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a  b  s  t  r  a  c  t

The  influence  of  temperature  on  electric-field-induced  domain  switching  of [0  0  1]c oriented
0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3 (PMN–0.3PT)  single  crystal  has been  studied.  The  piezoelectric  prop-
erties  of PMN–0.3PT  single  crystal  change  drastically  at one  critical  field  at 30 ◦C  and  two  critical  fields
at 90 ◦C  corresponding  to electric-field-induced  domain  switching.  The  domain  structures  were  stud-
eywords:
erroelectrics
iezoelectric property
hase transformation

ied by  polarizing  light  microscopy  on  the  [1  0  0]c surface  under  the  electric  field  applied  along  [0  0  1]c

direction.  The  PMN–0.3PT  single  crystal  exhibits  a rapid  increase  in  piezoresponse  at  100  V/mm,  which
is  related  to R–MA phase  transformation.  At  90 ◦C, the  M  and  T0  0 1 phases  coexist  at  100  V/mm,  while
T0  0  1 mono-domain  appears  at 300  V/mm.  The  domain  switching  process  here can  be  identified  as  (T1  0  0

or  T0  1  0)  →  M  →  T0 0 1.  The  experimental  results  show  that  the phase  state  and  domain  structures  of  the
crystal  are  closely  related  to the  piezoelectric  behaviors.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Relaxor-based ferroelectric single crystals, such
s (1 − x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 (PMN–xPT) and
1 − x)Pb(Zn1/3Nb2/3)O3–xPbTiO3 (PZN–xPT), have been exten-
ively studied due to their very large longitudinal piezoelectric
oefficient d33 (>2000 pC/N) and ultra-high electromechanical
oupling coefficient k33 (>0.90) in the [0 0 1]c poled crystals [1–3].
hey are also interesting subjects of fundamental studies, particu-
arly for the morphotropic phase boundary (MPB) composition in

hich different phases can coexist [4,5]. The multiphase state is
ue to flattened Gibbs free energy profile [6,7]. The intermediate
hase monoclinic (M)  and orthorhombic (O) may  be induced by
lectric field to form a multiphase state. Thus, it is important to
nvestigate possible intermediate phases in the crystals in order
o understand the origin of the high piezoelectric properties of
elaxor-based ferroelectric single crystals.

The intermediate phase and polarization rotation path of the
MN–PT and PZN–PT single crystals have been extensively investi-

ated both theoretically and experimentally [8,9]. It was suggested
hat the intermediate monoclinic (M)  phase can be induced
o bridge the rhombohedral (R)–tetragonal (T) transformation

∗ Corresponding author. Tel.: +86 0451 86402797; fax: +86 0451 86402797.
E-mail addresses: ruizhang ccmst@hit.edu.cn, ruizhang ccmst@yahoo.com.cn

R.  Zhang).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.02.159
[10]. Upon the application of an electric field along the [0 0 1]c

direction, the polarization rotation path of R–M–T was identified
by some in situ experiments [11,12]. The MC phase was  observed by
high-resolution synchrotron X-ray and neutron diffraction [13,14].
Recently, the volume average of R and T twin domains was evi-
denced directly by transmission electron microscopy [15]. All these
results indicate that different phases can coexist in the crystals and
they could transform from one to another under external electric
field [16–18].

In this study, the influence of temperature on electric-
field-induced domain switching of [0 0 1]c oriented
0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3 (PMN–0.3PT) single crystal
was studied. The piezoelectric properties of [0 0 1]c oriented
PMN–0.3PT single crystal were measured as a function of elec-
tric field at both 30 ◦C and 90 ◦C, aiming to confirm the range
of electric field in which the intermediate phase can present.
Domain structures were also studied based on extinction angle
observed along [1 0 0]c direction, and the correlation between
the electromechanical properties and domain structures has been
investigated.

2. Experimental details
The [0 0 1]c-oriented PMN–0.3PT single crystal used in this work was  grown by
the  modified Bridgman technique [19,20], which was purchased from the Shang-
hai Institute of Ceramics, Chinese Academy of Sciences. The sample was oriented,
cut and polished into a k31 resonator with dimensions of 9.65 mm//[1 0 0]L

c ×
1.20 mm//[0 1 0]W

c × 0.35 mm//[0 0 1]T
c . In our experiment, the sample was first

dx.doi.org/10.1016/j.jallcom.2012.02.159
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ruizhang_ccmst@hit.edu.cn
mailto:ruizhang_ccmst@yahoo.com.cn
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Fig. 1. The piezoelectric properties of PMN–0.3PT measured as a function of poling
◦
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nnealed at 300 ◦C for 2 h to depole, then cooled down slowly without electric
eld to release the internal stresses. Afterwards, the piezoelectric properties were
easured by an Agilent 4294A Precision Impedance Analyzer following the IEEE

tandard [21], which was  done under electric field applied along [0 0 1]c direction. In
rder to achieve a quasi-static condition, the whole measurement took about 5 h to
omplete. The remnant polarization Pr and coercive field EC were obtained from hys-
eresis loops by Precision Premier II (Radiant Technologies). The sample with sizes
.10 mm//[1 0 0]L

c × 5.20 mm//[0 1 0]W
c × 2.10 mm//[0 0 1]T

c was used to observe
he  domain structures on the [1 0 0]c surface under the electric field applied along
0 0 1]c direction. Domain structures were observed by a polarizing light microscopy
Zessi Axioskop40) with a DC source and a heating-cooling optical stage (Linkam
hmse600).

When observing the [1 0 0]c surface of [0 0 1]c poled crystal between a
rossed P/A pair, the extinction angle is related to the angle between one
f  the polarzer/analyzer (P/A) pair axes and the [0 0 1]c direction. The extinc-
ion angle of T phase is 0◦ or 90◦ , and R phase is 45◦ , respectively. The

 phase can be observed based on extinction angle of 10◦ [10], which is
bviously different from that of R and T phases. Thus, the R, M,  T phases
an  be distinguished with the corresponding extinction angles and domain wall
rientations.

. Results and discussion

Fig. 1 shows the dependence of piezoelectric properties of
hombohedral PMN–0.3PT single crystal on the poling field

t 30 ◦C. Resonance peaks appear in the admittance spectra at
5 V/mm,  indicating that some domains begin to switch, producing
on-zero polarization. The piezoelectric constant d31 increases
rastically at 100 V/mm,  afterwards, d31 changes slightly with

Fig. 2. Domain structures observed in [1 0 0]c-oriented PMN–0.3PT crystal under an
field  under an electric field along [0 0 1] at 30 C.

electric field. The electromechanical coupling coefficient k31 also
changes drastically at 100 V/mm.  The d31 and k31 reach −1200 pC/N

and 0.54 at 500 V/mm,  respectively.

To understand what caused the drastic change in piezore-
sponse at 100 V/mm,  the domain structures were observed at
30 ◦C. As shown in Fig. 2(a) and (b), most parts of the crystal

 electric field along [0 0 1] at 30 ◦C. (a) and (b) 0 V/mm,  (c) and (d) 500 V/mm.
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Fig. 3. Temperature dependence of (a) hysteresis loops and (b) remnant polarization
(Pr) and coercive field (EC).
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Fig. 4. The piezoelectric properties of PMN–0.3PT measured as a function of poling
field under an electric field along [0 0 1] at 90 ◦C.

mization of the elastic energy [28]. The non-180◦ domain wall
eveals 45◦ extinction at 0 V/mm,  the T phase (with 0◦ extinction
ngle) does not appear at this temperature, indicating a major-
ty R phase. As the electric field increases, the M phase with 10◦

xtinction appears and can be stabilized at 500 V/mm as shown in
ig. 2(c). Only a portion of the crystal reveals 0◦ extinction with-
ut drastic changes in piezoresponse (Fig. 2(d)), which exhibits
rregular shaped micro-domain distributed randomly in the
rystal.

The [0 0 1]c-oriented rhombohedral PMN–0.3PT crystal can be
oled effectively by a relatively low electric field (∼200 V/mm)
hich is much smaller than the critical field of MC phase [22].

he origin of the rapid increase in piezoresponse is related to
–MA phase transformation, which is consistent with the first-
rinciples calculations [8].  The R–MA phase transformation is
redicted to be the minimum energy path of polarization rotation.
he irregular shaped micro-domains are possibly caused by rotat-
ng microdomains or nanocluster polarizations into alignment,

hich play an important role in PMN–PT single crystals because
hey can accommodate the spontaneous lattice distortion and min-
mize the elastic strain energy [23,24].

Fig. 3(a) shows the temperature dependent hysteresis loops, and
ig. 3(b) shows the remnant polarization (Pr) and coercive field
EC) vs temperature. As shown in Fig. 3(b), the remnant polariza-
ion Pr exhibits a peak at 90 ◦C corresponding to the ferroelectric

hase transition from rhombohedral to tetragonal phase, which has
een previously confirmed experimentally [16], while the abrupt
hange at 140 ◦C indicates the phase transition from tetragonal
ferroelectric phase to cubic paraelectric phase. The coercive field
Ec also changes drastically near 90 ◦C and 140 ◦C.

Fig. 4 shows the dependence of piezoelectric properties of
tetragonal PMN–0.3PT single crystal on the poling field at 90 ◦C.
The resonance peaks appear in the admittance spectra at 20 V/mm,
d31 and k31 are −113 pC/N and 0.03, respectively. Upon further
increase of the electric field, d31 increases drastically at 60 V/mm,
and then decreases at 210 V/mm.  The electromechanical coupling
coefficient k31 also changes drastically near the two critical fields,
which indicates the presence of an intermediate phase.

In order to explain this phenomenon, the domain structures
of PMN–0.3PT single crystal were observed at 90 ◦C. As shown in
Fig. 5(a) and (b), the T phase is dominant in the crystal without
electric field at 90 ◦C, but no complete extinction direction was
observed because of the reflection of light from dense domain
walls [25]. As shown in Fig. 5(c), most parts of the crystal reveals
0◦ extinction at 100 V/mm,  which indicates the [0 0 1] tetragonal
phase, as indicated by T0 0 1, is induced under this condition. In
Fig. 5(d), the laminar domains with 10◦ extinction are observed
which can be confirmed to be M phase. As shown in Fig. 5(e) and
(f), the image indicates T0 0 1 mono-domain structure at 300 V/mm.
At 90 ◦C, [0 0 1]c direction is one of the polar axes of the tetrago-
nal PMN–0.3PT single crystal. Mono-domain state can be obtained
when the poling field is sufficiently large along one of the polar
axes, the domain switching process here can be identified as (T1 0 0
or T0 1 0) → M → T0 0 1, i.e., a monoclinic phase serves as an interme-
diate phase. Similar phenomenon was also observed in PMN–0.4PT
and PZN–0.09PT single crystals [26,27].

Considering the excellent piezoelectric properties obtained in
poling process, the domain wall contribution should be consid-
ered. There are two  types of domains: the 180◦ and non-180◦

ferroelectric domains. The strain tensors are the same for the two
domains connected by a 180◦ domain wall, so that this kind of
domain walls only contribute to the polarization and dielectric
properties. The non-180◦ domain walls refer to walls between
domains of different strain tensors. In general, both 180◦ and
non-180◦ domains form to reduce the effects of depolarization
field, whereas only non-180◦ domains contribute to the mini-
contribution is strongly dependent on the microstructure and crys-
tal structure, which is significantly large in the crystal that contains
multi-phases [29,30].
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ig. 5. Domain structures observed in [1 0 0]c-oriented PMN–0.3PT crystal under a
00  V/mm.  In Fig. 3(d), the dashed area is magnified at the left corner.

. Conclusions

In this study, the influence of temperature on electric-field-
nduced domain switching was investigated. The piezoelectric
roperties and domain structures of PMN–0.3PT single crystal for

ifferent poling fields were characterized at 30 ◦C and 90 ◦C. The
MN–0.3PT single crystal exhibits a rapid increase in piezore-
ponse at one critical field (100 V/mm)  at 30 ◦C, which is related
o R–MA phase transformation. A portion of the crystal reveals 0◦
tric field along [0 0 1] at 90 ◦C. (a) and (b) 0 V/mm, (c) and (d) 100 V/mm, (e) and (f)

extinction at 500 V/mm,  which is related to rotating microdomains
or nanocluster polarizations into alignment. At 90 ◦C, the piezo-
electric properties of PMN–0.3PT single crystal change drastically
at two  critical fields (60 V/mm and 210 V/mm), the M and T0 0 1
phases coexist at 100 V/mm,  while T0 0 1 mono-domain appears

at 300 V/mm.  Based on the fact that overpoling phenomenon
observed at 90 ◦C, we  conclude that non-180◦ domain switch-
ing is the primary route to accomplish the poling. Our results
clearly show that the phase state and the domain structure of the
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rystal are closely related to the extraordinary high piezoelectric
ehaviors.
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