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Domain size and charge defects affecting the polarization switching
of antiferroelectric domains
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The switching behavior of antiferroelectric domain structures under the applied electric field is not fully understood.
In this work, by using the phase field simulation, we have studied the polarization switching property of antiferroelectric
domains. Our results indicate that the ferroelectric domains nucleate preferably at the boundaries of the antiferroelectric
domains, and antiferroelectrics with larger initial domain sizes possess a higher coercive electric field as demonstrated by
hysteresis loops. Moreover, we introduce charge defects into the sample and numerically investigate their influence. It
is also shown that charge defects can induce local ferroelectric domains, which could suppress the saturation polarization
and narrow the enclosed area of the hysteresis loop. Our results give insights into understanding the antiferroelectric phase
transformation and optimizing the energy storage property in experiments.
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1. Introduction
Antiferroelectric (AFE) structure was first predicted by

Kittel in 1951. Almost at the same time, PbZrO3 was con-
firmed to be a perovskite AFE at room temperature. Over
the past decades, many antiferroelectric materials were suc-
cessively found in experiments, such as PbHfO3, AgNbO3,
NaNbO3, and so on. AFEs could transform to ferroelectric
(FE) state under the external electric field, giving rise to the
special double hysteresis loop. Such behavior makes AFEs
excellent dielectric energy-storage materials for high-density
capacitors. Many works have shown that the energy stor-
age performance of AFE materials is not only determined by
the chemical composition but also significantly affected by
the domain structures of the materials.[1–6] For example, it is
demonstrated that the field-induced multiphase transition of
(Pb0.98La0.02)(Zr0.55Sn0.45)0.995O3 ceramic can lead to an ul-
trahigh energy storage density.[4] Utilizing nanoscale domains
and ferroelastic domain switching can further enhance the en-
ergy storage density of AFE ceramics.[5,6] Therefore, under-
standing the structure effect and transformation behavior of
AFE domains is of great importance to improve the mate-
rial properties. Experimentally, x-ray diffraction study has
been used to study the lattice structure,[7–9] and high resolu-
tion scanning transmission electron microscope (STEM) has
been used to investigate the modulation of AFE incommensu-
rate phases.[10–14] The atomically resolved STEM images have
provided us the atomic cation displacement and polarization

arrangement of AFE domain structure and boundaries.[15–18]

Recent findings indicate that the polarization of AFE in-
commensurate phases varies in magnitude and is not fully
compensated.[17,18] The polarization arranges in a quite differ-
ent manner from the ferroelectrics at the AFE boundaries.[16]

However, due to the complex subdomain microstructure
and difficulties of experimental measurements, several funda-
mental puzzles still remain. For instance, in the case that AFE
and FE domains coexist, the polarization arrangement of FE
and AFE interfaces lacks investigation. In particular, the po-
larization vectors rotate and switch in the AFE domain struc-
tures under the applied electric field is unclear. Moreover, it
is known that the initial domain size and charge defects can
greatly affect the dielectric and piezoelectric properties of FEs.
How these aspects influence the switching mechanisms and
the hysteresis loops of AFEs is still an open question. To ad-
dress these questions, in this work, we have carried out phase
field simulations to study the domain structure and polariza-
tion switching property, based on the developed Landau model
of AFEs proposed in our previous work.[19] In Section 2, a
two-dimensional phase field model of AFEs based on the Lan-
dau theory is introduced in order to study the domain struc-
tures. In Section 3, we first study the polarization switching
behavior of the AFE domains and the size effect on the hys-
teresis loop without considering charge defects, and then pre-
dict the influence of charge defects on the domain structures
and hysteresis loop. The conclusions are given in Section 4.
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2. Modeling
In the Landau model of AFEs, the free energy is ex-

pressed as a polynomial in terms of the polarization and the
oxygen octahedron tilt angle.[19] As we mainly focus on the
polarization distribution and switching of the structures, for
simplicity, we assume the oxygen octahedron tilt angle as con-
stant, thus, in the two-dimensional phase field model the total
free energy of the AFEs in terms of the polarization 𝑃 (Px,Py)

can be written as

F =
∫
( fL + fg + fela −𝐸d ·𝑃 −𝐸ext ·𝑃 )dV, (1)

where fL denotes the classical Landau free energy density of
ferroelectrics, and fela is the elastic free energy density. The
term fg is contributed by the spatial polarization changes that
can determine the stability of FE and AFE phases. 𝐸d is the
depolarization field and 𝐸ext is the external electric field. fL is
given by
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where α1, α11, α111, α12, and α112 are the Landau free energy
coefficients. The term fg could be regarded as gradient energy
which contains first order and second-order derivatives of the
polarization

fg = ∑
i

{
λ

[(
∂Pi

∂x

)2

+

(
∂Pi

∂y

)2
]

+g

[(
∂ 2Pi

∂x2

)2

+

(
∂ 2Pi

∂y2

)2
]}

, (3)

where i = x,y. The coefficients λ and g (g > 0) are dependent
on the oxygen tilt angle. For λ < 0, the AFE phases are more
stable. Otherwise, the FE state is favored. The ratio between
λ and g could determine the modulation of the AFE phases.
The elastic free energy density of the two dimensional system
is expressed as
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where εi j represents the total elastic strain, and ε0
i j is the spon-

taneous strain which is related to the spontaneous polarization
and oxygen tilt. ε0

i j = Qi jklPkPl +qi jklθkθl , in which θi repre-
sents the oxygen tilt angle. For simplicity, here we neglect the
oxygen tilt contribution to the spontaneous strain by assum-
ing qi jkl = 0. 𝐸ext is the external electric field. 𝐸d = −∇φ is
the build-in electric field evaluated from the electric potential
φ . The potential can be calculated from Gauss’s law ∇ ·𝐷 =

ρ(𝑟), where 𝐷 = ε0𝐸d +𝑃 and ρ(𝑟) is the charge density.

Gauss’s law leads to the constraint −ε0∇2φ +∇ ·𝑃 = ρ(𝑟).
The electric potential solved in the Fourier space φ(𝑘) is

φ(𝑘) =−i
kxPx(𝑘)+ kyPy(𝑘)

ε0(k2
x + k2

y)
+

ρ(𝑘)

ε0(k2
x + k2

y)
,

where kx and ky are the components of the wave vector. Px(𝑘),
Py(𝑘), and ρ(𝑘) are the Fourier transformation of Px(𝑟), Py(𝑟),
and ρ(𝑟), respectively. The evolution of the AFE domain
structures can be described by the time-dependent Landau
Ginzburg equation

∂𝑃

∂ t
=−L

δF
δ𝑃

, (5)

where L is the kinetic constant and t is the time. In this
work, Eq. (5) is discretized using the Euler scheme on a
mesh with periodic boundary conditions. We rescale the evo-
lution time as t∗ = tLτ0 (τ0 = 2.5 × 107). The space dis-
cretization step of each grid is ∆ = a0, where a0 is the lat-
tice constant of the primary unit cell. We use the Landau
parameters as α1 = −1.34 × 107 − λ/a2

0 V·m·C−1, α11 =

4.78 × 108 V·m5·C−3, α111 = 5.57 × 108 V·m9·C−5, α12 =

−4.98×108 V·m5·C−3, and α112 = 1.10×109 V·m9·C−5. In
the simulation, we use λ = −0.8a2

0τ0 to study the AFE struc-
ture and choose g = 0.4λa2

0. The elastic constants are given
as C11 = 15.6×1010 N·m−2, C12 = 9.6×1010 N·m−2, C44 =

12.7×1010 N·m−2. The electrostrictive Q11 = 0.048 m4·C−2,
Q12 =−0.014 m4·C−2, and Q44 = 0.065 m4·C−2.

3. Results and discussion
3.1. Domain switching and hysteresis loop versus external

electric field

Figure 1(a) shows the stable domain structure which is
composed of AFE domains along [110] and [1̄10] directions.
Subdomains with anti-parallel polarization can be seen within
[110] and [1̄10] orientated AFE domains. Although no defects
are considered in the system, local dislocations could emerge
in some positions at the subdomain boundaries, as shown in
the dashed line region of Fig. 1(a). The long range antiferro-
electric order might be broken at local regions where two sub-
domains form local head-to-head or tail-to-tail polarization ar-
rangement. According to the Gauss’s law, such head-to-head
or tail-to-tail domain boundaries are not stable as no charge
defects at the boundaries. The structure tends to form local
dislocations in order to lower the free energy. Similar pattern
is also confirmed in PbZrO3 in experiments through STEM
imaging.[20] Figure 1(b) shows the distribution of the built-in
electric field. One can see that the magnitude of the electric
field presents a higher value at the perpendicular subdomain
boundaries. And the dashed line regions of Fig. 1(a) indicate
a large build-in electric field near the dislocation points.
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Fig. 1. (a) AFE domain structure without external electric field. The
white arrows represent the polarization vector, and the RGB color is used
to label the orientation of the subdomains. (b) The distribution of the
built-in electric field.
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Fig. 2. AFE domain switching versus external electric field along [110]
direction. With the increase of applied field, the polarization starts switch-
ing at the antiferroelectric domain boundaries, as labeled in the dashed
line region.

To study the polarization switching property, we have
applied an external electric field along [110] and [010] di-
rections, respectively. Figure 2 shows the domain switching
behavior under [110] electric field. At the electric field of
86 kV/cm that is close to the switching field, the polarization
starts switching to the field direction at the interfaces between
[110] and [1̄10] oriented domains, and the domain structure
transforms from AFE to FE state, as shown in the dashed rect-
angular region of Fig. 2(a). As the field keeps rising, the FE
domains increase whereas the AFE domains are suppressed.
In Fig. 2(c), one can clearly see the mixture of AFE and FE
phases, and the polarization arrangements on the boundary
between the AFE and FE domain structures are displayed by
the white arrows. Above 100 kV/cm, the domain structure
could be poled to a single FE domain along the field direction.
Figure 3 shows the domain switching under the electric field
along [010] direction. Similarly, the polarization switching
also starts at the boundaries of differently oriented domains.
With the increase of the field, the AFE domains transform to

FE states along [110] and [1̄10] directions. At 100 kV/cm,
the AFE domains totally transform to FE phase. The average
polarization versus the electric field is calculated in Fig. 4. It
shows the saturation polarization under the [110] electric field
is about 0.2 C/m2, which is a bit higher than 0.12 C/m2 of
the [010] poled AFE structure. The switching electric field is
about 100 kV/cm in the [110] direction and 125 kV/cm along
the [010] direction. This result indicates that the polarization
switching property is dependent on the field orientation.

(a) E=0 kV/cm (b) E=105 kV/cm

(c) E=112 kV/cm (d) E=120 kV/cm

Fig. 3. AFE domain switching during the increase of the external electric
field along [010] direction.
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Fig. 4. Calculated hysteresis loops vs. the electric field along two dif-
ferent directions.

For ferroelectrics, it is known that the domain size has a
great influence on the properties of the materials. Nanoscale
domains are more easily to switch under the external elec-
tric field, which contributes to larger piezoelectric and di-
electric properties.[21–23] For AFEs, how the domain size in-
fluences the polarization switching is not clear yet. In the
phase field simulations, we fix the Landau parameters and vary
the coefficient λ to study the domain size effect. As shown
in Figs. 5(a)–5(c), with the decrease of λ from −0.8a2

0τ to
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−1.6a2
0τ , the domain size of [110] and [1̄10] oriented (yel-

low and blue regions) AFE domains significantly increases.
As indicated in Fig. 2, the polarization at AFE domain bound-
aries is more easily to switch. Therefore, AFE structures with
smaller domains can be poled to the field direction in a rela-

tively smaller switching field. The corresponding hysteresis
loops of Figs. 5(d)–5(f) indicate that larger domain size of
AFE structure has no obvious influence on the magnitude of
the polarization, but can greatly enhance the switching elec-
tric field.
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Fig. 5. Size effect on the polarization switching by varying the coefficient λ : (a) λ = −0.8a2
0τ0, (b) λ = −1.2a2

0τ0, (c) λ = −1.6a2
0τ0. Panels

(d)–(f) are the corresponding hysteresis loops of the domain structure.
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Fig. 6. Influence of charge defects on AFE structures and hysteresis loops. (a) Initialized randomly distributed negative and positive charge
defects in the simulation. (b) The hysteresis loops of AFE domain structures with different charge strength ρ . Panels (c)–(e) are stable domain
structures with different charge strengths, (c) ρ = 0.25 C/m2, (d) ρ = 0.50 C/m2, (e) ρ = 0.75 C/m2.

3.2. Influence of charge defects

Experimentally, it is possible that charged defects and
oxygen vacancies will stabilize in some ceramic grains or in
local regions inside the crystals. For FE and AFE composi-
tions via aliovalent doping, for instance, either a 2+ or a 5+ ion

to replace 4+ ion at the B-site of ABO3 perovskite structure,
there will be localized charge imbalance. Such charge imbal-
ance can be compensated through A-site and oxygen vacan-
cies, which creates many positive and negative charge defects
in the material system. For the case of AFEs, charges can be
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also presented to compensate the charged interfaces between
the AFE and FE regions. The charge defects can induce a lo-
cal electric field and pin the polarization rotation. Thus it is
expected to have a great impact on the polarization switching
behavior of FE and AFE structures.

In order to study the influence of the charged defects on
the AFE domain structure and switching property, we gener-
ate randomly distributed charge defects with a density of ρ in
the system, and the charge in total is electrically neutral. As
shown in Fig. 6(a), the yellow and blue points represent pos-
itive charges and negative charges, respectively. Figures 6(c)
and 6(d) are the stable AFE domain structures with the in-
creasing of charge strength ρ . For low charge strength with
ρ = 0.25 C/m2, the charge defects effect is slight that does
not obviously affect the AFE domain structure. With ρ in-
crease to 0.5 C/m2, one can see that nanoscale FE domains
start forming in the system, as shown in Fig. 6(d). When
ρ = 0.75 C/m2, many local FE domains emerge in the system
due to the charged defects induced electric field. The influence
of the charged defects on the hysteresis loop is calculated in
Fig. 6(b), it shows that with the increasing of charge density,
the saturation polarization is slightly suppressed and the en-
closed area of the hysteresis loop also decreases. The decrease
of the saturation polarization is not preferred for higher energy
storage density, however, the narrowed area of the hysteresis
loop could give rise to larger storage efficiency.

4. Conclusion
We have used phase field simulation to investigate the po-

larization switching behavior of AFE domain structures. It is
demonstrated that the polarization switching to FE state starts
at the boundaries of the AFE domains, and larger domain sizes
could lead to a higher switching electric field. The charge de-
fects in the materials could contribute to local FE domains in
the AFE structures, and the results indicate that the appearance
of charge defects in the system will suppress the saturation po-
larization and narrow the enclosed area of the hysteresis loop,

which can enhance the energy storage efficiency while slightly
reducing the storage density.
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