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Abstract

Studies on the dielectric relaxation currents in the non-morphotropic region of PZT-PFS are
presented. Transient polarization and depolarization currents were measured at different poling
fields (0.02-20 kV/cm) and different temperatures (77473 K). The activation energies were
calculated. The defect dipole complex (Fe ,~V,) and reorientation cluster dipole models are
proposed to explain the observed relaxation behaviour in PZT-PFS.
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Streszczenie

W artykule przedstawiono badania pradéw realaksacji dielektrycznej w PZT-PFS dla sktadow
lezacych poza morfotropowsa granicg faz. Zostaty zmierzone prady polaryzacji i depolaryzacji
dla r6znych wartosci pola polaryzacji (0.02—20kV/cm) i temperatur (77473 K). Wyznaczo-
no energie aktywacji dla réznych probek. Dla wyjasnienia relaksacyjnego charakteru zjawisk
w PZT-PFS zostat zaproponowany model oparty o zespoly defektéw dipolowych (Fe ,~V,)
i reorientacje klasteréw dipoli.
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1. Introduction

Study of transient decaying currents is a very useful method for the determination of slow
polarization and depolarization processes in ferroelectric materials. Such a study provides
some insights into the microscopic mechanisms of polarization and depolarization processes
and can explain aging, memory effects, domain wall motion, and the dynamics of dipoles,
ions and electrons [1-4].

The results of measurements of the polarization and depolarization currents in the
morphotropic region have previously been described in [5]. The present paper reports some
additional studies on depolarization currents in the non-morphotropic region. Details of the
experimental procedure and sample characterization are presented in [5].

Samples with circular silver electrodes with an area of 0.36 cm? and thickness 0.5 mm are
used in all experiments. The samples Pb[(Fe, ,Sb, /3)xTierZ]O3 withx+y+z=1,x=0.1 and
y=0.43 and y = 0.47 compositions were subjected to an electric field and the decaying current
was measured under different strengths of the applied field. After poling, the applied field
was removed and the sample was short circuited via a current-measuring 6517A Keithley
electrometer until the reverse depolarization current had decayed.

2. Results

The relaxation behavior in PZT+PFS was studied for various poling fields, polarization
times and temperatures. Fig. 1 shows the time dependence of the depolarization currents
which were recorded after various poling times, i.e. 10?, 10* and 10* s. The results are shown
as the log-log scale plots. Initially, there was little difference between the curves, but at
longer times, that difference increased. The depolarization current curves for polarization
times 10* s and longer have tendency to coincident.

In Fig. 2a, the depolarization current for different poling field measured at 298 K, are
plotted. It is evident that at a low poling field, one observes a linear dependence relaxation
current in the probe field, whereas for higher poling fields, a rapid increase of nonlinearity
appears and, simultaneously, the depolarization time becomes longer than 10* s. In Fig. 2b,
the time dependences of depolarization currents, measured at 77 K, are shown. At lower
poling fields, the depolarization currents are proportional to the electric field strength, but
at higher fields, a non-linear behaviour is observed. However, the onset of the non-linear
dependence begins at lower poling fields than in the case of higher temperature (298 K).

In Fig. 3, the polarization J, steady state J, and depolarization J, currents are presented
for sample with y = 0.47. The charging currents at any time are the sum of the current due to
both the decaying polarization current and the steady state conduction current:

J=J +J (1)

At 298 K, the decaying currents are given for poling fields 0.02 (plot C) and 5 kV/cm
(plot A). For low poling fields (0.02 kV/cm), the polarization and depolarization currents have
approximately the same values at the same time (see Fig. 3, plot C, curves J and J ). Whereas
for higher fields 5 kV/cm, the depolarization current is lower than the polarization current
(see Fig. 3, plot A curves J and J,). At higher temperature (453 K), for the 0.02 kV/em poling
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field, the decaying polarization and depolarization currents have almost equal values at the
same time (see Fig. 3, plot B, curves J, and J)) and the observed curves are mirror images
of each other. Typical examples of the depolarization currents, measured under a low poling
field (0.02 kV/cm) over the time period 1-10* s for selected temperatures for samples y = 0.43
and y = 0.47, are shown in Figs. 4a and 4b, respectively. The shape of the relaxation currents
presented in Figs. 4a and 4b indicates the existence of two time-dependent relaxation processes,
both obeying the well-known Jonscher-Dissado-Hill fractional power law:

A(t)

[BE8)]
- + -
To T

where T, = 6051 is the relaxation time for which the loss peak appears.

The relaxation of depolarization currents proceed faster, i.e. over a time shorter than the
relaxation time t, with the form #” and slower at times longer than t, with the form ¢ [7].
Values of the exponents # and m, depending on temperature, are listed in Table 1. The insets

in Figs. 4 a and b show the temperature dependence of the log Tal vs 1000/T. The activation
energies calculated from the slop slope of this dependence are listed in Table II, along with
the activation energies obtained from the electric conduction.

3. Discussion

1. The polarization and depolarization current decays at low (~0.02 kV/cm) and high
poling fields (~20 kV/cm) as well as for different poling time were measured. The results
presented in Fig. 1 show that, for a short poling time, only relaxation processes with short
relaxation times are developed. Poling times of at least the order 10* s are needed to initiate all
various polarization processes with long relaxation times, both at high and low temperatures.
For a weak poling field (~0.2 kV/cm), there is no difference between polarization and
depolarization currents, as shown in Fig. 3, plots B and C. This means that the reorientation
of dipoles and domain wall motion is reversible and that the ferroelectric under study behaves
as a linear dielectric. The onset of irrevertiable motion of the domain walls begins at higher
fields [8]. In this range of poling field, the depolarization current at any time is less than the
polarization current (see Fig. 3, plot A) and the remnant polarization is induced. At very
high poling fields (20 kV/cm; Fig. 2a), the space charge appears providing an additional
contribution to the total discharge current [5, 6].

2. The properties of the PZT compounds are strongly altered by point defects. In the case
of Pb(Zr,Ti)O, modified by FeSb ions, randomly distributed Ti*", Zr*", Fe*" ions on the B
site of the perovskite structure are created. The group of octahedrons with identical B site
ions (BO,), gives rise to a micro-region (cluster) with a large number of locally interacting
dipoles. The nanometer size clusters with various composition have dipole moments
undergoing the thermal fluctuation between equivalent positions. Between clusters, some
coupling interaction occurs leading to partial long-range regularity. Longer relaxation times
are associated with relaxation due to the cooperative motion of the group of clusters (micro-
regions) [10, 11]. The observed, in initial time, the power law dependence Jp (H)~t" may be
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explained take into account dipol-dipol and ion-ion interactions. As it was shown in paper
[12] such interaction leads to the generation low-energy correlated states. The density of this
low-energy excitation gives rise to the infrared divergence response function #".

3. In the case of PZT with Fe’* ions, three Fe ,—V, defect complexes could be formed
depending on whether the oxygen atoms were removed or not [13, 14]. The energy barriers
for reorientation of these defect complexes depend on the position of oxygen vacancies with
respect to iron atoms [13, 14]. In the tetragonal 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 the O-Ti-O chains in c directions [O(1)]. Therefore, one may expect three kinds
of defect complexes. The Debye-type relaxation peaks (see Figs. 4a and b), observed, in
both samples, can be attributed to the reorientation defect complexes formed by the oxygen
vacancies. Activation energies obtained from relaxation times (see Table 2) approximately
equals to the energy barrier of the defect dipole rotation calculated in paper [13, 14].

Table 1
Values of power exponents n and m for samples with y = 0.43 and y = 0.47
y=0.43 y=0.47
T K] n m T [K] n m
298 0.72 1.17 298 0.73 1.19
343 0.68 1.18 423 0.72 1.22
398 0.62 1.19 473 0.70 1.28
Table 2

Activation energies obtained from the measurements
of relaxation times E_and electrical conduction E, [15]

composition | E [eV] | E_[eV]
y=0.43 0.34 0.37
y=10.47 0.16 0.17
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Fig. 1. Time-dependence of depolarization
currents (J,) for various poling times (tp)
measured at 298 K for sample with
y=0.47. Poling field: 0.02 kV/cm
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Fig. 2. Depolarization currents (/) for different
poling fields for sample with y = 0.47 measured
at 258 K (a) and 77 K (b)

Fig. 3. Charging (J ), polarization (Jp) and
depolarization (J) current densities for sample
with y = 0.47. Plot A: temperature 298 K, poling
field 5 kV/cm; plot B: temperature 453 K, poling

field 0.02 kV/cm; plot C: temperature 298 K,
poling field 0.02 kV/cm
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Fig. 4. Depolarization current density (/,) under low
poling field (0.02 kV/cm) at different temperatures for
samples with y = 0.47 (a) and y = 0.43 (b). The insert
shows the logl/rp vs. 1000/T dependence
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