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Abstract

The temperature dependences of the first, 1, and the third, &3, harmonic dielectric responses have been simultaneously measured
in 9/65/35 PLZT ceramics in a dc bias electric field, higher than the critical field. Additional peaks in both, g, and &3, superimposed
on the broad dispersive relaxor background were observed, indicating induced ergodic relaxor to ferroelectric phase transition. It is
shown that the dielectric nonlinearity a; = &3/ s‘l‘, as predicted by the spherical random bond-random field model of relaxor ferro-
electrics, indeed monotonously decreases when approaching the relaxor to ferroelectric transition temperature. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Since their discovery more than 40 years ago,! relaxor
ferroelectrics have been under extensive experimental
studies. These perovskite materials are typically char-
acterized by a broad frequency dispersion in the com-
plex dielectric constant and slowing dynamics'— and
are believed to provide a conceptual link between fer-
roelectrics and dipolar glasses. Namely, in zero electric
field no long-range ferroelectric state is established,
however, at freezing temperature, where the longest
relaxation time diverges, relaxors undergo a transition
from the ergodic relaxor phase, where all relaxation
times are finite, into the nonergodic phase.>° On the
other hand, by cooling the relaxor material in an electric
field E higher than the critical field Ec a long-range fer-
roelectric phase is formed.%’

PLZT ceramics is a very promising material for
numerous applications. Moreover, for certain composi-
tions, including the 9/65/35 PLZT, it belongs to relaxor
materials and thus allows studies of their properties.
Recent studies of the electric-field—temperature phase
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diagram® show that by applying a dc bias field higher
than Ec~5 kV/cm during cooling a long-range ferro-
electric order is established, while no long range order is
formed below Ec in 9/65/35 PLZT ceramics. Further-
more, dielectric and pyroelectric studies performed in
zero dc electric field indicate a glass-like freezing process
in 9/65/35 PLZT ceramics, similar to one observed in
the lead magnesium niobate (PMN) and dipolar glasses.*

After some contradictory experimental results of the
temperature dependence of the dielectric nonlinearity
a3 = e3/¢] were reported,”!? very recently a crossover
from the decreasing to the increasing temperature
dependence in a3 when approaching the freezing transi-
tion was observed in zero dc bias field in the PMN sin-
gle crystal and in 9/65/35 PLZT ceramics.!! This
suggests that the nonergodic relaxor phase is rather
glassy phase than a ferroelectric state broken up into
nanodomains. Namely, the scaling theory of the second
order phase transition predicts that a3 should vanish at
the ferroelectric transition'? and diverge at the freezing
transition in dipolar glasses'® as indeed observed.'#

The observed crossover in a3 is actually predicted by
the spherical random bond-random field (SRBRF)
model of relaxor ferroelectrics.!%!! On the other hand,
the SRBRF model predicts different temperature depen-
dence of a3 on approaching the relaxor to ferroelectric
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transition temperature.!%!! Therefore, in this work we
present a detailed description of measurements of the
temperature dependences of the first, ¢, and the third
order, &3, dielectric constants in 9/65/35 PLZT ceramics
in a dc bias electric field, higher than Ec. It is shown
that a3 determined from this measurement mono-
tonously decreases when approaching the relaxor to
ferroelectric transition temperature, as predicted by the
SRBRF model.

2. Experimental procedure

The 0.52 mm thick platelet of 9/65/35 PLZT hot
pressed ceramics was covered with evaporated gold
electrodes having surface dimensions of 4.7x3.5 mm?. It
has already been shown that the field induced transition
from the ergodic relaxor phase to the long-range ferro-
electric phase can be studied by measurements of the
complex dielectric constant in a zero-field-heating run
following the field-cooling run (FC-ZFH suscept-
ibility).® In this case, an additional peak in &;, super-
imposed on the broad dispersive relaxor background
appears at the ferroelectric to ergodic relaxor phase
transition temperature. Therefore, the PLZT sample
was first cooled from 410 down to 150 K in a dc bias
field higher than Ec. At 150 K the dc bias field was
switched off and the sample was short-circuited. Then,
the sample was heated back to 410 K. The cooling and
heating rates were £25 K/h. During heating run, the
first, £1, and the third, &3, harmonic dielectric responses
were measured simultaneously by using a HP 35665A
dynamic signal analyzer. It should be noted that ¢; and
&3 here denote the real parts of the corresponding com-
plex dielectric constants. Prior to each measurement, the
samples were annealed for 1 h at 410 K in order to
ensure equal conditions for all measurements and to
eliminate the effects of previous treatments.

3. Results and discussion

Fig. 1 shows the first, ¢, and the third order, &3,
dielectric constants, measured in the zero-field-heating
run on the sample cooled in a dc bias field of 8.5 kV/cm.
Besides the broad dispersive dielectric maximum, typical
for relaxors, also a peak at ~265 K can be observed in
both, &; and e3. It has already been shown that the
maximum value of the peak in g; is frequency depen-
dent, however, its temperature position is not dependent
on the frequency, contrary to the broad peaks asso-
ciated with the relaxor phase.® This peak therefore
indicates the ferroelectric to ergodic relaxor phase tran-
sition.

The dielectric nonlinearity a; = &3 /s‘l‘ has been calcu-
lated in the vicinity of the transition temperature 7¢
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Fig. 1. The temperature dependences of the first, ¢;, and the third
order, ¢3, dielectric constants, measured at 400 Hz in 9/65/35 PLZT
ceramics in the FC-ZFH run at 8.5 kV/cm. The peaks superimposed
on the broad dispersive relaxor background indicate ferroelectric to
ergodic relaxor phase transition.

from the &; and &3 data, shown in Fig. 2. These data
were obtained from the FC-ZFH run results (cf. Fig. 1)
after the subtraction of the background coming from
the broad relaxor dielectric peak. The resulting tem-
perature dependence of a3 is shown in Fig. 3(a). While
in zero dc bias field, where no long-range order is
established, a; shows a crossover from the decreasing to
the increasing temperature dependence on approaching
the freezing transition,!! here a3 monotonously decrea-
ses on approaching the relaxor to ferroelectric transition
temperature Tc.

Similarly to crossover from the decreasing to the
increasing temperature dependence of a3 on approach-
ing the freezing transition in zero bias field,!! the
obtained dependence in a3 in the vicinity of the relaxor
to ferroelectric transition temperature is actually pre-
dicted by the SRBRF model. SRBRF model predicts
the glassy behavior of the system to be due to the reor-
ientable polar clusters embedded in a random array of
chemically ordered nanodomains.'® Random bonds are
characterized by the mean value of coupling Jy and
variance J, and random fields are characterized by the
variance A. Numerical solutions of equations for the
spherical glass order parameter ¢ and polarization P,'°

q=BP(g+A/P)1 - g +P?, (1)
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Fig. 2. The temperature dependences of &; and &3, obtained in 9/65/35
PLZT ceramics in the FC-ZFH run (cf. Fig. 1) after subtraction of the
background.

P =p(1 - q)(JoP + E), 2

where B = 1/kT yield derivatives such as ¢ (E,T) =
14 0P/0E and &3 (E, T) = —(1/6)3*P/dE* leading to
a3 = 83/8‘1‘. It should be noted that if Jy < V/J2+ A a
spherical glass without long range order is formed,
whereas a ferroelectric state becomes stable if
J, > I+ A0

Fig. 3(b) shows the temperature dependence of the
dielectric nonlinearity a; :83/8‘11 calculated from the
SRBRF model in the vicinity of the relaxor to ferro-
electric transition. As experimental data, calculated aj
also monotonously decreases when approaching the
relaxor to ferroelectric transition temperature. How-
ever, it can be seen that the model predicts the change of
the sign of a3 at the transition temperature, while the
experimental data do not change the sign at 7¢. This
can be explained by the fact that the theoretical predic-
tions are based on the results of the continuous second-
order phase transition, whereas it was shown that 9/65/
35 PLZT ceramics exhibit a weak discontinuous first-
order relaxor to ferroelectric transition,® perhaps as a
consequence of the strain-polarization coupling. It
should be pointed out that earlier theoretical results
based on the thermodynamic theory have already pre-
dicted that the third-order nonlinear dielectric constant
changes sign at the second-order paraelectric to ferro-

T (K)
250 260 270 280 290
L /M?"&"("
10" o
> I A’f
e 10V 3
} | FE phase ¢ paraelectric-like

1070 \\ s relaxor phase

(a)

1.06 1.08 1.10 1.12
T/

Fig. 3. (a) The temperature dependence of the dielectric nonlinearity
a3 = &3 /s‘l‘ in the temperature interval around the relaxor to ferro-
electric transition temperature in 9/65/35 PLZT ceramics, calculated
from g; and &3 data presented in Fig. 2. (b). The temperature depen-
dence of aj calculated from the SRBRF model in the vicinity of the
relaxor to ferroelectric transition.

electric transition, while there is no change in sign in the
case of the first-order transition.!?

4. Conclusions

Simultaneous measurements of the temperature
dependences of the first, ¢;, and the third, &3, harmonic
dielectric responses have been performed in 9/65/35
PLZT ceramics in a dc bias electric field, higher than the
critical field Ec. Contrary to the results in zero dc bias
electric field, where the dielectric nonlinearity az = &3 /5‘11
shows a crossover from decreasing to increasing tempera-
ture dependence when approaching the freezing transition
from above, here the a3 data monotonously decreases
when approaching the relaxor to ferroelectric transition
temperature, as is predicted by the spherical random
bond-random field model of relaxor ferroelectrics.
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