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Abstract

Dielectric constant and loss factor were investigated
as a function of temperature for different frequencies
of the measuring field for the (Pby.;5Bay.>s)
(Zry.70Tip.30) O3 ceramics. Additional measurements
of the pyroelectric and thermally stimulated depo-
larization currents were carried out. The results
obtained show distinct correlation. They also prove
that these ceramics show properties of relaxor fer-
roelectrics. © 1998 Elsevier Science Limited. All
rights reserved

1 Introduction

Structural studies of the system (Pb,Ba)(Zr,Ti)Os,
(PBZT) were performed by Ikeda! who worked out
the phase diagram on this base. Dielectric mea-
surements show that an increase of Ba concentra-
tion in the ceramics with constant Zr/Ti ratios
results in decrease of temperature 7, correspond-
ing to the broad maximum in the curve of dielectric
constant (¢) versus temperature.

The solid solutions containing about 25-35 at%
of Ba have relatively high ¢ and low dielectric los-
ses (tan §). The dielectric and other measurements
for the PBZT system were repeated recently by Li
and Haertling.> Relaxor behaviour was found in
the ceramics for the range of compositions near the
boundaries between the ferroelectric (FE) rhom-
bohedral, tetragonal and paraelectric (PE) cubic
phases. Characteristic of the ferroelectric relaxors
slim hysteresis loops and frequency dependence of
e(T) curves were identified for the ceramics of these
compositions.

Apparently the ferroelectric relaxors of quick
response have already found many applications
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and further potential applications can be expected.
For instance, owing to the utilization of the
peculiar relaxor properties of some (Pb,La)(Zr,Ti)
O3, (PLZT) ceramics and the fast rising short high-
voltage impulses, the exceptional strong electron
emission was discovered.>> The coexistence of
neighbouring phases in the regions of diffuse FE-
PE and AFE-FE phase transitions and the occur-
rence of quick switchable FE microdomains play
an important role in this process.

As shown in Ref. 2, the PBZT ceramics of the
composition 25-35/70/30 (Ba/Zr/Ti) belong to the
relaxor phase region. Dielectric properties of these
ceramics were also investigated recently by Kanai
et al.® It is reasonable to believe that these ceramics
can be useful as the electron emitters, similarly as
the PLZT ceramics mentioned above. To prepare
samples of the PBZT ceramics for the experiments
with electrically and optically stimulated electron
emission the dielectric and pyroelectric properties
of these ceramics were examined in order to learn
how they behave as relaxors. The results obtained
for one of the studied materials namely that of
composition 25/70/30 are reported in the present
paper as an example.

2 Sample Preparation

The PBZT ceramics of composition 25/70/30 was
prepared using conventional mixed-oxide proces-
sing technique. The proper amounts of reagents:
PbO, BaCO;, TiO, and ZrO, were weighed and
blended. Thermal synthesis of the pressed oxides
was carried out at 925°C in 2h. The crumbled,
milled and sieved material was pressed again in the
form of cylinders and then sintered at 1250°C in
4h. This procedure was repeated before the final
sintering at 1300°C in 7h. These sintering pro-
cesses were carried out as follows: the material was
placed in a double crucible with some amount of
PbO and ZrO,, in order to maintain the established



composition, and especially to avoid the loss of
PbO caused by its sublimation.

The scanning electron microscope JSM-5410
with an energy dispersive X-ray spectrometer
(EDS) was used for investigation of the grain
structure and composition of the obtained cera-
mics. A typical scanning electron micrograph of
fracture surface of the investigated PBZT-25/70/30
ceramics is shown in Fig. 1(a). The average grain
size was of the order of 15 micron. Porosity of this
ceramics was relatively high because, unlike other
authors> we did not use admixtures like Bi,Os,
known for improving sinterability and micro-
structure of PBZT ceramics. The example of EDS
analysis, obtained for one of the grains is shown in
Fig. 1(b). This analysis indicates a homogeneous
distribution of all the elements throughout the
grains.

The samples of an appropriate size were pre-
pared for the diclectric and pyroelectric measure-
ments. The cut and polished samples were coated
with silver electrodes, using an appropriate silver
paste, without thermal treatment.
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Fig. 1. Scanning electron micrograph of fracture surface of (a)
investigated ceramics and (b) the EDS analysis obtained for
one of the grains.

3 Dielectric Measurements

The samples of 0-6 mm thickness were used for the
measurements of dielectric constant and loss fac-
tor as a function of temperature. These measure-
ments were performed at eleven various
frequencies of the measuring electric field, using a
computerized automatic measuring system. They
were carried out in successive heating-cooling
cycles at the constant rate of temperature changes
equal 2°C min—!.

The examples of ¢(7) and tan §(7) curves, for
the first and second heating process, are shown in
Fig. 2. The virgin sample was used in the first heat-
ing-cooling cycle. The sample was rejuvenated in
this way. As shown (Fig. 2) the ¢ and tan § as a
function of temperature are changed considerably
after this process. This concerns in particular the
high frequency dielectric characteristics. The &(7)
and tan §(7) curves are similar for the second and
the following heating-cooling cycles. These curves,
obtained on cooling, show only the normal, rela-
tively small thermal hysteresis effect. Broad max-
ima in the &(7) curves occur at temperatures of
diffuse FE-PE phase transitions 7y,, which
increase with the frequency of the measuring field
(Fig. 3). The values of en,x decrease with increase
in frequency. The changes of the ey, and Ty,
caused by the rejuvenation, are considerably higher
in the range of higher frequencies. At temperatures
T2290°C, i.e. in the PE phase, the additional
strongly broadened maxima arise in the &(7)
curves. They are more distinct for lower frequency
and gradually disappear when the frequency is in
excess of about 10* Hz. These maxima are sepa-
rated from the en,c at Ty, by local minima in the
e(T) curves. The eyin and the corresponding tem-
peratures differ also for the virgin and rejuvenated
states of the sample.

The loss factor also strongly depends on the fre-
quency of the measuring electric field. Only in case
of the lowest frequency of this field (i.e. 10> Hz), the
temperatures corresponding to em.x and (tané), ;.
are fairly consistent. In case of higher frequencies
the local minima in the tan §(7) curves occur at
temperatures higher then 7),, contrary to the
behaviour in normal ferroelectrics. The diagram of
natural logarithm of the measuring frequency ver-
sus the reciprocal absolute temperature, at which
the minima in the tan §(7) and &(7) curves occur,
is shown in Fig. 4 for the second heating [Fig. 2(b)
and (c¢)]. Linear character of these dependences
proves that the process responsible for the increase
of ¢ and tan § at temperatures higher than the one
corresponding to their local minima, can be
described by formula = f, exp(—E,/kTmin) with
activation energy £, = 1-5 eV. The data obtained
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Fig. 2. Dielectric constant as a function of temperature, measured at various frequencies of the measuring field on (a) the first and
(b) the second heating processes and (c) the loss factor versus temperature for the first (solid lines) and the second (dashed lines)
heating for chosen frequencies.

for the virgin sample show bigger scatter in relation
to the strength lines shown in Fig. 4. In this case
the values of ¢ and tan § vary not only with tem-
perature but also with time at constant tempera-
ture because the rejuvenation process is, namely,
dependent on these two factors.

The temperature dependence of the remanent
polarization (P;) was determined from the hyster-
esis loop measurements for the previously rejuve-
nated sample. These measurements were carried
out in a field of frequency 50 Hz and strength 10
kVem~!. The dependences of P, and coercive field

Ec on temperature are shown in Fig. 5. The course
of the P,(T) curve differ markedly from that
observed in the normal ferroelectrics with first
order FE-PE phase transition. It especially con-
cerns the surroundings of this phase transition and
the temperature range below 100°C. On heating P,
first increases up to about 100°C and then starts to
decrease approximately linearly at about 145°C.
The P.(T) curve behaviour in the range from
about 145°C up to T, and especially the gradual
change of the hysteresis loops to the slim one, as
well as additional data shown below, prove that
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Fig. 3. The maxima in &(7) curves and corresponding tem-

peratures Tj, as a function of frequency of measuring field for

the first (curves 1 and 2) and the second (curves 1’ and 2')
heating.

the temperature ~145°C can be identified with the
freezing temperature (7%), characteristic for the
relaxor ferroelectrics. A relatively steeper change of
the P, takes place in the vicinity of Tj,.

4 The Pyroelectric and Thermally Stimulated
Depolarization Currents

As proved in our earlier paper,” reporting on
investigations of PLZT ceramics, the observed
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Fig. 4. Natural logarithm of the measuring frequency versus
the reciprocal absolute temperatures at which the minima in
(1) the &(T) and (2) tan §(7) curves occur.
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Fig. 5. The remanent polarization and coercive field as a
function of temperature, obtained from hysteresis loop mea-
surements.

low-frequency dielectric dispersion is connected
with a space-charge polarization formed by orien-
tation of the polar microregions, separation of
mobile ion defects and with its interaction with the
spontaneous polarization of ferroelectric material.
These two kinds of polarization can be investigated
by measurements of pyroelectric and thermally sti-
mulated depolarization currents. To carry out
these measurements the rejuvenated sample (at
430°C for 10 min) was first polarized by d.c. electric
field (Ep) for 10 min, at temperatures (7},) selected
from the FE and PE phases ranges, and during
subsequent cooling to room temperature under the
field. After discharging by short-circuiting the
sample was heated with a rate of 5°Cmin—!.
through the FF-PE phase transition up to about
400°C, when it was fully depolarized. Pyroelectric
and thermally stimulated depolarization (TSDC)
currents were recorded numerically as a function of
temperature and time during heating. Such proce-
dures of pre-polarization and depolarization were
repeated successively for different conditions and
in particular for the polarizing field of various
strength from the range E,=1-6kVcm~!, applied
at constant temperature and, for the various tem-
peratures, when the field of a constant strength was
applied. The current recorded during each heating
stage allows to draw a graph of the current versus
temperature or time which is presented below.

The J(T) curves shown in Fig. 6 were obtained
when the pre-polarization was carried out by
means of a constant electric field of strength
E,=1kVem™! at temperatures 7}, taken from the
range 100-225°C, i.e. the range surrounding the
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Fig. 6. The pyroelectric and thermally stimulated depolariza-

tion currents versus temperature, for the samples pre-polarized

by applying constant electric field of strength £, = 1 kV cm™!
at various temperatures shown in the figure.

temperature range Ty — Tp, (see Fig. 5). In the case
of T, < Ty, the relatively small current (J <2
x107°A cm~2) shows a broad maximum in the
vicinity of Tt and another broad maximum in the
range of PE phase. In the case of higher tem-
peratures T, > Ty, a much greater current
(1078=10"7A cm?) shows distinct peaks of pyro-
electric current, corresponding to the beginning of
the P, decrease in vicinity of 77 (see Fig. 5) and the
broad maxima at higher temperatures from the
range ~215-250°C (PE phase). The last-mentioned
maxima in the depolarization current versus tem-
perature curve occur in any case at temperatures
higher than the T, at which the sample was pre-
poled. The current decreases above this tempera-
ture range, first slowly, then-rapidly. It is note-
worthy that this steep fall of the current starts at
about 300°C i.e. at a temperature corresponding to
the one at which en;, occurs for 10°Hz [see
Fig. 2(a) and (b)]. The integrated pyroelectric cur-
rent (J, versus time) corresponds to only a small
change of a spontaneous polarization (AP =2
(0-3 uC cm~2) while the integrated TSDC gives
large values of space charge polarization Pgp, =2
55—196 uCecm™2 for T, from 150 to 225°C,
respectively. The temperature dependence of pyro-
electric and TSD currents, for the sample polarized
by applying electric field of strength £, = 1, 2, 4,
and 6 kVem~! at 7, =100°C, is shown in Fig. 7.
The peaks of pyroelectric current occur in a vici-
nity of the freezing temperature 7y. The maxima in
the TSD current occur at temperatures from the
range 250-270°C. The dependences of the maximal
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Fig. 7. The pyroelectric and thermally stimulated depolariza-

tion currents versus temperature, for the sample pre-polarized

by applying electric field of various strength E, (shown in the

figure) at constant temperature 7}, = 100°C. Maxima in the J(7)

curves and corresponding temperatures as a function of strength
of the polarizing field are shown in the inserted figure (a).

values of TSDC (Jmax) and temperatures at which
these maxima occur in the PE phase (7, )are
shown as a function of strenght of polarizing elec-
tric field in the inserted Fig. 7(a). Noteworthy are
the symptoms of saturation in the Jy,x(7) curve.

5 Discussion

The reported experimental data prove the beha-
viour of the investigated PBZT ceramics as relaxor
ferroelectric, which was already suggested and
proved by Li and Haertling for the Bi,O3; doped
PBZT ceramics.”? The ceramics studied show the
features well known for relaxor ferroelectrics such
as: reducing epn.x and shift of the corresponding
temperature 7y, with increasing frequency; shift of
the minima in the tan §(7) curves to temperatures
T> T,,; transformation of normal hysteresis loops
to the slim shaped form above the freezing tem-
perature T¢; an occurrence of pyroelectric peak
in the vicinity of this temperature, etc. It is com-
monly believed that the relaxor behaviour origi-
nates from diffuse character of the FE-PE phase
transition, caused by compositional fluctuations
(e.g. local differences in the Pb/Ba and Zr/Ti ratios
in case of the PBZT ceramics) and by defects of
different kinds (for instance-vacancies in the Pb and
O sublattices). The microregions of varying compo-
sition or concentration of defects have different
local FE-PE transition temperatures. A size dis-
tribution of these microregions gives rise to a



dielectric dispersion—a feature characteristic of the
most typical relaxor ferroelectrics.>!! As known,
the mobile ion defects, responsible for the ageing
process, recombine partially and reach random
distribution during the rejuvenation process. These
processes help to understand the observed changes
in the characteristics of the virgin and rejuvenated
states of the sample. The mechanical strains were
also removed in this process.

Evident correlation was ascertained between the
temperature variations in the dielectric properties
(e, tan § and P;) on the one hand and the tem-
perature changes of pyroelectric and thermally sti-
mulated depolarization currents on the other hand.
Similar correlation in these characteristics,
observed by us in some PLZT-type ceramics was
interpreted in our previous paper’ basing on the
papers® ! cited above and many others related to
relaxor ferroelectrics. This qualitative interpreta-
tion model can be utilized for a more detail discus-
sion of the results, reported in the present paper.

Some remaining FE domains (clusters) can be
surrounded by the PE phase in the temperature
range Tt < T < T, and in a certain range of
T > Ty, due to the above-mentioned differentiation
in the local Curie temperatures. The depolarization
field associated with P of such domains tends to
the compensated state by two possible ways,
known from macroscopic considerations. One of
them consists in the formation of a locally com-
pensated polydomain structure (for instance by
formation of twin domains). The new smaller
domains have different Curie temperatures due to
the local electric and mechanical strains. So, this
process plays a role in serving the remaining FE
domains in small microdomains of nanometer size
that give rise to relaxor behaviour and in particular
to a quick response and high frequency dielectric
dispersion. The second way consists of the Py
screening by electron and ion space charges from
the surrounding medium. Such compensated FE
domains are also stabilized in this manner at much
higher temperatures above Ty,. Even after the dis-
appearance of P inside the screened FE domains
at a high enough temperature, the nonredomly
distributed space charges (previously participating
in the screening process) and the associated polar
microregions remain in the PE matrix because of
the relatively low mobility of ion defects and the
long relaxation time. It is reasonable to believe that
these polar microregions are responsible for the
observed broad maxima in the &(7) curves in the
specified range of PE phase. At lower temperatures
from this range their dipole moments are more or
less compensated by electron-hole carriers. They
are also stabilized in this way in a certain tem-
perature range, especially in the surface layers,

where electron carriers injected from the electrodes
play an important role. At high enough tempera-
tures the electron release, owing to thermal gen-
eration, causes an appearience or an increase of the
resultant dipole moment of these microregions,
giving rise to the observed increase of ¢ in the low
frequency range. The liberated electron carriers
increase also the tan §(7) values. This tentative
interpretation is strongly supported by the fact that
the crosscorrelation between the temperatures at
which the ¢(7) and tan §(7) curves show the local
minima and start to increase, obeys the same for-
mula f=/f, exp(—E, /kTmin) (Fig. 4) with the
same activation energy E, = 1-5¢V.

The mutual compensation of the polarization
component resulting from the orientation of polar
microregions by the electronic and ionic space
charges, together with the carriers injected from the
electrodes, cause the observed shift of the maxima
in TSDC towards temperatures higher than the ones
at which the sample was pre-polarized (Fig. 6). The
thermally stimulated depolarization current has a
complex character, which consists of components
associated with disorientation process of the polar
microregions and migration of released ion and elec-
tron carriers under the bias internal electric field and
gradients of concentration. A more detailed descrip-
tion of these processes is given in monography.'?

6 Conclusions

1. The investigated (Pb0.75Ba.0,25)(Zr0,70Ti0,30)03
ceramics show properties typical for relaxor
ferroelectrics.

2. Correlation between the temperature variations
in the dielectric properties on one hand and the
pyroelectric and thermally stimulated depolar-
ization currents on the other was ascertained.

3. Activation character of processes responsible
for the observed anomaly in dielectric and
depolarization characteristics was proved.
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