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High-order face-shear modes of relaxor-PbTiO3 crystals for piezoelectric
motor applications

Abstract

The face-shear vibration modes of [011] poled Zt + 45° cut relaxor-PT crystals and their applications for
linear piezoelectric motors were investigated. Unlike piezoelectric ceramics, the rotated crystal was found to
exhibit asymmetric face-shear deformations, and its two high-order face-shear modes degraded into two non-
isomorphic modes. As an application example, a standing wave ultrasonic linear motor (10 X 10 X 2 mm3)
operating in high-order face-shear vibration modes was developed. The motor exhibits a large driving force
(1.5 N) under a low driving voltage (22 Vpp). These findings could provide guidance for design of crystal
resonance devices.
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The face-shear vibration modes of [011] poled Zt = 45° cut relaxor-PT crystals and their applications
for linear piezoelectric motors were investigated. Unlike piezoelectric ceramics, the rotated crystal
was found to exhibit asymmetric face-shear deformations, and its two high-order face-shear modes
degraded into two non-isomorphic modes. As an application example, a standing wave ultrasonic
linear motor (10 x 10 x 2 mm?) operating in high-order face-shear vibration modes was developed.
The motor exhibits a large driving force (1.5 N) under a low driving voltage (22 V ,;,). These findings
could provide guidance for design of crystal resonance devices. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4884652]

Because of excellent piezoelectric properties, piezoelec-
tric single crystals are currently becoming attractive in many
fields, including ultrasound transducers in medical ultrasonic
imaging,' sonar and underwater detections,”” scanning tun-
neling microscopy, piezoelectric sensors, magnetoelectric
devices,” energy harvesters,”’ low-temperature actuators,
and ultrasonic motors in high precision micromechanical
systems.*”'! Extensive attention has been given to relaxor-
PT crystals, such as Pb(Mg;/3Nb,/3)O3-PbTiO; (PMNT),
because of their superior piezoelectric characteristics over
conventional Pb(Zr,Ti)O3 (PZT) ceramics. >’ Especially,
at cryogenic temperature, piezoelectric constants of piezo-
electric single crystals are still superior to those of PZT
ceramics at room temperature, although they also diminish
as temperature decreases.'®

The [011] poled Zt = 45° cut relaxor-PT crystal exhibits
large face shear piezoelectric constant d;g (1600 ~ 2800 pC/N)
and high electromechanical coupling factors (0.77 ~ 0.83)."> A
resonator operating in dsg face shear mode also has a higher
mechanical quality factor Q,, (100 ~450) than that operating
in d;5 or d,4 thickness shear mode."*!* In addition, the working
electric field direction of a ds¢ face-shear resonator is the same
as its poling direction, which can avoid the depolarization prob-
lem as occurred in d;5 or d4 thickness-shear resonators. >4

It is well known that a piezoelectric body in electrome-
chanical resonance (EMR) can realize the maximum
electric-to-mechanical energy conversion.”' > For example,
an ultrasonic motor (USM) is to use EMR effect for produc-
ing precise motion. The [011] poled Zt = 45° cut relaxor-PT
crystal has potential to offer large electromechanical cou-
pling with d;¢ face-shear vibration modes or their higher-
order modes. However, because relaxor-PT crystals poled
along [011] direction possess macroscopic mm2 symmetry,
ds¢ face-shear vibration deformations of crystals are quite
different from those of traditional piezoelectric ceramics
(macroscopic 6mm symmetry).”'>"'*?*2° Many previous
reports have pointed out excellent performances of the face

YEmail: sozl@psu.edu
®Email: sxdong@pku.edu.cn

0003-6951/2014/104(24)/242911/4/$30.00

104, 242911-1

shear mode and its applications, for example, face-shear-
mode resonators exhibited significantly higher sensitivity to
surface load changes,z‘"25 and the face shear mode offered
the potential to minimize the transducer device size.”'* In
this paper, high-order djq face-shear vibration modes and
characteristics of [011] poled Zt = 45° cut relaxor-PT crys-
tals, such as deformation shapes, excitation methods, and
resonance frequency features, are investigated for resonance
device applications. As an application example, a standing
wave USM based on high-order face-shear vibration modes
is then presented.

Rhombohedral 0.72Pb(Mg;,3Nb,/3)03-0.28PbTiO;
(PMNT?28) single crystals were oriented along [011] and
[100] directions by using a real-time back-reflection Laue
system, and samples were prepared by rotating a 45° angle
about Z-axis ([011] direction), and then cut into square-
shape plate with dimensions of 10x 10 x2 mm’.'* The
obtained samples were coated with gold electrodes (Cr/Au
with 100nm thickness) on (011) faces, and poled along
Z-axis under 10 kV/cm field at room temperature. In order to
excite face-shear vibration modes, the top electrode of the
square-plate crystal was divided into four parts (©,@,®,®),
bottom electrode was a full one for electric ground, and “1-1
and 2-2” means two diagonal lines of the plate, see the sche-
matic in the upper left inset of Fig. 1. As a comparison, pie-
zoelectric PZT ceramic plates with the same sizes and same
electrode pattern were also prepared.

First, we calculated the face-shear vibration mode and
its high-order vibration modes of square-plate crystals and
PZT-4 ceramics using COMSOL FEM software code
(COMSOL Co., Ltd.). The material constants of crystals
reported in Ref. 13 were used in our simulation. Figure 1
summarizes the simulation results, including vibrational de-
formation shapes of first-, second-, and third-order face-shear
vibration modes (FS-1, FS-2, FS-3 modes for short) of crys-
tals and ceramics, together with their impedance spectra and
excitation methods. Unlike conventional PZT piezoelectric
ceramics, rhombohedral relaxor-PT crystals possess the mac-
roscopic mm?2 symmetry when poled along [011] direction,
exhibiting in-plane anisotropy.'® It can be seen from Fig. 1

© 2014 AIP Publishing LLC
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FIG. 1. Summary on the simulation results, including face-shear vibrational
deformation shapes, excitation methods, and impedance spectrum of square-
plate ceramics and crystals. Note that the upper left inset illustrates the sche-
matic of the plate.

that when the FS-1 mode is excited, vibrational deformation
shapes of PZT ceramics (d3; transverse piezoelectric effect)
are symmetric in 1-1 and 2-2 directions (corresponding
to T/4 and 3T/4 cycle); while interestingly, the crystal
(ds¢ face-shear piezoelectric effect) exhibits asymmetric de-
formation in two diagonal directions. It is found that defor-
mation of crystals in the 1-1 direction is larger than that in
the 2-2 direction. In addition, as shown in Fig. 1, when FS-2
and FS-3 modes are excited, their vibrational deformation
shapes in PZT ceramics still keep in symmetry and iso-
morph, and their resonance frequencies (f,) are same; while
crystals exhibit asymmetric and non-isomorphic deforma-
tions for FS-2 and FS-3 modes with different resonance
frequencies. That means, two isomorphic modes (FS-2 and
FS-3 modes) in PZT ceramics become non-isomorphic in
crystals; correspondingly, their resonance frequencies are
also different. These phenomena should be attributed to the
fact that PZT ceramics are isotropic polycrystal while crys-
tals exhibit (011)-face in-plane anisotropy.'?

Another difference in the FS-1 mode between ceramics
and crystals is excitation methods, in Fig. 1. For ceramics, in
order to excite the FS-1 mode, an alternating current (AC)
voltage needs to be applied to electrode parts @ and ® (or @
and @), which will cause parts @ and @ to shrink or elongate
using ds; transverse piezoelectric effect. But for crystals,
when an AC voltage is just applied to the whole top elec-
trode, the FS-1 mode can be excited by using d3¢ face-shear
piezoelectric effect of the crystal. However, the linear
motions generated by the FS-1 mode in both ceramics and
crystals at two corners are in two opposite directions in a
cycle, which is not acceptable to a linear motor. Excitation

Appl. Phys. Lett. 104, 242911 (2014)

methods of the FS-2 mode (or the FS-3 mode) of crystals are
the same as those of ceramics, by applying one pair of AC
voltages with 180° phase difference to electrode parts @ and
® (or @ and @), in Fig. 1. Vibrational deformation of the
FS-2 mode generates a reciprocal linear motion, which can
thrust a contacted slider to one direction (motion trajectories
are measured in following sections). Similarly, when the
FS-3 mode is excited, it produces a reverse linear motion.
Thus, it is suitable for FS-2 and FS-3 modes to design linear
ultrasonic actuators. In addition, on the basis of aforemen-
tioned excitation methods, we calculated impedance
spectrum of these modes, in Fig. 1 (their coordinate axis
were omitted). The vibration mode analysis is the basis of
resonance devices, so excitation methods of these FS modes
(in Fig. 1) could provide guidance for the design of face-
shear resonance devices.

Next, in order to use FS-2 and FS-3 modes for generat-
ing bi-direction linear motion in a linear USM, we analyzed
the dependence of resonance frequency of these modes on
sizes of crystals. On the basis of the aforementioned excita-
tion method (in Fig. 1), we measured impedance spectrum of
FS-2 and FS-3 modes of crystals using an impedance ana-
lyzer (HP 4294A, Agilent Technologies, Inc., Santa Clara,
CA), in Figs. 2(a) and 2(b). The measured resonance fre-
quencies for FS-2 and FS-3 modes are 84 and 107.3 kHz,
respectively. The measured values correspond well with the
calculated values (83.5 and 100.2 kHz). However, we hope
that the two resonance frequencies are as close as possible.
The relationship between the two resonance frequencies and
dimensions of crystals is, therefore, calculated using
COMSOL FEM, as shown in Figs. 2(c)-2(f). Figure 2(c)
illustrates the schematic of the crystal plate. It can be seen
from Fig. 2(d) that as length and width of the crystal plate
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FIG. 2. Resonance frequencies of FS-2 and FS-3 modes, (a) and (b) imped-
ance magnitude and phase spectra as a function of frequency, (c) schematic
of [011] poled Zt == 45° cut relaxor-PT crystals, (d)—(f) resonance frequen-
cies of the two modes as a function of the dimensions of crystals.
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increase, the difference in f, between the FS-2 and FS-3
mode decreases; however, there is no across point available.
In Figs. 2(e) and 2(f), it is also found that it is difficult to
eliminate the difference in f, between the FS-2 and FS-3
mode, when changing the width or height of crystals.
Therefore, it seems that resonance frequency difference
between the FS-2 and FS-3 mode is unavoidable in the crys-
tal plate.

Then, to further determine motion trajectories of the two
non-isomorphic in-plane face-shear vibration modes, we
measured the displacement amplitudes and phases of crystals
using laser Doppler Vibrometer (Polytec, PSV-400 Scanning
Vibrometer), based on the aforementioned driving method
and the obtained f,, as illustrated in Fig. 1. Figures 3(a) and
3(c) illustrate a series of measured displacement amplitudes
(colored contours) of FS-2 and FS-3 modes corresponding to
T/4 and 3 T/4 cycle, in which the color indicates the degree
of deformation. And the deformation shapes (red contours)
were also calculated by COMSOL FEM. Experimental dis-
placement amplitudes correspond well with the calculated
deformation shapes. According to measured displacement
amplitudes of the FS-2 mode at different moments (phases)
in a cycle (in Fig. 3(a)), displacement amplitudes of crystals
at the Corners (A) and (B) in the vertical and horizontal
directions can be obtained at different phases, thus their re-
sultant motion trajectories are shown in Fig. 3(b). Note that
Fig. 2(c) illustrates positions of the Corners (A) and (B).
Similarly, motion trajectories in the FS-3 mode at the
Corners (A) and (B) can also be obtained, as shown in
Fig. 3(d). It is clearly found that the two resultant motion tra-
jectories for FS-2 and FS-3 modes are reciprocal, linear, and
also orthogonal, which can be used for thrusting a contacted
slider toward to the left or right direction. Note the resultant
motion trajectory of the Corner (B) is orthogonal with that of
the Corner (A) in the FS-2 mode, which may cause a drag
effect to linear motion. Fortunately, displacement amplitude

(a) FS-2 mode (86.5 kHz) (b) FS-2 mode (86.5 kHz)
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- \ — g 02
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FIG. 3. Vibration amplitude properties of FS-2 and FS-3 modes, (a) and (c)
measured displacement amplitudes (colored contours) and simulated defor-
mation shapes (red contours), corresponding to T/4 and 3 T/4 cycle, (b) and
(d) measured motion trajectories of the Corners (A) and (B) (see the sche-
matic in Fig. 2(c)).

Appl. Phys. Lett. 104, 242911 (2014)

Rubber Single crystal actuator

Clamp Pre-load

Friction tip\
Slidei‘ \

FIG. 4. Configuration of the standing wave linear USM.

of the Corner (B) excited in the FS-2 mode is much smaller
than that of the Corner (A). Therefore, this unfavorable fac-
tor is ignored for a linear USM.

Finally, after assembling the rotated-crystal resonance
actuator operating in two orthogonal vibration modes (FS-2
and FS-3) into a USM setup, we obtained a standing wave
linear USM prototype, as shown in Fig. 4. Excitation meth-
ods of FS-2 and FS-3 modes in the crystal square-plate are
illustrated in Fig. 1. We measured the maximum mechanical
load and no-load motion speed of the USM in two directions
as a function of working frequency under an applied voltage
of 22 V,,,, in Figs. 5(a) and 5(c). Figures 5(b) and 5(d) pres-
ent the motion speed and efficiency of the USM in two direc-
tions as a function of mechanical load. It is found that the
maximum driving force, the maximum non-load motion
speed, and the maximum efficiency of the USM under a low
applied AC voltage of 22 V, (i.e., an applied electric field
of 11 V,,/mm) are 1.5N, 100 mm/s, and 7%, respectively.
One feature of the USM is its relatively low driving voltage,
but large generating force, which is apparently superior to a
face-shear mode motor.'* This reported motor presented
only 1.0 N driving force under an applied voltage of 50 Vl[,p.14
Even comparing with a square-plate piezo-ceramic motor
with a larger size of 15 x 15 x 2 mm3, our USM also shows a
larger unit volume driving force under a lower driving
voltage.”****” In addition, due to its non-coupled working
modes, it is reasonable to infer that the USM is not affected
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FIG. 5. Performances of the USM, (a) and (c¢) the maximum mechanical
load and no-load speed as a function of working frequency, (b) and (d) speed
of motion and efficiency as a function of mechanical load.
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by mode splitting—a prevalent problem in conventional L1-
B2 piezoelectric linear motors when subjected to a tempera-
ture change.”>*®

In summary, we investigated the asymmetric and non-
isomorphic high-order face-shear vibration modes of [011]
poled Zt = 45° cut relaxor-PT crystals and their application
for the USM. The crystal exhibited asymmetric face-shear
mode deformations, and unlike the piezoelectric ceramic, its
two high-order face-shear modes degraded to two non-
isomorphic modes. A standing wave linear USM was pre-
sented which exhibited a relatively large driving force
(1.5N) in bi-directional motion under a relatively low driv-
ing voltage (22 V). These findings could provide guidance
for design of resonance devices based on relaxor-PT crystals
operating in high-order face-shear vibration modes.

This work was sponsored by the National Natural Science
Foundation of China (Grant Nos. 50872002, 51132001, and
11090331). Authors acknowledge the collaborations of
Heidstar Company, Xiamen, China.
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