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E-T phase diagram of the 6.5/65/35 PLZT incipient ferroelectric
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Abstract

The electric-field—temperature (E-T) phase diagram for lanthanum modified lead zirconate (PLZT) 6.5/65/35 hot-pressed
ceramics was determined by measurements of the quasistatic field-cooled—field-heated (FC/FH) dielectric susceptibilities. Approxi-
mately linear dependence of the phase transition line between the ergodic relaxor and ferroelectric phases on the bias electric field
was found. In zero electric bias field the incipient ferroelectricity is established at nonzero phase transition temperatures. From the
field-cooled polarization measurements a quasistatic spontaneous polarization of 0.37 As/m?> was determined at 25 °C. Measure-
ment of the frequency dependent, linear complex dielectric constant as a function of the bias electric field shows a significant change
in its temperature dependence as well as in the temperature dependence of the characteristic relaxation time, indicating freezing of

those sample regions dominated by the disordered nanocluster relaxor state, to the nonergodic glass-like relaxor state.
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1. Introduction

Lanthanum doped lead zirconate-titanate ceramics
Pbl,xLax(ZryTi1,},)1,x/403 (PLZT), with La content
varying between 4 and 12 at.%, belong to the ferro-
electrics relaxor systems.! All these materials show a
shift of the maximum of frequency dependent dielectric
permitivity with decreasing temperature, the absence of
any macro-symmetry changes, a characteristic slowing
dynamics according to the Vogel-Fulcher law and a
strong deviation from Curie—Weiss behavior. This
behavior is believed to be a consequence of a composi-
tional and/or structural heterogeneity which acts to
break the translational invariance of the polarization.?

It is commonly recognized that all relaxors are highly
inhomogeneous materials.> Nanocluster regions result
because of the fluctuation of composition and the
appearance of lattice defects due to the method of their
preparation (powder sintering), which favors chemical
heterogeneity and residual stress.! These nanopolar
regions behave like spins feeling local electric random
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fields and interacting via random bonds.*® It has
recently been shown that, for glassy relaxor systems like
x/65/35 PLZT ceramics for 7<x <12, the temperature
dependence of the static linear and the third order non-
linear dielectric susceptibilities and the E-T phase dia-
gram could be well described within the spherical
random bond random field (SRBRF) model.*~¢ In these
systems no long range ferroelectric phase is established
on cooling the system in zero electric field, but rather,
the system freezes into an nonergodic glass-like relaxor
phase.”® Lanthanum doping in ferroelectric perovskites
is believed to disturb the long-range Coulomb interac-
tion, which drives the formation of spontaneous polar-
ization below T.. The formation of ferroelectric
domains is strongly inhibited as La-content increases.
The ferroelectric phase could only be stabilized in glassy
relaxor systems by cooling the system above the critical
electric field E¢.>?

It was shown that in (x<7)/65/35 PLZT ceramics
cooled in zero electric bias field at low temperatures,
regions are dominated by both ferroelectric and relaxor
states. Optical and electrical measurements reported the
coexistence of micro-sized ferroelectric domains and
also nano-sized glassy polar regions.!®~!2 At room tem-
perature their size in (6-7)/65/35 PLZT is 1-3 um and
~10 nm, respectively.!®!> The E-T phase diagram has
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been studied only in glassy relaxor systems showing no
incipient ferroelectricity in zero bias electric field.>%13—13
Recently, it was shown that the ferroelectric state in
x/65/35 PLZT relaxors (4<x<12) can be induced by
mechanical stress or by dc electric bias field.”>

An external electric field can overcome the random
local fields in such a way that a normal ferroelectrics
phase may be induced. This transition is often referred
to in the literature as the field induced micro to macro
domain transition.? By applying an electric field, the
favorable oriented clusters grow until the ferroelectric
phase is induced.'® Thus, when an electric field is
applied the nano domains will grow in size and merge to
form large polar regions, which results in micro
domains. Moreover, it was reported that the applied
bias electric field could induce the ferroelectrics phase
even at higher temperatures, where thermal fluctuations
normally prevent the onset of long-range order.

In this article we present the E-T phase diagram and
study the influence of the bias electric field on the
formation of a long range ferroelectric phase from polar
nanoclusters in 6.5/65/35 PLZT ceramics.

2. Experimental procedures

Measurements were made on three PLZT 6.5/65/35
ceramic samples with thickness from 0.26 to 0.32 mm.
Samples were prepared by a mixed oxide method start-
ing from high purity oxides (>99.9%). After being hot
pressed at 1150 °C for 2 h in PbO excess environment,
gold electrodes were sputtered onto the sample by the
evaporation technique. Complex diclectric permitivity
was measured using a Hewlett-Packard 4282A Precision
LCR meter. The amplitude of the ac excitation voltage
was 1 V. The measurement voltages were small enough
to neglect the influence of the ac field on dielectric con-
stant values. Measurements were performed on cooling
the sample from 180 to 22 °C in several dc bias electric
fields from 0 to 5 kV/cm. The temperature cooling rate
was typically —60 °C/h and the frequency range was
between 20 Hz and 1 MHz.

The dc field dependence of the effective quasistatic field-
cooled (FC) dielectric constant epc=1+ Prc(E,T)/eoE
was determined by cooling an annealed sample down to
22 °C in a dc bias electric field E. At 22 °C the scanning
rate was reversed and the sample was slowly field-heated
(FH) (60 °C/h) up to 180 °C while the corresponding
polarization charge was measured by the Keithley 617
programmable electrometer.!” This procedure was then
repeated for several electric fields between 0.1 kV/cm
and 5 kV/cm.

Since it is well known that history-dependent effects
play an important role in relaxor systems, the sample
was annealed at 180 °C for 1 h before each measure-
ment, in order to ensure identical conditions for all

measurements and to eliminate the effects of previous
treatments.®18

3. Results and analysis

Quasistatic measurements of the FC/FH effective
dielectric response obtained on 6.5/65/35 PLZT cera-
mics at £=1 kV/cm are shown in Fig. 1. Results are
very similar to those obtained previously at similar
fields on the glassy relaxor systems (8-9)/65/35 PLZT
ceramics®!%2 and on PMN relaxor.?! In particular, the
FC dielectric constant increases very sharply with
decreasing temperature and nearly saturates at lower
temperatures. This increase corresponds to the relaxor-
to-ferroelectric conversion which takes place even in a
zero-field cooled run and can be seen as a step-like
anomaly in the temperature dependence of the
frequency dependent real part of the dielectric constant.

A hysteresis effect is observed between FC and FH
quasistatic dielectric constants in the temperature range
around the ferroelectric transition. This effect could be
a consequence either of the nanodomain structure,
depinned effects due to impurities, or the smeared latent
heat effect. It was shown that the ferroelectric transition
may be of the weakly first order type.’

The experiments shown in Fig. 1, repeated at several
dc bias fields, enable quasistatic measurements of the
polarization as a function of the field £. Fig. 2 shows
the field dependence of the FC dielectric polarization,
at a particular temperature of 25 °C, deduced from
different FC scans obtained at various dc electric fields.
After an approximately linear regime the polarization
saturates in an almost field-independent plateau. This
plateau corresponds to the spontaneous polarization
Pg, which reaches a value of nearly 0.37 As/m? at low
temperatures.

It is interesting to note that this value obtained in the
incipient ferroelectric 6.5/65/35 PLZT ceramics is much
lower than the value of 0.6 As/m? obtained in the field
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Fig. 1. Temperature dependence of FC/FH effective dielectric polar-
ization P, measured at E=1 kV/cm. Arrows indicate heating and
cooling run.
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induced ferroelectric state of the glassy relaxor 9/65/35
PLZT ceramics.!®

It should also be noted that Pg vanishes at the same
temperature where the sharp peak in pyroelectric cur-
rent is observed. The pyroelectric current was calculated
from the derivative of the Prc/pu(7) data. This allows
determination of the ergodic relaxor to ferroelectric
(RF) transition temperatures from the temperature
positions of the pyroelectric current peaks.

The RF phase transition temperatures are presented
in Fig. 3a as a function of the applied bias electric field,
which is determined from the temperature positions of
the pyroelectric current peaks. In zero bias electric field
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Fig. 2. Dielectric polarization measured at 25 °C. The value of
spontaneous polarization at 25 °C is also shown.
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Fig. 3. (a) RF transition temperature and (b) freezing temperature on
cooling as a function of the electric field in 6.5/65/35 hot-pressed
PLZT ceramics.

the ferroelectric phase transition temperature was found
to be 110 °C on cooling and 140 °C on heating. On
increasing the bias electric field a nearly linear increase
in RF phase transition temperature was observed
(+11°C per 1 kV/cm on cooling).

On the other hand, analysis of the frequency depen-
dent complex dielectric constant (Fig. 4) reveals that, in
small bias electric fields, part of the sample still freezes
into the glass-like nonergodic relaxor state even below
the RF transition temperature. The freezing transition
temperature of this glassy relaxor state is shown as a
function of the bias electric field in Fig. 3b. Here, the
temperature dependence of the characteristic relaxation
frequency, determined from the temperature positions
of the diffuse imaginary dielectric maxima obtained at
different bias electric fields (inset to Fig. 4), obeys the
Vogel-Fulcher ansatz f=foexp[—FE./(T—T,)] with the
freezing temperature T, strongly dependent on the bias
electric field E.

Furthermore, temperature positions of the diffuse
peaks of the imaginary part of the dielectric constant
become almost frequency independent, as one would
expect for the critical slowing down near the ferro-
electric phase transition. This is reflected in the very
steep curves (inset to Fig. 4), which become more and
more activated-like as more and more of the sample
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Fig. 4. Imaginary part of the linear dielectric constant as a function of
the temperature on cooling in zero bias electric field (a) and in E=5
kV/cm (b). The inset shows the characteristic relaxation frequency as a
function of the inverse temperature in zero bias electric field and in
E=5kV/cm.
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converts to the ordered ferroelectric state with the
increasing bias field.

It seems that at even higher electric bias field a ferro-
electric state would be dominant, as relaxor polar
nanoregions would tend to convert into ferroelectric
micron-sized domains. In this case a more sharp first
order ferroelectric phase transition exhibiting a diver-
gence in the dielectric response should be seen. In
addition a critical-slowing-down anomaly should
appear in the Arrhenius temperature dependence of the
characteristic relaxation frequency.

4. Conclusions

Measurement of the complex dielectric constant and
FC/FH quasistatic dielectric polarization show incipient
ferroelectricity in 6.5/65/35 PLZT ceramics with the
coexisting relaxor and ferroelectric states at small bias
electric fields. The value of the spontaneous polarization
was found to be lower than in the 9/65/35 PLZT cera-
mics. The E-T phase diagrams for both relaxor and
ferroelectric states show increase of the transition tem-
peratures with increasing bias electric field. The coex-
istence of multidomain states in PLZT 6.5/65/35 is most
probably stabilized by a random distribution of local
fields. Additional nanoscale polar regions, which still
coexist with ferroelectric micro domains, slowly convert
with increasing bias field to the ordered ferroelectric
state. The linear dielectric response at higher values of
the bias electric field becomes more similar to the
response one would expect for the critical slowing down
near the proper ferroelectric transition.
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