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Abstract

Composition dependence of room temperature piezoelectric constant ds3 and dielectric constant tunability was investigated in the (001)-
poled single crystals of (1—x)Pb(Mg;;3Nb,/3)O03—xPbTiO3; with x varying from 0.24 to 0.38. Temperature, frequency and composition
dependence of the dielectric constant in the unpoled crystals shows that the critical composition for the relaxor state lies in the 0.69Pb(Mg /3
Nb,/3)05—0.31PbTiO; crystal. It has also the largest piezoelectric constant d3; of 2210 pC/N and highest dielectric constant tunability of
40.6% (at a dc bias of 1000 V/mm). The experiment results validate the prediction that the relaxor-based materials with the critical

composition for the relaxor state will have the highest piezoelectric susceptibility.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Relaxor-based single crystals of (1—x)Pb(Mg;,3Nb,s3)
O5;—xPbTiO3, abbreviated as (1—x)PMN—xPT, and (1—y)
Pb(Zn; 5Nb,/3)O3—yPbTiO3 have been widely investigated
due to their excellent piezoelectric and electro-optical (E-O)
properties [1—-3]. Moreover, the PMN-PT single crystals
have been successfully grown in batches using a modified
Bridgman technique [4—6]. The high piezoelectric suscep-
tibility on the (001) direction and near the morphotropic
phase boundary (MPB) between rhombohedral (FE,) and
tetragonal (FE;) ferroelectric phases is related to electric
field-induced engineered domain configurations [7,8] and
polarization rotations through metastable monoclinic (FE,,)
or orthorhombic (FE,) ferroelectric phases [1,9,10]. More-
over, the local random fields in a relaxor have also been
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emphasized contributive to enhance piezoelectric suscepti-
bility [11,12]. Pure PMN is a typical relaxor [13,14]. The
degree of relaxor characteristics decreases with increasing x
in the relaxor-based (1 —x)PMN—xPT crystals [15]. Thus, a
critical composition for the relaxor state arises. It has even
been predicted that the best piezoelectric property would be
found in the relaxor-based materials with the critical com-
position for the relaxor state due to the easiest rotation of
the dipoles in the case [12].

In this paper, we will investigate the composition
dependence of the piezoelectric constant and dielectric
constant tunability in the (001)-poled PMN-PT single
crystals to evaluate the influence of a relaxor state on the
properties.

2. Experiment

The (1—x)PMN-—xPT single crystals used in this work
were grown using a modified Bridgman technique with
nominal composition x as 0.24, 0.30, 0.31, 0.33 and 0.38,
respectively [4]. Various crystals oriented along the (001)
direction were prepared with size of 5x5x1 mm® and
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electroded with silver. The dielectric properties of the as-
prepared unpoled crystals were measured using a HP4194A
impedance analyzer at frequencies of 100 Hz, 1 and 10 kHz
in the temperature range between 25 and 200 °C at a
constant heating rate of 1 °C/min. Then, the crystals were
poled for 15 min using a poling field of 1 kV/mm in silicone
oil at room temperature. Piezoelectric constants ds; of the
freshly poled crystals were measured by a Berlincourt-type
quasistatic d3; meter at a frequency of 55 Hz at room
temperature.

The dielectric response under a dc bias was measured by
a multi-frequency LCR Meter (Model SR720 of Stanford
Research Systems) at a frequency of 10 kHz while the
crystal is placed in silicone oil. The applied dc bias varies
from 0 to 1000 V/mm. The dc bias was applied on the
samples in the same direction as the poling field to prevent
occurrence of polarization reversal. After each time the dc
bias was applied, a waiting time of 100 s was imposed
before measuring the dielectric constant.

3. Results, discussions and conclusions

Fig. 1 shows the temperature, frequency and composition
dependence of the dielectric constant of the (001)-oriented
unpoled (1—x)PMN—xPT single crystals. The temperature
corresponding to the maximum of the dielectric constant is
called the temperature 7,,. In the 0.76PMN-0.24PT and
0.7PMN-0.3PT crystals, only one dielectric peak occurs at
the temperature 7,, of 110 and 128 °C, respectively,
indicating a phase transition from the FE, phase to para-
electric cubic phase near the 7y, [6,14]. In the 0.62PMN-—
0.38PT crystal, there is also one dielectric peak at the 7}, of
172 °C, indicating a phase transition from the FE, phase to

Table 1

Summary of the composition dependence of the phase transition temper-
atures in the unpoled (001)-oriented (1—x)PMN—xPT crystals, and of the
room temperature piezoelectric constant d33 and dielectric constant
tunability at a dc bias of 1000 V/mm in the (001)-poled (1—x)PMN-—

xPT crystals

Composition T (°C) T (°C) ds3 (pC/N) Tunability of & (%)
0.76PMN-0.24PT 110 770 25.9
0.7PMN-0.3PT 128 1760 329
0.69PMN-0.31PT 135 115 2210 40.6
0.67PMN-0.33PT 158 75 1870 342
0.62PMN-0.38PT 172 400 20.7

paraelectric cubic phase [2]. In both the 0.69PMN-0.31PT
and 0.67PMN-0.33PT crystals, the dielectric curves show a
peak with a shoulder joined on the left side near the lower
temperatures T}, indicated by dash arrow and point arrow,
respectively, in Fig. 1. The 7, shoulder indicates a FE,—FE;
phase transition [4,5]. In the 0.69PMN-0.31PT and
0.67PMN—-0.33PT crystals, the FE.—FE; phase transition
takes place near the 7, of 115 and of 75 °C, respectively.
Corresponding FE-cubic phase transition occurs near the
T of 135 and 158 °C, respectively. It can be seen that our
dielectric results support the report that the PMN—PT
system has a MPB composition x as 0.3<x<0.35 [16].
From Fig. 1, we can also observe the phenomenon of
very evident frequency dispersion of dielectric constant in
the ferroelectric phases in the (1—x)PMN—xPT crystals with
x<0.31, indicating a dominant relaxor state. However, in the
0.67PMN-0.33PT and 0.62PMN-0.38P crystals, the fre-
quency dispersion behavior is not obvious and could be only
observed near the T;,,. This shows that the composition x of
0.31 is a critical composition for the microdomain relaxor
state. The crystals with a larger PT content (x>0.31) have a
dominant macrodomain normal ferroelectric state. Our mea-
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Fig. 1. Temperature and composition dependence of the dielectric constant ¢, in the unpoled (001)-oriented (1—x)PMN—xPT crystals measured at frequencies

of 100 Hz, 1 and 10 kHz.
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surement results of the piezoelectric constants ds; of the
poled crystals were summarized in Table 1. For the crystals
with x as 0.3, 0.31 and 0.33, the metastable phases and
polarization rotation have been emphasized on their capa-
bility to enhance the piezoelectric properties [1,9,10,17,18].
Correspondingly, these crystals all have large piezoelectric
constant of larger than 1500 pC/N as shown in Table 1.
Also, the FE, 0.76PMN—-0.24PT and FE; 0.62PMN-0.38PT
crystal have much lower piezoelectric constant. However,
the most important point to note now is that the largest
piezoelectric constant dz3 of 2210 pC/N is found in the
crystal with the critical composition x of 0.31 for the relaxor
state, although the 0.67PMN-0.33PT crystal has a lower
FE,—FE; phase transition temperature.

Fig. 2(a and b) shows the dc bias and composition
dependence of the dielectric constant ¢ and tunability of
&, respectively, measured under various dc bias at room
temperature. The tunability of ¢. at the dc bias of Ey is
defined as [¢(0)—&(E},)] X 100%/e,(0), where ,(0) and &.(E},)
are the dielectric constant ¢, at zero dc bias and at a bias of
Ey, respectively. The data of ¢/(0) and tunability of ¢, at the
bias of 1000 V/mm in the (001)-poled crystals were also
listed in Table 1. The results also reveal the largest tunability
of ¢, with a large value of 40.6% at the dc bias of only 1000
V/mm, in the 0.69PMN-0.31PT crystal with a critical
composition for the relaxor state.

We have demonstrated the composition dependence of
both piezoelectric constant and dielectric constant tunability
in the (001)-poled PMN—PT crystals, both of which reveal
the largest susceptibility in the 0.69PMN-0.31PT crystal
with a critical composition for the relaxor state. The largest
dielectric tunability reflects the most significant structure
adaptivity of the engineered domain configuration, in which
the applied electric field easily induces large lattice distor-
tion with nullifying strain in the polar domains equivalent
and symmetrically distributed along (001) [7]. However, it
should not be excluded that applied electric field should also
induce polarization rotation from (111) to (001) in an
advantageous path through metastable phases in the
0.69PMN-0.31PT crystal with also a MPB composition,
which also produces high structure adaptivity [1]. In both
cases, we believe the critical relaxor state plays an important
role, as shown by the largest susceptibility of the
0.69PMN-0.31PT crystal. The local random fields in the
relaxor state induce a random or spherical bond state and
accordingly anisotropy is only metastably locked in under
applied electric field [11]. Thus, the relaxor state contributes
greatly to the sensitive engineered domain configuration and
polarization rotation through metastable phases under elec-
tric field, and resultantly contribute greatly to the structure
adaptivity, piezoelectric susceptibility and dielectric con-
stant tunability. Egmai et al. [12] have also already predicted
that the relaxor-based system will have the best piezoelectric
susceptibility when possessing a critical composition for the
relaxor state. Our results in this paper experimentally
validate their prediction by revealing the largest piezoelec-
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Fig. 2. DC bias and composition dependence of (a) the dielectric constant &,
and (b) the tunability of ¢, in the (001)-poled (1 —x)PMN—xPT crystals
measured at a frequency of 10 kHz.

tric constant ds3 of 2210 pC/N and highest dielectric
constant tunability of 40.6% in the 0.69PMN-0.31PT
crystal with a critical composition for the relaxor state and
also a MPB composition.
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