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Antiferroelectric—ferroelectric (AFE-FE) phase transition in ceramic Pbg.g97Lag.02(Zro.755n0.136Ti0.114)O3

(PLZST) was studied by dielectric spectroscopy as functions of frequency (102-10° Hz) and pressure (0-500 MPa)

under a DC electric field. The hydrostatic pressure-dependent remnant polarization and dielectric constant were mea-

sured. The results show that remnant polarization of the metastable rhombohedral ferroelectric PLZST poled ceramic

decreases sharply and depoles completely at phase transition under hydrostatic pressure. The dielectric constant un-

dergoes an abrupt jump twice during a load and unload cycle under an electric field. The two abrupt jumps correspond

to two phase transitions, FE-AFE and AFE-FE.
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1. Introduction

The perovskites PbZrOz and PbTiOs; form a
continuous series of solid solutions of the formula
PbZry_,Ti,O3 over the whole composition range.
The solid solutions, commonly referred to as PZT,
have a lot of excellent characteristics and detailed re-
search has been conducted to date.['~% Research has
revealed that in a lanthanum doped A-site modified
Pb(Zr,Sn,Ti)O3 (PZST) system, a variety of ferroelec-
tric and nonferroelectric transitions can be induced
by variations in composition, temperature, electric-
field or pressure."=9 They also exhibit large sponta-
neous polarizations and piezoelectric coefficients. Uti-
lizing their special characteristics, various ferroelec-
tric devices can be fabricated, for instance, actua-
tors with large electric-induced strain, micro-mechanic
clamps with shape memory, energy converters with
pressure-induced releasing bound charge in a short
time, and ultra-high-density energy storage with a
nonlinear double polarization—electric field loop.

Most previous research on the Pb(Zr, Sn, Ti)

(PZST) system was focused on fabrication methods
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and the influence of temperature or electric-field on
the properties of PZST systems. Pressure, how-
ever, is another important external field which af-
fects the characteristics of PZST systems, and can in-
duce more interesting properties. Samara et al. stud-
ied hydrostatic pressure-induced relaxation and phase
transition in several ferroelectric ceramics or single
crystals.l'=12] Qur previous work investigated the
phase transition of hydrostatic pressure-induced ferro-
electric (FE)-antiferroelectric (AFE) ceramics.[3~1%]
AFE lead lanthanum zirconate titanate stannate
(PLZST) near the morphotropic phase boundary
(MPB) of PLZST diagram switches to a FE phase
with the application of electric field and sustains
The poled FE PLZST
ceramic can return to AFE when it is depoled
In addition to the heat
treatment, hydrostatic pressure can also cause poled
PLZST to return to the AFE state.
per, a compound ceramic with the chemical compo-
sition Pbg.g7Lag.02(Zrg.75510.136Ti0.114)03 (PLZST)

was prepared by a traditional solid-state reaction pro-

in a metastable FE state.

through heat treatment.

In this pa-

cess. The sample was near the FE-AFE phase bound-
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ary in the PLZST diagram. The relationship between
remnant polarization and hydrostatic pressure was
studied and, the FE-AFE phase transition induced
by the DC bias field and hydrostatic pressure was in-
vestigated by measuring the dielectric properties as
functions of pressure, frequency and electric field.

2. Experimental procedure

A ceramic with the chemical composition
Pbg.g7Lag.02(Zrp.755n0.136 Tin.114)O3 was selected as
the sample, which was fabricated by a traditional
solid-state reaction process of oxides. The composi-
tion was close to the FE/AFE phase boundary and
located on the antiferroelectric side. Reagent-grade
oxide powders of LasOz, PbO, ZrO,, SnO and TiO4
were used as raw materials and commixed according
to the given composition with an addition of 2 mol%
excess PbO to compensate for losses. The mixtures
were calcined at 850°C for 4 h to obtain the perovskite
structure. The calcined powders with added 2 wt%
PVA (polyvinyl alcohol) were cold pressed into poles,
12 mm in diameter, under a pressure of 170 MPa.
The poles were sintered in a lead-compensating at-
mosphere for 2 h at 1240°C. The ceramic poles were
cut into circle flakes of 0.7 mm in thickness and both
faces of the specimens were entirely covered with sil-
ver to serve as electrodes. The ferroelectric hysteresis
loop was measured at room temperature using a fer-
roelectric tester (TF ANALYZER2000, aixACT Inc,
German). The piezoelectric constant dz; was mea-
sured using a quasistatic piezo-dsz meter (Institute
of Acoustics, Chinese Academy of Sciences, ZJ-3A).
The dielectric properties of the specimen were stud-
ied as a function of hydrostatic pressure (0-500 MPa)
and frequency (10%2-10% Hz) under different DC bias
field (0-12 kV-cm™!) using a HP4274A LCR meter
connected to a computer automatic measurement sys-
tem. The hydrostatic pressure system consisted of a
conventional high pressure apparatus (3 x 105 kg two
directions load) and high-pressure vessel. The benzo-
line and aero kerosene 30/70 (V/V) mixture was em-
ployed as pressure transmitting media. The pressure
equipment was described in Ref. [16]. The pressure
was measured by the change in resistance of a cali-
brated manganin coil, which was detected using a digi-
tal multi-meter (Keithley 2000) connected to the com-
puter and the error was less than +2%. The applied
DC bias was supplied by a high voltage DC power
(Mode PS350/5000V-25W, USA).

3. Results and discussion

3.1. The
dence of remnant polarization

hydrostatic pressure depen-

The polarization—electric field (P—E) hysteresis
loop of the original sample at room temperature is
illustrated in Fig. 1(a). It can be seen from the
first loop (dashed line O-A-B) of the fresh PLZST
sample that the AFE to FE switching field Eap is
about 10 kV-cm™!.
is 7.53 kV-cm™! and the maximum remnant polar-

ization is about 29.7 uC-cm™2.

However, the coercive field (E.)

The Eap is larger
than the E., which is very characteristic of AFE ce-
ramic behaviour. The electric-induced AFE-FE phase
transition was observed at Eap. It was not able to re-
turn to the antiferroelectric state when the electric
field was removed. The sample was in an electric
field-induced metastable FE state and the piezoelec-
tric coefficients ds3 was 96 pC-N~1. The relative di-
electric constant-temperature spectrum (e’-7") of the
poled sample shows that two phase transitions take
place, separately, during heating process from room
temperature to 300°C (see Fig. 1(b)). The first one is
an EF-AFE phase transition at 98°C and the second
is the transition from AFE to paraelectric (AFE-PE)
at 167°C.
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Fig. 1. (a) Polarization—electric field hysteresis loop and
(b) the relative dielectric constant-temperature spectrum
of PLZST. The coercive field (E.) is 7.53 kV-cm ™!, and

the maximum remnant polarization is 29.7 uC-cm™2.
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Because the PLZST ceramic sample is located
in the AFE region near the boundary between the
antiferroelectric tetragonal (Ar) and the ferroelec-
tric rthombohedral (Fr) phases, it switches into the
metastable thombohedral ferroelectric state after be-
ing poled at a DC electric field of 20 kV- cm~!. The
P—FE loop is close to one of the typical ferroelectric
materials after the first cycle. The pressure-induced
phase transition from the ferroelectric rhombohedral
phase to the antiferroelectric tetragonal phase was ob-
served previously at a certain hydrostatic pressure,!*?!
the corresponding pressure, referred to as phase tran-
sition pressure or quasi Cure pressure, is denoted by
P.. The bounded charge was released in a short time
at P.. Through releasing the charge collected by a big
capacitance (15 pF), the remnant polarization P, was
obtained. Figure 2 shows the curves of remnant polar-
ization (closed symbols) versus hydrostatic pressure.
The insert is the curve of pressure versus time and the
average rate of pressure increase is 8.8 MPa-s™1. It
can be seen from Fig. 2 that the P, curve decreases
sharply and the bounded charge is completely released
simultaneously. The sample returns to the tetrago-
nal antiferroelectric phase. The remnant polarization
varies from 29.7 uC -cm™2 to 0 at P, in the process.
The remnant polarization has “on/off” characteristics
when hydrostatic pressure increases continuously. The
sample exhibits characteristics of continuous pressure-
induced phase transition. The sample undergoes FE—
AFE phase transition under hydrostatic pressure be-
cause d33 decreases to 0 and the dielectric constants re-
cover to their original values for different frequencies.
Additionally, the phase transition is a second transi-
tion, which is in the pressure range of 156-239 MPa.
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Fig. 2. Curves of remnant polarization of poled PLZST

versus hydrostatic pressure. The insert is pressure-time

curve, the average load rate is 8.8 MPa-s™!.

3.2. The
dence of the dielectric constant un-
der DC bias

hydrostatic pressure depen-

The hydrostatic pressure dependence of the poled
sample dielectric constant at four frequencies (0.4, 1,
10 and 100 kHz) in loaded and unloaded processes is
shown in Fig. 3(a). The pressure was adjustable in
steps of approximately 30 MPa. The dielectric con-
stant was measured stepwise at different pressures,
both increasing pressure and decreasing pressure pro-
cesses were used for approximately 1.5 h. To ensure
the pressure balance of liquid transmitting media in
the high pressure cavity, it was necessary to wait 60 s
after each load or unload process. It can be seen from
Fig. 3 that the curves change sharply at a certain
pressure, the corresponding pressure agrees well with
phase transition pressure (P.) obtained from the P,—
pressure curve (see Fig. 2). The P, is 186 MPa and the
dielectric constant varies from about 500 to 860, and
the P, is independent of frequency. In the pressure
increasing process, the dielectric constant increases
slowly with increasing pressure when the pressure is
less than P.. Once the pressure is larger than P,
the dielectric constant decreases slowly with increas-
ing pressure. As there is a pressure-induced phase
transition from FE to AFE at P, the sample is in FE
state when the pressure is less than P, and it changes
back to AFE when the pressure is higher than P, up
to 550 MPa. The dielectric constant increases slowly
with decreasing pressure in the subsequent unload pro-
cess. There is no evidence in the dielectric constant
for a reverse transition to the FE phase during the
Once in the At
phase, the sample exhibits a small hysteresis on low-

pressure release without DC bias.

ering pressure. The change of micro-structure inside
the sample was reflected in the variety of sample di-
electric properties.[lo’w]

The dielectric properties as functions of hydro-
static pressure and frequency under different applied
DC positive biases were studied at room temper-
ature in both pressure increasing and pressure de-
creasing processes. When the DC positive bias,
E = 12 kV-cm™!, was applied, the dielectric be-
haviour as a function of hydrostatic pressure was sim-
ilar to that at above zero DC bias (see Fig. 3(a)).
However, the phase transition P, of FE-AFE in-
creases to 283 MPa as shown in Fig. 3(b). In ad-
dition to the sharp change of the dielectric constant
at 283 MPa, there is a rapid drop of ¢’ at 100 MPa

during the lowering pressure process (see Fig. 3(b)).
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Fig. 3. Hydrostatic pressure dependence of dielectric constant ((a), (b)) and dielectric loss ((c), (d)) under various DC electric

fields. The arrows denote the pressure increasing and decreasing processes. (a), (c¢) without electric field; (b), (d) with electric

field of 12 kV/cm.

The two dielectric jumps correspond to the two phase
The first is the pressure-induced phase
transition from the FE state to the AFE state during
increasing pressure. The second is the electric field-

transitions.

induced phase transition from AFE to FE during de-
creasing pressure. The sample returns to the FE state
for a DC bias higher than Ear (10 kV -cm ™). The d33
of the sample recovers to 96 pC-N~! again. There are
two peaks at 278 MPa and 53 MPa on the dielectric
loss-pressure curves (tan 6—P) for 10 kHz as shown
in Fig. 3(d). The peak at 278 MPa corresponds to
the FE-AFE phase transition. The peak at 53 MPa
The

peak pressures are lower than the abrupt change pres-

corresponds to the AFE-FE phase transition.

sure of the dielectric constant. The sample exhibits a
small hysteresis at the AFE state on increasing pres-
sure and decreasing pressure. The &-P loop forms
when a higher bias larger than 10 kV - cm ™! is applied.

Research on partial FE micro-domain distribution
in the AFE body in random orientations has been con-
ducted previously.'” At first, the AFE domain and
FE domain were oriented along the electric field di-
rection to minimize free energy when a sample was

exposed to a low electric field. The FE micro-domains

grow into electric domain nuclei in the AFE body with
increasing electric field. Once the applied electric field
is large enough, the electric domain nuclei amalga-
mate into the FE macro-domain, at the same time,
the FE macro-domain continually grows and impene-
trates the whole sample to realize the AFE-FE transi-
tion. This process is accompanied by a distinct volume
increase.[18720] Tha electric field promotes cell volume
enlargement. However, hydrostatic pressure increases
free energy and mechanical stress to suppress domain
reorientation along the electric field direction and FE
domain growth, namely, hydrostatic pressure, hinders
the increase of cell volume. Both the force of the elec-
tric field and the hydrostatic pressure have effects on
The electric field
acts as a long-range force and hydrostatic pressure as

sample properties simultaneously.

a short-range force. The Coulomb force varies with
inter-ionic distance, as 1/r2, whereas the short-range
force varies as 1/r™, where n has a large value. Thus,
for a given increase in pressure, the correlation length
decreases much more rapidly than the growth of the
ferroelectric macro-domain. Consequently, the AFE—
FE phase transition is determined by the competition
between the electric field force and pressure.
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4. Conclusion

The phase transition properties were obtained
from dielectric constant and remnant polarization
measurements. The sample was switched from an-
tiferroelectric to metastable ferroelectric after being
poled and the poled ceramic underwent an FE-AFE
phase transition at low hydrostatic pressure at room
temperature. The sample undergoes two phase transi-
tions, FE-AFE and AFE-FE, during increasing pres-
sure and subsequent decreasing pressure respectively.
The dielectric properties change rapidly at the point of
phase transition induced by the DC electric field. Hy-
drostatic pressure favours the stability of the smaller-
volume antiferroelectric phase; in contrast, the DC
electric field favours the ferroelectric phase. The above
results provide valuable data for the better under-
standing of phase transition mechanisms under exter-
nal electric fields, pressures, and temperatures.
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