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The depolarization decaying currents were measured for the PZT compound with morphotropic composition modified by the
Fe1=3Sb2=3 cations, i.e., Pb[(Fe1=3Sb2=3ÞxTiyZrz]O3 with xþ yþ z ¼ 1, x ¼ 0:1, y ¼ 0:44 (morphotropic boundary) and y ¼ 0:47.
The measurements were performed at room temperature and a few temperatures above (up to 473K), as well as at a few lower
temperatures (down to 77K). The samples were poling at fields 0.02 kV/cm and 0.2 kV/cm at higher and lower temperatures,
respectively. In the high temperature range, the time dependence depolarization current follows the fractional power law with two
different exponents (n < 1 and m > 1), while in the low temperature range with a single exponent (n). The appropriate procedure
has been used to transform the results obtained in the time domain into the frequency domain in order to calculate real and
imaginary parts of the dielectric permittivity in the frequency range 5� 10�5 � 0:1Hz. The possible dielectric relaxation
mechanisms have been discussed.
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1. Introduction

The dielectric relaxation at low and ultralow frequencies has
been widely investigated in many materials,1,2 including fer-
roelectric perovskite crystals3,4 and ceramic structures.5,6

Usually, the measurements are carried out down to 10�3–

10�5 Hz and various experimental equipments have been
developed for this purpose.2,7–9 Investigation of the low-
frequency dielectric relaxation in the oxide octahedron-type
ferroelectric with perovskite PMN,3,10 PMNT,11 tungsten
bronze-type PBN12 and NaBiTiO3

13 structures are of con-
siderable interest because of possibility of their technical ap-
plication as actuators, pyroelectric detectors and transducers.

Earlier studies of the Fe1=3Sb2=3 ions-modulated PZT
show its good dielectric, pyroelectric and electromechanical
properties.14,15 Studies of low-frequency dielectric dispersion
can explain ageing effect, domain wall motion as well
dipoles, ions and electrons dynamics. Relaxation behavior of
ferroelectric ceramics depends strongly on poling field and
temperature. The studies on the relaxation properties of the
PZTþ PFS were partly presented.16 Present studies are
concerned with measurements and analysis of the relaxation
properties of the Pb[(Fe1=3Sb2=3ÞxTiyZrz]O3 with xþ yþ
z ¼ 1, x ¼ 0:1, y ¼ 0:44 and 0.47 compositions in the range
of low poling fields (linear range).

2. Dielectric Relaxation

Dielectric relaxation phenomena usually are investigated in
the transient or frequency domains. In the transient response

we use the relaxation function FðtÞ, which describe polari-
zation decay after an electric field is switched off or the re-
sponse function f ðtÞ which describes the evolution of
polarization after an electric field is applied. In the frequency
domain the relaxation behavior are described by dielectric
susceptibility �ð!Þ or permittivity "ð!Þ. In the case linear
dielectric

f ðtÞ ¼ � dFðtÞ
dt

:

The simplest of dielectric response is represented by Debye
exponential function

exp � t

�

� �

with single relaxation time � . The Debye model was extended
by postulate superposition of the Debye response with dis-
tribution wðtÞ relaxation times.

f ðtÞ ¼
Z

wðtÞ exp � t

�

� �
d�: ð1Þ

The experimental results explained the following response
functions: stretched exponential Kohlrausch–Williams–Waltts
exp½�ð t� Þn�, fractional power law Curie–von Schwiedler t�n

and Jonsher two fractional power type ½ð!ptÞ�n þ ð!ptÞ�m�
where � ¼ ��1

p define a crossover regime between two dif-
ferent relaxation one for short time f ðtÞ � ð!ptÞ�1 and second
for long time f ðtÞ � ð!ptÞ�m. Dissado and Hill have formu-
lated the theory of dielectric relaxation considering the dy-
namics of dipoles and charge carriers in cluster model.17,18

This is an Open Access article published by World Scientific Publishing Company. It is distributed under the terms of the Creative Commons Attribution 3.0
(CC-BY) License. Further distribution of this work is permitted, provided the original work is properly cited.

JOURNAL OF ADVANCED DIELECTRICS
Vol. 4, No. 3 (2014) 1450021 (5 pages)
© The Author
DOI: 10.1142/S2010135X14500210

1450021-1

J.
 A

dv
. D

ie
le

ct
. 2

01
4.

04
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 C

R
A

C
O

W
 U

N
IV

E
R

SI
T

Y
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
05

/0
9/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.

http://dx.doi.org/10.1142/S2010135X14500210


Dissado–Hill response function in the asymptotic short and
long limit time give also fractional power low as the Jonsher
expression but for time !�1

p one observe exponential behavior.
Lately, the theory of dielectric relaxation was developed on the
basis probabilistic and stochastic theory.19 In the frequency
domain a number of empirical expressions have been pro-
posed to describe particular types of dielectric dispersion. The
well-known frequency responses there are Debye, Cole-Cole,
Davison Cole, Williams–Watts, and other.2

3. Transient Current Method

The low-frequency dielectric measurements are usually per-
formed in the time domain, while high frequency ones are
performed in the frequency domain. The dc transient current
method is suitable for the measurements in the frequency
region lower than mHz. The measurement of the transient
depolarization currents are frequently used to eliminate
contribution dc conductivity in the imaginary part of dielec-
tric permittivity. The relation between the relaxation currents
and dielectric permittivity "ð!Þ is given by the Fourier
transformation

"ð!Þ ¼
Z 1

0

JðtÞ
V0C0

e�i!tdt; ð2Þ

where V0 is the voltage applied to a dielectric and C0 con-
denser geometric capacitance. Relaxation process in the
low-frequency range has generally a wide distribution of
the relaxation times. Therefore, Fourier transformation of the
observed transient current has to be carried out over a wide
frequency range (4 or 5) decades. The procedures for nu-
merical Fourier transformation suitable for a wide frequency
range were developed by many authors. See Refs. 20–22 for
more details.

4. Experimental Procedure

Prior we have searched for the range of the linear dependence
depolarization currents on the poling field. From the pre-
liminary measurements it was found that in the high tem-
perature range the linear dependence fulfilled (valid) up to
0.02 kV/cm whereas for lower temperatures up to 0.2 kV/cm.

The samples were subjected to an electric poling field and
the decaying current was measured at two applied fields,
namely 0.02 kV/cm and 0.2 kV/cm in the high and low
temperature range, respectively. After poling, the applied
field was removed and the sample was short-circuited via a
current measuring Keithley electrometer, type 6517A, until
the reversal decaying depolarization current had disappeared.
The measurements of depolarization currents have allowed to
eliminate leakage currents. All measurements were carried
out in the ferroelectric phase. In the case of low temperature
measurements down to 77K, a Linkam stage was used. The
experimental results are collected using a computer program.

In all experiments, the disc-like samples with thickness of
0.5mm, surface 0.36 cm2 and with silver electrodes were
used.

5. Results

The decaying isothermal depolarization currents JdðtÞ for
samples with y ¼ 0:44 are shown in Figs. 1(a) and 1(b) at
high and low temperature ranges, respectively. Similarly, the
depolarization currents for sample with y ¼ 0:47 are shown
in Figs. 2(a) and 2(b).

The results shown in Figs. 1(a) and 2(a) indicate that the
time-dependent depolarization currents at high temperatures
may be represented, in the log–log scale, by two straight
lines, one at initial times with the slope n and the second at
final times with the slope m, according to formula2

IdðtÞ ¼
A

ð t
�0
Þn þ ð t

�0
Þm ; ð3Þ

where A is a constant and �0 is the parameter defined by
frequency !0 at which the loss peak appears, i.e., !0 ¼ 1

�0
.

Depolarization currents JdðtÞ, measured for both samples
at low temperatures, show not any crossover regions and may
be described by a single straight linewith slope n (see Figs. 1(b)
and 2(b)). The small values depolarization current for depo-
larization time longer than 5 � 104 s have not allowed to detect
crossover regions.

The Fourier transformation was used to transform mea-
sured depolarization current into frequency dependence di-
electric permittivity "ð!Þ. Numerical evaluation of the Fourier
transformation was based on a simple summation

"ð!Þ ¼ �t
XN

n¼0

expð�i!�tÞ � Jdðn�tÞ: ð4Þ

The time intervals �t and number of terms N was chosen in
such way to eliminate aliasing and truncation errors. The
measurements of the depolarization currents were carried out
over a long time period such as 5 � 104 s. The numerical in-
tegration was performed in six intervals according to six time
range �t used (from �t ¼ 1 to �t ¼ 1000 s).

The low-frequency dependencies of the imaginary part of
the dielectric permittivity " 00ð!Þ are presented in Figs. 3(a)
and 3(b) for samples with y ¼ 0:44 and 0.47, respectively. As
can be seen, the high-temperature data are characterized by a
maximum that shifts towards higher frequencies with in-
creasing temperature. On the other hand, the low-temperature
data show a monotonic decrease with increasing frequency.
The real part of the dielectric permittivity " 0ð!Þ for both
samples is shown in Figs. 4(a) and 4(b). Comparison of
Figs. 3 and 4 indicate that both real and imaginary parts of the
dielectric permittivity are higher for sample with y ¼ 0:44
(the morphotropic composition) than for sample with
y ¼ 0:47.
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6. Discussion

(1) Many investigations have shown that the low-frequency
dielectric relaxation in perovskite ferroelectrics is caused by
different crystal lattice defects. In the lead zirconate titanate
compound (PZT), themost probable defect species are lead and
oxygen vacancies, and random or near random distribution of

Ti and Zr ions. Doping PZTwith Fe and Sb ions introduces new
defects. The Fe3þ ions are known to substitute Ti4þ or Zr4þ

ions,23 whereas, as may be inferred from Ref. 24, the Sb3þ

(90 pm) ions may be substituted for Pb2þ ions introducing
oxygen vacancies, while smaller Sb5þ (60 pm) ions may be
incorporated in Zr(Ti) sublattice providing free electrons.
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Fig. 2. Time dependence of decaying depolarization currents for sample with y ¼ 0:47 measured at selected high (a) and low temperatures (b).
Poling field for (a) is 0.02 kV/cm and for (b) is 0.2 kV/cm.
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Fig. 1. Time dependence of decaying depolarization currents for sample with y ¼ 0:44 measured at selected high (a) and low temperatures (b).
Poling field for (a) is 0.02 kV/cm and for (b) is 0.2 kV/cm.
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In the case of PZT with Fe3þ ions, three FeTiZr–VO

complex defects can be formed depending on whether an
oxygen atom is removed or not. The energy barrier for re-
orientation of defected complexes depends on the position of
oxygen vacancies with respect to iron atom.23 In the tetrag-
onal phase of the PZT, there are two types of oxygen atoms,
the oxygen atoms bonded to two Ti atoms in ab-planes [O(2)]
and the oxygen atoms in O–Ti–O chains in c-direction [O(1)].
Therefore, we may expect three kinds of defected complexes.

The observed in higher temperatures, for both samples,
the Debye-type relaxation maxima (see Figs. 3(a) and 3(b))
can be attributed to the reorientation of defected complex
formed with a smaller energy barrier and created by oxygen
vacancies situated in ab plane of the perovskite structure.

(2) In a crystal lattice, different existing defects may be single
or may be aggregated into clusters (microregions) with var-
ious size and composition. Such a defected complex disturbs
the charge distribution into the crystal lattice, causes the local
deformation and interacts with a neighboring cluster. The
short-range intercluster interaction between different clusters
(e.g., cluster composed of the Ti4þ, Zr4þ and Fe3þ cations—
oxygen coordinated octahedrons) controls the kinetics of the
slow relaxation polarization and depolarization currents. A
nanoscale cluster has the dipole moment that may thermally
fluctuate between different equivalent directions. A re-ar-
rangement of the large cluster dipole in poling fields leads to
slow relaxation polarization. The observed at initial time,
comparatively faster polarization decay is due to the kinetics
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Fig. 3. Low-frequency dependence of the imaginary part of the dielectric permittivity for samples with y ¼ 0:44 (a) and y ¼ 0:47 (b) at
selected temperatures.
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Fig. 4. Low-frequency dependence of the real part of the dielectric permittivity for samples with y ¼ 0:44 (a) and y ¼ 0:47 (b) at selected
temperatures.

A. Osak J. Adv. Dielect. 4, 1450021 (2014)

1450021-4

J.
 A

dv
. D

ie
le

ct
. 2

01
4.

04
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 C

R
A

C
O

W
 U

N
IV

E
R

SI
T

Y
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
05

/0
9/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



of the rearrangements of intracluster dipole and ions or
electrons displacement.17,18

(3) Earlier XRD studies25 have shown a coexistence of the
rhombohedral and tetragonal ferroelectric phases for sample
with y ¼ 0:44, characterized by the morphotropic phase
boundary (MPB), as well as for sample with y ¼ 0:47 that is
far from MPB. The ratio of the rhombohedral to the tetrag-
onal phases in sample with y ¼ 0:44 is equal to 38/62 that is
much greater than 2/98 for sample with y ¼ 0:47.

In multiaxial ferroelectric phases, the polar vector may
rotate between equivalent crystallographic orientations. In the
samples studied, polarization may have a maximum number
of equivalent orientations equal to 6 for tetragonal and 8 for
rhombohedral phases. However, as suggested in Ref. 12, the
potential barriers along h111i directions, representing crys-
talline anisotropy of the rhombohedral phase, are shallow
and, for this reason, may give a significant contribution to the
overall sample polarization. The enhanced polarization in
sample with y ¼ 0:44 may be due to a significant amount of
the rhombohedral phase in this sample, as compared to
sample with y ¼ 0:47.

7. Conclusion

The broad relaxation maximum of " 00ð!Þ suggests contribu-
tions of all discussed relaxation mechanisms in the total
sample polarization.

However, taking into account the temperature-activated
dependence of " 00ð!Þ and the value of the activation energy
(0.2 eV), approximately equal to energy reorientation of
FeTiZr–VO defect dipoles in the perovskite structures (calcu-
lated theoretically in Ref. 23), we suggest that, in the range of
low poling fields (0.02 kV/cm), the dominant relaxation
mechanism is reorientation of these defect dipoles.
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