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The electromechanical and dielectric responses in transverse and longitudinal modes for relaxor
ferroelectric solid solution Pb(Mg;3Nb,,3)O3-PbTiO; (PMNT) near a morphotropic phase
boundary composition were investigated under hydrostatic pressures up to 700 MPa at 25 °C. The
effect of pressure on their responses remarkably appeared. Their electromechanical suppression in
PMNT single crystal and ceramics occurs at each pressure, corresponding to electromechanical
coupling coefficient k. The permittivity & increased with pressure-induced electromechanical
suppression. The change in & with such suppression corresponds to k. Such phenomena were
considered to be due to the increase in piezoelectric load based on decrease of domain size coming

from increase in free energy with pressures. © 2008 American Institute of Physics.

[DOI: 10.1063/1.2896586]

I. INTRODUCTION

Relaxor based ferroelectric solid solution
Pb(Mg,3Nb,,3)O;-PbTiQ, (PMNT) and
Pb(Zn;3Nby3)0;~PbTiO; (PZNT) binary system single
crystal and ceramics near a morphotropic phase boundary
(MPB) are of particular interests and in future useful for
applications in ultrasonic, nondestructive testing, and actua-
tor devices, making use of superior electromechanical
properties.' ™ Such piezoelectric properties for their solid so-
lutions near a MPB composition has been reported’’ to
come from large shear modulus d,s of the single domain
state. They were concerned with the intrinsic crystal lattice
deformation effect’™® and the extrinsic one>®’ related to the
engineered domain configuration in which the domain wall
structure is stabilized by the oblique poling field. The pres-
sure effect of  piezoelectric properties of
Pb[(Zn;3Nby/3)06,]Tig 605 [abbreviated PZNT (91/9)] bi-
nary system single crystal was previously dealt with'" from
the viewpoint of large shear modulus d,s. Samara et al."
reported the strong effect of pressure on free energy through
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dielectric responses in PZNT binary system. On the other
hand, it was pointed out'" that the relation between the
crystallographic symmetry and the ability of a ferroelectric
polycrystalline ceramic to switch is important. For the piezo-
electric aclivity,d"]3 domains in ferroelectric ceramics must be
polarized and distorted by poling process which causes some
of the domains to switch so that the polarization will be
aligned along the poling direction. Free energy minimizing
domain configuration provides enhanced electromechanical
prc;pe:rly.m’I BaTiO; ceramics with larger piezoelectric con-
stant of 350 pC/N, planar electromechanical coupling coef-
ficient of 35%, and small grain sizes of a few micrometers
were recently fabricated by microwave sintering process
making use of controlling changes in microstructures.” On
the other hand, ferroelectric systems with very low domain
wall energies have been shown'® from the martensite phase
transformation theory to form miniaturized microdomain
structures which minimize the transformation stress. In this
work, the pressure effect of piezoelectric properties in
PMNT binary system single crystal and ceramics near a
MPB composition are dealt with from the viewpoint of
pressure-modulated free energy change in piezoelectric and
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dielectric responses. The piezoelectric and dielectric proper-
ties of Pb[(Mgl ;3Nb233)0_63]Ti0_3203 [abbreviated
PMNT(68/32)] binary system single crystal poled along the
[001] direction in the rhombohedral phase, PMNT(67/33)
ceramic poled in the tetragonal phase, and PMNT(76/24)
ceramic poled in the rhombohedral one were investigated
under pressure (p) up to 700 MPa at 25 °C. The remarkable
effects of hydrostatic pressures on them were presented and
their properties were discussed from the viewpoint of the
change in domain size due to the pressure-modulated free
energy change. The change in relative permittivity with
pressure-induced suppression of electromechanical response,
correspondingly to electromechanical coupling coefficient k,
was presented in this paper.

Il. EXPERIMENTAL PROCEDURE AND SAMPLE
PREPARATION

PMNT(68/32) single crystals were obtained by a con-
ventional solution Bridgman method.'”'® The detailed speci-
men preparation was described elsewhere.'® The single crys-
tal ~plate with dimensions of 4.00(w)X 1.23(1)
X0.33(t) mm® for the measurement of the k3, (ds;) mode
and the single crystal bar with dimensions of 2.50(w)
X2.50(1) X 7.50(t) mm? for the measurement of the ks; (ds3)
mode were prepared from a (001) crystal. PMNT(67/33) and
(76/24) ceramics were prepared using the columbite precur-
sor method.”>' The rectangular plate specimen with dimen-
sions of 3.1(w) X 12.9(1) X 1.0(t) mm® for PMNT(67/33)
and 3.1(w) X 13.3(1) X 1.0(t) mm® for PMNT(76/24) were
prepared for the measurement of the k;; mode. The disk
specimen with dimensions of 16.0 mm ¢ and 1.0 mm thick-
ness was prepared for the measurement of the planar cou-
pling coefficient k,. The electrical capacitance and dielectric
loss tangent, tan §, were measured using an LCR (induc-
tance, capacitance, resistance) meter (HP-4154A) at 1 kHz.
The specimens were poled in a 10 kV/cm electric field at
40 °C for 15 min for single crystal and in a 15 kV/cm elec-
tric field while cooling from well above the transition to
25 °C for ceramic in an insulating liquid, silicone oil, to
prevent arc. The electromechanical coupling factors k were
measured by the resonance and antiresonance frequency
methods using an impedance gain phase analyzer (HP-
4194A;, network mode).4 The pressure apparatus used to ap-
Ply hydrostatic pressures to specimens was described
elsewhere.'** The piezoelectric constant d was measured
using a strain meter (Millitron No. 1240).

. RESULTS

A. Piezoelectric response
1. PMNT(68/32) single crystal

The rhombohedral PMNT(68/32) single crystal speci-
Men had an electromechanical coupling coefficient ks,
=62.8% for the k3, mode, the piezoelectric constant ds,=
~830 pC/N, &,=5000, and tan 6=0.0014 at 1 kHz in the
[001] poled single crystal plate in atmospheric pressure.
These values are comparable to ks =59%, dy =
~1330 pC/N3, £,=4233, and tan 5=0.009 (Ref. 23) of
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FIG. 1. Resonance and antiresonance frequency characteristics of (a) im-
pedance and admittance in the vicinity of f, and (b) phase for the
PMNT(68/32) rhombohedral single crystal poled along the [001] axis in the
k3y mode for various pressures.

PMNT(G‘ﬁ:ﬂ) reported previously. Figure 1(a) shows the
impedance frequency characteristic curves for the k;; mode
for increasing pressures (p). Electrical reflections from the
pressure chamber walls were found to be reduced due to the
decrease in electrical sensitivity of the specimen element
with increasing p.?* Its curve became broader with increasing
p upto 400 MPa. The resonance and antiresonance behaviors
were strongly suppressed at pressures above 500 MPa. Fig-
ure 1(b) shows the phase changes with p. The distinct phase
change at f, and f, were observed below 400 MPa. These
changes were abruptly disappeared above 500 MPa. The pi-
ezoelectric response became weaker (k3;=53% at 400 MPa)
(Ref. 19) due to the increase of f, and the decrease of differ-
ence Af between f, and f, with p and finally disappeared.
The increase in asymmetry in shape with p seen in the ad-
mittance curves in the vicinity of f, as also shown in Fig.
1(a), suggests the enhanced electrostrictive component with
p. Such behavior was previously observed in the case of
elastically hardening for PMNT(90/10).® For the longitudi-
nal k3; mode, its specimen had k33=93.5%, dj;
=1790 pC/N, and &,=4887 at 1 kHz at 25 °C at atmo-
spheric pressure. These values are comparable to k33=94%,
d33=2800 pC/N, and &,=8200 of PMNT(67/33).” Figures
2(a) and 2(b) show their frequency characteristic curves for
the longitudinal k;; mode for various pressures (p). Their
frequency characteristics remain almost constant to about
500 MPa. At pressures above 500 MPa, they became broader
with increasing p. Meanwhile piezoelectric response became
weaker. The admittance curves in the vicinity of f, are also
shown in Fig. 2(a) and the symmetry in shape under various
pressures was observed in contrast to the case of k3; mode.
Such behavior suggests the strong piezoelectricity of the
specimen.

2. PMNT(67/33) and PMNT(76/24) ceramics

The tetragonal PMNT(67/33) ceramic specimen had k,
=51% in the k, mode, k;=28.4%, d3;=440 pC/N, e,
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FIG. 2. Resonance and antiresonance frequency characteristics of (a) im-
pedance and admittance in the vicinity of f, and (b) phase for the
PMNT(68/32) rhombohedral single crystal poled along the [001] axis in the
ka3 mode for various pressures.

=2752, and tan 6=0.023 at 1 kHz at 25 °C at atmospheric
pressure. These values are compared with k,=18.2% for
PMNT(62.5/37.5),%° d3;=456 pC/N, &,=3119, and tan &
=0.006 for PMNT(65/35).”" Figures 3(a) and 3(b) show
their frequency characteristic curves for the k3; mode for
various pressures. The effect of pressure on those for the k3,
mode was found to be striking. The suppression occurs at
pressures above 490 MPa and the piezoelectric response fi-
nally disappeared. The rhombohedral PMNT(76/24) ceramic
specimen had k,=36.4%, k;;=21.5%, dy;=245 pC/N, e,
=2188, and tan 6=0.028 at 1 kHz at 25 °C at atmospheric
pressure. These values are compared with k,=14.4% for
PMNT(75/25).% d43=305 pC/N, £,=2435, and tand
=0.018 for PMNT(75/25).”". Figures 4(a) and 4(b) show
their frequency characteristic curves for the k;; mode for
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FIG. 3. Resonance and antiresonance frequency characteristics of (a) im-
pedance and (b) phase for the poled PMNT(67/33) tetragonal ceramic in the
ky; mode for various pressures.
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FIG. 4. Resonance and antiresonance frequency characteristics of (a) im-
pedance and (b) phase for the poled PMNT(76/24) rthombohedral ceramic
in the ks, mode for various pressures.

various pressures. The effect of pressure on those for the k;
mode was very striking. The suppression occurs at pressures
above 100 MPa and the piezoelectric response finally disap-
peared at 300 MPa. After the applied pressures to the speci-
mens were taken off in each case, the resonance and anti-
resonance characteristic curves were restored to those at
0 MPa.

B. Dielectric response

Figure 5 shows the change in the relative permittivity &,
for various electromechanical responses with applied pres-
sures. The &, increases with p in each case. The magnitude of
the change Aeg, in &, with such pressure-induced suppression
of electromechanical response was found from Fig. 5 to be
Ag, > 5517 for k33 mode and 2002 for k5, in the rhombohe-
dral PMNT(68/32) single crystal and 503 for k3; mode in the
PMNT(67/33) tetragonal ceramic and 113 for ks, in the
PMNT(76/24) rhombohedral ceramic, respectively. On the
other hand, values of their electromechanical coupling coef-
ficients k were k33=94.0 and k5;=61.5% for rhombohedral
PMNT(68/32) single crystal and ks =285% for
PMNT(67/33) tetragonal ceramic and k3 =21.5% for
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FIG. 5. Pressure dependences of relative permittivity &, for PMNT bin:lf);
system single crystal and ceramics near a MPB composition at 1 kHz 2
25°C.
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PMNT(76/24) rhombohedral ceramic, respectively. Thus the
magnitude of Ag, seems to correspond to that of k.

IV. DISCUSSION

Such pressure-induced suppression of electromechanical
responses are explained as fellows. Ferroelectric domain
configurations which are energetically favored are formed
under electromechanical load with poling process, leading to
matroscopic piezoelectricity.'* The domains need to be ar-
ranged electromechanically to minimize their interaction en-
ergy, leading to complicated domain configurations with the
size of domains regulated by the domain wall energy." Ac-
cording to the martensite theory'® developed thermodynami-
cally and crystallographically, the typical domain size \ is
given by the following relation:

N = BlyD/ueo®]"?,

where S is the dimensionless constant, D the thickness of the
polydomain plate, y the domain wall energy, u the shear
modulus, and €, the twinning strain. When pressures are ap-
plied to specimen, the free energy of specimen is
increased.'"”” This increase in free energy with p leads to a
reduction of domain wall energy to reduce such increase in
free energy.'"”” The domain size is found from above rela-
tion through the decrease in y to decrease.'"'® Wada er al.®
have reported that the decrease in domain size leads to the
increase in piezoelectric load with both the increase in €, and
the increase in elastic compliance. The increase in A€, with
pressure-induced suppression of electromechanical response
and its magnitude corresponding to the electromechanical
coupling coefficient k (as described in Sec. 111 B) suggest the
decrease in domain size with p. Consequently, pressure-
induced suppression of electromechanical responses with the
increase in e, with p appears. In the rhombohedral plate
poled along the [001] axis, the resultant polarization, direc-
tion is [001] axis in the case of domain configuration con-
sisting of 71° and 109° domains.'**’ Piezoelectric constants
dsa* and a’_ﬂ* along the {001) direction in the rhombohedral
phase are given 1.10 by the following relations:

dyy" = (2\2d,, + 2dsy + doy + 2d,5)1343
and
dSI;k = (— \"5(]32 + 2(3_“ + (f_'.;j; - d15)."r3 \E,

respectively, where dy,, dy), ds3, and d,5 are fundamental
Piezoelectric components of the single domain state in 3m
Symmetry. The values of dys, dyy, ds, and dyy were
4100 pC/N, 1340 pC/N, =90 pC/N, and 190 pC/N, respec-
tively, for the PMNT(67/33) single domain single crtstal.’
The origin of the large piezoelectric properties was
reported®”'? to come from such large shear mode d,s. The
Values of dy;* and d,," are estimated from above relations to
be 2305 pC/N and ~1150 pC/N, respectively. Subsequently,
the piezoelectric constant dy;" responsible for the longitudi-
Ml wave in ky; mode is larger than dy," responsible for the
Tansverse wave in k3; mode. Thus the pressure at which

tlectromechanical response depresses is larger in ks than ks,
Mode,
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On the other hand, for ferroelectric ceramics, according
to the theory due to the free energy minimizing domain con-
figuration, the domain switching is difficult to occur in the
tetragonal phase, and the remanent polarization is a third of
spontaneous polarization,'” whereas the domain switching is
easy to occur in the rhombohedral phase near a MPB com-
position and the remanent polarization is about equal to the
spontaneous polarization.'* Therefore, once domain configu-
rations laminated with poling are formed in these specimens,
its domain configuration is more stable for the transverse ks
mode in the tetragonal phase than in the rhombohedral one.
Thus the pressure at which such suppression appears is larger
in the tetragonal phase than in the rhombohedral one.

V. SUMMARY

The pressure-induced suppression of electromechanical
response for each mode in PMNT single crystal and ceramics
occurs at each pressure. The &, for each mode increases with
pressure-induced electromechanical suppression. The magni-
tude of such increase in &, corresponds to that of electrome-
chanical coupling coefficient k. The increase in Age, with
pressure-induced suppression of electromechanical response
is considered to be based on decrease in domain size due to
the increase in free energy with applied pressure. The large
k33 PMNT(68/32) rhombohedral single crystal poled along
the [001] direction and the large k3; PMNT tetragonal poled
ceramics with small grain sizes near a MPB composition are
considered to be useful for the application of ultrasonic de-
vice under water.
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