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Relaxor based Pb�In0.5Nb0.5�O3–Pb�Mg1/3Nb2/3�O3–PbTiO3 ternary single crystals �PIN-PMN-PT�
were reported to have broader temperature usage range �TR-T� and comparable piezoelectric
properties to Pb�Mg1/3Nb2/3�O3–PbTiO3 �PMNT� crystals. In this work, the orientation dependent
dielectric, piezoelectric and electromechanical properties for PIN-PMN-PT crystals were
investigated along �001� and �110� directions. The electromechanical couplings k33 and k32 for �110�
poled crystals were found to be 0.91 and 0.91, respectively, with piezoelectric coefficients d33 and
d32 on the order of 925 and �1420 pC/N. Of particular significance was the mechanical quality
factor Q33 for �110� oriented crystals, which was found to be �500, much higher than the Q values
of �001� oriented relaxor-PT crystals �Q�70–200�. The temperature dependence of the
piezoelectric properties exhibited good temperature stability up to their ferroelectric phase transition
TR-T�125 °C, indicating �001� and �110� oriented PIN-PMN-PT are promising materials for
transducer applications, with the latter for high power resonant devices where low loss �high Q� was
required. © 2009 American Institute of Physics. �DOI: 10.1063/1.3131622�

I. INTRODUCTION

Recently, extensive research has been carried out on
relaxor-PT ferroelectric single crystals. As reported, domain
engineered Pb�Zn1/3Nb2/3�O3–PbTiO3 �PZNT� and
Pb�Mg1/3Nb2/3�O3–PbTiO3 �PMNT� crystals oriented along
the pseudocubic �001� direction exhibit high electromechani-
cal coupling factors and piezoelectric coefficients for longi-
tudinal mode. Electromechanical coupling factors on the or-
der of �0.90 and piezoelectric coefficients higher than 1200
pC/N are common for all relaxor-PT single crystals.1–4 The
transverse piezoelectric response for relaxor-PT perovskite
crystals is more complicated, where it has been reported that
there are four different vibration modes showing good piezo-
electric characteristics. These modes are �001� / �100�,
�001� / �110�, �110� / �001�, and �110� / �−110�, where the first
number indicates the electrode face and the second number is
the acoustic wave propagation direction.5 It has been demon-
strated that the highest transverse piezoelectric coefficients
are obtained from crystals poled along �110� and vibrated
along the �001� direction,5–10 with small signal d32 coeffi-
cients on the order of �−1500 pC /N and electromechanical
coupling factor k32�0.90 in PZNT and PMNT crystals.

Regardless of the excellent piezoelectric properties
found in PZNT and PMNT ferroelectric crystals, the crystals
exhibit relatively low Curie and ferroelectric phase transition
temperatures �TR-T�60–95 °C�, limiting the operating tem-
perature range. Thus, numerous studies are focusing on ex-

ploring new high performance ferroelectric crystals with
higher Curie and ferroelectric phase transition temperatures.
Based on the reported data in polycrystalline relaxor-PT sys-
tems, crystal growth has been carried out on the
Pb�Sc0.5Nb0.5�O3–PbTiO3, Pb�In0.5Nb0.5�O3–PbTiO3,
Pb�Yb0.5Nb0.5�O3–PbTiO3, and BiScO3–PbTiO3 systems,
using high temperature solution and/or flux Bridgman
methods.11–21 Though the crystals obtained were confirmed
to exhibit high TCs and TR-Ts, their implementations were
restricted by the crystal size and/or crystal quality. More re-
cently, solid state crystal growth of PMN-PZ-PT22–24 and
melt Bridgman growth of PIN-PMN-PT25–27 ternary single
crystals have been reported, showing broadened temperature
usage range TR-T�100 °C. These crystals can be grown to
large size and of high quality. In addition to the efforts to
improve TR-T, higher mechanical Q values in the relaxor-PT
ferroelectric crystals have been observed in recent studies.
The Q was found to be a function of composition and crys-
tallographic directions, while maintaining electromechanical
coupling on the order of 0.90.28

In this work, ternary PIN-PMN-PT single crystals with
high TR-T ��125 °C� were selected for further investigation
along different crystallographic orientations �001� and �110�
for longitudinal/transverse modes. The temperature depen-
dence of the dielectric, piezoelectric, and electromechanical
behaviors were explored for use at elevated temperature.

II. EXPERIMENTAL

Ternary xPIN-�1−x−y�PMN-yPT �x�0.2�0.4; y
�0.28�0.33� rhombohedral single crystals grown by Bridg-
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man method were investigated in detail. These crystals dem-
onstrated improved temperature stability and broadened op-
erating temperature range.27 Due to the different segregation
ratio of the ions in crystal, the grown single crystal boules
exhibited compositional variation along the growth direction.
The composition along the growth direction was determined
by electronic probe microanalysis, the PIN variation was
found to be less than 2% from the bottom to the top of the
crystal boule �100mm in length and 50mm in diameter�. In
contrast, the variations are found to be on the order of 5%
and 7% for PMN and PT, respectively. Figure 1 shows Curie
temperatures �TC� and rhombohedral to tetragonal phase
transition �TR-T� temperatures for �001� poled crystals, cut
from different positions along the growth direction of a
nominal 0.28PIN–0.40PMN–0.32PT crystal. 20%–30% of
the crystal boule belongs to the tetragonal phase due to the
high PT content. It was found that the Curie temperature
ranged from 175 to 230 °C, while TR-T fell in the range of
138−90 °C along the growth direction. Compared to
0.24PIN–0.44PMN–0.32PT crystal from Ref. 26, the TR-T

was found to be increased by 15–20 °C. It was observed
that one third of the grown 0.28PIN-0.40PMN-0.32PT crys-
tals possessed TR-T in the range of 120–130 °C and exhib-
ited high piezoelectric properties.

In this work, the 0.28PIN-0.40PMN-0.32PT crystals
were grown using the modified Bridgman technique. The
crystals were oriented using real-time Laue X-ray and cut to
obtain longitudinal rods and transverse bars with the aspect
ratios following IEEE piezoelectric standards.21,29 All the
samples were oriented along �001� and �110� directions and
vacuum sputtered gold was applied as the electrodes. For the
transverse mode, configurations used in this study were bars
with electrodes on �001� or �110� faces and length �vibration�
along �100� / �110� and �001� / �−110� directions. All samples
were poled by applying 10 kV/cm dc electric field at a tem-
perature of 140 °C. High field polarization and strain mea-
surements were performed on the �001� and �110� oriented
plate samples at room temperature at a frequency of 1Hz,
using a modified Sawyer–Tower circuit and linear variable
differential transducer driven by a lock-in amplifier. Room
temperature dielectric, piezoelectric, electromechanical prop-
erties, and the mechanical loss �inverse of Q� were deter-
mined for longitudinal and transverse modes according to

IEEE standards, by using HP4194A Impedance-phase gain
analyzer. The dielectric temperature dependence was mea-
sured using a multifrequency LCR meter �HP4284A�, con-
nected to a computer controlled temperature chamber. The
high temperature piezoelectric and electromechanical charac-
teristics were obtained from an impedance analyzer con-
nected to a temperature chamber. In order to minimize the
stress effects on the samples during the measurement, thin
silver wires were attached on the electrodes using a small
amount of high temperature conductive silver.

III. RESULTS AND DISCUSSION

A. Dielectric properties

Figure 2 shows the dielectric behavior as a function of
temperature for �001� and �110� poled PIN-PMN-PT single
crystals, measured at frequencies of 1 and 10 kHz, respec-
tively. The Curie temperature TC and ferroelectric phase tran-
sition temperatures can be determined by the temperature
where the dielectric permittivity reaching its peak values.
Thus, the TC and rhombohedral to tetragonal phase transition
temperature TR-T were found to be on the order of 195 and
127 °C for �001� poled samples, respectively. In contrast,
two ferroelectric phase transformations were observed below
its Curie temperature for �110� poled sample. A relatively
low dielectric permittivity ��2700� in the temperature range
of 116 and 129 °C was found, which is believed to be re-
lated to an orthorhombic phase, bounded by a lower tem-
perature domain engineered pseudorhombohedral phase and
higher temperature tetragonal phase.10,30 Thus, the two ferro-
electric phase transformation temperatures can be confirmed
to be rhombohedral to orthorhombic phase transition TR-O

�116 °C and orthorhombic to tetragonal phase transition
TO-T�129 °C, while the Curie temperature was similar to
�001� poled samples.

B. High field ferroelectric properties

Figure 3 shows polarization hysteresis and butterfly
strain loops for �001� �Fig. 3�a�� and �110� oriented �Fig.
3�b�� PIN-PMN-PT single crystals, respectively. It was found
that the coercive field EC, on the same order of �5 kV /cm
for both orientations, much higher than the binary PMNT
counterpart ��2.5 kV /cm�. However, the spontaneous and

FIG. 1. Curie temperature and ferroelectric phase transition temperature
along the growth direction for 0.28PIN–0.40PMN–0.32PT single crystal.

FIG. 2. Dielectric permittivity and dielectric loss as a function of tempera-
ture for �001� and �110� poled PIN-PMN-PT single crystals, measured at 1
and 10 kHz frequencies.
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remnant polarizations exhibited anisotropic behavior, with
remnant polarization Pr on the order of 0.26 C /m2 for �001�
orientation, much lower than the value of the �110� orienta-
tion �Pr=0.37 C /m2�. In rhombohedral ferroelectric single
crystals, the spontaneous polarization is along the crystallo-
graphic �111� direction. For the domain engineered single
crystals along �001� and �110� directions, the Pr will be
lower than the value along the polar axis �111�, following
Pr�001��1 /�2Pr�110��1 /�3Pr�111�.

1,8 As expected, the ratio
of the obtained Pr along �001� and �110� directions was in-
deed very close to the theoretical value. The unipolar strain
behavior as a function of electric field for the �001� and
�110� directions are given in Fig. 4. The slope of the strain
electric field curve for the �110� orientation was found to be
�950 pm /V, lower than the value of �001� orientation
�1520 pm /V, both values are similar to the piezoelectric
d33 obtained according to IEEE standards �as listed in Table
I�. The electric field induced phase transformation for �001�
orientation was found to occur at an electric field of
�46 kV /cm �as shown in the small inset of Fig. 4�, while
the rhombohedral to orthorhombic phase transformation oc-
curred at a field of �16 kV /cm for �110� orientation, much
lower than the threshold for �001� oriented crystals. The
lower threshold electric field indicates the polarization rota-
tion is much easier to be induced through an intermediate
phase MB �“structure bridge” which is anhysterestic in char-
acter� when the field applied along �110� direction, as ob-
served in PMNT crystals.30,31

C. Room temperature piezoelectric properties of the
PIN-PMN-PT crystals

The main properties for longitudinal and transverse
modes at room temperature are listed in Table I. The dielec-
tric permittivity was found to be on the order of 4400 and
3400 for �001� and �110� poled PIN-PMN-PT crystals, re-
spectively, while the dielectric losses were 0.4% and 0.2%,
respectively. The longitudinal electromechanical coupling
factor k33 was found to be 0.92 for �001� samples, slightly
higher than that of �110� poled crystals ��0.91�. The piezo-
electric d33 was on the order of 1500 pC/N for the �001� cut,
higher than the value for �110� oriented sample �925pC /N.
Of particular significance was the mechanical quality factor
Q, being greater than 500 for �110� poled crystals, much
higher than the values along �001� �160. The low dielectric
loss and high Q along the �110� direction are believed to
relate to the different engineered domain patterns as com-
pared to �001� orientation, as observed in all relaxor-PT
single crystals.28 The typical extensional transverse modes
for perovskite ferroelectric crystal were summarized in Table
I, where the first number indicates the poling direction and
the second number gives the vibration orientation. Unlike
�001� poled samples, a large discrepancy between the piezo-
electric d31 and d32 was observed in �110� poled crystals. The
optimal transverse properties were found for �110� / �001� cut
�polarized along �110� with vibration along �001� direction�,
with electromechanical coupling factor k32 on the order of
0.91 and corresponding piezoelectric d32 on the order of
�1420 pC/N. Higher mechanical Q values were also ob-
served in the transverse mode for samples poled along �110�
direction. It was found that the elastic compliances sij, which
is relate to the speed of sound in the materials, exhibited
strong anisotropic characteristics for both longitudinal and
transverse modes, revealing that the acoustic wave propagat-
ing along the �110� direction was much higher than the �001�
direction. The velocity difference is assumed to be related to
the engineered domain configurations and the chemical

FIG. 3. Bipolar polarization hysteresis and strain butterfly loops for �001�
�a� and �110� �b� oriented PIN-PMN-PT single crystals.

FIG. 4. Unipolar strain behavior as a function of electric field for �001� and
�110� oriented crystals, showing the electric field induced phase
transformation.
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bonds along different orientations, where a more compact
crystal lattice should have higher velocity. This is under fur-
ther investigation.

D. Piezoelectric properties as function of temperature

Figure 5 presents the temperature dependent characteris-
tics of the longitudinal electromechanical coupling �Fig.
5�a�� and piezoelectric �Fig. 5�b�� properties for �001� and
�110� poled PIN-PMN-PT crystals. The k33 for �001� poled
crystals was found to be on the order of 0.91 at −50 °C,
increasing to 0.94 at 125 °C, the ferroelectric phase transi-
tion temperature, above which, the k33 decreased to only

0.78. In contrast, the coupling for the �110� poled crystals
was �0.90 at −50 °C, slightly increased to 0.93 at a tem-
perature of 116 °C, above which, k33 dropped due to the
R-O phase transformation. The O-T phase transition at
130 °C was also observed in the coupling measurement. The
piezoelectric coefficient d33, shown in Fig. 5�b�, followed a
similar trend as found in the electromechanical coupling be-
havior, reaching its peak value at the ferroelectric phase tran-
sition temperatures.

Figure 6 gives the temperature dependent behavior of the
transverse electromechanical coupling �Fig. 6�a�� and piezo-
electric �Fig. 6�b�� properties for �001� and �110� poled
samples along different vibration directions. It was found

TABLE I. Longitudinal and transverse piezoelectric and electromechanical properties for �001� and �110� poled
PIN-PMN-PT crystals.

PIN-PMN-PT Kij

Loss
�%� kij

dij

�pC/N�
sjj

E

�pm2 /N� Qij

Longitudinal
ij=33

001 4400 0.4 0.92 1500 68.0 160
110 3400 0.2 0.91 925 34.8 500

ij=31
ij=31�45°�
ij=32
ij=31

001/100 4400 0.4 0.50 �700 51.2 150
001/110 4400 0.4 0.81 �800 25.0 150
110/001 3400 0.2 0.91 �1420 83.1 200

110/�110 3400 0.2 0.74 590 21.5 210

FIG. 5. Longitudinal electromechanical coupling factor k33 �a� and piezo-
electric coefficient d33 �b� as a function of temperature for �001� and �110�
poled single crystals.

FIG. 6. Transverse electromechanical coupling factor k31 /k32 �a� and piezo-
electric coefficient d31 /d32 �b� as a function of temperature for �001� and
�110� poled single crystals.
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that the electromechanical coupling factors kij for different
poling and vibration directions followed similar tendency,
maintaining their values in the temperature range from
−50 °C to TF-F �ferroelectric phase transition temperature�.
The coupling factors were found to drop sharply above the
phase transition temperature, where the crystals transformed
to the tetragonal and/or orthorhombic phases. The piezoelec-
tric coefficients d31 and d32 �considering the symmetry mm2
in �110� oriented crystal, the value of d31 is assumed to be
positive, while d32 is negative� showed similar temperature
dependent behavior as found for the transverse coupling,
reaching peak values close to the ferroelectric transition tem-
perature, above which, the transverse piezoelectric response
disappeared. From the temperature dependent properties,
both �001� and �110� poled PIN-PMN-PT crystals exhibited
very stable temperature dependent characteristics when com-
pared to PMNT crystals, with a 30–40 °C higher usage tem-
perature range.

IV. CONCLUSION

In conclusion, the dielectric, piezoelectric, electrome-
chanical, and mechanical properties were investigated as a
function of orientation and temperature for PIN-PMN-PT
single crystals. The longitudinal electromechanical coupling
for �110� poled crystals showed similar value as for �001�
orientation, while the transverse piezoelectric for
�110� / �001� cut exhibited much higher values when com-
pared to �001� poled crystals. Of particular significance is the
low dielectric loss and high mechanical quality factor for
�110� poled samples, which relates to the engineered domain
configurations. Together with its broadened usage tempera-
ture range �30–40 °C higher than the binary PMNT crystal�,
the �001� and �110� poled PIN-PMN-PT crystals show prom-
ise for transducer and actuator applications, with the �110�
poled crystals being an excellent candidate for high power
applications where low losses are required.

ACKNOWLEDGMENTS

This work was supported by the ONR and NIH under
Contract No. P41-RR11795. Thanks are due to Ms. Ru Xia
for the sample preparation.

1S. E. Park and T. R. Shrout, J. Appl. Phys. 82, 1804 �1997�.
2S. J. Zhang, L. Lebrun, D. Y. Jeong, C. A. Randall, Q. M. Zhang, and T.
R. Shrout, J. Appl. Phys. 93, 9257 �2003�.

3S. J. Zhang, L. Lebrun, S. F. Liu, S. Rhee, C. A. Randall, and T. R. Shrout,
Jpn. J. Appl. Phys., Part 2 41, L1099 �2002�.

4S. J. Zhang, J. Luo, R. Xia, P. W. Rehrig, C. A. Randall, and T. R. Shrout,
Solid State Commun. 137, 16 �2006�.

5S. J. Zhang, C. A. Randall, and T. R. Shrout, Jpn. J. Appl. Phys., Part 2 42,
L1152 �2003�.

6J. Peng, H. Luo, D. Lin, H. Xu, T. He, and W. Jin, Appl. Phys. Lett. 85,
6221 �2004�.

7R. Zhang, B. Jiang, W. H. Jiang, and W. W. Cao, Appl. Phys. Lett. 89,
242908 �2006�.

8M. Davis, D. Damjanovic, D. Hayem, and N. Setter, J. Appl. Phys. 98,
014102 �2005�.

9M. Shanthi, L. C. Lim, K. K. Rajan, and J. Jin, Appl. Phys. Lett. 92,
142906 �2008�.

10Y. Lu, D. Y. Jeong, Z. Y. Cheng, Q. M. Zhang, H. S. Luo, Z. W. Yin, and
D. Viehland, Appl. Phys. Lett. 78, 3109 �2001�.

11S. J. Zhang, C. A. Randall, and T. R. Shrout, IEEE Trans. Ultrason. Fer-
roelectr. Freq. Control 52, 564 �2005�.

12Y. H. Bing and Z. G. Ye, J. Cryst. Growth 250, 118 �2003�.
13Y. Guo, H. Luo, T. He, and Z. Yin, Solid State Commun. 123, 417 �2002�.
14N. Yasuda, N. Mori, H. Ohwa, Y. Hosono, Y. Yamashita, M. Iwata, M.

Maeda, I. Suzuki, and Y. Ishibashi, Jpn. J. Appl. Phys., Part 1 41, 7007
�2002�.

15N. Yasuda, H. Ohwa, D. Hasegawa, K. Hayashi, Y. Hosono, Y. Yamashita,
M. Iwata, and Y. Ishibashi, Jpn. J. Appl. Phys., Part 1 39, 5586 �2000�.

16Y. Hosono, Y. Yamashita, H. Sakamoto, and N. Ichinose, Jpn. J. Appl.
Phys., Part 1 42, 5681 �2003�.

17S. J. Zhang, P. W. Rehrig, C. A. Randall, and T. R. Shrout, J. Cryst.
Growth 234, 415 �2002�.

18S. J. Zhang, L. Lebrun, S. Rhee, C. A. Randall, and T. R. Shrout, Appl.
Phys. Lett. 81, 892 �2002�.

19S. J. Zhang, S. Rhee, C. A. Randall, and T. R. Shrout, Jpn. J. Appl. Phys.,
Part 1 41, 722 �2002�.

20S. J. Zhang, C. A. Randall, and T. R. Shrout, Appl. Phys. Lett. 83, 3150
�2003�.

21S. J. Zhang, C. A. Randall, and T. R. Shrout, J. Appl. Phys. 95, 4291
�2004�.

22S. J. Zhang, S. M. Lee, D. H. Kim, H. Y. Lee, and T. R. Shrout, Appl.
Phys. Lett. 90, 232911 �2007�.

23A. Amin, H. Y. Lee, and B. Kelly, Appl. Phys. Lett. 90, 242912 �2007�.
24S. J. Zhang, S. M. Lee, D. H. Kim, H. Y. Lee, and T. R. Shrout, Appl.

Phys. Lett. 93, 122908 �2008�.
25G. S. Xu, K. Chen, D. F. Yang, and J. B. Li, Appl. Phys. Lett. 90, 032901

�2007�.
26J. Tian, P. D. Han, X. L. Huang, and H. X. Pan, Appl. Phys. Lett. 91,

222903 �2007�.
27S. J. Zhang, J. Luo, W. Hackenberger, and T. R. Shrout, J. Appl. Phys.

104, 064106 �2008�.
28S. J. Zhang, N. P. Sherlock, R. J. Meyer, Jr. and T. R. Shrout, Appl. Phys.

Lett. 94, 162906 �2009�.
29IEEE Standards on Piezoelectricity �ANSI/IEEE Standard, New York,

1987�.
30M. Davis, “Phase transitions, anisotropy and domain engineering: the pi-

ezoelectric properties of relaxor-ferroelectric single crystals,” Ph.D. thesis,
Swiss Federal Institute of Technology, 2006.

31D. Viehland and J. F. Li, J. Appl. Phys. 92, 7690 �2002�.

104506-5 Zhang et al. J. Appl. Phys. 105, 104506 �2009�

http://dx.doi.org/10.1063/1.365983
http://dx.doi.org/10.1063/1.1571966
http://dx.doi.org/10.1143/JJAP.41.L1099
http://dx.doi.org/10.1016/j.ssc.2005.10.023
http://dx.doi.org/10.1143/JJAP.42.L1152
http://dx.doi.org/10.1063/1.1839288
http://dx.doi.org/10.1063/1.2404613
http://dx.doi.org/10.1063/1.1929091
http://dx.doi.org/10.1063/1.2907702
http://dx.doi.org/10.1063/1.1372360
http://dx.doi.org/10.1109/TUFFC.2005.1428037
http://dx.doi.org/10.1109/TUFFC.2005.1428037
http://dx.doi.org/10.1016/S0022-0248(02)02237-6
http://dx.doi.org/10.1016/S0038-1098(02)00311-3
http://dx.doi.org/10.1143/JJAP.41.7007
http://dx.doi.org/10.1143/JJAP.39.5586
http://dx.doi.org/10.1143/JJAP.42.5681
http://dx.doi.org/10.1143/JJAP.42.5681
http://dx.doi.org/10.1016/S0022-0248(01)01696-7
http://dx.doi.org/10.1016/S0022-0248(01)01696-7
http://dx.doi.org/10.1063/1.1497435
http://dx.doi.org/10.1063/1.1497435
http://dx.doi.org/10.1143/JJAP.41.722
http://dx.doi.org/10.1143/JJAP.41.722
http://dx.doi.org/10.1063/1.1619207
http://dx.doi.org/10.1063/1.1682694
http://dx.doi.org/10.1063/1.2746055
http://dx.doi.org/10.1063/1.2746055
http://dx.doi.org/10.1063/1.2748857
http://dx.doi.org/10.1063/1.2992081
http://dx.doi.org/10.1063/1.2992081
http://dx.doi.org/10.1063/1.2431706
http://dx.doi.org/10.1063/1.2817743
http://dx.doi.org/10.1063/1.2978333
http://dx.doi.org/10.1063/1.3125431
http://dx.doi.org/10.1063/1.3125431
http://dx.doi.org/10.1063/1.1524016

