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The piezoelectric response of �001� poled domain engineered �1−x�Pb�Mg1/3Nb2/3�O3−xPbTiO3

�PMN-PT� crystals was investigated as a function of composition and phase using Rayleigh
analysis. The results revealed that the intrinsic �reversible� contribution plays a dominant role in the
high piezoelectric activity for PMN-PT crystals. The intrinsic piezoelectric response of the
monoclinic �MC� PMN−xPT crystals, 0.31�x�0.35, exhibited peak values for compositions close
to R-MC and MC-T phase boundaries, however, being less than 2000 pC/N. In the rhombohedral
phase region, x�0.30, the intrinsic piezoelectric response was found to increase as the composition
approached the rhombohedral-monoclinic �R-MC� phase boundary. The maximum piezoelectric
response was observed in rhombohedral PMN-0.30PT crystals, being on the order of 2500 pC/N.
This ultrahigh piezoelectric response was determined to be related to the high shear piezoelectric
activity of single domain state, corresponding to an ease in polarization rotation, for compositions
close to a morphotropic phase boundary �MPB�. The role of monoclinic phase is only to form a
MPB with R phase, but not directly contribute to the ultrahigh piezoelectric activity in
rhombohedral PMN-0.30PT crystals. The extrinsic contribution to piezoelectric activity was found
to be less than 5% for the compositions away from R-MC and MC-T phase boundaries, due to a
stable domain engineered structure. As the composition approached MPBs, the extrinsic
contribution increased slightly ��10%�, due to the enhanced motion of phase boundaries. © 2010
American Institute of Physics. �doi:10.1063/1.3466978�

I. INTRODUCTION

Relaxor-based ferroelectric single crystals, such as �1
−x�Pb�Zn1/3Nb2/3�O3−xPbTiO3 �PZN-PT� and �1
−x�Pb�Mg1/3Nb2/3�O3−xPbTiO3 �PMN-PT� have attracted
interest over the last decade due to their superior piezoelec-
tric properties compared to commercial piezoelectric ceram-
ics, including �1−x�PbZrO3−xPbTiO3 �PZT�. In relaxor-
based crystals, the ultrahigh piezoelectric response �d33

�2500 pC /N, k33�95%� is found to occur along the �001�
crystallographic direction, for compositions lying in proxim-
ity to a morphotropic phase boundary �MPB�.1,2 The high
piezoelectric activity in relaxor-based crystals is believed to
be primarily intrinsic in nature. Two mechanisms, based on
intrinsic contributions, have been proposed. The first one is
“polarization rotation,”3 where the high piezoelectric re-
sponse is attributed to a monoclinic phase found in the MPB
region. In this theory, the monoclinic �M� phase acts as a
bridge between rhombohedral �R� and tetragonal �T� phases,
allowing the polarization vector to easily rotate.4 From first
principle calculations,3,5 the rotation paths, “R-MA,”
“O-MC,” and “MA-MC,” were proposed to play an important
role in the high piezoelectric activity, where the two mono-
clinic MA and MC phases were described in Refs. 3 and 4. In

the second intrinsic mechanism, the high piezoelectric re-
sponse was attributed to the large degree of anisotropy in
rhombohedral crystals,6,7 due to a flattening of the Gibbs free
energy profile near the MPB.8–10 In this case, the observed
monoclinic structure was considered to be piezoelectrically
distorted R, O, or T phases, resulting from the application of
an electric field away from the �111� polar axis.11

Regardless of the debate about the presence and role of a
monoclinic phase, the ultrahigh piezoelectric response in
PMN-PT and PZN-PT crystals is attributed to an intrinsic
contribution, i.e., lattice deformation. From previous works,
based on anisotropic calculations, eighty percent of the pi-
ezoelectric response in �001� poled PMN-0.33PT crystals
was believed to be related to an intrinsic contribution.6,7

On the other hand, extrinsic contributions were thought
to be an important factor for the high piezoelectric response
in relaxor-based PMN-PT and PZN-PT crystals. A high level
of domain wall mobility was pointed out to be responsible
for the high piezoelectric response of PMN-PT and PZN-PT
crystals in an “adaptive phase model.”12,13 In addition, the
domain wall density was also suggested to be responsible for
high piezoelectric response, as reported in BaTiO3 crystals.14

Recently, Rayleigh analysis has been successfully used
to quantitatively describe the degree of extrinsic contribution
to the dielectric and piezoelectric response in ferroelectrica�Electronic mail: soz1@psu.edu.
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ceramics and single crystals.15–21 In previous studies, the in-
trinsic �reversible� and extrinsic �irreversible� contributions
to the piezoelectric response in domain engineered PMN-PT
and PZN-PT crystals were studied from the direct piezoelec-
tric response.17,21 The high intrinsic contribution to the pi-
ezoelectric response was observed in PMN-PT and PZN-PT
crystals, being �1300 pC /N for PZN-0.045PT and
�1800 pC /N for PZN-0.08PT and PMN-0.32PT crystals.
The extrinsic contribution was found to be 5% and 20% for
PZN-0.045PT and PZN-0.08PT crystals, respectively.21

However, those experiments were focused on limited com-
positions of PMN-PT and PZN-PT crystals �PZN-0.045PT,
PZN-0.08PT, PMN-0.32PT�.

To date, the relationship between composition/phase and
intrinsic/extrinsic contributions has not been systematically
established. Thus, an investigation of the intrinsic and extrin-
sic piezoelectric response in relaxor-based crystals as a func-
tion of composition around the MPB is essential to better
understand the underlying nature of the ultrahigh piezoelec-
tric response in relaxor-based crystal systems.

In this paper, the variation in intrinsic and extrinsic con-
tributions to the piezoelectric response was investigated us-
ing the Rayleigh analysis for �001� poled �1−x�PMN−xPT
crystals as a function of composition. The crystals investi-
gated in this study were categorized into rhombohedral �x
�0.30�, monoclinic �0.31�x�0.36� and tetragonal �x
�0.36� regions. The ferroelectric phase�s� of investigated
crystals were inferred by temperature dependent dielectric
permittivity and electric-field-induced-strain measurements.
The maximum intrinsic �reversible� piezoelectric response of
PMN-PT crystals was found to lie in the rhombohedral phase
close to the R-MC phase boundary, where the extrinsic con-
tribution was less than 6%. Although the extrinsic piezoelec-
tric response of PMN-PT crystals showed peak values
around the R-MC and MC-T phase boundaries, the extrinsic
contribution to total piezoelectric response was less than
10% for all domain engineered PMN-PT crystals. Our results
support previous models that the underlying mechanism for
the high piezoelectric activity in relaxor-PT based crystals is
intrinsic. Furthermore, the high intrinsic piezoelectric re-
sponse is related to the nature of a MPB, where the enhanced
shear piezoelectric response of single domain state is the
main contributor to the high longitudinal piezoelectric re-
sponse in domain engineered crystals.

II. EXPERIMENTAL APPROACH

PMN-PT single crystals with a series of compositions
were grown along their crystallographic �001� direction us-
ing the modified Bridgman technique.22,23 The samples were
oriented by real-time Laue and cut to obtain longitudinal
rods with dimensions of 1.5�1.5�6 mm3. Vacuum sput-
tered gold was applied to the end surfaces of the samples as
the electrodes. All the �001� oriented samples were poled by
applying an 5 kV/cm dc electric field at room temperature.
The temperature dependence of the dielectric permittivity
was determined using an LCR meter �HP4284A�, being con-
nected to a computer controlled temperature chamber. The
electric-field-induced strain was measured using a linear

variable differential transducer driven by an lock-in amplifier
�Stanford Research system, Model SR830�. For Rayleigh ex-
periments, the maximum amplitude of electric field was se-
lected to be 1 kV/cm, smaller than the half of coercive field
for PMN-PT crystals �about 2–3 kV/cm�.

III. EXPERIMENTAL RESULTS

A. Rayleigh analysis

For the case of the converse piezoelectric response, the
Rayleigh law can be expressed using the following
formulae:20

S�E� = �dinit + �E0�E � ��E0
2 − E2�/2, �1�

S�E0� = �dinit + �E0�E0, �2�

d�E0� = �dinit + �E0�pC/N, �3�

where S�E� is the electric-field-induced strain, and E0 is the
level of applied electric field. The coefficient dinit describes
the reversible piezoelectric response, including the intrinsic
�lattice� and reversible internal interface motion. For ferro-
electric materials, the latter contribution is relatively
small.20,21 Furthermore, there is no evidence that a linear,
reversible internal interface motion, is present in domain en-
gineered PMN-PT crystals. In the present investigation,
therefore, the measured coefficient dinit was considered to
arise from an intrinsic contribution. The coefficient � is the
irreversible Rayleigh parameter, resulting from the irrevers-
ible motion of internal interfaces, and �E0 represents the
extrinsic contribution to the total piezoelectric response. For
convenience, dinit is defined as a nonunit coefficient and the
unit of � is given as centimeter per kilovolt, as expressed in
Eq. �3�. Equation �1� describes the Rayleigh hysteresis,
where the signs “+” and “	” correspond to decreasing and
increasing electric field, respectively.

From the Rayleigh measurements, the total piezoelectric
coefficient d33 was calculated from the peak to peak strain,
Sp-p, measured for each excitation electric field �E0� as fol-
lows:

d33 =
Sp-p

2E0
. �4�

Figure 1 shows the ac field dependent d33�E0� for a �001�
poled PMN-0.30PT crystal, where the inset presents the mea-
sured strain-versus-electric field behavior at various field lev-
els. It can be observed that the piezoelectric coefficient d33

exhibits a linear behavior as a function of driving-field am-
plitude, demonstrating that the piezoelectric response can be
described using the Rayleigh law. Consequently, by determi-
nation of the ac electric field dependence of the piezoelectric
coefficient d33�E0�, the Rayleigh parameters and associate
errors could be obtained by fitting Eq. �3�, as given in Fig. 1.
The values of dinit and � were found to be on the order of
2500 cm/kV and 140 cm/kV, respectively, indicating that the
extrinsic contribution to the piezoelectric response was less
than 6%. From the obtained dinit and �, the S-E loop was
calculated using Eq. �1�, and given in Fig. 1�b�, showing a
minor discrepancy to the measured behavior. This minor dis-
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crepancy may be due to the presence of other hysteretic
mechanisms in piezoelectric response, such as a linear, hys-
teretic piezoelectric response.20

The Rayleigh-like behavior was observed for all �001�
poled PMN−xPT crystals, with the compositional range of
x=0.25–0.37. The Rayleigh parameters as a function of
composition are given in Fig. 2, where the error bars were
calculated from three samples for each composition. The
rhombohedral �R�, monoclinic �MC�, and tetragonal �T� re-
gions are marked accordingly, being determined by phase
characterization measurements described in the following
section. Both Rayleigh parameters, dinit and �, showed peak
values around the R-MC and MC-T phase transition bound-
aries. For the PMN-0.30PT crystals, the maximum intrinsic
piezoelectric response ��2500 pC /N� was 25% larger than
that in PMN-0.31PT crystals, and almost twice the value as
obtained in PMN-0.25PT crystals. The error bars for the pa-
rameter �, being related to the extrinsic contribution, were
relatively high for compositions near phase boundaries, dem-
onstrating that the extrinsic contribution in the compositions
in proximity to the MPBs was not stable when compared to
that of the compositions far away from the MPB. The ratio of
extrinsic contribution to total piezoelectric response
��E0 / ��E0+dinit�� for PMN-PT crystals was also calculated
and given in Fig. 3, where the ratios for PMN-0.31PT and
PMN-0.35PT crystals were found to be on the order of 10%.
The ratio was 7% for tetragonal PMN-0.37PT crystal, while
it was less than 5% for all other compositions.

B. Composition and phase analysis in PMN-PT
crystals

The composition and phase of the crystals were deter-
mined from dielectric permittivity-versus-temperature be-
havior and strain-versus-electric field loops. The Curie tem-
perature Tc, temperature of maximum permittivity Tm and
“depoling” or macrodomain to microdomain transition tem-
perature Td of PMN-PT crystals are sensitive to the PT con-
tent. Based on the investigation of the relationship between
the temperature Td and composition of �1−x�PMN−xPT
crystals, the following equation was used to calculate x from
Td:24

x =
Td + 59 ° C

631 ° C
�x � 0.457� . �5�

Figures 4�a�–4�f� show the dielectric permittivity as a func-
tion of temperature for �001� poled PMN-0.26PT, PMN-
0.28PT, PMN-0.30PT, PMN-0.31PT, PMN-0.35PT, and
PMN-0.36PT crystals, respectively. In Figs. 4�a�–4�d�, a di-
electric “shoulder” �PMN-0.28PT� or dielectric anomaly
�PMN-0.26PT, PMN-0.30PT, and PMN-0.31PT� was found
at Td, while another dielectric peak was observed at yet
higher temperatures, corresponding to Tm. With increasing
PT content, the temperatures Td and Tm converged to a sharp
phase transition, corresponding to the Curie temperature
�Tc�, as shown in Figs. 4�e� and 4�f�. For the PMN-0.26PT
and PMN-0.28PT crystals, two phase transitions were ob-
served, indicating the rhombohedral-tetragonal �TR-T� and
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FIG. 1. �Color online� �a� The ac elec-
tric field dependent piezoelectric coef-
ficient d33 for PMN-0.30PT crystal at
1 Hz; �b� comparison between the
measured and calculated strain-vs-
electric field hysteresis loop.
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FIG. 2. Compositional dependence of
Rayleigh parameters for �1−x�PMN
−xPT crystals at 1 Hz.
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tetragonal-cubic phase transitions, respectively. Three dielec-
tric peaks were observed for the PMN-0.30PT. According to
investigations of the temperature induced phase transition by
x-ray diffraction25 and electric-field-induced-strain,26 these
three dielectric peaks correspond to the phase transitions
R-MC, MC-T, and T-C. Only one ferroelectric phase transi-
tion was observed prior to the Curie temperature for PMN-
0.31PT and PMN-0.35PT crystals, demonstrating the �001�
poled �1−x�PMN−xPT crystals �x :0.31–0.35� were in the
monoclinic MC phase region at room temperature. It can also
be observed that the phase transition temperature TM-T dras-
tically decreased with increasing PT content in the MC re-
gion. For �1−x�PMN−xPT crystals with x�0.36, no phase
transition prior to the Curie temperature was observed, indi-
cating these crystals located in the tetragonal phase region.

24 26 28 30 32 34 36 38
0.00

0.02

0.04

0.06

0.08

0.10

0.12

TMC
R

�
E
0/(
�
E
0+
d i
ni
t)

PT content (%)

FIG. 3. The level of extrinsic contribution to piezoelectric response at E0

=1 kV /cm for �1−x�PMN−xPT crystals with various compositions.
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FIG. 4. �Color online� The tempera-
ture dependence of dielectric permit-
tivity for �1−x�PMN−xPT crystals.
�a� PMN-0.26PT; �b� PMN-0.28PT;
�c� PMN-0.30PT; �d� PMN-0.31PT;
�e� PMN-0.35PT, and �f�
PMN-0.36PT.
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Nearly temperature independent dielectric behavior was ob-
served in �001� poled PMN-0.36PT crystals over the range
from room temperature to 150 °C, as observed in other te-
tragonal relaxor-PT based crystals.27,28

To complement the dielectric permittivity analysis, the
electric-field-induced-strain behavior for �001� oriented
PMN-PT crystals was investigated. As shown in Fig. 5, the
transition from the rhomboheral to tetragonal phase was al-
most continuous and hysteresis-free in PMN-0.26PT, exhib-
iting similar behavior observed in PZN-0.045PT crystals.1

For PMN-0.28PT and PMN-0.30PT crystals, two discontinu-
ous “jumps” were observed, whereas only one “jump” was
observed in PMN-0.31PT, PMN-0.34PT, and PMN-0.35PT
crystals. According to investigations of electric-field-induced
phase transitions by high-energy x-ray-diffraction,29 the first
“jump” observed in Figs. 5�b� and 5�c� is associated to a
R-MC phase transition, while the second “jump” is related to
the MC-T phase transition. The strain-versus-electric field

loops of PMN-0.28PT and PMN-0.30PT crystals were re-
peatable, demonstrating the rhombohedral phase was stable
at room temperature.

From the results of the temperature dependent dielectric
permittivity and electric-field-induced-strain measurements,
the PMN-�0.25–0.30�PT crystals were confirmed to be in the
rhombohedral phase region, while the principle phase in
�001� poled PMN-�0.31–0.35�PT crystals at room tempera-
ture was the MC phase. Admittedly, metastable phases could
also coexist, due to compositional nonuniformity and
fluctuations.30 It was also observed that the variation in the
field-induced-strain from rhombohedral to tetragonal phase
was almost unchanged �SR-T�0.68%� in the R phase region,
whereas the variation in the field-induced-strain from MC to
tetragonal phase was found to decrease from 0.51% to 0.38%
with increasing x from 0.31 to 0.35, as shown in Figs.
5�d�–5�f�. The above phenomenon could be explained by the
theory “coexistence of morphotropic phases.”31 In this
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FIG. 5. �Color online� Strain-vs-
electric field for �1−x�PMN−xPT
crystals measured at 1 Hz. �a� PMN-
0.26PT; �b� PMN-0.28PT; �c� PMN-
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0.34PT; and �f� PMN-0.35PT.
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theory, the volume fraction of the majority MC phase de-
creased, while the volume fraction of tetragonal phase in-
creased with increasing PT content in the MC region. Thus,
the contribution to electric-field-induced-strain �MC→T�
was found to decrease. However, this theory is based on the
results determined from polycrystal powders.25 In the poled
single crystals, the volume fraction of morphotropic phase�s�
needs to be further investigated.

The variation in the level of induced strain from the MC

to tetragonal phase for composition with x=0.31–0.35, could
be also attributed to the variation in the MC phase. The
monoclinic MC phase is recognized to be a bridge between
rhombohedral and tetragonal phases, and the polar vector is
constrained to lie within the cubic mirror plane �001�.4,26

Based on the strain-versus-electric field measurements,
therefore, it was proposal that the polar vector of the MC

phase rotated to the �001� direction as the composition ap-
proached the tetragonal phase, as depicted in Fig. 6. As the
angle �
�, between the spontaneous polarization of the MC

and tetragonal phases, decreased with increasing PT content,
the contribution to the electric-field-induced-strain associated
with MC→T phase transition was reduced.

IV. DISCUSSION

Based on the results presented, the intrinsic piezoelectric
response is the major contribution to the ultrahigh piezoelec-
tric activity in PMN-PT crystals, being larger than 90%, far
more than those previous reports based on anisotropic
calculations.6,7 This discrepancy is believe to be the result of
inaccurate single domain piezoelectric coefficients used for
the anisotropic calculations, due to the instability of a single
domain state in relaxor-based PMN-PT or PZN-PT
crystals.32

In this section, the intrinsic contribution �dinit� is dis-
cussed as a function of composition and phase, in order to
delineate the origin of ultrahigh piezoelectric activity in
PMN-PT crystals. Extrinsic contributions, though small in
domain engineered PMN-PT crystals, will be discussed and
thought to be related to the contribution of morphotropic
phase boundaries motion.

A. Compositional dependence of intrinsic
piezoelectric response in the PMN-PT crystal system

The compositional dependence of the intrinsic contribu-
tion to the piezoelectric response in PMN-PT crystals was
discussed in respective to rhombohedral, monoclinic, and te-
tragonal regions. In the R region, the intrinsic piezoelectric
response along the �001� direction can be expressed accord-
ing to the crystal anisotropy

d33
�001� = �d15

R + d31
R �cos 
 sin2 
 + d22

R sin3 
 + d33
R cos3 
 ,

�6�

where d33
R , d15

R , d31
R , and d22

R are single domain piezoelectric
coefficients measured along principal crystallographic axes,
and 
, the angle between the �111� and �001� axis, being
54.7°. From this equation, the high intrinsic piezoelectric re-
sponse along the �001� direction is attributed to the high
shear mode piezoelectric coefficient d15

R , which is signifi-
cantly higher than other piezoelectric coefficients.7 Accord-
ing to the thermodynamic analysis, the shear piezoelectric
coefficient d15

R can be expressed as8

d15
R =

1

3
�0P3

R�11
R �4Q11 − 4Q12 + Q44� , �7�

where �0 is the dielectric permittivity of vacuum, P3
R the

spontaneous polarization of R phase, Qij the electrostrictive
coefficients, and �11

R the transverse dielectric permittivity.
The dielectric permittivity �11

R was enhanced as the compo-
sition approached the R-MC phase boundary, due to a dielec-
trically softening along the crystallographic directions per-
pendicular to the polarization direction.8,9 As evident in Eq.
�7�, d15

R will be increased for compositions close to the R-MC

phase boundary. Therefore, the observed dinit in the R region
increased as the composition approached the R-MC phase
boundary, and the maximum dinit ��2500 pC /N� was ob-
served for rhombohedral PMN-0.30PT crystals, as shown in
Fig. 2�a�.

For PMN−xPT crystals with x�0.3, the MC phase is the
majority phase at room temperature, which was confirmed in
Sec. III B. For the �001� poled PMN-0.31PT crystals, the
coefficient dinit was 2000, being 25% lower than that in
PMN-0.30PT crystals. The coefficient dinit was decreased
with increasing PT content in the MC region for PMN
−xPT crystals from x=0.31 to 0.34, while the enhanced dinit

was observed at x=0.35, with the composition extremely
close to the MC-T phase boundary.

To analyze the observed variation in dinit in the MC re-
gion, the longitudinal piezoelectric coefficient of a single-
domain MC phase along the �001� crystallographic direction
was calculated from crystal anisotropy,8 as follows:

d33
�001� =

�d24
m + d32

m �sin 2
 sin 


2
+ d33

m cos3 
 , �8�

where d33
m , d24

m , and d32
m are the single domain piezoelectric

coefficients measured along principal crystallographic axes
in the MC phase, and 
 is the angle between the spontaneous
polarization of MC and the tetragonal phase, as depicted in
Fig. 6. In Eq. �8�, the piezoelectric coefficient d33

�001� is domi-
nated by the first term, because the coefficient d24

m is much

[001]C

[010]C

MC

[100]C

PT
co
nte
nt
inc
rea
se

�

FIG. 6. �Color online� Schematic of the variation in spontaneous polariza-
tion with PT content for monoclinic PMN-PT crystals, where 
 corresponds
to the angle between the spontaneous polarization direction of MC phase and
the �001� direction.
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larger than both d33
m and d32

m . Analogous to the shear piezo-
electric coefficient d15

R in the R phase, the shear coefficient
d24

m would increase as the composition approached the MC-T
phase boundary. This mechanism would lead to an increase
in dinit with compositions close to the MC-T phase boundary
�Mechanism I�. However, the variation in the phase compo-
nent with composition �described in Sec. III B� would lead to
a decrease in dinit, as the composition approached the MC-T
phase boundary �Mechanism II�. The both two cases, includ-
ing mixed phases and pure MC phase at MC region, were
considered and analyzed in the following:

�1� For the case of mixed phases �MC and T�, the volume
fraction of tetragonal phase would increase with increas-
ing PT content. Thus, the macro-coefficient dinit would
decrease with increasing PT content, due to the rela-
tively small piezoelectric response of the tetragonal
phase along its spontaneous polarization �001� direction.

�2� For the case of pure MC phase, according to the analysis
in Sec. III B �Fig. 6�, the angle 
 decreased with increas-
ing PT content in the MC region. Therefore, the coeffi-
cient dinit would decrease as the composition approached
the MC-T phase boundary, as a result of the decreasing
of 
, which leads to a decrease in the first term of Eq.
�8�.

In summing, for composition with x=0.31–0.34,
Mechanism II plays the dominant role, the coefficient dinit

decreased with increasing PT content, as shown in Fig. 2�a�.
On the other hand, for the compositions extremely close to
the MC-T phase boundary, the shear coefficient d24

m greatly
increased and Mechanism I dominated, which lead to a
higher value of dinit in PMN-0.35PT.

For �001� poled tetragonal PMN-0.36PT and PMN-
0.37PT crystals, low levels of intrinsic piezoelectric re-
sponse, being less than 500 pC/N, were found. This low level
of intrinsic piezoelectric response can be attributed to the
spontaneous polarization direction coinciding with that of the
applied electric field, where no polarization rotation can oc-
cur. Consequently, the shear piezoelectric response cannot
contribute to the longitudinal piezoelectric effect. It is worth
noting that the value of d33 along the �011� direction was
relatively high for tetragonal relaxor-PT crystals, being
�1000 pC /N, due to a polarization rotation process in “2T”
domain engineered structures.33

B. Compositional dependence of extrinsic
contribution in the PMN-PT crystal system

In �001� poled rhombohedral PMN-PT crystals, four dif-

ferent domains along �111�, �1̄11�, �11̄1�, and �1̄1̄1� direction
are expected, forming an engineered domain configuration
“4R,” where an extrinsic contribution cannot arise from do-
main wall motion due to the four energetically equivalent
domains. As in the rhombohedral phase, an engineered do-
main structure “4MC” is expected to occur in �001� poled
monoclinic �MC� PMN-PT crystals, as shown in Fig. 7.
Therefore, the extrinsic contribution to the piezoelectric re-
sponse in rhombohedral and monoclinic �MC� regions was
relatively small when compared to ferroelectric polycrystal-

line ceramics �up to 40%�,16 due to the lack of domain wall
motion. The higher level of extrinsic contributions in com-
positions at the R-MC and MC-T phase boundaries, as pre-
sented in Fig. 2�b� at PT content=0.31 and 0.35, are a con-
sequence of the motion of the phase boundaries. Phases at
MPBs are energetically similar and easy to transform into the
other energetically more favorable ferroelectric phase when
electric/stress field applied, subsequently contributing to the
macro-piezoelectric response, which will be discussed below.

The phase stability under an electric field can be studied
using free energy equation as following:

F = U − P · E = U − 	P		E	cos 
 , �9�

where U is the internal energy under zero field, E is the
applied electric field and P is the spontaneous polarization,
and 
 is the angle between the direction of the applied elec-
tric field and spontaneous polarization. In Eq. �9�, the lower
free energy F corresponds to more stable ferroelectric phase.
Therefore, the electric field induced R→MC phase transition
can occur at the composition close to R-MC phase boundary,
because the MC phase �
�45°� is energetically more favor-
able than the rhombohedral phase �
=54.7°�, under an elec-
tric field along the �001� direction. This phase transition
could contribute to a macropiezoelectric response, due to an
accompanied strain with ferroelectric/ferroelastic phase tran-
sition. As depicted in Fig. 8, the strain along the �001� direc-
tion will increase by 
S /S as a result of R-MC phase bound-
ary motion when an �001� electric field is applied. Similarly,
the MC→T phase transition could be easily induced when an
electric field is applied along the �001� direction at the com-

[001]C

[010]C

[100]C

[001]C

[010]C

[100]C

Poling field

“4R” domain structure “4MC” domain structure

FIG. 7. �Color online� Schematic of domain structure for �001� poled
PMN-PT crystals with rhombohedral and monoclinic �MC� phases respec-
tively, where the blue arrow represents the spontaneous polarization.

FIG. 8. Schematic of R-MC phase transition contribution to piezoelectric
response, where l represents the displacement of R-MC phase boundary,

S /S represents the induced strain through R-MC phase boundary motion.
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position close to MC-T phase boundary. Therefore, the en-
hanced extrinsic piezoelectric activity around MPBs is be-
lieved to be associated with the motion of the phase
boundary. For compositions close to MPB, an enhanced ex-
trinsic contribution to dielectric response was also observed
in relaxor based PZN-PT crystals.19

In the tetragonal phase region, the coefficient � de-
creased to the lowest level, while the ratio, �E0 / ��E0

+dinit�, was greater when compared to the domain engineered
rhombohedral and monoclinic PMN-PT crystals with compo-
sition far away from MPBs, indicating a large piezoelectric
hysteresis in tetragonal PMN-PT crystals.20 For �001� poled
tetragonal crystals, a single domain state was difficult to be
obtained, especially for crystals with high c /a ratio �c and a
are lattice parameters�, thus some 90° domain wall motion
could contribute to the extrinsic contribution and induce pi-
ezoelectric hysteresis.

C. The role of monoclinic phase in ultrahigh
piezoelectric response for relaxor-PT based crystal
system

The monoclinic phase in high performance piezoelectric
systems, including PZT, PMN-PT and PZN-PT, has received
considerable attention.3–5,25,34–36 In PMN-PT systems, the
MC phase has been observed by x-ray and neutron
diffraction.25,35 In this study, the R-MC phase transition with
compositions between PMN-0.30PT and PMN-0.31PT was
also inferred from both dielectric permittivity-versus-
temperature and strain-versus-electric field behaviors.

The high piezoelectric response observed in domain en-
gineered PMN-PT crystals can be explained by the high de-
gree of piezoelectric anisotropy, which would increase as the
composition approached ferroelectric-ferroelectric phase
transition boundaries, due to the dielectrically softening
along direction perpendicular to the polarization direction,
enhancing �11 or �22.

8 The peak values of piezoelectric re-
sponse for domain engineered PMN-PT crystals were found
to occur near the two MPBs �i.e., R-MC, MC-T�, with the
maximum piezoelectric coefficient d33 observed in rhombo-
hedral PMN-0.30PT crystals.

Thus, to obtain ultrahigh piezoelectric response in
PMN-PT crystals, two factors are critical. The first factor is a
MPB, around which the shear piezoelectric response is en-
hanced due to a flattening of free energy profile.8,9 The sec-
ond one is an engineered domain configuration, such as
“4R,” “4MC,” and “2T,” in which the applied electric field is
away from the spontaneous polarization direction. As a con-
sequence, the high shear piezoelectric response of single do-
main state can greatly contribute to the longitudinal piezo-
electric response, a process of polarization rotation.

From the above discussion, the monoclinic phase �in-
cluding MC, MA, and/or O phase� was thought to play the
role in formation of MPBs with R and/or T phases, leading to
the high piezoelectric response. As a result, the monoclinic
phase does not directly contribute to the ultrahigh piezoelec-
tric activity in rhombohedral PMN-0.30PT crystals �
�2500 pC /N�. It is worth noting that in PMN-PT crystals
the maximum piezoelectric coefficient d33 was observed in
the R phase near the R-MC phase boundary, rather than in the

MC or T phase region. This phenomenon might be due to the
higher piezoelectric anisotropy in R phase than that in MC

�O� and/or T phase.10,33

V. CONCLUSION

The intrinsic �reversible� and extrinsic �irreversible� con-
tributions to the piezoelectric activity in domain engineered
PMN-PT crystals were explored as a function of composition
and phase using Rayleigh analysis. The intrinsic contribution
was found to play a dominant role in the high piezoelectric
response of domain engineered PMN-PT crystals, being gen-
erally higher than 95% in total piezoelectric response. The
maximum intrinsic piezoelectric response ��2500 pC /N�
was found in PMN-0.30PT crystals, with the composition
lying at the rhombohedral side of the R-MC phase boundary.
The origin of this ultrahigh piezoelectric response can be
explained by the high shear piezoelectric response, corre-
sponding to an easy polarization rotation, for compositions
close to MPB. The role of monoclinic phase �MC� is thought
to form MPBs with R and/or T phases, which is not a direct
contributor to the ultrahigh piezoelectric activity in domain
engineered PMN-0.30PT crystals. The extrinsic contribution
to piezoelectric response for �001� poled PMN-PT crystals
was quite small, due to a stable domain engineered configu-
rations. A slight increase in extrinsic contribution was found
at compositions close to the R-MC and MC-T phase bound-
aries, owing to an increased motion of the phase boundaries,
but still less than 10% of the total piezoelectric response.
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