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Abstract

The coercive fields (EC) of Pb(In0.5Nb0.5)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 (PIN-PMN-PT) ternary
single crystals were found to be 5 kV/cm, double the value of binary Pb(Mg1/3Nb2/3)O3-PbTiO3
(PMNT) crystals, further increased to 6 to 9 kV/cm using Mn modifications. In addition to an
increased EC, the acceptor modification resulted in the developed internal bias (Eint), on the order
of ~1 kV/cm. The piezoelectric shear properties of unmodified and Mn-modified PIN-PMN-PT
crystals with various domain configurations were investigated. The shear piezoelectric coefficients
and electromechanical coupling factors for different domain configurations were found to be
>2000 pC/N and >0.85, respectively, with slightly reduced properties observed in Mn-modified
tetragonal crystals. Fatigue/cycling tests performed on shear-mode samples as a function of ac
drive field level demonstrated that the allowable ac field levels (the maximum applied ac field
before the occurrence of depolarization) were only ~2 kV/cm for unmodified crystals, less than
half of their coercive field. Allowable ac drive levels were on the order of 4 to 6 kV/cm for Mn-
modified crystals with rhombohedral/orthorhombic phase, further increased to 5 to 8 kV/cm in
tetragonal crystals, because of their higher coercive fields. It is of particular interest that the
allowable ac drive field level for Mn-modified crystals was found to be ≥60% of their coercive
fields, because of the developed Eint, induced by the acceptor-oxygen vacancy defect dipoles.

I. Introduction

The ultrahigh piezoelectric properties of relaxor-PT single crystals, exemplified in
Pb(Mg1/3Nb2/3)O3-Pb-TiO3 (PMNT), have attracted considerable interest over the last two
decades. Single-crystal compositions near their respective morphotropic phase boundaries
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(MPB) exhibit longitudinal piezoelectric coefficients (d33) greater than 1500 pC/N, with
electromechanical coupling factors higher than 90%, along the pseudo-cubic [001] direction
[1], [2]. These properties make relaxor-PT single crystals promising candidates for
broadband and high-sensitivity ultrasonic transducers, sensors, and other electromechanical
devices. Specifically, certain applications of sensors and transducers, such as accelerometers
and non-destructive evaluation (NDE) transducers, require high piezoelectric shear
coefficients d15. In rhombohedral relaxor-PT crystals, the highest shear values occur when
poled along their [111] spontaneous polarization direction [3]–[10]. Piezoelectric
coefficients (d15) and shear coupling factors (k15) have been reported to be >2000 pC/N and
>0.9, respectively, relating to the facilitated polarization rotation in the single-domain state
[11]–[13]. Unfortunately, their low coercive field values (EC), on the order of ≤2 kV/cm,
limit their usage in applications where high drive is needed. In the ternary system
Pb(In0.5Nb0.5)O3-Pb(Mg1/3Nb2/3) O3-PbTiO3 (PIN-PMN-PT), single crystals have been
reported to possess higher EC, on the order of 5 kV/cm [14]–[16], associated with their
higher Curie temperatures TC [17]. In related work by the authors, increased coercive field
values were achieved through the addition of Mn, on the order of 6 to 9 kV/cm [18]. It is of
particular importance that the modified PIN-PMN-PT crystals were found to possess a
developed internal bias field (Eint), indicating the potential for high-power applications,
where the field stability needs to be demonstrated.

In this work, the shear properties of both unmodified and Mn-modified PIN-PMN-PT
crystals are studied, as a function of ac drive field, for various engineered domain
configurations.

II. Experimental

Unmodified and Mn-modified PIN-PMN-PT single crystals were grown by the modified
Bridgman technique along the crystallographic [001] direction [14]. Compositions with
rhombohedral, orthorhombic, and tetragonal phases were selected in this work. The crystals
were oriented along [001] and [110] crystallographic directions using a real-time back-
reflection Laue system. Samples with dimensions of 5 × 5 × 0.5 mm were cut and polished
with silicon carbide, and then electroded on the parallel surfaces by vacuum gold sputtering.
Samples with rhombohedral phase were poled along the [110] direction at room
temperature, using an electric field of 15 kV/cm, achieving an engineered domain
configuration 2R. (2R is one of the domain-engineered structures designated according to
the crystal phase and poling direction. For example, in crystals with rhombohedral phase,
when poled along [110], the polar directions of the resultant set of equivalent domain
variants are along [11–1] and [111], thus 2R domain engineered configuration is achieved
[12], [13].) Samples with orthorhombic and tetragonal phases were poled along [110] and
[001] directions, respectively, with electric field of 5 kV/cm and above their respective
Curie temperatures, and then field cooled down to room temperature, achieving single-
domain states 1O and 1T. After the poling process, the electrodes were removed and
subsequently re-electroded on the large faces vertical to the original electrode planes, from
which the shear vibration characteristics were determined. Schematic figures of the various
shear mode crystal samples are shown in Fig. 1, including the standard crystal cut A: [111]/
(1–10) (the first [hkl] is the poling direction, and the second (hkl) is the electroding surface),
which is in rhombohedral phase and shows single-domain state 1R; other crystal cuts, B:
[110]/(001) and C: [110]/(–110) are rhombohedral and/ or orthorhombic crystals with
domain structures 2R or 1O after the poling process; D: [001]/(100) and E: [001]/(110) are
tetragonal crystals with 1T domain states.

High field measurements of polarization were performed using a modified Sawyer-Tower
circuit. The coercive field and internal bias were obtained from the polarization versus
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electric field loops. The fatigue/cycling test frequency was selected to be 10 Hz, with a
triangular waveform. The amplitude of the applied electric field was selected according to
the level of coercive field of the given crystal, on the order of 0.5 to 10 kV/cm. To prevent
electrical breakdown under electrical cycling, the samples were immersed in a silicone oil
bath. The dielectric permittivities of various crystals were determined from the capacitances,
measured using an HP4284A multi-frequency LCR meter (Agilent Technologies, Santa
Clara, CA). The resonance and anti-resonance frequencies of the shear vibration modes were
measured using an HP4294A impedance-phase gain analyzer (Agilent Technologies). The
electromechanical coupling factors (k15) and resonance frequency N15 were calculated from
the resonance and anti-resonance frequencies, according to IEEE standard on
piezoelectricity [19].

III. Results and Discussion

Table I summarizes the shear properties of unmodified and Mn-modified relaxor-PT single
crystals, in which 1O and 1T are in single-domain states, whereas the 2R configuration is in
multi-domain state. The coercive fields EC of unmodified PIN-PMN-PT with R and/or O
phases were found to be on the order of 5 kV/cm, further increased to 6 to 9 kV/cm for Mn-
modified crystals, with internal biases Eint on the order of 0.6 to 1.2 kV/cm. The
piezoelectric shear coefficients d15 and electromechanical coupling factors k15 for
unmodified and Mn-modified crystals were found to be >2000 pC/N and >0.9, respectively.
For tetragonal PIN-PMN-PT crystals, however, the piezoelectric coefficients and
electromechanical coupling factors were found to be 1200 to 2200 pC/N and 0.77 to 0.85,
respectively, lower than the R and/or O crystals. The coercive fields of tetragonal crystals
were found to be 11 to 12 kV/ cm, much higher than R and/or O crystals, with developed
internal bias on the order of 1.5 to 1.8 kV/cm for the modified crystals. Of particular interest
is the ultralow-frequency constants, on the order of <400 Hz·m, as observed in crystals with
1O domain structure, which exhibit the potential for applications in low-frequency
transducers. Based on their good shear properties, the crystals were further investigated
under large drive signal to check the field stability behavior.

The polarization as function of cycling and drive level, for unmodified [110]/(–110) PIN-
PMN-PT crystals with a 2R engineered domain configuration, is shown in Fig. 2(a). The
small inset shows the polarization hysteresis measured at 10 kV/cm, from which the
coercive field EC was found to be on the order of ~5 kV/cm for the [–110] oriented samples.
For an ac drive field of 2 kV/cm, the polarization versus electric field (PE) exhibited linear
behavior, indicating the samples were in the [110] poled status and no domain reversal
occurred. For the drive field of 3 kV/cm, however, the PE curves became nonlinear,
showing hysteretic behavior. The remnant polarization was found to increase to ~0.02 C/m2

after 5000 cycles, demonstrating partial depolarization occurred at this applied ac field. The
impedance characteristics for the thickness shear vibration mode after cycling, as function of
drive level, are shown in Fig. 2(b). The resonance frequency (fr) and antiresonance
frequency (fa) of the virgin samples were found to be on the order of 1.0 and 2.3 MHz,
respectively, with a calculated shear electromechanical coupling factor k15 of 0.92. The
impedance frequency characteristics remained constant with increasing ac drive field level
up to 2 kV/cm, corresponding to the linear PE behavior, as shown in Fig. 2(a). However,
both fr and fa were found to shift, with reduced coupling on the order of 0.87, when the ac
drive level was ≥3 kV/cm, corresponding to the hysteretic PE behavior. With further
increased ac drive level, the shear impedance characteristics suddenly disappeared, and new
vibration modes were observed in lower frequency range, corresponding to (–110)/[110] and
(–110)/[001] extensional vibrations, where (–110) is the electrode face and [110]/[001] are
vibration directions.
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The polarization electric field behavior as function of cycling and drive field, for acceptor
(Mn) modified [110]/ (–110) PIN-PMN-PT crystals with 2R engineered domain
configuration, is shown in Fig. 3(a). The coercive field for Mn-modified crystals was found
to increase to 7.3 kV/cm, with an internal bias on the order of 1.2 kV/cm, as shown in the
small inset. The development of an internal bias is associated with acceptor (Mn)-oxygen
vacancy defect dipoles MnTi”–VÖ, which move to the high-stressed areas of domain walls
by diffusion and/or align along a preferential spontaneous polarization direction, pinning
domain walls and thus stabilizing the domains [20], [21]. The build-up of these parallel
defect dipoles to the local polarization vector leads to an offset of PE behavior or internal
bias [20]. The impedance characteristics of thickness shear vibration mode after cycling, as
function of drive level, are given in Fig. 3(b). For ac drive fields of 2 to 5 kV/cm (5000
cycles), the PE loops exhibited unchanged linear behavior as the first cycle, indicating that
the Mn-doped crystals remained in the 2R engineered domain configuration and no domain
reversal occurred. The field polarization stability can be confirmed by the impedance-
frequency characteristic of the shear-vibrated samples, with same electromechanical
coupling factors on the order of 0.91. Hysteretic behavior was observed in the PE curves,
when the ac drive field level approaches 6 kV/cm (near the coercive field). As a
consequence, the shear vibration characteristic disappeared, with a new extensional
vibration mode appearing in the low-frequency range. Compared with the unmodified
counterpart with same domain structure, Mn-modified PIN-PMN-PT crystals show higher
coercive field and internal bias, allowing a much higher ac drive field level.

The ferroelectric and shear mode properties for Mn-modified [110]/(–110) PIN-PMN-PT
crystals with 1O domain configurations are shown in Figs. 4(a) and 4(b), respectively. As
discussed for Fig. 2 and Fig. 3, the stability of ac drive field for unmodified PIN-PMN-PT
crystals with 1O engineered domain configuration was found to be only 2 kV/cm, whereas it
was on the order of 5.5 kV/cm for the Mn-modified crystals with the same domain
configuration, because of the higher coercive field and internal bias field in the modified
crystals. To delineate the dominant factor for the allowable ac drive field level, the shear
properties of tetragonal PIN-PMN-PT crystals were investigated, because similar EC values
were found for unmodified and Mn-modified tetragonal PIN-PMN-PT crystals (on the order
of ~12 kV/cm).

Fig. 5(a) gives the polarization behavior as function of cycling and ac drive field level, for
unmodified [001]/ (100) tetragonal PIN-PMN-PT crystals with 1T domain configurations.
The impedance characteristics for thickness shear vibration mode after fatigue cycling are
shown in Fig. 5(b), where the fr and fa maintain the same values after the fatigue test at an ac
drive level of 4 kV/cm, demonstrating no depolarization occurred, which can be confirmed
by the linear PE behavior, as shown in Fig. 5(a).

The polarization behavior as a function of cycling and electric field drive level, for Mn-
modified [001]/(110) tetragonal PIN-PMN-PT crystals with a 1T domain configuration, is
shown in Fig. 6(a). The coercive field was found to be 11.7 kV/cm, with internal bias field
on the order of 1.8 kV/cm, because of the Mn modification. The impedance characteristics
for the thickness shear vibration mode after fatigue/cycling measurements at different drive
levels are given in Fig. 6(b). Similar polarization behavior and impedance characteristics
were observed, but with significantly higher allowable ac drive field (on the order of 8.5 kV/
cm) than the unmodified counterparts.

The allowable ac drive field levels and field stability ratios (allowable ac drive fields divided
by their respective coercive fields) for the studied crystals are listed in Table I. The
allowable ac drive field level is only 2 kV/cm for unmodified PIN-PMN-PT with R/O
phases, significantly enhanced in Mn-modified crystals and tetragonal crystals, because of
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their higher EC. It is interesting to note that the field stability ratios are on the order of ~40%
for all of the unmodified PIN-PMN-PT, regardless of the high EC in tetragonal crystals,
whereas the values increased to about 60 to 70% for the Mn-modified crystals, because of
the presence of an internal bias. Furthermore, it was observed that field stability ratios
increased with increasing internal bias level. Thus, the combination of high coercive field
and internal bias give rise to the high allowable ac drive field, where the internal bias field
improves the field stability ratio.

IV. Conclusion

The high shear piezoelectric properties of relaxor-PT single crystals with various domain
configurations (d15 > 1200 to 3500 pC/N; k15 = 0.80 to 0.95) are promising for
electromechanical applications such as NDE transducers, low-frequency sonar transducers,
and others. In addition, the large allowable ac drive fields achieved in tetragonal and/or Mn-
modified crystals (on the order of 4 to 9 kV/cm) make these crystals promising for high-
power applications. The allowable ac drive field was thought to be related to the coercive
field and internal bias, where the developed internal bias field in modified crystals offers
higher field stability ratios than their unmodified counterparts.
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Fig. 1.
Schematic figure of the various shear mode samples of PIN-PMN-PT crystals. The arrows
represent the poling direction. A: [111]/(1–10); B: [110]/(001); C: [110]/(–110); D: [001]/
(100); E: [001]/(110).
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Fig. 2.
(a) Polarization as function of ac drive field and cycling for PIN-PMN-PT crystals with 2R
domain structure; (b) impedance characteristics for thickness shear mode, after fatigue/
cycling at different levels.
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Fig. 3.
(a) Polarization as function of ac drive field and cycling for Mn-modified PIN-PMN-PT
crystals with 2R domain structure; (b) impedance characteristics for thickness shear mode,
after fatigue/cycling at different levels.
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Fig. 4.
(a) Polarization as function of ac drive field and cycling for Mn-modified PIN-PMN-PT
crystals with 1O domain structure; (b) impedance characteristics for thickness shear mode,
after fatigue/cycling at different levels.
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Fig. 5.
(a) Polarization as function of ac drive field and cycling for PIN-PMN-PT crystals with 1T
domain structure; (b) impedance characteristics for thickness shear mode, after fatigue/
cycling at different levels.
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Fig. 6.
(a) Polarization as function of ac drive field and cycling for Mn-modified PIN-PMN-PT
crystals with 1T domain structure; (b) impedance characteristics for thickness shear mode,
after fatigue/cycling at different levels.
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