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In order to better utilize the superior transverse and shear piezoelectric properties of
0.23Pb(Iny/;Nbq/,03)-0.45Pb(Mg13Nby3)03-0.32PbTiO3 single crystals near the morphotropic phase
boundary, a complete set of elastic, dielectric, and piezoelectric coefficients of [10 1] poled single crystal
were determined by resonance and ultrasonic methods at room temperature. The electromechanical

coupling coefficient k3, and transverse piezoelectric coefficient d3; can reach 0.94 and —2073 pC/N,
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respectively. At the same time, electromechanical coupling coefficient ki5 and shear piezoelectric
constant dqs are as high as 0.91 and 2526 pC/N. This complete set of material properties will provide con-
venience for device designs and fundamental theoretical studies such as applications in high-sensitivity
medical ultrasonic transducers and large displacement actuators.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, (1 —x)Pb(Mg;3Nb;/3)03-xPbTiO3 (PMNT) and
(1 -y)Pb(Zny3Nb,/3)03-yPbTiO3 (PZNT) relaxor based ferroelec-
tric single crystals have attracted much attention [1-4]. There have
been many research efforts in developing some novel piezoelectric
ceramics with perovskite structure by a new approach, such as:
Pb(Fe,W)-PbTiO3 [5], Pb(Mg,Nb)O3 [6], Pb(Mg,Nb)O3-PbTiO3 [7]
and Pb(Mg,Nb)O3-Pb(Zn,Nb)O3-Pb(Zr,Ti)O3 [8]. Liquid-phase
sintering mechanism may take partial effect in the densification
of PIN-PMN-PT ceramics due to the round grain morphology.
Also, similar system ceramics with liquid-phase are reported in
literature [9-14]. However, some issues remain to be improved,
such as the low piezoelectric coefficient for ceramics, low
depoling temperature and coercive field for many crystals.
So far, the most successful choice is the ternary compound
XPb(ll’l]/sz] 12 )03 —(1 —-X —y)pb(Mg1/3 sz/g )03—beT103 (XPIN—
(1 —x—y)PMN-yPT or PIN-PMN-PT) system. After being poled
along the <00 1> direction, the piezoelectric coefficient d33 and
electromechanical coupling coefficient k33 of PIN-PMN-PT single
crystals near the morphotropic phase boundary (MPB) composi-
tion could reach as high as 1320 pC/N and 0.91 [15], respectively,
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much higher than that of ceramics (24PIN-42PMN-34PT ceramics:
d33 ~ 496 pC/N. k33 ~ 0.72) [16].

PIN-PMN-PT system is more attractive compared to the PMNT
system for its wider temperature range in application. The results
show that the PIN-PMN-PT single crystals have a higher phase
transition temperature Tg_t (ferroelectric rhombohedral phase to
tetragonal phase transition) than those of many other crystals
(PIN-PMN-PT Tg_t>100°C, PMNT Tg_t: 60-90°C, Curie tem-
perature PIN-PMN-PT Tc>160°C, PMNT Tc: 120~ 150°C) with
comparable piezoelectric properties near MPB [17,18]. High-
quality PIN-PMN-PT single crystals have already been grown by
the modified Bridgman method [19,20]. In this literature, the ultra-
high transverse and shear piezoelectric properties are obtained
when being poled along [101]. Therefore, it is promising for us
to apply these superior piezoelectric properties of [101] poled
PIN-PMN-PT single crystals to many kinds of transducers, such
as piezoelectric transformers, ultrasonic transducers and actuators
[21,22].

2. Experimental

Samples of 0.23PIN-0.45PMN-0.32PT single crystals were prepared for elec-
tromechanical characterization on the order of @ 50 mm x 80 mm, and the obtained
crystal boule is shown in Fig. 1. Seven cut-type samples with main parallel sur-
faces were prepared for measuring the properties as seen in Fig. 2, which were
oriented along the [101]/[101]/[010] directions possessing appropriate aspect
ratios as determined by IEEE standards [23]. The dimensions of two samples for
thickness shear mode vibration satisfy 14:7:1, and for the length-extensional reso-
nance measurements, the aspect ratio of the resonators should exceed 5:1 in order
to yield nearly pure resonance modes. The samples were poled along [101] in the
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Fig. 1. A photo of 0.23PIN-0.45PMN-0.32PT single crystal with 50 mm diameter.

silicon oil under an electric field of 10 kV/cm for 15 min at 130 °C. The density p was
determined from the Archimedes principles. For the resonance and antiresonance
frequencies of the resonators, a Precision Impedance Analyzer (Agilent 4294 A) was
employed. A 15MHz longitudinal transducer and a 20 MHz shear wave transducer
(Panametrics) were used for the ultrasonic measurements. The combined ultrasonic
and resonance technique offers much better accuracy in the full matrix property
characterization, for the ultrasonic measurement can provide a check on some

D E
parameters, such as C33, C55.

3. Results and discussion

At room temperature, the 0.23PIN-0.45PMN-0.32PT single
crystals present a rhombohedral structure with crystal symme-
try (3m), which can be proved from the XRD pattern (Fig. 3).
Fig. 4(a) shows the spontaneous polarization which is along one
of the eight <1 1 1> directions of cubic coordinates in each unit cell.
After being poled along [10 1], there are two remaining energetic
degenerate dipole orientations (Fig. 4(b)), and the macroscopic
symmetry is changed to orthorhombic mm2 [24,25]. We take the
poling direction as the 3 direction, which is along [1 0 1] of the cubic
coordinates, and the [101] and [01 0] are defined as the 1 and 2

Fig. 2. Seven type samples used to determine the whole set of physical property
data of 0.23PIN-0.45PMN-0.32PT single crystals.

Fig. 3. XRD patterns of the 0.23PIN-0.45PMN-0.32PT single crystals at room tem-
perature.

directions, respectively. For the orthorhombic symmetry, there are
a total of 17 independent electroelastic constants: three dielectric
constants, nine elastic constants, and five piezoelectric constants to
be determined, while [00 1] poled crystals have 4mm macroscopic
symmetry and only 11 independent constants.

From the resonance and antiresonance frequencies we can cal-
culate corresponding piezoelectric coefficients d31, d3; and ds3, the
elasticcompliance st , s5,, s£,, andsE, and the elastic stiffness c2;.
The free and clamped permittivity T, , 1., 3, and &3, were calcu-
lated from the low (1 kHz) and high frequency(~2f;) capacitances
using the parallel capacitor approximation.

Piezoelectric coefficients es33, e3;, and elastic constants
st sts, ¢k, can be counted from the equations:

es3 =kpy/cDyel, (1)

T S
833 - ‘933 - d33€33

e31 = 2 (2)
ds3 — e33sh
E _ 33
S135 7 24, 3)
2
2(sE,)
E E 13
STy =—S7, + — 72" (4)
12 11 553 _ 1/C§3
cky =1 -k?) (5)

The basic relationships to calculate c£,, c£,, sE, from the measured
data are:
E E |2
59 — (833)
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sty (s’]':zsg3 - §f3s§2) . Considering the orthorhombic mm2
symmetry, with the formula:

Sgy = Sgy — dypduy By (9)
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Fig. 4. (a) Spontaneous polarization along eight {111} directions of cubic phase in unpoled 0.23PIN-0.45PMN-0.32PT single crystals. (b) Two remaining polarization in

[101] poled PIN-PMN-PT single crystals.

E E D D E E D D _
nearly all the Sip» Cii» Sij» Cij (except Sée» Cés» Ses CGG) can be deter
mined from the matrix inversion:

[cf] = [s5] ™ (10)
7] = 5] an

Then, the rest piezoelectric constants can be derived according to
the formula:

eup :daxcf(ﬁ (12)

For [101] poled crystals symmetry has more independent con-
stants than[00 1] poled, there are not enough equations to calculate
ske, L, sBcand chs. As a supplement, measuring phase veloci-
ties with ultrasonic transducers is used to obtain cgﬁ. and then
s, sB5, B can be calculated from the equations above.

The results in Fig. 5 show the resonance and antiresonance char-
acteristics ofimpedance and phase for the six cut-type [10 1] poled
crystals at room temperature. Then based on the above calculation
process, with the ultrasonic measurements to confirm the rest data,

a complete set of elastic, dielectric, and piezoelectric coefficients of
[101] poled PIN-PMN-PT single crystal were obtained, as shown
in Table 1.

The full matrix data allow us to comprehensively evaluate the
[101] direction poled multidomain crystal and compare the prop-
erties with that of [00 1] poled crystals. These properties are quite
different from those of [0 0 1] poled PIN-PMN-PT. For example, the
piezoelectric coefficient dq5 of [101] poled crystal is 2526 pC/N,
and the d,4 is only 62 pC/N; while for [00 1] poled system, dq5 and
dy4 are the same, which is only 232 pC/N [27]. It is worth men-
tioning that the shear and transverse properties are very large in
the [101] poled PIN-PMN-PT crystals. The elastic compliance con-
stants 552 and sfm, with the same trend of d3; and d;s, respectively,
have very large values of 112.36 x 1012 and 163.42 x 10~ 12 m?2)N,
which significantly exceed that of many other crystals of the elastic
compliance data.

The Ilargest improvement compared to [001] poled
PIN-PMN-PT are the d3; and d;s, which can reach —-2073
and 2526 pC/N, respectively. And with all these constants
determined, the piezoelectric constants and electromechani-
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Fig. 5. Impedance and phase characteristics for six-cut type samples at room temperature.

cal coupling coefficients comparison of three kinds of single
crystals (PZNT7% [28], PMNT29% [4], 0.23PIN-0.45PMN-0.32PT)
in hot research recently can be achieved in Table 2. The elec-
tromechanical coupling coefficients of 0.23PIN-0.45PMN-0.32PT
(k15 ~0.91, k3 ~0.94) are very impressive, much larger than
that of reported [011] poled PZNT7% (ky5~0.40, k3, ~0.86)
crystals.

The temperature dependence of the dielectric constant 8§3 /€0
of the [101] poled 0.23PIN-0.45PMN-0.32PT and [110] poled
PMNT29% single crystals, with the compositions both near MPB, are
compared in Fig. 6. Unlike [0 0 1] poled crystals, three ferroelectric

phase transitions are shown for <110> poled samples. Due to some
results on dielectric properties before [17,26], the two ferroelec-
tric phase transition temperatures of PIN-PMN-PT crystal observed
below its Curie temperature (T¢~ 171°C) can be confirmed to be
rhombohedral to orthorhombic phase transition Tg_g~110°C and
orthorhombic to tetragonal phase transition To_r~118°C. Com-
pared to [110] poled PMNT near the MPB composition, the Tg_g,
To_t, and T¢ of [101] poled PIN-PMN-PT increased by 33, 23,
and 36°C, respectively. Therefore, the addition of lead indium
niobate can obviously enhance the phase transition tempera-
ture.
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Table 1
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Complete set of electromechanical coefficients of [10 1] poled 0.23PIN-0.45PMN-0.32PT single crystals (density p = 8440 kg/m3).

Elastic stiffness constants: c; (10'° N/m?)

¢ ¢, @, & o & & & & & o @ & & & & @
7.12 0.94 3.64 3.48 6.08 14.57 0.61 2933 4.25 5.36 8.57 2.50 -3.77 141 11.58 3.72 34.01 4.25
Elastic compliance constants s; (10~ m?/N)
S S %, 9y & sy s @ g 8 @ sy 9 ) 8 9 & @
17.09 -10.52 8.66 11236  —49.53 29.7 163.42 341 23,53 8.72 1832 —-4.11 13.08 -555 1020 2687 294 23.53
Piezoelectric constants d(10-'2 C/N) Electromechanical coupling coefficients k
dis day ds dsp ds3 k1s kas k31 k32 k33 ke
2526 62 602 -2073 918 0.91 0.37 0.70 0.94 0.81 0.62
Piezoelectric constants e(C/m?) Piezoelectric constants g(10~3 Vm/N)
e1s €24 €31 €32 €33 &is 824 831 832 833
740.88 0.38 13.61 -10.67 29.63 53.54 7.57 1391 4791 21.22
Piezoelectric constants h(108 V/m) Relative dielectric constants &(&g)
his has hsy h3; hs3 €1 £ £33 e &, &l
19.92 25.75 97.97 -18.41 51.11 829 1345 655 5331 925 4889
Relative dielectric constants B(10~%/&)
S S B T Bl T
11 22 33 11 22 33
12.06 7.43 15.27 1.88 10.81 2.05
Table 2

Measured electromechanical coupling coefficients k; and piezoelectric coefficients d;;(pC/N) for <110> poled PZNT7% single crystals, PMNT29% single crystals, and

0.23PIN-0.45PMN-0.32PT single crystals.

Compositions k15 k24 k31 k32 k33 kt d15 d24 d31 d32 d33
PZNT7% [28] 0.40 0.10 0.35 0.86 0.87 0.19 1823 50 478 —1460 1150
PMNT29% [4] 0.83 0.35 0.76 0.94 0.78 0.48 1188 167 610 —1883 1020
0.23PIN-0.45PMN-0.32PT 0.91 0.37 0.70 0.94 0.81 0.62 2526 62 602 —2073 918

Fig. 6. The temperature dependence of the dielectric constant &1, /&y of the [101]
poled 0.23PIN-0.45PMN-0.32PT and [1 1 0] poled PMNT29% single crystals.

4. Conclusions

In summary, we have grown 0.23PIN-0.45PMN-0.32PT single
crystals near the MPB composition by a modified Bridgman method
and obtained a complete set of elastic, dielectric, and piezoelectric
coefficients of [10 1] poled single crystals by combined resonance
and ultrasonic methods. It reveals superior transverse piezoelec-
tric properties, with d3; and k3, as high as —2073 pC/N and 0.94.
On the other hand, the large shear mode properties (ki5~0.91,
dy5~2526 pC/N) are also attractive in application of shear trans-
ducer and vibration energy harvesting devices. Moreover, the Tg_g,
To_t, and T¢ of [101] poled PIN-PMN-PT are all more than 23 °C
higher compared to those of PMNT crystals, which can greatly

enlarge the application range of these outstanding piezoelectric
single crystals.
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