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Abstract

AC conductivity measurements have been carried out to study the dielectric characteristics of a ferroelectric PLZT (8/65/35). The
initial powders were synthesized by two different methods: conventional mixed oxides and a chemical coprecipitation method. In
both cases, the final ceramic bodies were obtained by an uniaxial hot-pressing step. The grain and grain boundary responses have
been separated and a mixture of ionic-electronic conductivity was evaluated from the Arrhenius dependence. The preparation
techniques led to different absolute conductivity values for each contribution (grain, o,, or grain boundary, o). The samples pre-
pared by the mixed oxide method (MO) showed a higher bulk conductivity than those prepared by the coprecipitation method
(CP). This result was explained taking into account the different concentration of charge carriers in MO than CP samples, influ-
enced by the PbO content in the grain boundary. The dielectric analyses showed classical ordinary relaxor-dielectrics with a diffuse
phase transition, which was markedly larger in the oxide-milled method (MO). The conductive mechanisms and their influence on
the dielectric behavior were studied and led to the conclusion that they affect the dielectric permittivity measurements. The dielectric
permittivity without the conductivity component showed a phase transition with lower dispersion for both preparation techniques.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

An appropriate control of the physical properties of
synthetic solids has been attempted in the last few years
by means of different routes of synthesis. The aim is to
get high quality materials capable of maintaining their
performance characteristics for long periods of time,
even under severe working conditions.

The Pb(Zr,Ti)O3 (PZT) ferroelectric system has been
studied intensively for technological applications. These
compounds crystallize in the ABOj; perovskite structure
type, where the A and B-sites are occupied by Pb>* and
(Zr** Ti*") ions, respectively. The additions of modi-
fiers that are soluble into the lattice provide the possi-
bility to control their electrical properties.!-?

* Corresponding author. Tel.: +55-16-260-8227; fax: +55-16-261-
4835.
E-mail addresses: eiras@df.ufscar.br or josea.eiras@terra.com.br
(J. Antonio Eiras).

A wide range of compositions of (Pb,La;Zr,Ti)Os
(PLZT) ferroelectric ceramics have been investigated
with emphasis on dielectric, piezoelectric and pyro-
electric properties.® It has also been observed that this
system exhibits a diffuse phase transition and relaxation
behavior for several compositions.

AC methods have become a useful method for the
characterization of ferroelectric systems; in these tech-
niques, the electric response is collected over a wide
frequency range. A particular advantage is gained in the
case of polycrystalline specimens, whose electrical
response is naturally more complex to analyze than
that from a single crystal. AC methods may allow a
separation of the electric behavior of grains, from that
of grain boundaries, and also from the electrode
region.*

In this paper we report the ac response of PLZT
ceramics using conventionally mixed oxides and chemi-
cal coprecipitation techniques to obtain the ceramic
composition. In both cases, the final ceramic bodies
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were obtained by an uniaxial hot-pressing step. The
purpose of the paper is to compare the two different
processing methods concerning the ac response.

2. Experimental

Samples of polycrystalline PLZT 8/65/35 with nom-
inal composition Pb;. Lay(Zr,yTiy); 403 (with Zr/Ti
ratio of 65/35, 8% La content, and assuming a B-site
vacancy formula), were prepared by two different
methods: the classic ceramic mixed oxide (MO) method
and the coprecipitation (CP) technique.

For the first preparation method (MO), the powder
was prepared using high-purity reagent grade lead, tita-
nium, zirconium, and lanthanum oxides in the appro-
priate molar compositions. After milling and drying, the
mixture of oxides was calcined at 950 °C for 3.5 h in air,
and then ground in polyethylene bottles with water and
zirconia cylinders, for 15 h. Thick discs (~10 mm of
thickness) were uniaxially cold pressed and the ceramic
bodies were then densified by uniaxial hot-pressing
(1150 °C/2 h/3500 psi).

In the second case (CP), the previously prepared
PLZT powder, with 2 wt.% of PbO excess, was dis-
solved in HNOj3 and then precipitated with ammonia
hydroxide (pH~9-10), washed with alcohol and fil-
tered. The precipitate slurry was dried under vacuum at
room temperature and calcined at 900 °C, for 3.5 h. It
was then ground for 15 h in acetone. The final densifi-
cation was performed by uniaxial hot-pressing (1100 °C/
2 h/3500 psi). Details about preparation methods can be
found in.’

Scanning electronic micrographs showed a mean
grain size around 0.7 and 1.5 pm for MO and CP cera-
mics, respectively. It can be seen from the micrographs
(Fig. 1) that CP sample(s) presented fully transgranular,
while OM sample(s) showed intregranular as well as
transgranular fracture characteristics. It is well known
that intergranular fracture in ceramics occurs when in
grain boundaries thin layers, as PbO liquid phase for
example, are present [5,6]. In this way, it can be
assumed the difference of the fracture characteristics
between CP and OM samples is related to the PbO
amount in grain boundaries. It is well known that PbO
will have a higher activity in powders prepared through

PLZT CP 8/65/35

Fig. 1. Fracture micrographs of PLZT 8/65/35: (a), (¢c) CP and (b), (d) OM ceramics.

PLZT OM 8/65/35
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chemical routes. Therefore, it is expected a greater PbO
loss for CP sample(s), resulting in lesser PbO content in
grain boundaries, as compared to OM sample(s).

Flat specimens were used for dielectric property mea-
surements, with approximate dimensions 1x3x4 mm.
Electrodes were fabricated on the largest parallel faces
by using Au strips and an organogold paste. They were
then placed inside a vertical furnace, where the tempera-
ture varies £2 °C with respect to the preset value. By
using the two-probe configuration, impedance data was
collected over the frequency range 5 Hz—13 MHz, under
an applied voltage of 1V, with a Hewlett Packard 4192A
Impedance Analyzer. Measurements were carried out
isothermally allowing thermal equilibrium by leaving the
furnace at the preset temperature 60-90 min before each
frequency run. Measurements provide the real and ima-
ginary parts of impedance as frequency-dependent values.

3. Results and discussion

Cole-Cole plots, Z” (Z'), of both types of samples
showed evidence of more than one overlapping semi-
circle above 400 °C (Fig. 2) because the responses in the
impedance plane exhibited deformed semicircles whose
center appears below the real axes. Below that tem-
perature it was not possible to obtain resolved semi-
circles because the sample conduction was below the
sensitivity of our equipment. Polycrystalline materials
show irregular semicircles because of the overlapping
response of the different microstructural components.
In these cases RC circuit simulations can be helpful to
separate each contribution. Once that is done the RC
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Fig. 2. Complex plane of MO and CP types of samples at two selected

temperatures. The equivalent circuit is shown. The simulated curves
for the CP sample is also shown.

parameters are calculated as in a single-phase material.
The analysis is complicated by the fact that different
element arrangements can describe the same electrical
response.* Different arrangements of elements were
accordingly analyzed which could describe the electrical
response of the samples.

Two parallels RC connected in series form the selec-
ted equivalent electrical circuit; Fig. 2 shows the simu-
lated curves for the CP sample as example obtained by
using a non-linear least-squares program.’ This evalua-
tion is supported by the frequency dependence® of the
imaginary part of impedance (Fig. 3) which shows two
contributions for the studied samples. The values of the
corresponding circuit elements can be extracted as fol-
lows: the resistor values (R) are the diameters. At the
top of each semicircle, the impedance of the resistive
and the capacitance arms are equal (R=1/w,C, where
wy 18 the angular frequency, wy=2nf;). Since this fre-
quency can be derived from Z” (f) plots (where it
appears as a maximum), C (capacitance) can be
straightforwardly calculated. The order of magnitude of
equivalent capacitance and its temperature dependence
make it conventional to associate ° the high-frequency
response with the impedance contributions from grains
and the low frequency response with the grain bound-
aries contribution. The conductivity of both types of
samples, for the grain and grain boundary contribu-
tions, all exhibited an Arrhenius behavior when plotted
in the form log o vs 1/7, Fig. 4. The activation energy
values (Ea) for the grain and grain boundary responses
have not been affected by the sample preparation tech-
niques. These results are in the same order as those of
other reports on PZT ceramics.'?
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Fig. 3. Frequency dependence of the imaginary component of the
impedance for the CP sample, measured at 604 °C. Both OM and CP
samples show the same behavior, although present different absolute
values.
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Fig. 4. Arrhenius plots for grain boundary and grain contributions,
for both MO and CP types of samples.

From the Arrhenius behavior for oy, (Fig. 4) it can be
observed that the preparation techniques led to different
absolute conductivity values. These results could be
explained by a higher concentration of charge carriers in
MO than CP sample, which was influenced by the PbO
content in the grain boundary. The same explanation
could be extended to the o, behavior. The different
content of PbO surrounding the grains, which occurred
between the samples (as commented in the experimental
part), could generate different defects (charge carriers)
concentration into the grain. In this way, samples pre-
pared by the mixed oxide method have a higher bulk
conductivity than those prepared by the coprecipitation
method.

The relative real and imaginary parts of the dielectric
constant, ¢ and &”, as a function of frequency (w), can
be obtained from the real (Z’) and imaginary (Z”) parts
of the impedance,'! as follows:

fw = (£) — (1)
w”Z" (1 + <Z”> )

" _ gf 4

= (sw) ((Z/)2+<Z~>2> @

where g.f, &, and w are the geometrical factor, the
vacuum dielectric constant and the angular frequency
(2=f, f~frequency), respectively.

Fig. 5 shows the frequency dependence of the relative
real and imaginary parts of the dielectric permittivity at
a selected temperature (361 °C). Both MO and CP
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Fig. 5. Frequency dependence of the relative real and imaginary parts
of the dielectric permittivity in a log-log plane at a selected tempera-
ture (361 °C) for the CP sample. Both MO and CP samples show
qualitatively the same behavior.

samples show the same frequency dependence for the
dielectric permittivity, although they present different
absolute values, therefore only the dependence for the
CP sample is showed. It can be see that the low-fre-
quency part follows a power law'? and there is no loss
peak. This is a characteristic behavior of a material in
which mobile charge carriers such as ions or hopping
electrons dominate the dielectric response.!'?

A family of curves showing the temperature depen-
dence of ¢'(w) appears in Fig. 6 a,b. All of them behave
as expected for a ferroelectric material, and their max-
ima announce the occurrence of a phase transition. The
absolute values of the maximum dielectric constant
[¢'(w)max], smaller than some reported for the same
PLZT composition, can be attributed mainly to the
grain size of our samples. It was shown that &'(w)ax for
ferroelectric materials can be decreased three to four
times, when the grain size decreases from 4 to 1 pm.'3!4

The T,,, which is the temperature of maximum per-
mittivity, shifts toward high temperatures with increas-
ing measuring frequency, especially in MO samples, and
the temperature dependence of ¢’(w) shows its maxima
below T}, (also calculated but not shown here). Both
behaviors are classical of the ordinary relaxor-dielec-
trics, which show a broad-diffuse phase transition. The
diffuseness of the phase transition means that the phase
change does not take place in the whole specimen
volume at a strictly determined Curie temperature (7),
but in a certain zone AT.. The dielectric permittivity
peaks at T}, but, because of the dispersion in the 7, can
only be defined with reference to the frequency at which
measurements are made. Table 1 shows the variation of
T, for the same frequencies as those in Fig. 6, included
100 Hz. MO samples exhibit a larger temperature shift
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Fig. 6. Thermal behavior of the relative real permittivity for several
constant frequency measurements, for both types of samples.

of Ty (AT=17 °C) from 100 Hz-100 kHz than that of
the CP samples (AT=5 °C). Thus, the MO samples
have a greater degree of dispersion (nyvo=15%,
ncp=9% at 200 °C) taken as the measure of dispersion
at a determined temperature as follows:

S, — E/
n= 1kHz i 100kHz 100% (3)
€1kHz

It could be inferred that, as a consequence of the
smaller grain size, comparing Fig. 6a and b, the diffuse-
ness of the phase transition is higher for the MO than
for the CP samples.

Also, a clear deviation from the Curie—Weiss law was
observed in the studied frequencies, especially at 100
Hz and 1 kHz. On the other hand, a Curie—Weiss

Table 1
Variation of T, for the same frequencies than those in Fig. 5, included
100 Hz.

Tw (°C)
Frequency MO CP
100 Hz 158 171
1 kHz 163 173
10 kHz 172 175
100 kHz 175 176

behavior was observed from the grains response for
both preparation methods with the same critical tem-
perature (extrapolation value at 1/C, ~0). This result
indicates that the intrinsic ferroelectric interactions
are the same for CP and MO ceramics, in spite of
different T, values of the bulk responses at the
measuring field frequencies. As pointed out, the ac
response of all samples showed the grain and grain
boundary contributions in the complex impedance
plane, and both may contribute to the transition of
the material.

The diffusion of the ferroelectric phase transition was
shown to exist in such ferroelectrics where ions of dif-
ferent type occupy equivalent sites of the lattice, result-
ing local composition fluctuations and a distribution of
Curie temperature.'> It has been found!'® that the
macro-temperature width (AT) could be broadened by
compositionally modifying the A-site of the perovskite
structure by using lanthanum, which in addition, inhi-
bits grain growth. Substitution of Pb?" ions by La3*
ions creates vacancies in the A-site and also, could cre-
ate vacancies in the B-sites of the perovskite ABO;
structural lead zirconate titanate ferroelectric ceramics
(PZT). The incorporation of La ions and vacancies in
the lattice is believed to break the long-range interaction
between ferroelectrically active oxygens in octahedra
containing B-sites cations.

The PLZT 8/65/35 has been known as a relaxor fer-
roelectric ceramic with a diffuse phase transition,'” as
we could studied from the temperature dependences
&(w). The grain response shows the same critical tem-
perature, but the inhomogeneties because of the lantha-
num-doping, which segregate to the grain boundary
affect the bulk dielectric response, resulting in a diffuse
phase transition. This effect is markedly larger in the
oxide-milled method (MO). Taking into account the
conductivity analysis, the loss factor has been sub-
tracted from the dielectric permittivity in order to
obtain the “true” dielectric response, without the influ-
ence of the conductive mechanisms, which could affect
the dielectric results even at low temperatures. Fig. 7
shows this analysis from room temperature to around
400 °C (T> > Ty,). There are very important comments:
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Fig. 7. Temperature dependence of the relative real dielectric permit-
tivity free of loss factor for the same frequencies than those in Fig. 4.

both dependencies show a lower dispersion of the permit-
tivity values with increasing measuring field frequency.
There is not a markedly variation of 7, (AT <5 °C in
both cases) and the degree of dispersion is very small
(n<1%). Also a Curie—-Weiss behavior was observed.
Then the conductive mechanisms affect the dielectric
permittivity measurements; when these are subtracted
from the experimental results a lower dispersion
phase transition is obtained for both preparation
processes.

4. Conclusions

By using the impedance spectroscopy technique the
grain and grain boundary responses have been separated

in PLZT 8/65/35 ferroelectric ceramics. The preparation
techniques led to different absolute conductivity values
for each contribution (o, or og,). The samples prepared
by the mixed oxide method showed a higher bulk con-
ductivity than those prepared by the coprecipitation
method. This behavior was explained taking into
account the different concentration of charge carriers in
MO than CP sample, influenced by the PbO content in
the grain boundary.

The influence of the preparation techniques was ana-
lyzed for the dielectric properties showing behavior of
classical ordinary relaxor-dielectrics with a diffuse phase
transition, which was markedly larger in the oxide-mil-
led method (MO). The conductive mechanisms and
their influence on the dielectric behavior were studied
and it could conclude that they affect the dielectric per-
mittivity measurements. The dielectric permittivity
without the conductivity component showed a less pro-
nounced relaxor phase transition behavior for both
preparation techniques.
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