field.
For a small pore size of 32 * 32 (nm2), the introducing of pores
changes the domain structures. The symmetry of domain struc-
ture is broken and lead to a complicated pattern. On the surface
of the pore, small domains of closure with triangular cross-
sections appears, as predicted in theory and experiments [41].
It should be noticed that this small closure domain structure is
mostly driven by the reduction of electrostatic energy. The polar-
ization direction of the ferroelectric domain was expected to
along the pores surface to avoid the charge accumulation and
lower the electrostatic energy. The simulation results are similar
to Zhang’s work on the ferroelectric domain structures with tri-
angle anti-dot array [42], in which the polarization is perpendic-
ular to the edge and lead to the splitting of the ferroelectric
domain. By increasing the size of pores (Fig. 2(c,d)), the number
of triangular shaped closure increases and lead to a reduction of
the average size of domains by introducing more domain walls.
In such a case, branching–pattern domains are observed at the
pore interfaces, resulting in the formation of triangular cross-
section patterns. This structure contains a large density of
domain walls, but most importantly, it is the results of the bal-
ancing the domain wall energy and electrostatic energy to min-
imize the total free energy.

In experiments, Circle/Spherical shaped pores are more natu-
ral. As shown in Fig. 2(e), for an almost dense ferroelectric with
a small pore (diameter = 64 nm), minor topological change is
observed in domain structures. A small (y domain grow from
the pores interface in the parent +y domain, which separates
the domain into two segments with two 180 degree domain
wall. It is seen that domains maintain the stair-shaped structure
and exhibit centro-symmetry. A very small triangular shaped (x
domain can be seen at the intersection point of pore boundary/
+y domain/(y domain. Fig. 2(f, g) show the domain structures
obtained with large pores (diameter = 128/160 nm). The domain

Fig. 2. (a) Stair shaped ferroelectric domain structure with no pores. The domains colored yellow, orange, light green, dark green represents polarization vector along the +x,
(x, +y, (y axis, respectively; (b–d) Domain structures with square shaped pores of various sizes of (b) 32 * 32 (c) 96 * 96 (d) 160 * 160 (unit:nm2); (e–g) domain structures
with circle shaped pores of various diameters of (e) D = 64 nm (f) D = 128 nm (g) D = 160 nm.
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structure become quite different and are strongly affected by
the increase of the pores’ diameter. For example, the element
of a twinned domains composed of (x/(y domain is replaced
by the one composed of +x/(y domain along the x direction,
in contract, a twinned domains composed of (x/(y domain is
replaced by the one composed of (x/(y structure along the y
direction, and the size of the domain decreases if the pores’
diameter raised. This phenomenon may be due to the depolar-
ization field for minimizing the electrostatic energy. If the pore
size is small, especially, smaller than the domain size, it’s easy
to predict that the effect of pores on domain structure is lim-
ited. When the size of pores is large enough, the domains with
its polarization along all the possible directions appear, as the
polarizations is favored to be parallel to the pore/ceramic
boundaries.

For a complete study of pores size effect on the switching
properties, the hysteresis loops of ferroelectrics (P-E loop) was
computed for square shaped pores (Fig. 3(a)) and circle shaped
pores (Fig. 3(b)), at different size levels. These simulations show
indeed that the pore size strongly influences the hysteresis loop.
Comparing to perfect ferroelectric, introducing a small pore in
the structure will lead to a very small increase in Ec for both
shaped pores. After that, both the remanent polarization and
the coercive field decrease continuously with increasing of pore
sizes. The decrease can be easily understood because that the
volume fraction of ferroelectrics is reduced when considering

large sized pores. Large pore size also lowered the rectangularity
of the loops. The evolution of domain structures during the
switching process are similar to Fig. 1. Further details about
the dielectric and piezoelectric properties will be discussed in
the following section.

3.3. Rectangle/ellipse shaped pores

Comparing to ideal isometric shaped pores, anisometric
shaped pores are more realistic. By controlling the shape of
pores, one can engineer the switching properties of ferroelectrics
to satisfy practical applications. One possible way to create ani-
sometric shaped pores is to elongate the pores through applying
external mechanical stress. In our current work, simulations
were taken using rectangle/ellipse shaped pores with various
aspect ratio but similar porosity level (!25%) to investigate the
effect of anisometric shaped pores on domain structure and
switching properties. Fig. 4 (a–d) shows domain structures with
rectangle shaped pores of aspect ratio varies from 1:1.5 to 3:1.
Interestingly, comparing to the domain structure of square
shaped pores, the symmetry broken of the pores makes the fer-
roelectric domain structure simpler. The distribution of polariza-
tion vector also formed a stairs shaped centro-symmetric
structure. It is important to note that periodical boundary condi-
tion is employed in this current simulation, small pieces
domains are found near the short edge of the rectangle shaped
pores, which can be explained by the depolarization field caused
by the boundary effect. Small twinned fragmental domains can
introduce more domain wall energy but lower the cost of elec-
trostatic energy, and lead to total free energy minimum. Specif-
ically, when the aspect ratio raises, the balancing between the
proportion of x domains and y domains is broken, in the
sequence of (a-b), the y domain stripes gets broader than the x
domain stripes, which indicated that the y domains are favored
by high aspect ratio pores. Meanwhile similar process is seen
in the sequence of (c-d), in which the x domains expand and y
domains shrink.

Fig. 4(e–h) show the domain structures with ellipse shaped
pores for semi major/minor axis of 2:1/3:1, placing along y axis
(as shown in Fig. 4e, f) or x axis (as shown in Fig. 4g, h). A very
simple twinned domain pattern is obtained when ellipse shaped
pores were implanted. Some needle-like/triangle shaped
domains are found near the pores boundary in order to lower
the total free energy. We noted that the ellipse shaped
pores like to stay in the domains whose polarization direction
along the semi major axis of the pores, this domain picture is
self-organized in the absence of the applied field, and
energetically preferable. This result may suggest a possible
way to engineering ferroelectric domains through controlling
the pores shape.

Comparing all the P-E loops of elongated shaped pores, as all of
these domain structures have similar pores fraction, only minor
differences are observed in the switching loops, as shown in
Fig. 5. For the structures with pores having the long axis parallel
to the external field, a small increase of ramenent polarization is
seen, but the coercive field is less influenced by the shapes and
elongated directions of pores.

3.4. Ferroelectric, dielectric and piezoelectric properties

For ferroelectric/piezoelectric applicability reasons, it is
important to understand the relationship between the pores of
ceramics and its ferroelectric, dielectric and piezoelectric prop-
erties. The simulated properties for porous BaTiO3 ferroelectrics,
including remanent polarization (Pr), coercive field (Ec), rectan-
gularity factor (Pr/Ps), dielectric constant (e33) and piezoelectric

Fig. 3. P-E hysteresis loops of ferroelectrics with (a) square shaped pores (b) circle
shaped pores.
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coefficient (d33) are shown in Table 1. Different from thermody-
namic calculations, for a multi-domain system in phase field
model, the dielectric constant is estimated by taking the slope
of the polarization at maximum applied electric field to the
origin (e33 = e11 = (DP1)/DE1 = P|max/Emax), the piezoelectric
constant also can be calculated in the similar way of d33 = d11 =
(D!e1)/DE1 = !e|max/Emax = Q11 * P12+Q12*(P22 + P32)/Emax, where !e1 is
the average value of strain along the x direction. The remanent
polarization, rectangularity factor, dielectric constant and
piezoelectric coefficient versus porosity for porous ceramics
are comparatively presented in Fig. 6 (a–d). The result show
that the Ferroelectric/Dielectric/Piezoelectric Properties are
clearly influence by the porosity of the BaTiO3 ceramic as well
as the nanopore shape.

For ferroelectric properties, a strong decrease of the Pr is
observed for high porous ferroelectrics. It is essential to note
that for a given porosity, higher remanent polarization and rect-
angularity factor is found in circle shaped porous ferroelectric,
and the coercive field is less affected by the geometrical config-
uration. A maximum value of rectangularity factor (!0.73) is
found in an ellipse shaped porous ceramics, with the ellipse
its semi major/minor axis of 2:1, placing along x axis. Rectangle
shaped pores with aspect ratio of 1:3 exhibited lowest rectan-
gularity factor of 0.58. These simulated results indicated that
the rectangularity factor can be influenced by the anisometric
geometrical configuration of the pores. The dielectric constant
and piezoelectric coefficient continuously reduces when increas-
ing the porosity level: e33 varies from 2240 for dense ceramics
to 1317 for 39% porosity, and d33 varies from 371pC/N for
dense ceramics to 129pC/N for 39% porosity. The effect of the
porosity is dominant while shape of the pores have minor con-
tribution to e33 and d33. Enhanced dielectric/piezoelectric prop-
erties are also observed for elongated pores with the major axis
oriented parallel to the applied field direction. These simulated
value (Pr/e33/d33) can be compared with experimental results.
According to these calculations, porous ceramics with well-
controlled porosity/pores shape may provide enhanced ferroelec
tric/dielectric/piezoelectric properties.

Fig. 4. (a-d) The domain structures with rectangle shaped pores of various aspect ratio (a)1:1.5 (b)1:3 (c)1.5:1 (d)3:1, respectively; (e-h) The domain structures with ellipse
shaped pores, the major radius/minor radius is chosen to be 2:1 or 3:1 placing along the y axis (e, f) or x axis (g, h).

Fig. 5. P-E hysteresis loops of ferroelectrics with (a) rectangle shaped pores
(b) ellipse shaped pores.
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4. Conclusion

In summary, porous BaTiO3 ceramics were simulated using a
phase field model based on Gingzburg Landau theory and
Khachaturyan’s elastic theory. The present work reports domain
structures, switching hysteresis loops and dielectric/piezoelectric
features in various porous ferroelectrics with different pores
shape/size. We found that (1) increasing the porosity of ceramics
reduces the remanent polarization, dielectric constant and piezo-
electric constant, (2) the rectangularity factor is strongly influ-
enced by the geometrical configuration of the pores. A maximum
value around 0.73 is observed in ceramics with ellipse shaped
pores while ceramics with rectangle shaped pores exhibited a min-
imum value of 0.58, (3) ferroelectric domains can be engineered

through implanting specific shaped pores. The ferroelectric /dielec-
tric /piezoelectric properties have been calculated for the porous
ferroelectrics that correlate well with experimental results. It is
suggested that the possibility of the optimized properties can be
designed or adjusted through controlling the porosity or pores
shape of the ferroelectrics for its potential applications.
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Table 1
Ferroelectric, Dielectric and Piezoelectric properties of porous structure in this work. P0 = 0.26C/m2 and E0 = 9.65 * 106V/m.
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Circle d = 128 19.63% 0.40676 0.35 0.678 1815 244
Circle d = 160 30.68% 0.32754 0.35 0.650 1545 177
Rectangle 1:1.5 24.76% 0.34154 0.45 0.628 1619 189
Rectangle 1:3 25.06% 0.29762 0.35 0.583 1583 184
Rectangle 1.5:1 24.76% 0.3712 0.4 0.661 1718 222
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