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Abstract The polarization hysteresis loops as well as
the initial curves of ferroelectric films with 180° domain
boundaries perpendicular to the film surface are simulated
based on an extensive time-dependent Ginzburg-Landau
model. The result shows that the curve and loop strongly
depend on the frequency w of the applied electric field, the
effective mass density p, and the viscosity coefficient K of the
material, however, the constant wK/p can induce the same
curve and loop. The hysteresis area of the saturated loop is
increased with field amplitude, which is consistent with the
previous experimental observation. In addition, it is found
that the latent domains in the film can result in a remarkable
decrease in the remanent polarization and coercive field.

Introduction

Ferroelectric materials characterizing bistable property have
attracted increasing attention in recent years [1-10] for their
applications in nonvolatile random access memories, tunable
microwave devices, and microelectromechanical systems
[1-6]. In order to improve the performance of these ferro-
electric devices, it is of wide interest and great importance to
investigate the dynamic hysteresis characteristics of ferro-
electric materials under various conditions, such as different
frequencies and amplitudes of applied electric fields, defect
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distribution in the ferroelectrics. The frequency dependence
has been measured very carefully experimentally since 1995
[11]. Both the coercive field E., the remanent polarization P,
and thus hysteresis loop area (A) change significantly
between kHz frequencies and MHz frequencies [12, 13]. It
has been observed that an increase in the frequency produces
a continuous increase in the coercive field [14—16] for low
frequency. And the experiment on the soft lead zirconate
titanate (PZT) bulk ceramics approves that hysteresis area
(A) increases with the increase of field amplitude Eq [17].
The influence of the defects (space charges [18, 19] and
dipolar defects [20, 21]) on the ferroelectric hysteretic
behaviors has been investigated experimentally. The results
show that they result in the lower polarization and coercive
field than those of defect-free case [22-28].

Theoretically, there are many attempts to model the hys-
teretic loops (P-E curves) [12, 13,29-33], which are directly
related to the switching behavior of ferroelectric polarization.
This attempt is believed very difficult because the switching
process is nonlinear and history dependent; consequently,
existing models use either oversimplified expressions that are
insufficient for the unsaturated loops or complicated mathe-
matical description that has unapparent physical meaning.
Wang et al. [34] have proposed a time-dependent model by
incorporating an effective kinetic energy term with the
Landau free energy expansion, and the time-dependent
polarization and electric-field distribution during domain
switching process in ferroelectric films are calculated. In this
model, a material parameter p having the meaning of effec-
tive mass density and another viscosity coefficient K related
to the domain-wall mobility are introduced. This model is fit
for the saturated as well as the unsaturated cases, in which the
initial nucleation and growth of the ferroelectric domain are
distinctly demonstrated. However, the ferroelectric hyster-
etic loops are not simulated in that article [34].
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As already known, when an electric field is applied to a
ferroelectric material in the virgin state, the polarization
would increase first with the applied field until reaching the
saturation state, corresponding to the initial polarization of
a ferroelectric material, and then the polarization would
change to form the P—E loop. Although the time response
of the switching fraction under a constant field has been
investigated [35], no article on the theoretical study of the
initial polarization curves is published.

In this article, based on the extensive time-dependent
Ginzburg—Landau model, the polarization hysteresis loops
as well as the initial curves of ferroelectric films with 180°
domain boundaries perpendicular to the film surface are
simulated. The influence of the frequency w of the applied
electric field, the effective mass density p, the viscosity
coefficient K and the latent domain (non-switchable
domain) of the material on the initial polarization curve
and loop is discussed. At the same time, the hysteresis area
of the loop versus the frequency, field amplitude and latent
domain percentage is obtained.

Model

The free energy of a ferroelectric thin film with the
dimension x x y x z =L, x L, x h, with polarization
P along with z axis, is given by [34].
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where A, B, C, D11, and D44 are expansion coefficients of the
corresponding bulk material, Sy, S,, and S5 represents the
three pairs of surface planes of the film. J; is the extrapolation
length, which measures the strength of the surface effect
[36]. 0, = 0y = 0y,isthe epitaxial stress in the ferroelectric
thin film, Q is the electrostrictive coefficient, p is a material
parameter having the meaning of the effective mass density.
E.. 1s the applied electric field along with z axis, and Eq is the
depolarization field along with z axis.

Similar to the time-dependent Ginzburg—Landau equa-
tion, one can then establish the polarization evolution
equation [34],

2
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where K is the viscosity coefficient related to the
domain-wall mobility. The divergence theorem for the
electrostatic depolarization potential @ can be written in
the form,
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where o is the dielectric constant of the film without the
effect of spontaneous polarization, then

oP

Eg = —. 4
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The macroscopical polarization can be written as
PdV
P, = IV_ (5)
Vv

Simulations of systems consisting of 100 x 100 lattices
are done in three-dimensional space with two spatial
coordinates (x x z) and one temporal coordinate ¢. Periodic
boundary conditions are imposed. This is reasonable when
the domain size is comparable to the computational cell
size [34].

By adopting a set of dimensionless variables based on
Egs. 2, 3, and 4, we obtained,
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where P is the spontaneous polarization.

For a given external field Eow = Eo sin(@ f), the evo-
lution of polarization, thus the polarization hysteresis loops
and the initial curves of ferroelectric films can be obtained
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by Egs. 6, 7, and 8, where & = w+/p/|A| is the normalized
frequency of the applied field.

Simulation results and discussions

Using the coefficients (the list of the parameters used in the
calculation: A = —4.124 x 10’ N m*C?, B = —2.097 x
103 N m%C*, C = 3.412 x 10° N m'%C® Q0 = 0.113 m*¥/
C%, o6,=13 x 10° N/m*, D;; =3.9 x 107" N m*/C?,
Dyy = 3.9 x 107" N m¥C? P, = 0.963 C/m®), the fer-
roelectric hysteresis loop, merged with the initial curve
when @ = @ = 2n/6400, Ey=1.23x 10> and
K/\/plA| = Ko/+/polA| = 3000 are simulated, as shown
in the Fig. 1. Under the applied field, the ferroelectric
domains along the field direction expand, the normalized
polarization P increases along the curve O-A-B, i.e., the
initial polarization curve. Eventually, all the domains are
oriented along the field direction and the system enters
single-domain state at B. As the external field continues to
increase, polarization derived from electron and ion
polarization increases linearly with the electric field along
the curve B-C. In the subsequent cycle, polarization
changes with the external field along the curve C-B-D-F-
G-H-I-C, which forms the ferroelectric hysteresis loop.
Figure 2a displays the influence of the normalized fre-
quency @, the viscosity coefficient K and the effective
mass density p on ferroelectric hysteresis loop and the
initial curve under E, = 1.23 x 102, in which the dotted
(marked 1), dashed (marked 2) and solid (marked 3) curves
correspond to the parameters (@, K, p) of (g, Koy, po),
(109, Ko, po) and (209, Ko, po), respectively. Some other
parameter groups can also induce the same curves, e. g.,
(g, 10Ky, pp) and (g, Ky, po/100) present the same
dashed curve as curve 2, while (@, 20Ky, po) and (wg, Ko,

1k
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Fig. 1 The saturated ferroelectric hysteresis loop with the initial
polarization curve, where @ = 2n/6400, Eo =1.23x10%, and

K/+/plA] = 3000

00/400), the same solid curves as curve 3. Obviously, the
initial curve and polarization loop strongly depend on @, K,
and p. Both the normalized coercive field and remanent
polarization increase with the increase of @ and K, but
decrease with the increase of p. Interestingly, the constant
K/ /P can induce the same curve and loop, and the small
®K/\/p corresponds to the rapidly increased initial
polarization curve. In order to clarify frequency bandwidth
of the model, we simulate the frequency dependence of the
loop under K/+/p|A| =3000, as shown in Fig. 2b, in
which the corresponding frequencies are 0.5, 1, 2, 4, 10, 20,
and 40a@,. The inset in Fig. 2b depicts the hysteresis area
(A) versus the frequency @. Obviously, the area increases
monotonically with increase of the frequency, implying
that our model is appropriate only for the low frequency
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Fig. 2 a The normalized frequency o, the effective mass density p,
and the viscosity coefficient K dependences of the hysteresis
behaviors under Ey = 1.23 x 102, in which the dotted (marked 1),
dashed (marked 2), and solid (marked 3) curves correspond to the
results when @K/./p is equal to @yKo/\/py. 1000Ko/\/pg. and
200K/ /P respectively. b The frequency dependence of the loop
for Ey = 1.23 x 10% and K/+/p|A] = 3000, in which the correspond-
ing frequencies are 0.5my, g, 29, 4o, 10wy, 2009, and 40cg. The
inset in b depicts the hysteresis area versus the frequency
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observation [12, 13].

The viscosity of a material is used to explain some
switching properties such as switching time [37, 38] and
self-heating [23]. Now we can easily know from Eq. 6 that

as w — oo in previous experimental

evolvement of the normalized polarization P approxi-
mately obeys the forced and damping oscillation. It is
reasonable to consider four kinds of forces exerting on the
domains during the polarization switching: the electrical
force (Fg = E.x), the inertia force Fj which is related to the
domain “acceleration” 6213/ 072, the viscous force Fy =
(K/+/p|A])OP /3 which is proportional to the domain
“speed” OP / 0f and acts contrarily to the domain motion,
and the restoring force (Fgr) that forces the domains to
come partially back to their equilibrium position. There-
fore, the coercive field may be interpreted as an effective
field necessary to overcome the three resistance forces
(Fr + Fy + Fy) during the polarization switching. Con-
sequently, the higher frequencies @, implying the higher
“speed” and higher “acceleration”, thus the higher Fy and
Fy, induces the higher coercive field. Similarly, due to
Fy x K / /P, the increase in K or the decrease in p should
produce a continuous increase in the coercive field.

It should be noted that the normalized frequency @
contains the factor ,/p, therefore, the form of the polari-
zation hysteresis loops and the initial curves is determined
by @K /p if the other parameters are constant.

The hysteresis behaviors for various electric field
amplitudes of Eo = 37, 49, 61, 74, 86, 98, 110, 123 under
K/+\/plA| = 3000 and & = @y = 21/6400 are shown in
Fig. 3. The inset depicts the relation between hysteresis
area (A) and electric field amplitude Ej, indicating that the
area (A) of the saturated loops increases with the increase

of the field amplitude, which is consistent with
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Fig. 3 The hysteresis behaviors for various electric field amplitude of
Eo = 37, 49, 61, 74, 86, 98, 110, 123 under K/+/p|A| = 3000 and
@ = 21/6400. The inset shows the relation between hysteresis area
(A) and electric field amplitude Eo
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Fig. 4 The ferroelectric hysteresis behaviors under different percent-
ages of latent domains for Ey = 1.23 x 102, K/+/p|A] = 3000 and
@ = 2n/6400. The inset demonstrates the hysteresis area versus the
percentage

experimental result of PZT bulk ceramic [17]. According to
(A) o EJ', our power m = 0.78.

The influence of the percentage (0, 0.1, 1, and 10%) of
latent domain on the ferroelectric hysteresis loops for
K/+/p|A| = 3000 and & = 27/6400 is obtained, as shown
in Fig. 4. The inset demonstrates the hysteresis area versus
the percentage, revealing that the increasing percentage
results in a remarkable decrease in the remanent polariza-
tion as well as in the coercive field. It has been proposed
that the increase of switching cycles leads to an increase of
latent domains caused by the pinning of domain walls by
defects (mainly oxygen vacancies) inside thin films during
the fatigue process [39]. The latent domains do not switch
with the applied field, which directly reduce the remanent
polarization; on the other hand, the interaction between the
switchable domains and the latent domains hampers the
reorientation of the switchable domains near to the latent
domains, reducing the remanent polarization.

Conclusions

In order to better understand the polarization switching
mechanisms, the complete hysteresis behavior, including
the polarization loops and the initial polarization curves, of
ferroelectric films with 180° domain boundaries perpen-
dicular to the film surface is simulated based on an
extensive time-dependent Ginzburg—Landau model. The
results display the clear dependence on the parameters (the
frequency w of the applied electric field, the effective mass
density p and the viscosity coefficient K of the material),
which implies the coercive field may be governed by the
restoring force, the viscous force and the inertia force, and
the constant wK/p can induce the same curve and loop. In
addition, we indicate that the increasing percentage of
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latent domains leads to a remarkable decrease in the rem-
anent polarization as well as in the coercive field, which is
consistent with the fatigue mechanism.
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