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Temporal behavior of ferroelectric ceramics during the polarization switching cannot be satisfactorily ex-
plained by simple Debye or even stretched exponential laws. These materials exhibit rather a wide spectrum of
characteristic times interpreted by different authors as switching or nucleation waiting times, the physical
reasons for a wide time distribution still remaining unclear. A new model of polarization switching presented
here suggests that the characteristic time variance in the ferroelectrics originates from the random distribution
of the local electric fields due to intrinsic randomness of the material. The presented theory allows a direct
extraction of the distribution of field values from the experiment. Systematic studies of polarization switching
in fatigued lead zirconate titanate demonstrate the evolution of the field distribution with increasing level of
fatigue. Plausible cause of the formation of regions subject to different field strengths is the generation of
defects such as microcracks, pores, or voids in the course of fatigue. Suitability of the proposed model is
demonstrated by an excellent correlation between experimental and calculated data for virgin and differently
fatigued samples in a broad time-field region covering the electric field values of 0.5–2.5 kV/mm and nine
orders of the magnitude of poling time.
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I. INTRODUCTION

The process of polarization reversal is certainly one of the
most important features of ferroelectric materials. A large
number of models describing this process has been proposed
up to now.1–11 Most of those models are based on the so-
called Kolmogorov-Avrami-Ishibashi �KAI� approach,1–4

which considers the switching process to occur in two basic
stages: �1� nucleation and �2� growth of reversed domains.
Some authors divide the second stage additionally in two
steps in order to separate forward and sidewise domain-wall
motion. Often the sidewise motion is supposed to be the slow
stage during polarization reversal.6,7 Depending on the
model, the switching process is described as being domi-
nated either by the rate of nucleation or by the mobility of
domain walls. There are also some alternatives to the KAI
model which do not consider nucleation and domain-wall
motion at all and describe polarization reversal by a specific
relaxation mechanism8 or introducing the Preisach distribu-
tion �Preisach model� for ferroelectrics.9 Another alternative
is the representation of the ferroelectric volume as an en-
semble of elementary regions characterized by different
switching times �or nucleation waiting times in terms of Ref.
10� with smooth and exponentially broad distribution of
these times covering many decades. The question remaining
is for the physical origin of the latter broad distribution. Tak-
ing into account the field dependence of the switching pro-
cess an inhomogeneous field distribution in ferroelectric
samples was discussed as a possible reason for the switching
time distribution in Ref. 12 but no quantitative model was
suggested.

Recently we have presented an inhomogeneous field
mechanism �IFM� of polarization dynamics in ferroelectric
ceramics based on two principal assumptions: �1� a strong
dependence of the polarization switching time � on the local
electric field and �2� a random distribution of the local

switching times due to intrinsic randomness of the field dis-
tribution in the system.13 Comparison of the switching dy-
namics for different applied fields revealed the existence of a
distribution of local electric field values which is character-
istic for the system. Moreover, the experimental data indi-
cated that the field distribution is virtually independent on
poling time and remains constant at all poling stages. We
suggested that such random-field distribution can be de-
scribed by a Gaussian distribution around the applied field
strength Em. By considering the ferroelectric volume as an
ensemble of many regions with independent switching dy-
namics, governed by a local electric field exclusively, and
assuming the very simple approximation of immediate
switching of polarization in the regions of the sample when
the observation time exceeds the local switching time we
obtained an explicit total polarization dependence �P on
time t and applied field Em,

�P�Em,t� = Pr erfc� Ea

Em ln�t/�0�
− 1

��2
� , �1�

where all the parameters can be determined experimentally.
Pr is the maximum remanent polarization, Ea and �0 charac-
terize the field-dependent local switching time ��E� of those
regions subjected to the local field E, and � is the variance of
the Gaussian distribution function.

It was demonstrated13 that the proposed IFM model pro-
vides a good description of polarization dynamics in unfa-
tigued lead zirconate titanate �PZT� ceramics in a broad
time-field domain. Only minor discrepancies from the ex-
perimental data were observed at the initial stage of the po-
larization reversal process. This discrepancy was ascribed to
a partly incorrect approximation of the real field distribution
in ferroelectrics by a Gauss type function.
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In the present paper we intend to demonstrate an ad-
vanced approach to polarization switching which can more
properly identify the real local-field distribution function and
thus provide a better description of the experimental data for
unfatigued PZT ceramics. Furthermore, it will be shown that
the IFM approach can be successfully applied to fatigued
ceramics and how the local-field distribution can be directly
extracted from the polarization measurements without spe-
cific model assumptions on the time and field dependence of
the local polarization. Then the evolution of the local-field
distribution during fatigue will be investigated. In the first
part of the paper the experimental setup and the measure-
ment method are presented. In the second part the suggested
model is described in detail and then, in the third part, it is
applied to the unfatigued as well as to the fatigued PZT
ferroelectric. In the concluding part of the paper physical
reasons for the random distributions of the local electric
fields relevant to the experiment are discussed.

II. EXPERIMENTAL

The measurements were performed on the commercial
PZT polycrystalline ceramics PIC 151
�Pb0.99�Zr0.45Ti0.47�Ni0.33Sb0.67�0.08�O3� from PI Ceramics
�Lederhose, Germany�. The samples are disk shaped with 10
mm in diameter and 1 mm in thickness. The average grain
size is about 6 �m. All samples have electrodes made of
silver paste fired at 720 °C by the manufacturer. The
samples were bipolar fatigued at a field of 2 kV/mm and a
frequency of 50 Hz.

Poling and switching experiments were performed utiliz-
ing the same electrical circuit as described in Ref. 13. The
actual high-voltage �HV� switching was performed by means
of an electronic high-voltage/high-current push-pull switch
from Behlke Co., Germany. The voltage across the sample
was switched from initial ground to HV and back to ground.
This allows one to stop the buildup of the polarization within
the time constant of the electrical circuit, which is much
shorter than the actual ferroelectric switching time of the
PZT studied and shorter than the shortest voltage pulse
�1 �s� applied in this investigation.

To study the polarization switching phenomenon in PZT,
the samples were at first poled to saturation by applying a dc
field of E0=2 kV /mm �about twice the coercive field
strength� for 1 h assuming that the maximum saturated po-
larization Pr has been reached. This process is called “con-
ditioning” in the paper below. After such a conditioning, an
oppositely directed switching field Esw between 0.5 and 2.5
kV/mm was applied to the sample for a definite time dura-
tion tp varied in the range between 1 �s and 103 s. During
the switching process and the subsequent short circuiting the
total displacement Dsw�t� including the integrated conduction
currents was recorded by means of a digital oscilloscope.
After each switching experiment the sample was conditioned
as described above to restore its initial saturated polarization.
To determine the polarization �P reversed during application
of the field Esw for the time tp, a subsequent forward poling
was performed by applying the same field Esw to a freshly
conditioned sample in the same poling direction also for the

time tp. Since this sample was already polarized to satura-
tion, the apparent displacement Dfp�t� during forward poling
contains all components of the switching experiment except
for the permanently switched ferroelectric polarization �P.
Therefore, the switched ferroelectric polarization �P can be
calculated by subtracting the forward poling curve Dfp�t�
from the switching curve Dsw�t� at any moment after appli-
cation of the switching voltage pulse. This procedure was
only used for times where the switching voltage was com-
pletely applied to the sample.

III. MODEL FOR POLARIZATION REVERSAL

First of all, we consider the switching volume as an en-
semble of many regions with independent dynamics gov-
erned by the local field exclusively. The local-field values are
randomly distributed in the bulk due to intrinsic inhomoge-
neities of the ferroelectric material. Nonuniform field distri-
bution in virgin ceramics is supposed to be caused by dis-
continuities of the dielectric tensor at the grain boundaries
between different grains which have generally independent
crystal orientations. In fatigued ceramics, additional reasons
for field redistribution may arise. Therefore different regions
of the sample subjected to different local fields determine the
inhomogeneous switching behavior. In the course of fatigue,
the distribution of the random local fields changes which
causes a change in the distribution of the characteristic
switching times.

The main assumptions of the IFM model are listed below.
�1� Switching of the local spontaneous polarization follows
an arbitrary law which contains a local switching time �.
This law can, for example, be a stretched exponential depen-
dence of the type14

p�t,�� = 2Pr�1 − exp	− 
 t

�
��� �2�

with � about 1. An important property of this law is that it
looks similar to a step function on logarithmic time scale.

�2� The local characteristic time � exhibits a strong depen-
dence on the local-field value like the following empirical
expression used by many authors15,16 to correlate the switch-
ing time in ferroelectrics with the applied electric field E,

��E� = �0 exp	
Ea

E
��� , �3�

where �0 is the characteristic switching time constant, Ea is
an activation field, and the exponent � is about 1. This par-
ticular form of the field dependence is not essential; in fact, it
will be established below experimentally.

�3� The total polarization of the system results from the
summation of the local polarizations and can be represented
as10

�P�Em,t� = �
0

�

d�g���p�t,�� , �4�

where g��� is the distribution function of the switching times
in the system. This distribution function presents the fraction
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of the volume of the ferroelectric characterized by switching
time � not presuming that this volume is connected. Assum-
ing that the whole sample volume is switchable the function
g��� can be related to the distribution function of the field
values Z�E ,Em� by using the relation g���d�=Z�E ,Em�dE for
a given dependence ��E� and a mean applied electric field
Em. Using Eq. �4� the total polarization can then be described
as the integral over the local-field values

�P�Em,t� = �
0

�

dEZ�E,Em�p�t,��E�� . �5�

According to its statistical meaning the distribution function
Z must be normalized,

�
0

�

dEZ�E,Em� = 1, �6�

and deliver the mean value of the field after averaging,

�
0

�

dEEZ�E,Em� = Em. �7�

Equations �6� and �7� imply that the whole volume of the
sample remains switchable and that the same dependence
��E� is valid everywhere.

�4� The system is supposed to be a linear, random medium
characterized by a field-independent dielectric permittivity
which may spatially vary and be anisotropic. That is why one
expects that the local values of the electric field, E, scale
with the value of the mean field applied, Em. Therefore, the
distribution function of the random field acquires the form

Z�E,Em� =
1

Em
f
 E

Em
� , �8�

which implies, according to Eqs. �6� and �7�, that

�
0

�

dxf�x� = 1 and �
0

�

dxxf�x� = 1. �9�

To obtain the function f�x� from the experiment, some fur-
ther simplifications are introduced. Considering Eqs. �2� and
�3� we note that for all prevalent values of parameters �, �,
Ea, and �0, the function p�t ,��E�� can be roughly
approximated10 by the Heaviside step function with time
2Pr ·��t−��E�� or, with field, by 2Pr ·��E−Eth�t�� where the
characteristic time � is defined by the inflection point of the
function p�t ,��E�� on the logarithmic time scale and the
threshold field Eth�t� results from the solution of equation t
=��E�. The physical meaning of this approximation is that
the polarization reversal occurs immediately in regions
where the local characteristic time ��E� is exceeded by the
elapsed time t of voltage application or, in terms of the field,
when the local electric field E exceeds the time-dependent
threshold field Eth�t�. Then the polarization �P�Em , t� in Eq.
�5� simply results from integration of the distribution
Z�E ,Em� from Eth�t� to infinity,

�P�Em,t� � 2Pr�
Eth�t�

�

dEZ�E,Em� . �10�

This presentation allows a direct extraction of the function
Z�E ,Em� as well as of the field dependence of the character-
istic switching time from the experiment. Most conveniently
it can be done considering the derivative of the polarization
with respect to the applied field for different values of the
time which exhibits a time-dependent maximum. Specifi-
cally, the logarithmic derivative of the polarization �Eq. �10��
reads

Em

2Pr

��P�Em,t�
�Em

=
1

	
f
 1

	
� , �11�

where 	=Em /Eth�t�. Form �11� implies that experimental de-
pendencies of the logarithmic derivative on the applied field
taken for different times should be reducible to the same
curve 
�Em /Emax�t��, where Emax�t� is the position of the
maximum of this derivative at time t. When this scaling
property is actually observed in the experiment, the validity
of the model assumptions 1–4 is confirmed. From its defini-
tion, the master curve 
�x� has a maximum at x=1 and its
exact form contains information on the statistical distribution
of the local-field values. Comparing the left- and right-hand
sides of Eq. �11� it is clear that the threshold field Eth�t� must
be proportional to Emax�t�, namely, Emax�t�=�Eth�t�, where �
is a constant. Then, using Eq. �11�, the distribution function
can be obtained from the identity

f�x� =
1

x


 1

�x
� . �12�

The constant � should be determined from the normalization
conditions, Eq. �9�. The first of these equations is satisfied
for any ��0 if the full change in the polarization from zero
field to high-field values amounts to 2Pr. From the second
equation of Eq. �9� one obtains, after substituting of Eq. �12�,
the following relation for �:

� = �
0

� dx

x2 
�x� , �13�

which allows for the determination of � from the known
form of the master curve.

Another case should be discussed, namely, what happens
if in the course of fatigue some part of the material becomes
nonswitchable, for instance, by blocking or pinning the
switching regions. This means that, in the blocked regions,
the characteristic time � becomes effectively infinite and the
relation g���d�=Z�E ,Em�dE is no more valid. Then the inte-
gration in Eqs. �4� and �5� should be understood to cover the
switchable regions only. Assuming that these regions are still
subject to the same mean external field the normalization
conditions �6�, �7�, and �9� remain valid but the factor 2Pr in
Eqs. �10� and �11� should be substituted by the mean value of
the polarization in the sample which is, in fact, 2Pr times the
fraction of the volume taken by the switchable part of the
sample.

As it is clear from Eq. �10�, the two functions Z�E ,Em�
and Eth�t� should be determined in order to calculate the
switched polarization. The first function reflects the field dis-
tribution within the ferroelectric volume at the initial stage,
i.e., when the external field is switched on while the second
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one describes the temporal behavior of the local threshold
field. Both characteristics have a crucial impact on the polar-
ization dynamics. Therefore it is necessary to derive them
with maximum accuracy. We show in the following how
both functions can be extracted from charge measurements
on polarization reversals.

IV. EXPERIMENTAL DETERMINATION OF THE
DISTRIBUTION FUNCTION Z(E ,Em) and Eth(t)

At first step, the switched polarization �P as function of
time for different applied fields Em has been measured and
subsequently presented as function of the applied field Em for
different durations of the poling pulse tp. Figure 1�a� displays
the typical experimental dependencies obtained on the unfa-
tigued ferroelectric ceramic PIC 151 for poling pulses rang-
ing from 100 �s to 103 s. As one can see from Fig. 1�a�, the
complete switching of polarization strongly depends on the
poling time tp and the applied field Em. For example, at a
high field of 2.0 kV/mm, the full switching already occurs
during a short voltage pulse of 100 �s whereas at 0.9
kV/mm the switching is not completed until a pulse length of
103 s. In the fully switched regime, �P reaches a polariza-
tion of 66.3 �C /cm2 which corresponds to 2Pr. Figure 1�b�
displays the product of Em and the derivative d�P /dEm di-

vided by 2Pr plotted versus the applied field Em for the dif-
ferent pulse durations as indicated. Important is that each
curve in Fig. 1�b� displays a maximum, whose amplitude is
virtually independent on the poling pulse duration and exhib-
its a similar shape with a characteristic width, which in-
creases for decreasing tp. Since the data points are scattered
the data sets for certain poling times tp were first spline fitted
and then the maximum position was determined from the
maximum of the fitted curve. The properties of the logarith-
mic derivatives presented in Fig. 1�b� allow us to reduce all
the measured dependencies to one general form by simple
scaling of the applied field as can be seen from Fig. 1�c�. It is
seen that all the scaled data points fall on a master curve

�x�, which will be used to restore the distribution function
for local fields f�E /Em� utilizing Eq. �12�. The obtained dis-
tribution is shown in Fig. 2 by solid cycles together with a
hypothetic Gaussian distribution �solid line� used as ansatz
function in one of our previous works for the same
ceramic.13 Note that the Gaussian constructed as suggested
in Ref. 13 is centered at x=1 while the function f�x� recov-
ered from Eq. �12� is not. The comparison between the two
functions reveals also that the left and right wings for the
Gaussian distribution decay faster than those of the f�E /Em�
function directly derived from the experiment. It can there-
fore be concluded that the Gauss function can well describe
the main switching behavior but some discrepancies have to
be expected at the initial �high local field� and final �low
local field� poling stages. Indeed, such deviations from the
experimental data were observed previously.13

Prior to applying Eq. �10� to the calculation of the polar-
ization reversal the temporal dependence of the threshold
field Eth�t� has to be found. Figure 3 displays the position of
the maximum of the derivative in Fig. 1�b� �symbols� for
various pulse durations together with the fit result �solid line�
by the function E� / ln�t /�0� using �0=3.510−12 s and E�

=26.8 kV /mm. As can be seen, the selected function pro-
vides a good fit for a whole time interval ranging over seven
decades. The constant � can be determined using Eq. �13� by
numerical integration of the master curve in Fig. 2. Then the
activation field Ea=E� /� can be obtained resulting in the
time evolution of the threshold field Eth�t�=Ea / ln�t /�0�. In
the framework of the proposed model this function defines
the corresponding variation in the local switching time with
the field ��E�=�0 exp�Ea /E�. This result is in accord with the

FIG. 1. �a� Switched polarization �P, �b� its logarithmic deriva-
tive versus applied field, and �c� logarithmic derivative versus
scaled field E /Emax�t� for unfatigued PIC 151 ceramic at different
poling time tp as indicated.

FIG. 2. Local-field distribution for virgin PIC 151 ceramic: a
comparison between the f�E /Em� function derived from the experi-
ment and the Gauss distribution with �=0.11.
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utilized empirical law expressed by Eq. �3� assuming �=1.
The above described analysis was applied to the experi-

mental data of the polarization reversals for differently fa-
tigued PIC 151 ceramics. In all cases we were able to extract
from the experiments the local-field distributions shown in
Fig. 4. One recognizes that the obtained distributions change
continuously with the number of ac load cycles N, whereas
for higher cycle numbers rather asymmetrical distributions
with long tails on the low-field side can be observed. While
such physical parameters as the maximum switchable polar-
ization 2Pr and �, listed in Table I, display gradual variation
with the cycle number N, the parameters Ea and �0 remain
virtually independent on fatigue.

V. DISCUSSION

Using the above obtained parameters the reversed polar-
ization as a function of time can be calculated utilizing Eq.
�10�. The theoretical curves are shown in Fig. 5 as solid lines
together with the experimental data presented by symbols for
different fields applied and for different stages of fatigue
indicated by the number of cycles N.

It can be seen from Fig. 5 that the model well describes
the switching behavior for the unfatigued ceramic as well as
for fatigued ones in a broad time window ranging over nine
orders of the magnitude �from 10−6 to 103 s� for different
applied electrical fields. The samples demonstrate polariza-

tion reversal with a maximum value gradually decreasing
with increasing number of cycles in comparison to 2Pr for
the virgin sample. Thereby, the time dependencies of the
polarization reversals remain qualitatively of the same shape.
In accord with this observation, the respective distributions
of the local fields reveal a gradual change in the height and
the width maintaining at the beginning the same symmetry as
the distribution for the virgin material. With increasing num-
ber of cycles the samples exhibit remarkably reduced maxi-
mum values of the reversed polarization and quasilogarith-
mic time behavior at large times. Accordingly, the
distributions of the local fields become increasingly asym-
metrical in favor of low-field values which mean according
to Eq. �3� prolonged characteristic times �.

There are several possible explanations for the decrease in
switchable polarization due to fatigue. One mechanism that
is frequently discussed is related to charged defects. These
defects can either be present intrinsically in the material in
the form of ions, vacancies, electrons, or holes or they can be
introduced during cycling, e.g., in the form of electrons in-
jected through the electrodes. When ionic charge carriers are
considered, oxygen vacancies are usually mentioned due to
their comparably high mobility.17 Charged defects can accu-
mulate or agglomerate where the bound charges of domains
are not fully compensated,18–20 stabilized either by domain
boundaries,18,19,21 grain boundaries,20 the crystallographic
structure,22 or ceramic-electrode interfaces.23 Domain walls
and charged defects form a mutually stabilizing pattern, hin-
dering further domain-wall movement and suppressing do-
main switching.24

Just like electric defects, mechanical defects and cracks
can occur both in the sample volume and at the ceramic-
electrode interface. Microcracking can occur as early as the
first poling of a given bulk ceramic.25 Non-180° domain
switching necessarily leads to mechanical stresses within
single grains and between neighboring grains, and microc-
racks can appear. They can be evidenced, e.g., by micro-
scopic investigations or acoustic emission
measurements.26–28 Cracks are regions with a strongly re-
duced dielectric constant which cause spatial redistribution
of the electric field. Kelvin probe measurements have al-
lowed an estimation of the dielectric constant of �r�40 in
the crack.29 Crack formation is suppressed if the sample is
subjected to compressive mechanical stress during cycling.
This correlates with the observation that ferroelectrics show

TABLE I. The IFM-model parameters for the virgin and differ-
ently fatigued ceramics deduced from the polarization switching
curves as described in Sec. IV.

Cycle number N
2Pr

�C /cm2
Ea

kV/mm
�0

s �

Virgin 66.4�1.3 25.7�0.6 �3.5�0.5�10−12 1.043

105 61.9�1.3 25.7�0.7 �5.9�0.7�10−12 1.043

106 57.5�1.2 25.7�0.6 �4.7�0.5�10−12 1.054

107 56.0�1.1 27.9�0.6 �4.4�0.5�10−12 0.987

3107 52.1�1.0 28.1�0.7 �5.7�0.6�10−12 0.958

108 48.4�1.0 27.7�0.6 �1.1�0.2�10−11 0.940FIG. 3. Scaling field Emax�t� versus poling time tp. Symbols
correspond to the experimental data, whereas the solid line repre-
sents the fit by the function E� / ln�t /�0� with E�

=26.8�0.6 kV /mm and �0= �3.5�0.5�10−12 s.

FIG. 4. �Color online� Distributions of local-field values
f�E /Em� for virgin and fatigued PIC 151 ceramic as indicated.
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less fatigue under compressive stress conditions.30,31

A third possibility to explain the fatigue effects is the
development of a passive dielectric layer with a low dielec-
tric constant underneath the electrodes.32 This “dead layer”
separates the bound charges of the polarization and the com-
pensating charges of the electrodes, leading to the appear-
ance of a depolarizing field. The bulk of the sample is effec-
tively shielded from the externally applied field, reducing
domain switching. As the ceramic-electrode interface is a
region of increased defect density, it is also the main site to
nucleation of new domains. If the interface changes due to
the formation of a dead layer or the accumulation of defects,
the nucleation process can also be altered. If local nucleation
centers are removed, the regions involved become ferroelec-
trically inactive, reducing the amount of switchable polariza-
tion.

Judging from the development of the local-field distribu-
tion with fatigue cycle number �Fig. 4�, it seems plausible
that two different mechanisms are at work in our material:
the first one leads to a simple reduction in the switchable
polarization without notable changes to the dynamics. It is
dominant up to 107 fatigue cycles. The second mechanism
causes the appearance of the low-field tail of the local-field
distribution at cycle number of 3107 and above and the
corresponding long-time dynamics in the �P�t� curves. Nei-
ther of these mechanisms is related to surface damage: when

the fatigue state was checked after gradually removing the
surface layer by grinding and re-electroding the sample, no
change was found in the fatigue state. This is unlike the
results presented in Ref. 32; it shows that the formation of
the surface layer strongly depends on the quality of the
sample, its composition, and its electrodes.

Pinning of domain walls at charged defects is the only
mechanism of those presented above that could cause a de-
crease in the switchable polarization at low cycle numbers.
All other mechanisms would cause a change in the local
distribution of the electric field, which is not observed in the
experiment. It has to be noted that the pinning would have to
be quite strong: it is not possible to free the pinned domain
walls from the pinning centers by applying a rather strong
external electrical field up to 2.0 kV/mm for 103 s �see Figs.
5�b�–5�f��.

The question remains as to what is happening on the mi-
croscopic or mesoscopic scale during long-term cycling. In
this context, it is advisable to take a look at the fracture
surface of samples in different states of fatigue. In previous
work we reported on scanning electron microscope images
taken for differently fatigued PIC 151 ceramics.33 Almost no
cracks were found for samples fatigued up to 106, i.e., in a
state where no changes in the local-field distribution is ob-
served. For cycle numbers N�107 the microcracks forma-
tion starts to become notable. No indications of the dead
layer underneath the electrodes were detected for all samples
investigated.

The formation of mesoscopic cracks which have a special
symmetry can result in an asymmetric distribution of the
local electric fields. To investigate theoretically the possible
crack induced field distortion in the ferroelectric volume, we
have modeled the two-dimensional field distributions around
inclusions of the same area but of three different shapes: a
round one and two elliptical ones, with the long axis oriented
parallel to and normal to the external field direction, respec-
tively �see Fig. 6�. All inclusions are supposed to be charac-
terized by a relative dielectric permittivity �=1 in contrast to
the surrounding medium of �=600. As is seen in Fig. 6�a�,
the areas of the enhanced and reduced field values around the
circular inclusion are equally large. However, in the case of
the field applied along the longer axis of the elliptical inclu-
sion �Fig. 6�b�� the area subject to the enhanced field values
prevails over that with the reduced field values. In contrast to
this, for the field applied along the shorter axis of the ellip-
tical inclusion �Fig. 6�c��, the area subject to the reduced
field values prevails substantially over that of the enhanced
field. The resulting local-field distributions in the systems
with inclusions of the three mentioned types are shown in
Fig. 7. It can be seen from this plot that extended inclusions
transversal to the field direction are in favor of the asym-
metrical distributions of the local-field values similar to
those extracted from the experiment on the fatigued samples
as depicted in Fig. 4. This is in accordance with the obvious
limiting case of the quasi-one-dimensional defect like the
damaged layer at the electrode which depresses the field in
the whole volume of the ferroelectric.32

Let us now consider the impact of thermal annealing on
polarization switching dynamics which is known to have a
strong effect on fatigued ceramics.34 For that purpose the

FIG. 5. �a� Switched polarization �P versus poling time for
virgin PIC 151 ceramic and after �b� 105, �c� 106, �d� 107,
�e� 3107, and �f� 108 switching cycles. Symbols correspond to the
experimental results measured at different fields Em �kV/mm� as
indicated. Solid curves represent the field-related model fits.
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fatigued samples were annealed for 24 h in air at 400 °C
which is well above the Curie temperature of TC=250 °C for
the investigated ceramic. Figure 8 compares polarization
switching of a virgin sample with a fatigued ceramic before
and after annealing curves utilizing an applied field of 1.7
kV/mm. We find that for cycle numbers �106 an almost
complete recovery of the temporal polarization behavior af-
ter thermal annealing was obtained �see Fig. 8�a��. For cy-
cling times of 107 and larger an almost complete recovery of

the total polarization was also possible but the poling times
had to be prolonged up to 103 s as exemplary depicted in
Fig. 8�b� for a ceramic fatigued with N=108 cycles. These
samples still displayed a slow quasilogarithmic component
of polarization reversal as was observed before annealing.
The explanation is that the thermal annealing cannot close
the microcracks which then result in a broad field distribu-
tion inside the ferroelectric as was discussed above. At the
same time, the loss in the switchable polarization observed at

(a)

(b)

(c)

FIG. 6. �Color online� Stepwise diagram of the electric field
values around the dielectric inclusions with the relative permittivity
�=1 inside the medium with �=600. The applied field direction in
figures �a�–�c� is vertical. Aspect ratio of the ellipses in figures �b�
and �c� is 16:1.

FIG. 7. Field value distributions around the inclusions shown in
Fig. 6. The plot 1 corresponds to Fig. 6�a�, the plot 2 to Fig. 6�b�,
and the plot 3 to Fig. 6�c�.

FIG. 8. Switched polarization �P versus poling time at an ap-
plied field Em=1.7 kV /mm for the virgin ���, and fatigued at �a�
N=106 and �b� N=108 cycles PIC 151 ceramics before �solid sym-
bols� and after �open symbols� annealing at 400 °C for 24 h.
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the initial stages of fatigue can be explained by charged de-
fects acting as domain walls pinning centers which can be
completely removed or redistributed by the heat treatment at
temperatures above TC. The presented results suggest that the
microcracks itself cannot drastically suppress the switched
polarization but can modify the local-field distribution thus
causing the changes in the reversal process, i.e., considerably
delay the complete switching.

VI. CONCLUSIONS

In conclusion, it was possible to describe the polarization
reversal dynamics in polycrystalline PZT ceramic in virgin
and fatigued state by assuming an inhomogeneous spatial
distribution of the applied electric field �IFM model�. During
fatigue, two mechanisms were observed. The first one, domi-
nant at low cycle numbers, causes a reduction in the switch-
able polarization without qualitative changes to the distribu-

tion of local-field values. Pinning of domain walls is the
mechanism most likely responsible for this behavior. At
higher cycle numbers, a second mechanism comes into play
that changes the spatial distribution of the local electric field
thus causing changes in the temporal behavior of polariza-
tion switching in favor of slow, quasilogarithmic depen-
dences. The onset of this mechanism coincides with the ap-
pearance of cracks in the sample and impermeable cracks
can account for field distributions like the ones observed.
Therefore, microcracking seems the most plausible cause for
the second fatigue mechanism; however, it has to be assumed
that the first mechanism continues to be effective in the high
cycle number regime as well.
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