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Analysis of shear modes in a piezoelectric vibrator
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A shear piezoelectric vibrator has been analyzed in detail. There are two types of shear motion
associated with the same shear stain deformation. It is found experimentally that the lower
frequency mode among the two has lower strength and its vibration amplitude continuously
decreases as the long dimension of the vibrator increases. A nearly pure shear mode may be
obtained with the aspect ratio greater than 20, but the influence of the other low frequency mode
could not be totally eliminated even at such a large aspect ratio. We found that such phenomena can
be understood by the conservation of angular momentum and the shared origin of these two types
of shear motion. The ratio of the driving forces for these two types of shear motion is related directly
to the aspect ratio of the vibrator. Formulas for calculatipgfrom the resonant and antiresonant
frequencies using both type of shear modes are given.19@8 American Institute of Physics.
[S0021-897€08)02908-9

I. INTRODUCTION and IEEE standards® Instead, a dielectric measurement
_ _ _ _ _ _method was given according to Ed.a).>* It is easy to ob-

Plez_oelect_rlc materials have be_en widely used in variou$ ;i the free permittivitye], value by measuring the capaci-
ultrasonic devices. One of the basic parameters used to d?énce at a low frequency<(1 kHz) which is well below the

scribg the qua!ity of piezoelgctric materials is the eIeCtmmeTundamental resonance, however, the clamped permittivity
chanical coupling factor,_whlch IS 'a measure (.)f the eﬁectwe-efl at very high frequencies is not easily accessible because
ness of electromechanical energy conversion. Accuratel

determining the sh i ficidat is of tical f the influence of those mechanical resonances and/or their
etermining the shear coupling coefficidnt is of practica higher harmonics. Moreover, many piezoelectric ceramics

!mpor'tance for'maklng shear transducers and for paramet%lrlso have fairly large capacitance relaxation which affects
input in theoretical modeling. It can also affect the accuracyhgh frequency measuremefits

of many derived material properties for a piezoelectric ma- An alternative method to determirlgs is to measure

terial. :
values of the fundamental and overtone resonant frequencies

the Isn rﬂ'ﬁﬁrce:;omr:]cz%tzl:cgﬁs Iet?]c; i';%%?aéijltﬁfafgém_ instead of the fundamental resonant and antiresonant
Y y poling, ping frequencie$:” The idea is that the unwanted modes have

cientk,s can be related to the following material constants: : .
lower frequencies so that the influence becomes smaller for

e=e€1(1—-K2), (1a  the overtones at high frequencies. Although this method is
more convenient, experiments show that it gives lower val-
dy15= K5\ €1:555, (1b)  ues than those obtained by other techniques. In addition, if

E b ) the aspect ratio of the vibrator is not large enough, the cou-
Cs5= Css( 1 —Kis), (10 pling effect will be extended to the overtones of the
wherees; and e}, are the clamped and free dielectric permit- thickness-shear mode making this method invalid. Up to
tivities perpendicular to the poling direction, respectively, oW, the reason for this shear mode to have such an unusual
d,s is the shear piezoelectric constacf; andc2; are shear Strong coupling was not fully understood.
elastic stiffness constants under constant electric field and More interestingly, the thickness-sheanmist the lowest
constant electric displacement, respectively. resonance of the structure recommended for the resonance
This shear coupling coefficient; is usually measured technique, yet has the largest amplitude, which itself is a
using the thickness-shear resonance following the Institute dfuzzle. Generally speaking, in most resonance structures, the
Electrical and Electronic EngineerdEEE) standards:?  lowest resonance usually has the largest amplitude. Our goal
However, the measurement cannot be easily made with highere is to find out the nature of this puzzle and to define
accuracy due to the coupling of the thickness-shear modguantitatively the required dimensions of the vibrator to per-
with other unwanted modes. The coupling effect is usuallyform a dependable measurement.
more pronounced for the antiresonant frequency. For this It is well known that the impedance-frequency charac-
reason, the method of using electrical resonance and the aferistic of a vibrator used for determinirigs strongly de-
tiresonance to determirgs is not recommended by the IRE pends on its geometry. However, the recommended ratios
among the length, widthw, and thickness are inconsistent
IElectronic mail: weao@sun0L.mrl.psu.edu in _the literature. Expe_rimentally, we could not obtain
bPermanent address: Physics Department, Nanjing University, NanSafisfactory results using some of those recommended
jing 210093, P. R. China. dimensions.
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FIG. 2. Impedance-frequency spectrum of a typical thickness-shear vibrator.

dimension represented Iby The two major surface@op and
FIG. 1. (a) Thickness-shear vibratofb) Length-shear vibrator. The shaded bOttom'.Whl_Ch are parallel to ea_‘Ch other a”‘?' to the direction
areas are the electrodes and the dashed arrows represent the directionQdf polarization, were coated with gold or silver electrodes.
displacement at given points. The polarization direction is indicated by anwWhen an AC voltage is applied across the electrodes, shear
arrow on the front face of the sample. mechanical vibration can be excited in the vibrator through
piezoelectric effect. Several samples with different dimen-
) ) ) sions were designed and fabricated. Considering that the di-
) Thrqugh d_etalled ana_IyS|s, we have established the Optlr‘nensionsj andw, of the electrode surface are sufficiently

mized dimensions for which thle,; value can be accurately larger than the thicknedsand the relatively large permittiv-

determined using the resonance technique. More impori’cy of PZT-5H, edge effects of the parallel plate capacitor can

tanty, we have giyen an explanatiqn to the cause of thi%e neglected in the computation of the internal electric field.
strong mode coupling and the explained the amplitude rela- A HP-4194A impedance/gain-phase analyzer with com-

tionship. puter interface was used for the impedance-frequency spec-

trum measurements. The electric field used was relatively
Il. EXPERIMENTAL ANALYSIS OF THICKNESS- low, typically in the range of 0.05-0.2 V/Imm. The PZT
SHEAR VIBRATOR samples are perfectly linear in this field range.

The impedance amplitude and phase spectra for a typical

For a thickness-shear mode piezoelectric ceramic Vibrafhickness-shear mode vibrator are shown in Fig. 2. This vi-

tor under free boundary conditions, the following equétion brator has the following dimensionsl=8.8 mm, w

holds, =3.0 mm, andt=0.32 mm. The frequencies of the funda-
— B mental resonance and antiresonance are 2.70 MHz and 3.41
tan == K2 2 MHz, respectively. Using Eq(3), one can easily calculate

_ 1 ] . ] the shear electromechanical coupling coefficient to Kye:
where E=f,t/v° is a normalized frequencyf,, is the —0.650.

resonant frequency of theth mode.t is the thickness of the In all other vibrators used for measuring material param-
vibrator, v°= \cg5/p is the stiffened shear velocity of the eters, such as the plates and bars for the measurement of
elastic wave. The ratio of an overtone to fundamental frek33, etc., mode coupling could be eliminated as long as the
quency f,/f, versus value ok;s was tabulated in Ref. 6 dimension corresponding to the desired fundamental mode is
according to Eq(2). In principle, one could directly obtain |arger than four times of the other dimensions. It is very
the values oks for any givenf, /f, ratio using this table.  gjfficult, however, to obtain a clean thickness-shear mode.

For a pure mode, Ed2) can also be converted to We found that the thickness-shear mode suffers mode cou-
v ot pur AT pling even when the aspect ratiti is more than 10. In order

kqis5= \/—r cot ——= \/ L tan——, (3) to find the origin of such an unusual behavior, a series of
2f, T 2f, 2f, 2f,

samples with the same thickness but different length were
wheref, ,f, are the fundamental resonant and antiresonanmnade and measured. Figure 3 shows the comparison of the
frequenciesAf=1f,—f, is the resonance bandwidth. There- impedance-frequency spectra of these samples near the
fore, k{5 may also be evaluated by measuring the fundamerthickness-shear resonance. The same spectra with wider fre-
tal resonant and antiresonant frequencies from the impedancgiency region are shown in Fig. 4 to demonstrate the over-
spectrum if the mode can be decoupled from others. tone frequencies. Based on these measuremeptaas cal-
In our experiments, the thickness-shear mode samplesulated and the results are summarized in Table I.

are made of PZT-5H piezoelectric ceramic purchased from Figures 3 and 4 show that the impedance-frequency
Morgan Matroc Inc. The typical shape of the vibrators is aspectra of the thickness-shear mode depends strongly on the
rectangular bar as shown in Fig@L For a thickness-shear ratio of I/t but nearly independent of the ratiéw. Since
mode vibrator, the polarization direction is along the longesthese measured vibrator samples have identical thickness, the
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nance and antiresonance for thickness-shear vibrators of different aspect

ratio. FIG. 4. Overtones for thickness-shear vibrators of different aspect ratio.

above results imply that the interference mode is related tQet of samples, we have measured the shear velocity with the
vibrator's length only. For a length to thickness ratid  gisplacement along and perpendicular to the poling direction
> 20, although the mode is still not pure, the resonance anghe wave vector is always perpendicular to the polarization
antiresonance frequencies can be accurately defined withoyich give rise to the values fart; andcl;, respectively.
any ambiguity. For the aspect ratlét=10-20, coupling  sjnce the ultrasonic measurements were performed at non-
effects appear on the spectrum of the thickness-shear moggsonance conditions, there are no mode interference prob-
(see curve 4 in Fig. )3 However, the peaks are recognizable|ems. Thek,; value so obtained is geometry independent as
and kys may still be determined from the minimum and |ong a5 the sample dimensions are not too small compared to
maximum of the impedance curve without to0 much eror.he avelength of the ultrasonic signal and the degree of
The mode coupling gets stronger as the rattodecreases, noling is maintained the same. We have also developed a
no clearly defined thickness-shear mode can be found Wheé]gnal processing technique for measuring subwavelength
the ratiol /t<5. Apparently, this shear vibrator is much more thjck samples so that accurate measurements on the elastic
demanding compared to the other types of vibrators for meaggifiness constants can be performed even for very small and
suringk; andkss, for which an aspect ratio of 4 is already hin sampled? The ky5 value obtained by ultrasonic method
sufficient to separate the modes. _ . isused as the standard to analyze the other results listed in
In Fig. 3, curves 5-7 are for samples with identical tapie |. It is found that for largé/t ratio samples, thés
length| and thickness, but different widthw. The three \5)yes obtained from the resonant and antiresonant frequen-
curves show that the width of the vibrator has little influencegieg are very close to the one obtained from the ultrasonic
on the resonant and antir.esonant frquencies iftheatio is_ measurement. However, thgs values calculated by using
large enough. Once again, our experimental results point e ratio of overtone to fundamental frequencies are slightly
the origin of the interference mode to be solely related to th%maller, which may due to the effects of frequency disper-

sample length. _ o sion of the materials properties.
From Eg. (1c) the shear coupling coefficierit;s; may
also be determined from th_e rgtlo of the shear elastlc_ oM LENGTH-SHEAR MODE
stants under constant electric field and constant electric dis-
placement, respectively. These elastic constants could be From the above experimental analysis, the mode inter-

measured by using ultrasonic technidé! Using the same ference is related to the length dimension_ooking more
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TABLE |. Comparison of measurekis values from different samples and different techniques.

Lengthl Width w Thicknesst Resonance Anti-resonance K15 K5
Sample (mm) (mm) (mm) It l:w f, (MHz) fa (MHz) (f /1) (Overtone

1 1.43 20.17 0.84 1.70 0.07 1.54300 1.6880 0.441

2 1.98 20.17 0.84 2.36 0.10 1.18300 1.4090 0.582 0.492
3 3.30 20.17 0.84 3.92 0.16 1.10790 1.3770 0.633 0.541
4 4.72 4.63 0.84 5.62 1.02 1.06780 1.2756 0.587 0.626
5 6.16 20.17 0.84 7.33 0.31 1.05210 1.2330 0.560 0.640
6 6.67 4.64 0.84 7.94 1.44 1.02550 1.2985 0.651 0.621
7 12.65 1.75 0.84 15.06 7.23 1.03157 1.3240 0.665 0.635
8 19.02 6.96 0.84 22.6 2.73 1.03530 1.3278 0.664 0.650
9 19.02 3.50 0.84 22.6 5.43 1.02875 1.3213 0.656 0.646
10 19.02 2.37 0.84 22.6 8.02 1.02875 1.3115 0.659 0.649
11 19.02 1.75 0.84 22.6 10.9 1.02875 1.3278 0.670 0.642
12 19.02 1.05 0.84 22.6 18.1 1.02963 1.3089 0.656 0.629

Ultrasonic 6.62 6.42 6.35 0.665

carefully, one can find that another type of shear motion izonstant electric field],s is the piezoelectric strain constant,
also excited, which we call it the length-shear in contrast teand €], is the dielectric permittivity at constant stress.

the thickness-shear. In this mode, the displacement is per- Using Eq. (6) and considering the fundamental reso-
pendicular to the poling direction while in the thickness- nance and antiresonance, we can get andthgiormula for
shear, the displacement is parallel to the poling direction. the length-shear mode:

For a piezoelectric material, the origin of the driving
force for the shear motion is an electric field induced shear g, = 7)
strain, Sy, which is related to the displacement components,
u; andusg, in the following form:

S_1 duy  dus
5=2 |\ dz " dx )

(4)

For the thickness-shear motion, the displacemenis  \yheref;, f/ are the fundamental resonant and antiresonant
assumed to be zero for a long-bar shaped vibrator as showpsquencies of the length-shear mode.

in Fig. (1a). In this case, the shear strain is given by the first |, order to verify this analysis we have made a sequence
term of Eq.(4) only, and the resonance could be derived toy¢ samples with thd:t ratio from 1:22 to 22:1. Heré is
have the form given by Eq$2) and(3). On the other hand,  ajways the dimension along the poling direction although it
the length-shear mode, which gives rise to the same she@fay hecome the shorter one. Figure 5 shows the dependence
strain was ignored in the derivation of the formula. Due tof the impedance on frequency for two different aspect ratio
the symmetric nature of the two shear displacement derivagiprators. A nearly pure length-shear mode can be obtained
tives in Eq.(4), we could imagine a situation in which the \hen |/t<1/20, which is analogous to the thickness-shear
thickness-shear mode may be ignored if the dimensions argse ofl/t>20. The curves in Fig. (6) correspond to the
designed properly. The impedance formula for this mode capatio of t/1=27. The shear coupling coefficienk,s

be easily derived if we assume the displacement0. In (=0.650) can be obtained using Eq), which is the same
this case, the shear strain is only related to the second term g thek, 5 values measured by the nearly pure thickness-shear
Eq. (4). Using the dynamical equation and the following con- y,0de and ultrasonic methadee Table)l From this study,

stitutive relations: we concluded that the tangled modes in the shear vibrator are

85=s§5T5+d15E1, (59) the thickness-shear ar)d' the Iepgth-shear mpdes. The funda-
mental reason of why it is so difficult to get rid of the mode
D;=dycTs+ €p4E, (5b)  coupling in the shear resonator is because the two shear

modes share the same electric filed induced shear strain. The
higher harmonics of the lower frequency mode appear to
decorate the higher frequency mode on the impedance spec-
kis— 1) - © trum.

A

one can derive another relationship parallel to &g for the
length-shear mode:

tanE’=<

whereE' = (=f/])/F is a normalized frequency,,, is the
antiresonant frequency in thgh mode,| is the length of the
vibrator, vE=1/\/pssE5 is the compliance velocity of the elas- For the recommended geometry in the literature, the
tic wave. In Eq.(5), s5; is the shear elastic compliance at shear vibrator is usually made with thie>1. Therefore, the

IV. CONSERVATION OF ANGULAR MOMENTUM
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FIG. 5. Impedance spectrum of a length-shear vibrator with different geomand contract along the other as shown in Fig. 7. Therefore,
etry. (a) The ratio ofl/t=0.2. (b) The ratio ofl/t=0.04. the ratio of the maximum displacements for the two types of
shear motion can be easily found to be

length-shear mode should be the lowest frequency mode ac- Y1max_ '_ ®)

cording to the analysis above. However, experimental results  Uzmax 1

show that the shear mode in the long dimension is MUClE g ation(g) can also be used to derive the ratio of the me-

weaker than the shear mode in the shorter dimension. Thiéhanical driving force for the two types of shear motion

fact is also true for the case bft<1 as shown in Fig. 5. N thare are three conclusions that can be drawn from the
other words, the higher frequency mode is much strongef e analysis

than the lower frequency mode in the shear vibrator. This

result is unusual since in most of the cases, lower frequenc{l) The mode corresponding to the shear motion along the
mode is stronger than higher frequency ones. There is no longer dimension is always stronger than the one along
explanation in the literature for this unusual phenomenon. the shorter dimension. The amplitude ratio between the

Through careful analysis, we conclude that the origin of ~ displacements in the two directions is proportional to the
such a behavior comes from the fact that the shear deforma- ratio of their corresponding dimensions.
tion involves rotation but the electric drive does not provide(2) The two types of shear displacements will always occur
angular moment since it is due to self-induced shear strain. in a paired fashion to conserve the angular momentum.
Therefore, both shear motions should be involved to balance However, the lower frequency mode can be weakened
the angular momentum of the whole vibrator. through the increase of the longer dimension.

Let us look at the two special situations shown in Figs.(3) These two shear motions are equivalent, their relative
6(a) and Gb) assuming only one of the modes is being ex-  Strength can be adjusted by the aspect ratio of the two
cited. Figure 6a) represents the thickness-shear mode for relevant dimensions. Either mode could be used to mea-
which the center plane along the thickness direction remains Sure the material properties by proper design of the vi-
still according to symmetry. Therefore, we may analyze the  brator dimensions to suppress the other one.
upper half of the vibrator and assume a fixed boundary at the
bottom. Similarly, we can analyze the length-shear mode as
shown in Fig. @b). According to Eq.(4), the two shear dis- X
placements are connected to the same shear defornftion
which was driven by the external electric field through pi-

ezoelectric effect. It is clear that both types of shear motions —

involve rotation and hence, the angular momentum will not 7/'
be conserved if only one type of shear motion is excited. ‘/P‘é >
This is the intrinsic reason for the strong mode coupling —

observed Ir,] the shear vibrators. . FIG. 7. The shear deformation which conserves the angular momentum. The
According to the symmetry of the vibrator, to conservewy diagonal lines have no rotation during the shear deformation and the

the angular momentum of the system, the shear deformatioratio of the two shear displacements s.

zZ
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The first conclusion explains the experimentally ob-found thatk,s may also be measured accurately using this
served phenomena of weaker lower frequency mode andhode if the aspect ratit/l > 20, which mirrors the situation
stronger high frequency mode because the amplitude of mder the thickness-shear mode. However, owing to the fact
tion reflects the strength of the driving force, while the sec-that the electrodes of the length-shear vibrator are coated on
ond conclusion can be verified from the results shown ina pair of minor surfaces and the relatively large distance
Figs. 3 and 5. The frequency spectrum is still not smooth irbetween the two electrodes, the measurement is more diffi-
the vicinity of the desired resonance even for an aspect ratioult than using the thickness-shear mode. The plate capaci-
of larger than 22. The third conclusion has been verifiedance approximation is less accurate for the length-shear vi-

experimentally as shown in Fig(ly and Table I. brator due to some degree of edge effects. This, however,
was not a problem for the PZT ceramic samples we used in
V. CONCLUSION our experiment since the relative dielectric constant is over

Our experimental results and theoretical analysis prove&300'

that the interference in the thickness-shear vibrator comes Using the idea of ang_ular moment_ur_n conservation, we
from the length-shear mode. The frequency of the Iength-h"’.“/e shown that the ratio of the dr_|vmg forces for _the
shear mode depends on the length while its intensity is Cont_hlckness.—shear gnd the length-shear is roughly proportional
trolled by the length to thickness ratift. With the increase to |/t. This explains the fact that the lower frequency mode

of thel/t ratio, the length-shear mode can be weakened bd?as much smaller amplitude than that of the high frequency
' one. One could arbitrarily reduce the mode interference by

could not be eliminated. Experimentally, we found that when, . . .

[/t=20, a relatively clean thickness-shear mode may be oblicreasing the aspect ratio, b”t the influence of the_lov_ver
tained. Therefore, this ratio should be used to define the dif_requency mode will always exist due to the same excitation
mensions if one wants to use the resonance technique gpurce and the conservation of angular momentum.
measurek,s. In the aspect ratio range of 40/t<20, the

impedance-frequency spectrum near the thiCkneSS'Sheﬁ'E:KNOWLEDGMENTS
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