J MATER SCI41(2006)2993-3000

Electromechanical coupling properties of [001],
[011] and [111] poled Pb(Mg1/3Nb2/3)03-0.32PbTi03

single crystals

Q. WAN*, C. CHEN, Y. P. SHEN

The State Key Laboratory, School of Astronautics and Aeronautics, Xi‘an Jiaotong University,

Xi’an, 710049, People’s Republic of China

E-mail: wangiang @mailst.xjtu.edu.cn; CChen @mail.xjtu.edu.cn

Published online: 28 March 2006

The electric field induced “butterfly” curves and polarization loops, and the stress

induced strain and polarization responses of [001], [011] and [111] oriented
Pb(Mg1,3Nb,,3)03-0.32PbTiO3 (PMN-0.32 PT) relaxor ferroelectric single crystals have been
systematically investigated by experiment study. The focus is on the effect of constant
compressive bias stress on the electromechanical coupling behavior along three
crystallographic directions of PMN-0.32 PT single crystals. Dependence of the coercive field,
remnant polarization, dielectric constant, and piezoelectric coefficient on the bias stress has
been quantified for PMN-0.32 PT single crystals oriented in three different directions. Obtained
results show that the large piezoelectric responses under zero compressive stress in [001] and
[011] orientation are dominated by intrinsic crystal lattice while the engineered domain
structure has a relatively minor effect. It is found that observed responses under stress cycle for
[001] oriented crystals are due to polarization rotation and phase transformations. However,
those for [011] and [111] oriented crystals are due to domain switching. The “butterfly” curves
and polarization loops driven by electric field under different bias compression are described
by two non-180° domain switching. © 2006 Springer Science + Business Media, Inc.

1. Introduction

The attractive piezoelectric properties of relaxor ferro-
electric single crystals Pb(Zn; ;3Nb,/3)O03-xPbTiO3 (PZN-
xPT) and Pb(Mg;/3Nb;,3)O3-xPbTiO3 (PMN-xPT) have
been extensively studied in recent years [1-3]. Com-
pared to polycrystalline ferroelectric ceramics such
as Pb(Zr(/;Tij»)-O3 (PZT), these materials exhibit
greatly enhanced longitudinal piezoelectric coefficient
(>2000 pC/N) and electrically induced strain (>1.7%)
in the crystal directions which are inclined by certain
angles to the spontaneous polarization direction [4-6].
PZN-xPT and PMN-xPT with outstanding properties are
usually near the morphotropic phase boundary (MPB)
[4, 7-8], which is in general located within a range of
x=0.275-0.33 for PMN-xPT [9, 10]. Various mecha-
nisms have been proposed to explain the high perfor-
mance of PZN-xPT and PMN-xPT along certain axes, e.g.,
the engineered domain structure (i.e., the multi-domain
structure created by poling a crystal along a non-polar
direction) [4, 11], the field induced polarization rotation
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and phase transformation [7, 12], the effects related to
the proximity of a phase transition temperature [13, 14],
and the crystal lattice property effect [15—17]. Notice
that the comparable enhancement of piezoelectric proper-
ties along the same non-polar direction in mono-domain
crystals and in crystals with engineered multi-domain
structure indicates that the dominant contribution to the
promising piezoelectric properties of ferroelectric single
crystals could be the intrinsic lattice effects (i.e., crystal
anisotropy) [15-17]. Owing to the superior electrome-
chanical properties of ferroelectric single crystals, appli-
cations of them in micro-actuators, sensors, memories,
and sonar seem certain to surge [3]. However, these de-
vices usually experience complex coupling environment
in practical applications (e.g. large temperature variation,
high electric field and high stress). A mature level under-
standing of their responses to electrical, mechanical and
temperature loading condition in different crystals direc-
tions are thus essential to fulfill the applications of these
crystals.
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Rhombohedral phase of PZN-xPT(0<x<0.1) and
PMN-xPT(0<x<0.35) exhibit excellent electromechan-
ical properties along [001] and [110] orientations com-
pared to the [111] (cubic cell reference) spontaneous po-
larization direction [4, 25]. A number of studies have
focused on the loading induced behavior of [001], [011]
and [111] oriented PZN-xPT and PMN-xPT single crys-
tals [4, 8, 19, 25-29]. It has been shown that loadings in
the form of electric field [4-12, 18-25] and stress [31—
35] can lead to polarization rotation and phase transition,
which change the crystal phase and domain structure of
these single crystals, and hence dramatically alter their
electromechanical properties. When an electric field is
applied along the [001] direction of PZN-PT, polarization
rotation occurs from [111] towards [001] via either M
or Mg, depending the composition (e.g., the rotation is
R-M4-T for PMN-4.5 PT) [19, 42]. For [110]-oriented
PMN-PT, polarization rotates from [111] to [110] via My
when electric field is along [110] and ends up with an or-
thorhombic phase when the electric field exceeds a critical
value. These single crystals can be polarized into a sin-
gle domain state with [111] oriented electric field. Most
available studies on the effect of bias stress on the crys-
tal behavior focus only on uni-polar electric field loading
(e.g., [12, 31-35]). However, it has been shown that the
uni-polar and bi-polar responses of these crystals can be
very different [31, 33, 34].

In this study, electric field induced “butterfly” curves
and polarization loops for a set of compressive bias stress
of [001],[011] and [111] poled PMN-0.32 PT single crys-
tals will be explored by systematical experiment study.
The effects of the compressive bias stress on the mate-
rial properties along these three crystallographic direc-
tions of PMN-0.32 PT single crystals will be quanti-
fied. The underlying mechanisms for the observed fea-
ture will be explained in terms of phase transformation
or domain switching, depending on the crystallographic
direction.

2. Experimental methodology

At the test room temperature, PMN-0.32 PT single crys-
tals used in this study are of morphotropic composi-
tion, and in the thombohedral phase, very close to MPB.
The pseudo-cubic [001], [011] and [111] directions of
these crystals are determined by x-ray diffraction (XRD).
Pellet-like specimens of dimensions 5 x 5 x 3 mm? are
then cut from these crystals, with the normal of the
5 x 5 mm? major specimen surfaces along the pseudo-
cubic [001], [011] or [111] direction. All specimens are
electroded with silver on the 5 x 5 mm major surfaces
and poled along the [001], [011] and [111] orientations
(i.e., the specimen thickness direction) under a field of
1.5 kV/mm. Note that there are eight possible dipole ori-
entations along the body diagonal directions of unpoled
PMN-0.32 PT single crystals (i.e., the (111) direction).
When an electric poling field is applied to the crystals
along the [001] direction, a multi-domain structure can be
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Figure 1 Sketches of possible domain states in (a) [001], (b) [011] and
(c) [111] poled PMN-PT single crystals. The small rhombohedral distortion
is neglected and all numbers and notations refer to a quasi-cubic unit cell.

produced, comprising four degenerate states. For [011]
direction poled single crystals, the number of degenerate
states is two. The single crystals can be poled into a single
domain state when they are poled along the [111] direc-
tion. The states of [001], [011] and [111] poled PMN-0.32
PT single crystals are sketched in Fig. 1, where solid ar-
rows refer to the domain states induced by poling (also
labeled as type 1 in Fig. 1b and c), dotted arrows rep-
resent possible domains switched from type 1 domains
upon loading or unloading, and vice versa (also labeled
as type 2).

Since the focus of this study is to explore the effect of
bias stress on the electromechanical properties of PMN-
0.32 PT single crystals along different crystallographic
directions, experimental setup is adapted from Ref. [38] to
allow simultaneously imposing uniaxial stress and electric
field to the specimen along the thickness direction. Me-
chanical load is applied by a servo-hydraulic materials test
system (MTS) and electric field is applied to the specimen
using a high voltage power amplifier. Once the specimen
is placed in the fixture, a compressive bias stress with
magnitude of at least 0.4 MPa is maintained throughout
the test to ensure electrical contact. Stress controlled load-
ing instead of displacement controlled loading is adopted
during the test, so that the specimen is not clamped but
is free to move longitudinally when electric field £3 and
mechanical stress 033 loading are applied, where subscript
3 refers to the thickness direction of the samples, corre-
sponding to the [001], [011] and [111] direction of [001],
[011] and [111] oriented PMN-0.32 PT single crystals,
respectively. During test, polarization P3 (or electric dis-
placement) is measured using a modified Sawyer-Tower
bridge, and the deformation (i.e., the strain) is monitored
by two pairs of strain gauges (in total four strain gauges
used) mounted on the four 5 x 3 mm? surfaces: one pair
placed on two opposite 5 x 3 mm? surfaces is applied to
measure the longitudinal normal strain £33 along the [001],
[011] and [111] direction and another pair to measure the
transverse normal strain &1 in the direction perpendicular
to the [001], [011] and [111] direction respectively. Out-
put of the strain gauges during deformation is recorded by
a computer through a multiple-channel analog-to-digital
(AD) converter.



[ gy
h:
o OfF I ]
- 1—[001]
[ ]
; =7 ==i1]
LRI
0.5 —
06 04 02 0 02 04 06
E,(kV/mm)
(@
[001],=
[0-11] b, [111]=
N / [001]
6=154.70
Y [11-2]=
[010],

©

€,, (microstrain)

[010],

05 F ]
OF ° b 4
{
[4
0.5 F P N7 [001] S
4F i UNE
F e[
-1.5 o
06 04 02 0 02 04 06
E,(kV/mm)
(b)
900
2500 [100],=[1-10],
1250
z , ”
o [0g1],=[111],
= 0=-35/50
= /N
5470
J700  B1IPON
(d)

Figure 2 Electric field induced polarization and strain responses for [001], [011] and [111]-oriented crystals of PMN-0.32 PT: (a) P3 — E3 curves and
(b) 33 — E3 curves. (c) Relationship between rhombohedral (solid lines) and cubic (dashed lines) coordinate systems. Subscripts » and ¢ denote directions
with respect to the thombohedral and cubic coordinate systems, respectively. (d) Orientational dependence of piezoelectric coefficient d33 of PMN-0.32 PT

in the polar plane.

The first set of tests is performed for electric field load-
ing of triangular wave form of magnitude 0.5 kV/mm
and frequency 0.02 Hz, free of stress loading. The low
frequency is chosen to mimic quasistatic electric load-
ing, which is of particular interest in this study [39].
Unless stated otherwise, this loading frequency for the
electric field is used throughout the following test. The
second set of tests consists of mechanical loading upon
short circuited samples. The samples are compressed to
—40 MPa and unloaded to —0.4 MPa at loading and un-
loading rate of 5 MPa/min, followed by an electric field
which is sufficiently large to remove the residual stress and
strain to re-polarize the samples. In the third set of tests,
triangular wave form electric field is applied to the sam-
ples which are simultaneously subject to co-axial constant
compressive stress preload. The magnitude of the preload
is varied from test to test and is in the range between
0 and —40 MPa. Note that there is a time-dependent
effect of the depolarization and strain responses under
constant compressive stress [40]. To minimize this effect,
each electric field loading starts after a holding time of
150 sec for a new stress preloading. It is found that three
cycles of electric field loading and unloading are suffi-
cient to produce stabilized response for each constant pre-
stress, and the results for the last cycle are reported in the
following.

3. Results and discussion
3.1. Crystallographic dependence of electric
behavior and piezoelectric properties

The measured electric field induced polarization hystere-
sis loops and butterfly curves for [001], [011] and [111]
oriented poled PMN-0.32 PT single crystals without stress
loading are shown in Fig. 2a and b. The remnant polariza-
tions P, (defined as the polarization value at zero electric
field), the coercive electric fields E,. (defined as the elec-
tric field value at zero polarization) and the piezoelectric
coefficients ds3 (defined as d33 = Aes3/AEs where AE3
is limited between —0.05 and +0.05 kV/mm, namely
the slops of the €33 — E3 curves as the electric field
passes through zero) depend strongly on the crystallo-
graphic orientation. From Figs 2a and b, one can calcu-
late that P,-[Q()l],P,A[()ll] and Pr[lll] are 0.247, 0.324 and
0.395 C/mz, Ec[OOlJ, Ec[OllJ and Ec[lll] are 0.255, 0.298
and 0.216 kV/mm, and d33[001], d33[011] and d33[111] are
1828, 1049 and 200 pC/N, respectively. It is noticed that
there are eight possible polarization orientations along
the pseudo-cubic [111] for un-poled rhombohedral PMN-
0.32 PT single crystals. Upon poling, the dipoles switch
as close as possible to the applied electric field direc-
tion: For [001] poled crystals, there are four equivalent
polar vectors along the [111] orientation, with an in-
clined angle of —54.7° from the poling field (Fig. 1a);
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For [011] poled crystals, there are two equivalent po-
lar vectors along the [111] direction (labeled as type 1 in
Fig. 1b); For [111] poled crystals, there is one polar vector
along [111] (type 1 in Fig. 1c). According to the domain
configurations in Fig. 1, the remnant polarizations P, oo
and P,[o11] are approximately related to Py(111; by Prjoor) =
Pr[lll]/\/g andP,.[OHJ = \/EP,—[]HJ/\/g, respectively. By
taking the measured value for P11y (0.395 C/m?), Pro01)
and P, [o117 are predicted to be 0.228 and 0.322 C/m?, re-
spectively, which are very close to the measured ones
(P,A[()()l] =0.227 C/m2 and P,A[()“] =0.324 C/mz) There-
fore, the measured results are consistent with the domain
configurations shown in Fig. 1.

It is also seen from Figs 2a and 2b that the coercive field
is lowest for the [111] oriented crystals, and becomes suc-
cessively higher for [001] and [110] orientations. This is
same to Ref. [25] except for [110] orientation. This trend
of coercive field is due to two reasons: One is due to
reorientation driving force being proportional to the com-
ponent of electric field aligned with the rhombohedral
direction; The other one is due to the domain switching
process. In [111]-oriented PMN-0.32 PT single crystals,
there are two types of domains (shown as type 1 and type 2
in Fig. 1c). When the electric field is decreased from
0.5 kV/mm to —0.05 kV/mm, the strain first decreases
linearly (see Fig. 2b). When the electric field is decreased
further, the type 1 domain switches to type 2 domains,
leading to abrupt displacement change. When the elec-
tric field exceeds the coercive field —0.216 kV/mm, the
type 2 domains switch back to type 1 domain, recovering
the deformation. In type 2 domain state, three equiva-
lent polar vectors with an angle of 71° from the [111]
direction can coexist and are separated by domain walls
across which the normal components of electric displace-
ment and displacement jump are zero. Ideally, this type
of domain walls has no associated local stress or electric
field. So the existing of type 2 domain state and the largest
component of electric field along polarization direction in-
duces the lowest coercive field in [111] orientation poled
crystal. In the [011] orientation crystals, there are also
two types of domains (i.e., type 1 and type 2 domain in
Fig. 1b), the domain switching process is similar to [111]-
poled crystals. In the type 2 domain state, however, the
four possible polar vectors are perpendicular to the ap-
plied electric field (Fig. 1b). It is thus difficult to switch
type 2 domain to type 1 domain only by applying elec-
tric field. Both the type 2 domain state and the smallest
component of £ contribute to the largest coercive field in
[011] oriented crystals. In [001] oriented crystals, there
will be no associated local stress or electric field, similar
to type 2 domain state of [111] poled crystals. This feature
again renders domain switching easy. On the other hand,
the domain structure of [001] poled crystals is stable [4]
and the component of electric field is smaller, giving the
coercive field higher than that of [111] poled crystals but
lower than that of [011] oriented crystals (see, Figs 2a
and 2b).
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Some researchers attribute the high piezoelectric coef-
ficients along [001] and [011] oriented ferroelectric single
crystals to the engineered domain state [4, 11]. It has also
reported that, however, the piezoelectric coefficient along
the [001] direction of single crystals with mono-domain
structure is comparable to that of crystals with multi-
domain structure [17], implying the origins of the high
piezoelectric constants of PMN-0.32 PT single crystals
may not be due to the engineered domain state. Instead, it
could be due to the effect of crystal lattice properties. To
further explore this issue, we follow Ref. [17] to calculate
the piezoelectric coefficients d ;kj along an arbitrary direc-
tion in a mono-domain crystal. For a direction defined by
the Euler angles (¢, 6, 1) (see Fig. 2¢), di*j is related to d;;
(measured along the principal crystallographic axes) by,

d35 (¢, 0) = ds3 cos® 0 + (dys + ds1) cos 0 sin® 6
—dn cos ¢ sin® B(cos® ¢ — 3sin® ¢) (1)

With d33 =200 pC/N taken from our measured value
and d5 =4100, d3; = —90 and dp = 1340 pC/N from
Ref. [41], d§3llllJ(O’ 0) for PMN-0.32 PT single crys-
tals can be calculated and is shown in Fig. 3d.
Note that in the case of ¢ = 0 6= —35.5° and
—54.7° correspond to [011] and [001] direction, re-
spectively. d33i; ) = 1471 pC/N and d359,; = 2311 pC/N
can be inferred from Figs 3d, which are not far
away from our measured values (ds3j011; = 1049 pC/N
andd331001] = 1828 pC/N). The small discrepancy between
the predictions and measurements is believed to be due
to the fact that the predictions are based on ideal mono-
domain single crystals while the material parameters used
in Eq. (1) are actually from less ideal mono-domain crys-
tals (in fact, they are more or less multi-domain crystals).
Nevertheless, we can conclude that the dominant contri-
bution to the large [001] and [011] piezoelectric response
should be the crystal anisotropy other than engineered
domain state.

3.2. Crystallographic dependence of stress
induced strain and polarization responses
Fig. 3 shows the measured 033 —¢&33 and o33 — P3 curves for
[001], [011] and [111] oriented short circuited samples.
The results indicate obvious crystallographic anisotropy
in stress inducing responses. From domain switching
viewpoint, there should be no significant deformation in
the thickness dimension of [001] poled crystal samples
under stress loading, except for the elastic strain. How-
ever the longitudinal strain of [001] is contractive with a
maximum magnitude of 0.3% under —40 MPa. The con-
tractive strain of [001] oriented crystals is about twice as
much as those of [011] (about —0.18%) and [111] (about
—0.17%) oriented crystals under a loading of —40 MPa
(Fig. 3a). This abnormal behavior of [001]-oriented crys-
tals lies in that the mechanism underlying the stress
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Figure 3 Compressive loading and unloading stress cycles induced polarization and strain responses for [001], [011] and [111]-oriented crystals of

PMN-0.32 PT: (a) 033 — &33 curves and (b) 033 — P3 curves.

induced response of [001]-oriented crystals is the R to
O and T phase transition (see, Fig. 1a) rather than domain
switching for [011] and [111] oriented crystals [42]: the
lattice distortion due to phase transition induces large de-
formation in the thickness dimension of [001] poled crys-
tals. In [011] and [111]-poled crystals, on the contrary, the
type 2 multi-domain state induced by compressive stress
is the stable and preferred state (Figs 1b and 1c), and
can form more easily by domain switching than phase
transformation. Therefore, the stress induced strain and
polarization curves in [011] and [111] orientation crystals
are similar to those of ferroelectric polycrystals of which
domain switching is also the dominant deformation mech-
anism (Figs 3a and 3b). During the unloading of [001] ori-
ented crystals (corresponding to the returning to R phase
of the unstable O phase), the 033 — £33 and 033 — P curves
show obvious nonlinear behavior. Note that the remnant
strain and polarization at the end of unloading are at-
tributed to the stable T phase which does not switches
back to the R phase. For [011] and [111]-oriented crystals,
however, there is only domain switching (i.e., switching
between type 1 and type 2 domains) and no phase trans-
formation occurs. During unloading, the o33 — €33 curves
and o33 — P3 curves of [011] and [111] show linear re-
sponse since almost no domain switches back (Figs 3a
and 3b).

3.3. Crystallographic dependence of electric
field induced behavior at constant bias
compressive stress

The e33 — E3 “butterfly” curves andP; — E3 hysteresis

loops of [001], [011] and [111] poled crystals under dif-

ferent constant compressive bias stresses are shown in

Fig. 4. Dependence of the electric coercive E., remnant

polarization P,, dielectric permittivity x33, piezoelectric

coefficient d33 and aggregate strain Ag¢ for [001], [011]

and [111] oriented crystals on the compressive bias stress

is summarized in Fig. 5. The aggregate strain A¢ is de-
fined as the difference between the maximum and min-
imum strain for a complete responsive butterfly curves.

Similar to ds3, x33 are calculated by AP;/AE3 where

APs is the polarization difference between —0.05 and
40.05 kV/mm. The calculated x33 within such a small
field range is almost equal to the slope of P; — E3 hys-
teresis loops when the electric field passes through zero.
The calculated x33 includes both the reversible (intrin-
sic dielectric property) and irreversible (extrinsic domain
switching and phase transformation related property) con-
tributions of the material, which is generally higher than
the permittivity measured by a dynamic method [32 ].

The influence of the preloaded compressive stress on
the aggregate strain Ae, remnant polarization P, and
piezoelectric coefficient d33 seems to be similar for [001],
[011] and [111] oriented crystals: The remnant polariza-
tion P, decreases with increasing the magnitude of the
compressive prestress; The aggregate strain A¢ and piezo-
electric coefficient ds3 first increase and then decrease
with the magnitude of the prestress increasing. As sug-
gested earlier, however, the underlying mechanisms for
the electromechanical behavior of [001] [011], and [111]
oriented crystals are different. The change of the dielectric
permittivity y33 [001] oriented crystals under compressive
stress is similar to that of 33 induced by temperature: near
the phase transformation temperature there is a peak in the
X33 curves [43 ,44]. Asis shown in Fig. 5c, there is a small
peak near —6 MPa and a big peak near —20 MPa in x33
curves for [001] oriented crystals. This may be due to R-M
(near —6 MPa) and M-R and M-O phase transformation
(near —20 MPa). On the other hand, there is no obvious
peak in y33 curves for [011] and [111]-oriented crystals
(Fig. 5¢). The change of x33 curves induced by compres-
sive stress and the aforementioned stress induced strain
and polarization responses are consistent with the hypoth-
esis that there is phase transformation for [001]-orientated
crystals under compressive stress.

As suggested by Fu et al. [7], for [001] oriented crystal
origins of large aggregate strain and high piezoelectric
coefficient at a moderate compressive bias stress (i.e.,
around —20 MPa for the single crystals considered here)
may be attributed to the stress induced intermediate states
between rhombohedral and tetragonal phases. Under a
bias stress of about —20 MPa, PMN-0.32 PT single
crystals, after a phase transformation, are in a state of
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Figure4 Electric field induced €33 — E3 and P3 — Ezcurves at different compressive bias stresses: (a) and (b) for [001]-oriented; (c) and (d) for [011]-oriented,
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monoclinic phase which has a larger c/a (¢ and a are lattice
parameters) and a smaller polarization component along
the field direction than those of rhombohedral phase [20],
implying electric field induced greater aggregate strain
and piezoelectric coefficient (Figs 5d and 5e). With the
magnitude of the compressive bias stress increased fur-
ther (i.e., 033 = —30 and —40 MPa), the [001] oriented
single crystals are in the state of a mixture of orthorhom-
bic and tetragonal phases. Although O and T phases also
have large c to a ratio, the presence of a large compression
has an opposite effect (i.e., preventing larger deformation
induced by electric field) and results in small aggregate
strain (Fig. Se).

As is noted, the polarization rotation introduced by
compression gives rise to 6 in d3;(¢, 0) in the range be-
tween —54.7° and —90° (the angle between loading and
polarization direction of T or O phase) under —20 MPa,
and results in larger d3; in accordance with Eq. (1) (see
in Fig. 5d). When the magnitude of the compressive bias
stress increases further, 6 approaches 90° and d3; be-
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comes smaller. Meanwhile, the remnant polarization P,
and coercive field E, decrease monotonically with the ap-
plied compressive bias stress because of the decreased
component polarization along the [001] direction under
compression (Fig. 5b).

Under zero stress, the initial state of [011]-oriented
crystals is of multi-domain with two equivalent polariza-
tion directions (Fig. 1b). For [111]-oriented crystals, the
initial state is of mono-domain with polarization direction
in the [111] direction (Fig. 1c). When the applied electric
field decreases from 0.5 kV/mm to — E_, the strain and
polarization decrease linearly. Upon approaching — E,,
domain state switches to four polar domain state for [011]
oriented crystals (type 2 in Fig. 1b) and three polar do-
main state for [111] oriented crystals (type 2 in Fig. 1c),
giving the jumps in strain and polarization responses.
When electric field exceeds — E., domain complete sec-
ond switching, from four polar domain state to two polar
domain state for [011] oriented crystals and from three po-
lar domain state to mono-domain state for [111] oriented
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crystals. When the electric field reaches —0.5 kV/mm,
the strain and polarization change linearly again
(Fig. 5).

Note that compressive stress can induce domain switch-
ingin[011] and [111]-orientated crystals. When compres-
sive stress is superimposed on the samples, the shapes of
&33— E3 and P; — E3 curves are different from those under
the zero stress state (Figs 4c—f). Due to compression in-
ducing depolarization, the remnant polarization decreases
in [011] and [111] oriented crystals (Fig. 5b). A low com-
pressive stress (e.g., —5 MPa for [011], —7 MPa for
[111]) can lead to type 1 to type 2 domain switching.
As a result, more domains take part in switching during
the electric field loading cycle and larger aggregate strain
Ace than under zero compressive stress is observed. This
partly explains the observed features in Fig. Se.

4. Conclusions

Stress induced strain and polarization, and electric field
induced “butterfly” curves and polarization loops for a set
of compressive bias stress for [001], [011] and [111] poled

PMN-0.32 PT single crystals are experimentally explored.
Obtained results indicate that high piezoelectric responses
of PMN-0.32 PT single crystals are controlled by the
anisotropy of the crystals and the multi-domain structure
(i.e., engineered domain structure) has a relatively minor
effect. Analysis shows that in all three directions the elec-
tric field induced aggregate strain Ae and piezoelectric
constant d33 increase with increasing the magnitude of
the compressive bias stress. However, when the magni-
tude of the compressive bias stress is further increased the
electric field induce A¢ and ds3 decrease. As a result, an
optimized compressive bias stress exists for the purpose
of enhancing the electromechanical properties of [001]
and [111] oriented PMN-0.32 PT single crystals. These
results have apparent importance in the design of actuators
and sensors using PMN-0.32PT single crystals. It is found
that the observed stress induced strain and polarization in
[001]-oriented PMN-0.32 PT can be described by a polar-
ization rotation mechanism, i.e., polarization rotates from
rhombohedral (R) to orthohombic (O) and tetragonal (T)
phases through the intermediate Monoclinic (M) phase
during loading, and O to R transition during unloading.
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However, domain switching is believed to be the main
mechanism dictating the electromechanical behavior of
[011] and [111] oriented PMN-0.32 PT single crystals.
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