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The Pb�In1/2Nb1/2�O3–Pb�Mg1/3Nb2/3�O3–PbTiO3 �PIN-PMN-PT� crystals were studied as function
of phase and orientation. The properties, including the Curie temperature TC,
ferroelectric-ferroelectric phase transition temperature TR/O-T, coercive field, and piezoelectric/
dielectric responses, were systematically investigated with respect to the composition of
PIN-PMN-PT crystals. The Curie temperature TC was found to increase from 160 to 220 °C with
ferroelectric-ferroelectric phase transition temperature TR-T and TO-T being in the range of
120–105 °C and 105–50 °C, respectively. The piezoelectric activity of PIN-PMN-PT crystals was
analyzed by Rayleigh approach. The ultrahigh piezoelectric response for domain engineered �001�
�1600–2200 pC/N� and �011� �830–1550 pC/N� crystals was believed to be mainly from the intrinsic
contribution, whereas the enhanced level of piezoelectric and dielectric losses at the compositions
around morphotropic phase boundaries �MPBs� was attributed to the phase boundaries motion.
© 2011 American Institute of Physics. �doi:10.1063/1.3530617�

I. INTRODUCTION

The relaxor-PT based ternary
Pb�In1/2Nb1/2�O3–Pb�Mg1/3Nb2/3�O3–PbTiO3 �PIN-PMN-
PT� crystals, which can be readily grown by modified Bridg-
man method with large size ��70 mm in diameter�, have
been received considerable attention.1–7 To date, investiga-
tions are mainly focused on the rhombohedral region of PIN-
PMN-PT crystals. Compared to the binary
Pb�Mg1/3Nb2/3�O3–PbTiO3 �PMN-PT� crystals, the rhombo-
hedral PIN-PMN-PT crystals possess comparative piezoelec-
tric coefficients �d33�1500 pC /N� and electromechanical
couplings �k33�0.90�, higher coercive field �EC

�5 kV /cm�, and broadened temperature usage range
��130 °C�. Those results demonstrated that the ternary PIN-
PMN-PT crystals are promising candidates for electrome-
chanical devices where high temperature usage and ac field
stability are required. Furthermore, good properties were ob-
served for orthorhombic and tetragonal PIN-PMN-PT
crystals,8–11 where high shear piezoelectric responses �d24�
with improved temperature stability were obtained in ortho-
rhombic crystals10,11 while high electromechanical coupling
factor k33��84%� and mechanical quality factor Q��2000�
were achieved in tetragonal crystals, with broadened tem-
perature usage range ��200 °C�.8

Thus, in order to better understand and illustrate the
properties among the rhombohedral, orthorhombic, and te-
tragonal crystals, it is desirable to systematically study the
PIN-PMN-PT crystals with various phases and compositions.
In this study, the general characteristics, including dielectric
and piezoelectric coefficients, Curie temperature TC,

ferroelectric-ferroelectric phase transition temperature
TR/O-T, and coercive field EC of �001� and �011� poled PIN-
PMN-PT crystals, were investigated as function of composi-
tions with rhombohedral �R�, orthorhombic �O�, and tetrag-
onal �T� phases. The approaches to distinguish the
rhombohedral and orthorhombic/monoclinic phases for PIN-
PMN-PT crystals were presented. The piezoelectric behav-
iors of �001� poled PIN-PMN-PT crystals were studied by
Rayleigh analysis, in order to explore the origin of the ultra-
high piezoelectric response.

II. EXPERIMENTS

The PIN-PMN-PT single crystals with nominal compo-
sition of xPIN− �1−x−y�PMN−yPT, where x�0.25–0.35,
y�0.30–0.32, were grown using the modified Bridgman
technique.1 The PT, PMN, and PIN contents were found to
vary along the growth direction due to the different segrega-
tion coefficients of Ti4+, �Mg1/3Nb2/3�4+, and �In1/2Nb1/2�4+

during the crystal growth process.5 Thus, with the crystals’
position away from the starting point of the crystal boule, the
PT content increased, leading to the crystal structure and
phase variations along the growth direction, from rhombohe-
dral, via orthorhombic/monoclinic, to tetragonal phase. In
this paper, the crystal samples were marked from 1 to 13
based on the positions. The crystals were oriented by real-
time Laue technique. Vacuum sputtered gold was applied to
the polished surface as the electrodes for all the samples. The
�001� and �011� oriented rhombohedral and orthorhombic
crystals were poled by applying 10 kV/cm dc electric field at
room temperature, while for �001� oriented tetragonal crys-
tals, the samples were poled at 250 °C by applying 2–3
kV/cm dc electric field, and field cooled to room tempera-a�Electronic mail: soz1@psu.edu.
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ture, to avoid the cracking. The piezoelectric coefficient d33

was measured by d33-meter on plate samples. High field po-
larization and strain behaviors were determined using a
modified Sawyer–Tower circuit and linear variable differen-
tial transducer �LVDT� driven by a lock-in amplifier �Stan-
ford Research system, Mode SR830�. The temperature de-
pendence of the dielectric permittivity was determined using
LCR meter �HP4284A�, being connected to a computer con-
trolled temperature chamber. For Rayleigh experiments, the
�001� poled samples were cut to obtain longitudinal rods
with dimensions of 2 mm�2 mm�8 mm, and the maxi-
mum amplitude of the applied electric field was selected to
be 1 kV/cm, being smaller than the half of the coercive field
for PIN-PMN-PT crystals �about 4–5 kV/cm�.

III. RESULTS AND DISCUSSION

A. Phase determination

1. Strain-electric field behavior

The phase of relaxor-PT based crystals, such as PMN-PT
and PZN-PT, can be determined to vary from rhombohedral,
via monoclinic �MC�/orthorhombic, to tetragonal phase with
increasing PT content.12,13 In this paper, the monoclinic MC

phases was recognized as pseudo-O phases from an view-
point of application.11,14

By investigation of the PMN-PT crystals with various
compositions,15 we have showed a macroscopic method to
distinguish the R, O, and T phases for PMN-PT crystals.
Analogues to PMN-PT, the phases of PIN-PMN-PT crystals
were determined by measuring the electric-field-induced-
strain behaviors.

Figure 1�a� showed the electric-field-induced-strain for
�001� poled PIN-PMN-PT crystals with various PT content.
In rhombohedral phase, it can be seen that the electric field
threshold for inducing tetragonal phase �ET� was decreased
with increasing the PT content, with similar induced strain
levels of SR-T �from rhombohedral to tetragonal phase�, be-
ing on the order of �0.65%. As composition approaching
R-O phase boundary, two phase transitions were observed
�loop 6 and 8�, i.e., R-M and M-T phase transitions, similar
to PMN-PT crystals.15,16

For orthorhombic crystals, only one phase transition was
observed, corresponding to orthorhombic-tetragonal phase
transition. The electric-field-induced strain from orthorhom-
bic to tetragonal phase �SO-T� was found to be less than
0.60% and drastically decreased with increasing the PT con-
tent. According to the analysis for PMN-PT crystals, this
phenomenon can be attributed to the variation of the phase
content in PIN-PMN-PT crystals.15 The S-E characteristics
for �001� poled PMN-PT and PIN-PMN-PT crystals were
summarized in Table I.

The S-E loops of �011� poled PIN-PMN-PT crystals
were shown in Fig. 1�b�. The rhombohedral and orthorhom-
bic crystals can be readily distinguished, where no phase
transition occurs for orthorhombic crystals, due to the ap-
plied electric field being parallel to the spontaneous polar
direction of the orthorhombic phase. In both �011� poled
rhombohedral and tetragonal crystals, R-O or T-O phase
transitions can be observed. The electric-field-induced-strain
SR-O was around 0.23% for rhombohedral crystals, while the
strain ST-O of tetragonal crystals was 0.31%, being larger
than SR-O. This is due to the angle between the polar direc-

FIG. 1. Electric field vs strain behaviors for �a� �001� and �b� �011� poled PIN-PMN-PT crystals with various phases.

TABLE I. Characteristics of C-vs-T and S-vs-E behaviors for �001� poled relaxor-PT crystals in rhombohedral
�R� and orthorhombic �O� region. ET, the required electric field for inducing tetragonal phase; strainR/O-T, the
electric-field-induced-strain from ground phase �R or O� to tetragonal phase. As demonstrated, the aim of this
table is to provide a basis to distinguish the phase R and O.

Phase
TR/O-T

�°C�
TC

�°C�
ET

�kV/cm�
StrainR/O-T

�%� Characteristics of S-E behavior

PMN-PT R �95 �145 �30 �0.69 Two phase transition can be observed
O/M �90 145–170 �25 �0.6 Only one phase transition

PIN-PMN-PT R 105–130 �185 �25 �0.67 Two phase transition can be observed
O/M �100 190–210 �20 �0.6 Only one phase transition

014108-2 Li et al. J. Appl. Phys. 109, 014108 �2011�
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tions of rhombohedral and orthorhombic phase ��35°� was
smaller than that between the polar directions of tetragonal
and orthorhombic phase ��45°�.

2. Dielectric behavior as function of temperature

Figure 2 and Table II showed the temperature dependent
dielectric behaviors, in order to better understand the tem-
perature induced phase transitions for PIN-PMN-PT crystals.
For �001� and �011� poled rhombohedral crystals �samples
1–6�, the Curie temperature TC was found to increase from
160 to 175 °C with increasing the PT content, while the
temperature TR-T was changed slightly, being 123–119 °C.
With further increasing the PT content, it can be seen that the
phase transition temperature TR/O-T decreased from 120 °C
�sample 6� to 105 °C �sample 8�, and two phase transitions
can be observed for �011� poled crystals �Fig. 2�b��, corre-
sponding to the rhombohedral-orthorhombic �R-O� and
orthorhombic-tetragonal �O-T� phase transitions. For ortho-
rhombic crystals �samples 9–11�, the phase transition tem-
perature TO-T significantly decreased from 100 to 57 °C
while the Curie temperature increased from 190 to 210 °C,
being similar to the orthorhombic PMN-PT crystals. The te-

tragonal phase can be readily determined by dielectric
permittivity-versus-temperature behaviors, due to no
ferroelectric-ferroelectric phase transition occurs above room
temperature, as can be confirmed in sample 12, where only
one dielectric anomaly, corresponding to the TC, was ob-
served above 215 °C.

B. Properties of †001‡ and †011‡ poled PIN-PMN-PT
crystals

Table II summarized the room temperature properties for
PIN-PMN-PT crystals, including the piezoelectric coeffi-
cient, dielectric permittivity, coercive field, Curie tempera-
ture, and ferroelectric-ferroelectric phase transition tempera-
tures. The piezoelectric coefficient d33 and dielectric
permittivity �33 /�0 of �001� and �011� poled rhombohedral
crystals �samples 1–8� were generally increased as the com-
position approaches R-O phase boundary. For orthorhombic
and tetragonal phase regions, the high piezoelectric coeffi-
cients and dielectric permittivities were observed for domain
engineered crystals ��001� poled orthorhombic crystals and
�011� poled tetragonal crystals�, whereas those material con-

FIG. 2. Temperature dependent dielectric properties for �a� �001� and �b� �011� oriented PIN-PMN-PT crystals with various phases.

TABLE II. Properties of PIN-PMN-PT crystals with various compositions and phases. For �011� poled samples 7 and 8, both phase transition temperatures
TR-O and TO-T are listed, where the TR-O is in the brace.

�001� poled crystals �011� poled crystals

Normalized
position

from cone
Phase
�No.�

TR/O-T

�°C�
TC

�°C�
EC

�kV/cm�
d33

�pC/N� k33 �33 /�0

Dielectric
loss
�%�

Phase
�No.�

TR/O-T

�°C�
TC

�°C�
EC

�kV/cm�
d33

�pC/N� �33 /�0

Dielectric
loss
�%�

0.08 R �1� 123 161 4.5 1400 0.89 3130 0.7 R �1� ¯ ¯ ¯ ¯ ¯ ¯

0.16 R �2� 122 162 4.3 1600 0.90 4700 0.6 R �2� 122 163 5.1 830 2800 0.4
0.24 R �3� 122 168 4.3 1680 0.90 4600 0.8 R �3� 121 167 6.1 900 3050 0.3
0.32 R �4� 121 168 4.8 1700 0.91 4700 0.7 R �4� 119 168 6.0 930 3420 0.3
0.40 R �5� 121 171 5.0 1730 0.92 5500 0.8 R �5� 119 172 6.1 940 3000 0.4
0.48 R �6� 119 174 4.6 2000+ 0.92 5600 0.8 R �6� 117 175 6.4 1070 3660 0.5
0.56 R �7� 112 179 4.2 2000+ 0.92 5500 0.9 R �7� �105� 115 178 7.2 1250 3900 0.6
0.64 R �8� 105 183 4.3 2000+ 0.93 5900 1.1 R �8� �85� 106 185 6.5 1550 4000 1.0
0.72 O �9� 90 193 4.5 2000+ 0.93 6300 1.7 O �9� 100 193 5.0 220 900 0.6
0.80 O �10� 78 199 4.1 1850 0.91 4200 1.3 O �10� 85 203 5.0 200 660 0.3
0.88 O �11� 57 208 7.0 1910 0.91 4300 0.7 O �11� 60 207 5.0 170 630 0.4
0.96 T �12� None 217 6.4 450 0.85 800 0.3 T �12� None 216 6.5 1000 8000 0.9

1 T �13� None 223 10 400 0.83 800 0.3 T �13� None 222 10.5 900 7200 0.5

014108-3 Li et al. J. Appl. Phys. 109, 014108 �2011�
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stants were relatively small for single domain crystals ��011�
poled O crystals and �001� poled tetragonal crystals�.

As shown in Table II, the variation in dielectric permit-
tivity with respect to composition was similar to that of the
piezoelectric coefficient. High level of dielectric losses were
also observed for domain engineered crystals with the com-
position approaching morphotropic phase boundaries
�MPBs� �up to 1.7%� while for the crystals with composition
away from MPBs, the dielectric loss was relatively small,
being around 0.7% and 0.5% for �001� and �011� poled do-
main engineered crystals, respectively. The details of the
composition dependent piezoelectric/dielectric behaviors
will be analyzed in Sec. III C.

In contrast to piezoelectric and dielectric activities, elec-
tromechanical coupling factor k33 was relatively stable with
the composition, being on the order of 89%–93% for �001�
poled crystals. As shown in Refs. 5 and 7, the electrome-
chanical coupling factors were insensitive to their respective
phase transition temperatures TC and TRT.

Coercive field is an important factor for high field appli-
cations, therefore, the variation in coercive field with respect
to composition were measured. As listed in Table II, for
rhombohedral phase, the �011� oriented PIN-PMN-PT crys-
tals exhibited larger coercive fields, being on the order of
5–6 kV/cm, when compared to �001� oriented crystals �4–5
kV/cm�, with maximum coercive field being 7.2 kV/cm, as
the composition approaching to R-O phase boundary. For

�001� oriented orthorhombic crystals, the coercive field
showed maximum value for the composition close to O-T
phase boundary, being 7.0 kV/cm. In contrast to the �001�
direction, the coercive of �011� oriented orthorhombic crys-
tals were independent of the composition, being 5.0 kV/cm.
In tetragonal region, the coercive fields of �001� and �011�
oriented samples were increased from 6.5 to 10 kV/cm with
increasing the PT content, higher than their R and O coun-
terparts.

C. Rayleigh analysis of the piezoelectric activity

The piezoelectric behaviors of �001� poled PIN-PMN-PT
crystals were analyzed by Rayleigh approach.15,17 Figure 3
showed the ac field dependent d33�E0� for the �001� poled
rhombohedral crystals with various compositions, where a
linear variation of d33 was observed. Based on Rayleigh
analysis, the piezoelectric response can be expressed as the
following equation:

d�E0� = �dinit + �E0�pC/N, �1�

where the coefficient dinit describes the reversible piezoelec-
tric response, being mainly from the intrinsic �lattice� contri-
bution for domain engineered crystals.15,18 The coefficient �
is the irreversible Rayleigh parameter, resulting from the ir-
reversible motion of the internal interfaces, and �E0 repre-
sents the extrinsic contribution to the total piezoelectric re-
sponse. For convenience, dinit is defined as a nonunit
coefficient and the unit of � is given as centimeter per kilo-
volt.

According to the fitting results, the Rayleigh parameters
as a function of Curie temperature are given in Fig. 4, where
the rhombohedral �R�, orthorhombic �O�, and tetragonal �T�
regions were marked accordingly. It can be seen that the high
piezoelectric response of PIN-PMN-PT crystals was mainly
from the intrinsic contribution ��90%�. The parameter dinit

showed peak values at the compositions around MPBs. The
maximum dinit was observed in rhombohedral crystals with
compositions close to R-O phase boundary �sample 8�, being
on the order of 2200 pC/N. In domain engineered rhombo-
hedral crystals, the high intrinsic piezoelectric activity was
thought to be associated with the high shear piezoelectric
coefficient of the corresponding single domain state, as ex-
pressed in the following equation:

FIG. 3. The ac electric field dependent piezoelectric coefficient d33 for
rhombohedral PIN-PMN-PT crystals with various compositions, measured
at 1 Hz.

FIG. 4. Rayleigh parameters with respect to TC �composition� for PIN-PMN-PT crystals, measured at 1 Hz.
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d33
�001� = �d15

R + d31
R �cos � sin2 � + d22

R sin3 � + d33
R cos3 � ,

�2�

where d33
R , d15

R , d31
R , and d22

R are single domain piezoelectric
coefficients measured along principal crystallographic axes,
and �, the angle between �111� and �001� axis, being about
54°. According to thermodynamic analysis,19 the shear pi-
ezoelectric coefficient d15

R in rhombohedral phase region will
increase as the composition approaching R-O phase bound-
ary, leading to the enhanced dinit with TC increasing �PT
content increasing�. For orthorhombic crystals, the coeffi-
cient dinit was first decreased and then increased with the TC

increasing. As observed in PMN-PT crystals,15 this phenom-
enon can be explained by the variation in shear coefficient
and phase content in O region. Due to the applied field along
the polar direction, low level of piezoelectric coefficient was
observed in �001� poled tetragonal crystals.

Analogues to the piezoelectric response, the dielectric
permittivity of �001� poled crystals was mainly contributed
by the transverse dielectric permittivity �11 /�0. As analyzed
in Ref. 19, the variation in dielectric permittivity �11 /�0 with
respect to composition was similar to that of shear piezoelec-
tric coefficient d15. Thus, the observed composition depen-
dence of dielectric permittivity was similar to that of piezo-
electric behavior.

By the same method, the dielectric/piezoelectric varia-
tion in �011� poled crystals versus composition can be ex-
plained. The increasing tendency of d33 and �33 /�0 in rhom-
bohedral region can be attributed to the increase in �11

R /�0

and d15
R while for tetragonal crystals, the d33 and �33 /�0 val-

ues decreased as the composition move away from T-O
phase boundary, which was associated with the decreasing in
�11

T /�0 and d15
T �transverse dielectric and shear piezoelectric

constant of tetragonal crystals�.9 As a note, the d33 and �33 /�0

values of O phase were quite small, due to �011� direction is
the spontaneous polar direction of orthorhombic crystals.

The low levels of irreversible �extrinsic� piezoelectric
contribution were observed for �001� poled PIN-PMN-PT
crystals, where the ratio ��E0 / ��E0+dinit��, was generally
less than 5% �as shown in Fig. 4�c��, due to the lack of
domain wall motion in stable domain engineered configura-
tions. For �001� poled tetragonal PIN-PMN-PT crystals,
single domain state can be achieved,8 thus domain wall mo-
tion was minimal and the ratio �E0 / ��E0+dinit� was much
smaller when compared to the polycrystalline ceramics �up
to 40%�.20 The maximum ratio �E0 / ��E0+dinit�, being on
the order of 12%, was observed in orthorhombic region with
the composition close to the R-O phase boundary. High ratio
�E0 / ��E0+dinit� corresponds to the high piezoelectric
loss.17,20 In addition, as listed in Table II, the maximum di-
electric losses were observed for the crystals with composi-
tions around MPBs. These high extrinsic piezoelectric re-
sponses and dielectric losses can be attributed to the
enhanced phase boundaries motion at the composition
around MPBs, as analyzed in Ref. 15.

IV. CONCLUSION

The ferroelectric, dielectric, and piezoelectric properties
of PIN-PMN-PT crystals with various compositions were
measured along �001� and �011� directions. The variation in
piezoelectric/dielectric activities, electric field induced strain,
Curie temperature, phase transition temperature, and coer-
cive field with respect to the composition and ferroelectric
phase, can be used as a basis for the future investigations and
applications, such as high temperature, high ac field, and/or
high power transducer applications. Furthermore, the piezo-
electric activities of PIN-PMN-PT crystals were analyzed by
Rayleigh approach, where the obtained results indicated that
the ultrahigh piezoelectric responses for domain engineered
PIN-PMN-PT crystals mainly arise from intrinsic contribu-
tion.
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