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Chapter 1
Introduction

Interaction processes between clectrical, mechanical and thermal systems can be described
erystallographically.” Piczoelectricity is a lincar intcraction between clectrical and mechanical
systems. Stress T applied 10 a piczoelectric crystal causcs not only strain § but also polarization
P. The former is based on Hooke's law, and the latter is the direct piezoclectric cffect. This is a
transformation of mechanical to electrical cnergy. Conversely, electric field £ applied to the
tion P but also strain S. These two transformations between

crystal causes not only polari
different states of energy are equivalent in a thermodynamic aspect using Gibbs frec encrgy, and
represented by applying the same piczoclectric constant d as follows,

P(=D-¢f)=dT+¥E, ()
S=s"T+dE, .2

where D is electric flux density, €, is permitivity in vacuum, X7 is electric susceptibility when T
=0,and s* s clastic compliance when £ = 0. The variables of state in egs. (1.1) and (1.2), P, S,
T and E, arc assumed 10 be d.c.; thercfore, the material constants d, X* and s® are defincd at the
low frequency limit. If metal electrodes arc deposited on both surfaces where polarized charges
appear and the circuit is shorted between the electrodes (€ = 0), stress T applicd to the crystal
causes clectric flux density D which corresponds to truc electric charge density. 1f cither the
clectric circuit is opencd or metal electrodes arc not deposited (D = 0), stress T applicd to the
crystal causes depolarizing ficld £ = ~P/e, in the crystal.  The difference of the clectric condi-
tion when cither E = 0 o D = 0 is important. If clectric ficld £ applicd t the crystal is altcrnat-
ing, that is, periodic in time domain, gencrated strain S is also alternating; therefore, piczoclect
vibration occurs. The resonance can occur at various frequencics determincd by the shape and
the material constants of the piczoclectric transducer. From a crystallographic point of vicw, the
piczoclectricity cxists in the materials whosc crystal structures do not have centrosymmetry.
Representative piezoclectric materials are as follows: quanz (Si0,), barium titanate (BaTiO,)
ceramics, PZT (PbZr,Ti, ;) ceramics, lithium niobate (LINbO,), lithium tantalate (LiTa0,),
etc. These piczoclectric materials have been widely applied to clectronics since W.G.Cady suc-
ceeded in steadying oscillation frequency of clectronic circuit using piczoclectric
Qquartz.
Piczoclectric vibration and material can be cvaluated using the clectromechanical method?

which measures the admittance of the piczoclectric transducer near its resonance frequencics.

ration of



Usually, aftcr metal clectrodes are deposited on the piczoclectric sample, the relation between
clectric current and voltage is measured.  With this method, we can evaluate, for cxample, the
clectromechanical coupling coefficient and Q=value of the sample. However, this method
provides the data only on the characteristics of the sample as a whole, and no method has been
available, which can measure the piczoclectric propertics at some specific points in the sample.
Onc purpose of this thesis, therefore, exists 10 develop the new method by which local piczoclee—
tric vibrations can be measured, taking advantage of cohcrence of optical waves. Optical prob-
ing techniques using laser and optical fiber are chosen for this purpose. Here acoustic vibration
can be detected by interference of two coherent optical waves which are phase-modulated by
intcraction with the acoustic vibration. The physical quantitics evaluated dircctly by these
optical methods are the amplitude and the phasc of the acoustic vibration in the piczoelectric
transducer. Several types of interferometers have been proposed for optical measurements.
Here we adopt the fiber optic ring interferometer.™ This interferometer has the merit of
compensating lemperature variation.  But, optical methods can not measure all physical values
necessary for the evaluation of materials.  Previous optical measurement of acoustic vibration
did not pay altention (o the evaluation of matcrials. For this purpose, we do not deny the virtue
of the clectromechanical method in this thesis. New measurement methods can be created by
considcring the clectric condition of the piczoelectric vibration when cither £=0o0r D = 0, as
mentioncd above, and the theory of vibration, which the clectromechanical method is based on.
The value corresponding to the piczoclectric constant and Poisson's ratio which arc regarded as.
the matcrial constants can be obtained simply. Concerning the piczoelectric transducer, not only
the material constants but also the shape of the transducer is an important factor determining the
characteristics. For cxample, in the case of the transducers whose forms are columnar, different
vibrational characteristics can be obtained for diffcrent ratios of the radius to the height of the
column. The influence of the difference of the form on the results of the present measurement is
also i i i and i In this study, PZT piczoelectric ceramics are
used as samples for the measurement, because samples in various shapes can be casily preparcd.
From a crystallographic point of view, the crystal with the piczoclectric effect is possible to

exhibit the Pockels effect——an clectrooptic cffect of the first order, in which the refractive
index of the crystal is changed by clectric field. Transparent or semitransparent piczoclectric
erystals in which optical waves can propagate, for cxample, LINDO,, LiTaO,, PLZT ceramics,
potassium dihydrogenphosphate (KH,PO,), erc., are used for such clectrooptic applications.
Another objective of this thesis is 10 discover and cxamine a new phenomenon induced by coher—
cnt optical waves in a semitransparent piczoclectric transducer.  We pay attention to the photore—
fractive (PR) effect for this purpose. The PR cffect is the phenomenon in which the refractive
index of an elcctrooptic crystal, that is, a piczoclectric crystal, varics according to the incidence




of visible rays.” Interference of two coherent optical waves yields fringes which cause excita~
tion and diffusion of carricrs, forming a space~charge distribution in the crystal. The variation
of the refractive index is caused by the internal clectric ficld from the charge distribution through
the Pockels effect. Representative photorefractive materials are LINDO,, BuTiO, single crystal,
Bi,Si0,,, etc. Application of this effect to holography and optical processing has been de-
veloped in recent years.”  Application to acoustics has also been developed; an acoustic wave is

filtered by the periodic variation of the acoustic velocity that is caused by the internal clectric
on is investigated
s of Fe-doped LiNDO,
(LiNbO,Fe) piezoclectric transducers with the PR grating ncar the resonance frequencics of the
modes of vibration.  We adopt LiNbO,:Fe because of its excellent piczoclectricity and its
longevity of storcd PR grating.  Strong nonlincar acoustic vibration was observed in the piczo-
electric resonator with the PR grating. The reason for the gencration of the present nonlincar
phenomenon is also considered.

This study the ypment of an interdisciplinary ficld among pi
malerial science, acoustics and optics, on the basis of the clectromechanical measurcment
method of piczoclectric transducer and the nature of interference of coherent optical waves.

The composition of this thesis is as follows. In Chapter 2, the mcasurement mcthods of
piczoclectric vibration using optical fiber arc described from an optical point of view ! I
Chapter 3, the evaluation of the piczoclectric vibration and material is described. A disk piczo-
clectric transducer s uscd as the sample.  First, the value corresponding to the piczoclcetric
constant is measured locally by a new method.'F1 In this method, the optcal messurement of
the litude of the pi ic vibration and the of the admit-
tance are mixed, considering the electric condition of the piczoelectric vibration and the theory of
Second, the acoustic velocity of the radial-cxtensional mode and Poisson's ratio of

field.® In this thesis, the influcnce of the PR cffect on piczoelects

from a new point of view.  We view clectromechanical characteris

vibr
the material are measured by a new method.™  With this method, the optical measurement of
the phase of the piezoclectric vil
scribed in Chapter 3 are applied to circular piczoeleatric transducers whose forms are not disk,

ion is used. In Chapter 4, the measurement methods de-

that is, in the case of other ratios of the radius to the height.  The cxperimental results are con—
sidered by using the theory of resonance caupling. M9 1 Chapter 5, the influcnce of the PR
effect on pi ic vibration is investigat 16 [y addition, the oxperi-

mental results arc cxplained by a new concept, spuce-periodi ion of the
polarization duc (o the PR internal clectric ficld. "' in Chupter 6, the results obtaincd from
this study are summarized.
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Chapter 2
Measurement of Piezoelectric Vibration Using Optical Fiber

$2.1. Introduction

Optical measurement methods arc uscful because of their higher sensitivity and capability of
measuring physical paramcters that cannot be measured by clectric methods.  In particular,
methods using optical fibers have the following advantages: 1) optical alignment is not ncccs-
sary in constructing an interferometer; 2) a very long optical path can be prepared in the labora-
tory casily; and 3) optical fibers have not only the function of wave guides, but also sensors, by
themselves.  In this chapter, two new methods for measurement of piczoclectric vibration using
the interaction between the piczoclectric vibration and light waves traveling in optical fibrs arc
described. In one method, the sample is in contact with the fiber, in which the light is phasc-
‘modulated by piczoelectric vibration.” In this case, the fiber is wrapped many turns around a
cylindrical piczoclectric transducer. In the other method, the light is incident on the sample
surface and phasc-modulated by reflcction when the sample vibrates.29  This method cnables
us to cvaluate the vibration locally by changing the measurement point where the light is inci-
dent. In cither method, the modulated optical phase has a relation o the acoustic amplitude and
phase of the transducer; therefore, by detecting the phasc~modulated signal, we can mcasure
the acoustic vibration and evaluate the vibration and material of the transducer.  The ring inter~
ferometer was developed for this experiment.  Here the measurement of piczoelectric vibration
using the ring interferometer is discussed from an optical point of view.

§22. Ring Interferometer

Electric ficld vector E [V/m] of an optical wave can be expressed as
E=Acos(wd +9c), @21)
where A is the amplitude and involves the direction of polarized light, w,. [rad/s] is the angular
frequency, and ¢ (rad) is the phasc. Optical measurement is usually performed by observing
the modification of some of the factors, 4, o and ¢, causcd by the object of measurement. We
take the measurement of acoustic vibration which causes phase modulation of coherent optical
‘waves. The phasc-modulated signal of light cannot be obscrved directly by photo-detector;
therefore, in order to transform the phase-modulated signal into an intensity-modulated signal,
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Fig. 2.1. Four kinds of interferometers using oplical fibers: (a) Ring, ()
Mach-Zender, (c) Michelson and (d) Fabry-Perot interferomelers. The
°S* represents the sample for measurement.



an interferometer in which the signal wave and the reference wave interfere with cach other is
constructed.
The electric fields of the signal wave and the reference one, Eg and Eq, can be represented as

Eg=Ascos(od +4cy). @22

Ey= Al cos(0d + bey), (223)
where the states of the polarization arc assumed 10 be the same in the two waves. The output of
the interferometer, ¥, [V), is in proportion to the time average of the square of the sum of the
two electric fields; therefore,

Vo ® 1A 124 | A | 24 204’ coslbs - bce)r @24
where y (0 S y S 1) is the visibility. When the two waves are incoherent; that is, y = 0, the two
waves do not interferc, and V,,, is in proportion only to the sum of the square of the respective
amplitudes. When the two waves are completely coherent; that is, when  the difference of the

optical paths of the two coherent waves is almost zero, the value of y becomes unity, and the
maximum output on the phase difference g - §cq can be detected.  When the difference of the
optical paths becomes long, the value of y decreases, and the output duc o the interfercnee de—
creases. The cohcrence of the light source has relation to its spectrum width Av [Hz). The
coherence time and length, T [s] and I [m], are defined expediently by

Y=y =0)exp(~ T/ 7 ) 225)
woaval, @26
le=c 1, @27)

where the two lights emitted simultancously from the light source interfere with time difference
,and ¢ is the velocity of light. The two lights with a smaller difference of the optical path than
I can be considered to interfere with cach other.  The light source with narrow spectrum width
has high coherence time and length.

Four kinds of interferometers using optical fibers, (a) ring, (b) Mach-Zender, (c) Michelson
and (d) Fabry-Perot interferometers are illustrated in Figs. 2.1 (a), 2.1(b), 2.1(c) and 2.1(d),
respectively. Single-mode fibers relative o the transverse mode arc uscd for this purpose.
Multi-mode fibers cannot be used, because they cannot transfer the information about the optical
phase. In this study, the ring interferometer illustrated in Fig. 2.1(a) is selected for the present
experiment from among these interferometers. Two waves that travel around the loop clockwise
and counterclockwise interfere with cach other. Both of the waves can be modificd by the object
of measurement. This configuration itself is widely used for optical rotation gyro-sensing,
measurement of acoustic vibration, ” and 5o forth. ~Sinee the length of the optical fibers can be



Fig. 2.2. Fiber-oplic wrap-around cylindrical phase modulator.

Table 2.1. Main material constants of *P-5D."

Piezoelectric  d,,(107?mV)  -103
Pormitiivity €' /e, 1370
Compliance ~ £,,(102méN)  13.2

Table 2.1, Form of the piezoelectnc lensor in the crystallographic point
gfoup of 6mm. The *e" and ** mean non zero and null components,
respeciively. The line connecting the non zero components means that
they are equal.

i =]



affected casily by the variation of the output of the i other than the
ring interferometer changes severely in a short time by the interference of the coherent optical
waves. On the other hand, in the ring interferometer, the variation of the length of the fiber duc
to the variation of tempcrature can be compensated for, because the two waves travel in the same
fiber; thercfore, severe variation of the output docs not occur in a short time.

§2.3. Measurement Using Wrap-Around Cylindrical Phase Modulator”
2.3.1 Method of Measurement

For the purpose of modulating the phase of optical waves, we use a cylindrical piczoclectric
transducer around which a fiber is wrapped many times in the form illustrated in Fig. 2.2.
Though this type of device is often applicd to a phase modulator, ® we are concemed with this
method rather as one of the ways of measuring cylindrical piczoelectric vibration optically.

The sample shown in Fig. 2.2 is made of PZT material "P-SD," and is polarized in the dircc~
tion of the radius, that is, the z-direction in Fig. 2.2. The material constants of P-SD arc shown
in Table 2.1 We connect the phase modulator in Fig. 2.2 with the ring interferometer in Fig.
2.1(2). The coverture around the fiber is taken off for closer fixing with the transducer, and
epoxy resin s used for the fixing. In the case of the transducer illustrated in Fig. 2.2, the crystal-
lographic point group of the material is considered 1o be Gmm whose form of the piczoclectric
tensor is shown in Table 2.11; therefore, when electric field £ is applied between the electrodes in
the z-direction, strain S can be caused in the x, y and z directions as follows,

S,=d,E, (=123; j=3; dy=dy), @31

where the subscripts 1, 2, and 3 mean the x- , the y- and the z~directions, respectively, and
€q2.3.1) is defined exactly at the low frequency limit of S and E. Mechanical resonances can
occur at the frequencies determined by the size of the transducer. The ji-mode means the vibra~
tional mode which s derived by the piczoelcctric constant d,. The resonance of 31-mode is
observed at about 19 kHz in the x-dircction, that i, the circumferential dircction, and the reso-
nance of 32-mode at about 58 kHz in the y-direction.  The resonance of 33-mode in the z-
direction can occur at higher fr ics. The pi ic vibration in the £-direction causes
elongational vibration of the fiber.

A laser diode whose wave length A is 1.30 um is used as a light source for the measurement.
In order to avoid unnecessary interference, a laser with low coherence, that is, with multi-mode
with regard o the longitudinal mode, s selceted. An avalanche photodiode s used as a photo-
detector. The characteristics of the single-mode glass fiber used in the experiment are shown in
Table 2.11.




Table 2.l Characterislics of the single-mode SO, glass fiber used in
the experiment.

Loss 036 dBAm
Cut-off wavelenglh 1.26 um
Oiameter of core 21um
Zero dispersion wavelength  1.32 um
Diameter of fiber 1245 um
Eccentricity of core 0§ um

=ew== Jo(x)

~0.5 , X

Fig. 23. Dependence of the Bessel functions Jy(x), J,(x} and () on
the independent variable x.



In the presence of piczoclectric vibration, the total clongational amplitude of the fiber, u(r)
[ml, is expressed as

u(e) =m U, cos(w,t+9,), 232)

where m is the number of tums (30); U,, ®, and ¢, are the one-tum clongational amplitude, a
driving angular frequency, and the vibrational phase of the transducer, respectively.

If two waves. ing in the ring i stant from the light source simul-
tancously, they reach the detector almost at the same time.  But, assume that the clockwise wave
(CW) reaches the phase modulator later than the counterclockwise one (CCW) by time 7 that is
determined by the length of the loop and the light velocity in the fiber. Then, the two waves arc
‘modulated respectively,

(CW) =B’ cos {wd + knu(e+T) + Ad), 233)
(CCW) = B cos {wd + kn ()}, @34

where B s the amplitude of electric field, k [rad/m] is the wave number of light in a vacuum
(20k = 13% 10 m), n is the refractive index of the fiber (n = 1.47), and A [rad] is the phase
difference between the two waves in the absence of the acoustic wave at the phase modulator. ™
9 The value of T is selected to be 1.0x10 s or 0.725x10°¢ s.

The two waves interfere and yield voltage proportional to the intensity, that is, the time aver-
age of the square of the sum of the two electric fields expressed in egs. (2.3.3) and (23.4). The
detected voltage ¥ at the photodiode can be expressed as

Vip = 2 Vg, cos {nw,¢ + Ppg(nw, )}, @35)
‘where

Vip(0) = C'{1+ y cosAd Jo(A8,)}, (236)

Vep(@,) = | C'y25inA¢J,(88,) |, @3n

Prof(@,) = 65+ (@,T12) - (02) + P,y (238)

Vep(20,) = | C'y2cosA0J(86,) |, (239)

Prof20,) = 20, + 0, T+ P, (23.10)

where C” is the modulus proportional to the light intensity, y = 1,J, is the Besscl function of the
first kind of order i, which is illustrated in Fig. 2.3, and A®, coresponds to the phase modula-
tion index expressed as

88, = UngmU, sin(@,172) X, @3.11)
where ( = 0.778 ) is the correction coefficient taking the variation of the refractive index by

11



Table 2.1V. Form of the pholoslastic tensor in the isotropic material.
The nolation *x* means (p,, - §,,)/2.

onawn-

Table 2.V. Main malerial constanis of the SiO, glass fiber.

Relractive index nc, 147
Photoslastic p,, 0121

Py 0270
Poisson's ralio o 0.164




photoclasticity ™ into consideration, and P, and P, arc defined as
when sin 8¢ J,(86,) > 0,

when sin 49.J,(A8,) <0,

when cos A9 J,(40,) >0,

when cos A9 J(A8,) <0,

@3.12)

‘The value of  is calculated as follows. The same coordinates are chosen for the fiber as for
the cylindrical transducer illustrated in Fig. 2.2 therefore, the light propagates in the x~direction
in the fiber. The relative variation of the optical phase, A0/6, can be expressed as

A0/ =S, + Ann, @3.13)
where S, is the strain of the fiber in the x-direction, and An is the variation of the refractive
index of the fiber. The S, is now calculated by

S,=U,/(2w), @319

where 2 is the outer circumference of the eylindrical transducer. The exact definition of strain
will be described in §3.3. The variation of n,.can be caused mainly by photoelasticity. Photoe~
lasticity is the phenomenon in which the refractive index n of material varies according to
applying strain S on the material, and expressed as

AU = (Ung?) - (ngsq = PySy (23.15)

where p is the photoclastic constant, and the Einstein's summation convention is used; therefore,
a summation from 1 to 3 is taken for the repeated indices in the same term.  The form of the.
photoclastic tensor is shown in Table 2.1V, where the glass is assumed to be isotropic. From
€q.(2.3.15) and Table 2.1V, the variation of the refractive index of the propagating light, whose
polarization is in the y- or z-direction, is cxpressed as

AUn2) = B(lin?) = =28} = pyS, + PySy + PySy - 23.16)
‘Therefore, A/, is cxpressed as
dngnc, = = (n"72) {py(1-0) - 0Pz} S, @317)

where Poisson's ratio o of the fiber is defined as S,
(23.17),
800 =S, = 1 - (1,72 Py, (1-0)-0p )] 5, (2318

-0, From cgs. (2.3.13) and

‘The material constants of the fiber nccessary for the calculation are shown in Table 2.V. Substi-
tution of the value in Table 2.V into ¢q.(2.3.18) gives K = 0.778. This means that 77.8% of the
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in amplifier by changing the driving frequency (A : 19 kHz, B : 18 kHz, C :
17 kHa).
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conjectured.
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strain contributes to the relative variation of the optical phase.
The output voltage at the photodiode, ¥y, is detected in a narmow band of the frequency by
using a lock-in amplifier.

2.3.2 Measurement of 88, and Strain of Sample

Figure 2.4 shows the relation between the driving voltage of the transducer and the output
voltage of @, and 2w, components at the lock-in amplificr. With regard to the abscissa, cxper-
imental curves conform to J,(A8,) and J,(A8,), respectively, as is expected from egs. (2.3.7) and
(2:3.9). Since the abscissa of Fig. 2.4 is the driving voltage ¥y, we find that 48, is in propor-

tion to ¥y, And then, from ¢q.(2.3.11), we can conclude logically that U, is in proportion to
Vop: This is an it ion of the pi ic effect using the optical method.

With regard to the ordinate of Fig. 2.4, the experimental curves do not coincide with /,(A8,) and
1,(86,), because of the variation of light intensity or the value of A¢ during the experiment.

Figure 2.5 shows the experimental results (w, components) afier changing the driving fre—
quency. The curves A and B have their maxima. In such a case, we can determine the relation
between A8, and ¥y, or the ratio of U, 10 ¥y, utilizing the feature that J,(x) has the first
maximum at x = 1.84. When there is no maximum as in curve C in Fig. 2.5, we can utilize the
feature that J,(x) is almost linear in x<0.4. By setting the voltage in this range, and
comparing these results with those for curves A and B, the ratio of U, t0 ¥y for the curve C can
be obtained. This method is explained graphically in Fig. 2.6.

The frequency characteristic of the amplitude in the range lower than the resonance frequency
is shown in Fig. 2.7 whose ordinate is now translated into the ratio of S, to E,, the strain in the
direction of circumference to the electric field in the direction of the radius. Examining the
results of Fig. 2.7, we can extrapolate the value of S,/E, 10 the zero frequency and obtain S,/E, at
the low frequency limit as 1.1x10°1° m/V, which should comespond to the piczoclectric constant
d, by defin
taincd by our measurement "d’,.* The valuc of &' is nearly in agrcement with that of dy(-
1.03x1071° m/V) shown in Table 2.1

Near the resonance, the driving voltage ¥, between the electrodes decreases, as in Fig.2.8.
The frequency characteristic of S,/E,, obtained by the method mentioned above near the reso-
nance frequency, is shown in Fig. 2.9, from which we can read the maximum of S,/E, as
1.70x10"# m/V and the Q-value as 161. The value of d'y, can also be obtained by the following
equation:

n. To avoid confusion with the material constant d,,, we name the value ob-

SE, (maximum)

(2319
Q




cos 44 <0 cos 84 >0

sinae>0 sinag>0

tanap <0 1ana9>0
quad. >

cos a4 <0 058450

sin 49 <0 sin 4 <0

tan 44 >0 tan a4 <0

Fig. 2.10. Algebraic sign of cosas, sina¢ and lana¢ in Ihe respective
quadrants.
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Fig. 2.11. (a) Time variation of the value of V,o(w,) (solid line) and
Vpp(2,) (dashed line). (b) Time variation of the value of ¢ calculated
by eq.(2.3.21).



where we must use the value at the first resonance.  Using €q.(2.3.19), we can obtain the valuc
of 'y, as 1.06x10"°myV, which is nearly in agreement with that of d,, shown in Table 21. The
grounds for q.(2.3.19) will be described in §3.7.

2.3.3 Calculation of A®

The value of A can be calculated by the analysis of the interferometer output expressed in
€gs. (23.6), (2.3.7) and (2.39). The ratio of Vg (w,) 10 Vo2, gives

_188,) V)

| tan A¢ | = —————.
4,(88,) Vp(20,)

(2.320)
The Bessel function J,(x) has the first maximum value as 0.582 at x = 184, then, J,(x) docs not
become the maximum, and has the value as 0.316. Therefore, we set such valuc of the driving
voltage of the phase modulator as the output voltage at the angular frequency w, becomes the
first maximum; that is, 48, = 1.84, then, by the measurement of ¥,,,(,) and Vypy(20,), we can
obtain

_ 0316V(0,)

lanag | =—————.
0.582 Vpo(20,)

(2.321)
In the measurement of ¥, (®,) and Vo (20,), we must pay atiention to the different frequency
characteristics of the photodiode at the two frequencies, and correct the value before substituting.
€q.2.3.21).1

At this stage, Ad may have four values in the respective quadrants, as illustrated in Fig. 2.10.
From ¢q,(2.3.6) we can detcrmine the algebraic sign of cosAg. The Bessel function J(x) has the
maximum value at x = 0, and the value of J,(x) decreases at x > 0 in an appropriate range,
compared with the value atx = 0. If the value of ¥, when the phase modulator is at the state of
48, >0 in an appropriate range, decreases compared with the value when the phase modulator is
not driven; that is, A8,, = 0, we can determine that cosA¢ > 0. If the contrary result is obtained,
cosAd < O is found. Accordingly, we can obtain the value of cosA¢ and | sinA¢ | by this
method. In the actual measurement to determine the algebraic sign of cosAd, the light source is
intensity-modulated at an angular frequency ®,, and the output of ¥, (0, ) is detected, instead of
that of ¥,,(0), in order to use the lock-in amplifier which can detect ac signal, but cannot detect
the de signal. ~Figure 2.11(a) shows time variation of the value of Vp(,) and ¥, (2w,), and
Fig. 2.11(b) shows time variation of the value of A¢ calculated by ¢q.(2.3.21).
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Fig. 2.13. Eleclrical and optical experimental configuralion for the
maasurement of acoustic wave by reflection of light on the sample sur-
face.

Fig. 2.14. The light emilted from the fiber is focused on the sample
surface by the objective lens, reflected, and returns in the fiber. The
sample is fixed lightly on the sample holder by means of Iwo-sided
adhesive tape. The shutter is used for distinction between the light re-

flected by the sample and other ighls.
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§2.4. Measurement by Reflecting Light on Sample Surface®
24.1 Outline of Measurement Method

Another measurement of piczoelectric vibration can be performed by reflecting light on a

sample surface. The light is phasc-modulatcd by relection when the sampl vibates. The ring
is used for ion of the ph dulated signal to the intensity-mod

lated one. The lock-in amplifier is used for detection of the output voltage ¥, at the photodi-
ode. However, the lock-in amplifier can only measure high frequency up to approximately 100
kHz. n order to measure the acoustic vibration whose angular frequency w, is higher than the
limit of the lock~in amplifier, the light source, a laser diode, is intensity-modulated at the angu~
lar frequency @,. Interference of the two optical waves phase-modulated by acoustic vibration
causes an intensity-modulated optical wave, the of which have an angular frequency
nw, (1=0,1,2,+). The light itself is now intcnsity-modulated at the angular frequency .
Therefore, signals whose frequencies are the sum and the difference between the two frequencics
o, |o,tw, |, |20, %0, |, ctc. canoccur. The signals whose angular frequencics are
lower than the limit frequency of the lock~in amplifier can be detected and used for the meas-
urement of the acoustic vibration. ~ Figures 2.12(a) and 2.12(b) illustrate the generation of | o),
-, | component due to the intensity modulation of the light source at the angular frequency
o,

-

24.2 Experimental system

The experimental configuration s shown in Fig. 2.13. The wrap-around phase modulator
described in §2.3 is still connccted to the ring interferometer. In order to supply the clectric
reference signal whose angular frequencics are w,, | w, - w_ | and | 20, - w, | for the
lock~in amplificr, a double-balanced mixer is used for the frequency mixing.  The light emit—
ted from the fiber is focused on the sample surface by objective lens, reflected, and retumed to
the fiber, as illustrated in Fig. 2.14. The sample is fixcd lightly on the samplc holder by means
of two-sided adhesive tape. The shutter s used for distinguishing between the light reflccted by
the sample and other light.

In the experimental configuration shown in Fig. 2.13, optical paths other than the clockwise
and counterclockwisc paths exist. Figures 2.15 (a), (b), (c) and (d) show the four possible paths
of the light in the fiber: clockwise, counterclockwise, and two other paths, respectively. The
lights in the clockwisc and the counterclockwisc paths can interfere with cach other, while the
other two lights cannot interfere with the lights in the clockwisc and the counterclockwise paths,
because the other two lights reach the photodiode at a different time which is now determined to
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be longer than the coherent time of the light.

2.4.3 Formulation of Measurement Method

The intensity of the lights at the photodiode whose paths are shown in Figs. 2.15 (@), (®), (€)
and (d) can be expressed as

I,=A4', {1+ D'cos{w,s + o, D}, @41)
I,=A', {1+ D' cos(w,f + w, D}, 242)
I=A' {1+ D' cos(wyt + 20,1}, (243)
I,=A,(1+D cost), (244)

respectively, where the lights arc intensity-modulated with the modulation index D'(0 s D' s 1)
at the angular frequency w,.

The two coherent lights whose paths are shown in Figs. 2.15(a) and 2.15(b) are phase-modu~
lated by the acoustic vibration to be measured at the angular frequency w,, as

E, =B, cos { w + 24U, cos(,t + 0,T +4,) + 0}, @45)
E, = B, cos { . + KU, cos(w, + §,) ), (246)

respectively, where E, and E, are the electric fields of the lights, B', and B, are their amplirudes.
Though cgs. (2.4.5) and (2.4.6) are similar to cgs. (2.3.3) and (2.3.4) in the case of the wrap-
around phase modulator, the optical paths in egs. (2.4.5) and (2.4.6) are 2/n times as long as
those in eqs. (2.3.3) and (2.3.4), because the reflection makes the optical path twice, and the
present phase-modulation is performed in air.

Since the two coherent lights whose paths are shown in Figs. 2.15(a) and 2.15(b) can interfere
with cach other, the square of the sum of the lectric fields is detected at the photodiode. ~Since
the other two incoherent lights whose paths are shown in Figs. 2.15 (c) and 2.15(d) cannot inter-
fere with cach other and with the lights whose paths are shown in Figs. 2.15 (a) and 2.15(b), cach
of the intensities is detected at the photodiode. Therefore, the output voltage ¥y, at the photodi-
ode can be cxpressed as

Vi @ I, 41, + 211,12 cosAB + I +1,, (247)
where y = 1, and A is the phase difference between the two coherent lights and is expressed as
0= 89 + 88, cos {w,¢ + (tems on phase)}, (248)

where A8, is expressed as
86, = 4U, sin (0,T72), (249)



similar 10 eq(2.3.11). The output voltage ¥, in cq(2.4.7) can be expressed as

Vo= Z Vol | n,20, | ) €08 (0,20, % + Ppyfaw,2ay)). (2.4.10)

In egs. (2.4.1) to (2.4.4), if the intensity of the four lights are the same; that is, A", A
A’y=1:1:1:1,and if the phase difference of the intensity -modulation docs not exist among
the four lights; that is, w, T = 0, the amplitude of ¥, in ¢q.(2.4.10) can be expressed as

Vipl@) = Ky = CD' {24 y cosbd Jo(46,)}, @411

Veo( | 0,-0 | ) =K, = | CD'ysinA¢J,(88,) | , (24.12)

Vool | 20,-0, | ) =K, = | CD'ycosd J,(86,) |, (24.13)
where C" is in proportion to the intensity of the light, D" is the intensity -modulation index of the
light source, as expressed in eqs. (2.4.1)t0 (2.4.4), and y = 1.

The angular frequencies w), | w, - @, | and | 20, -, | arc sclected in the range of the

limit frequency of the lock-in amplificr, for cxample, below 100 kHz, and sclected to be the
same value in order to cancel out the differcnt frequency characteristics of the photodiode at
lower frequency than 100 kHz. For this reason, the angular frequencics , in egs. (2.4.11),
(2.4.12) and (2.4.13) are different from onc another, and the intensity-modulation index D" of the
light source must be the same in the sclected frequency range of w,. Figures 2.16(a) and 2.16(b)
show the frequency characteristics of the intensity-modulation in the cxperiment.  This meas—
urement was performed using a tracking gencrator, which is constructed using the generator and
detector of the clectrical signal whose frequency can be swept, as illustrated in Fig. 2.16(c).

Equation (2.4.11) is similar to ¢q,(2.3.6); however, in the term "2,” the incohcrent lights con—
tribute to the factor "1,” while the coherent lights contribute to the remaining factor "1."  In the
actual experiment, the phase difference of the intensity-modulation in cgs. (2.4.1) to (2.4.4),
o, T, is not zero, as is illustrated in Fig. 2.17. The sum of the intensity-modulated signals with
the phase difference decreases the w, component. The w_component reaches its maximum
when o, T = 207, and its minimum when ©,T = 2a+D)x (3 =0, 1,2,~). Figure 2.18(a) shows
the experimental result of the value of V() after changing the value of w,. This measure—
ment was performed using a tracking gencrator, as illustrated in Fig. 2.18(b). This cffect
changes the term "2 in ¢q.(2.4.11).

‘The difference of the intensity of the four lights also changes the term "2" in ¢q.(2.4.11). The
@, component involved in ¢q.(2.4.7) can be cxpressed as
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Vel = (A" ycost0, T+ A',c0s200, T + A’

24 /‘D’”
+ (A" Sino, T+ A’ sin2eo, TP, (24.14)
where
"y = A+ A UA Ay cOsBY S (A8,). (24.15)
In our experiment,
A, Ay A A7 =193:88.0:82.6:206, (24.16)
and when Vyp(@,) is measured, o, is selected to be @, T << 1. Then, ¢q(2.4.14) approximates
Vo)) = Ky = CD{E" +y cosib Jo(46,)}, @417
where y ~ 1, and
E'=146 + 110 cos, T. (24.18)

For example, E" = 2.53 in our experiment when cosw, T = 0.975. Therefore, the value of E' is
larger than 2 in the ideal case expressed in cq(2.4.11).

In the measurement of the piezoelectric vibration by the reflection of the light, the value of
28, in cq(2.4.9) is considered to be A8, << 1; thercfore, the approximation that

I88)=1, (2:419)
1,(86,) ~ 26,2, (2420)
788,) = (48,8, (421)

can be used.  In this case, from cgs. (24.12), (2.4.13) and (2.4.17), two unknown quantities C*
and D’ can be eliminated, and two unknown quantities cosA¢ and A8, can be calculated by

when cosAd >0, cosAg = { -E'K,2+ (E'K,'+ F)2)/ G, (2422)
when cosAd <0, cosAd = { -E'K,2+ (E' K+ H')2 YT, (2423
Where

Fr= KK, (K2 + 2K K, (2429
G2 UK+ 2K K, (2425)

- 8K, (K- 2K oK), @426)
I'= 2K, - 2KK), (2427)

and
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2AE" + cosADK,
20, =———Lp,, (2.428)
| sina | K,

=1 when sin(@,772) >0,

(24.29)
1 when sin(0,T72) <0.

The different formulac (2.4.22) and (2.4.23) arc uscd for the diffcrent algebraic sign of cos A¢.

In fact, the algebraic sign of cosA$ cannot be measured by the methods mentioncd above in
this section, and when A8, is 100 small, the value of K, in cq.(2.4.13) cannot be measured,
because K, includes the factor of (A0,)2. Therefore, the wrap-around phase modulator connect—
cd to the present ring interferometer is used for the calculation of cosA¢ and | sind¢ | . as de-
scribed in §2.3.3. Then, we can calculate the value of A8, by using cq.(2.4.28), which does not
include K,, and the value of U, which we hope to arrive at by operation of ¢q.(2.4.9).

In our measurement, the sensitivity of the amplitude mcasurement is about 0.1 nm so long as
the power of the light source is about | mW and about 5 % of the light returns to the fiber.

With regard to the phase of ¥, in cq.(2.4.10), we can oblain experimentally that

when o, > 0y, Po( | 0=, |) =8, + 0,212+ P +§+¢",  (24300)
when w, <, Pyl [0y = 0 |)= =8, - 0,2+ 24P + ¢~ ¢, (24.300)
when 2, >0, Pl |20, - |) =20, +0, T+ P 447447,  (24310)
when 20, <, Pop(120, -0 )= =20, - 0,T+ P, 467 =0, (2.

31b)

where ¢' and ¢° arc additional terms dependent on the experimental system, and symmetric and
asymmetric terms on the algebraic sign of m, - w, respectively. The terms ¢ and ¢™ are
similar and correspond to ¢' and ¢, respectively.

The application of this measurement to the evaluation of piczoelectric transducers will be de-
scribed in the next chapter. Main experimental conditions are summarized in Table 2.VI.

§25. Summary

In this chapter, two new methods for measurement of piczoclectric vibration using the fiber-
optic ring interferometer were described. In onc method, the sample is in contact with a fiber,
on which the light is phase-modulated by piczoelectric vibration.  In this case, the fiber is
wrapped many tums around a cylindrical piczoelectric transducer. The low frequency limit of
S,/ E, measured by this method was ncarly in agscement with the material constant dy,. In the
other method, the light is incident on the sample surface and phase-modulated by reflection
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‘when the sample vibrates. The formulation of this method was described herein.
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Table 2.1. Mair
Laser diode NEC OD-8326 or Fujitsu FLD130D413:
A= 1.30um, 1 mW, low coherence
Oplical Fiber Furukawa Electric Co. Ltd. Single mode (SiO,)

loss = 0.36 dB/km, delay loop = 200 or 145 m
Double balanced mixer R&K Co.,Ltd. M5: isolation > 35dB
Lock-in Ampiifier NF 56108: measured at 100kHz,

time const. = 1 0r 35,
XYZ pulse stage Chuo-Seiki Co.,L1d. PS-10220XY, CPC-3C
Sample holder General Scanning Co.,Ltd. M6300PD.
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Chapter 3
Optical and El hanical Evaluati
of Piezoelectric Vibration

§3.1. Introduction

The optical measurement methods using the ring intcrfcrometcr described in Chapter 2 enable
us to cvaluate the acoustic amplitude and phase of the piczoclectric transducer. In panticular, the
method in which light is reflected on the sample surface described in §2.4 cnables us to evaluate
the acoustic vibration locally by adjusting the mcasurement point where the light is incident. In
this chapter, mcasurcment of the amplitude and phase of piczoclectric vibration is performed by
this method.

An clectromechanical method is usually used for the evaluation of piczoclectric vibration.
The relationship between voltage and current in the piczoclectric transducer can be measurcd;
that is, admittance is measured when voltage is constant with this method. The clectromechani-
cal coupling cocfficient can be calculated by means of this method; however, this measurement
is not local. The characteristics of the sample arc measured as a wholc. Acoustic amplitude
and phase cannot be measured dircctly by this method.

By cxploiting the advantages of both optical and electromechanical methods, we can work out
new methods for the cvaluation of the piezoclectric transducer.  Vibration theory is also consid-
cred in this cvaluation. A disk piczoelectric transducer is used as a sample. The physical quan-
titics, for example, values corresponding to the piczoclectric constant,’™® the acoustic velocity
of the radial-extensional modc," and Poisson's ratio of thc matcrial ¢ can be cvaluated using the
new methods.

§3.2. Theory of Simple Harmonic Oscillation
3.2.1 Equation of Mechanical Vibration

In this section, the theory of simple harmonic oscillation of one dimension is described for our
later use.  We assume that the oscillator is composed of a material particle and a spring connect-
ing the material particle. Infinitesimal vibration of the material particle near the stable equilibri~
um is treated as simple harmonic oscillation. The periodic external force whose angular fre-
quency is , [rad/s) acts on the material particle. The vibrational equation can be expressed as
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du du
m— ' —+hu= Fsinog, @21
dr? dr
where u [m), m [kg], -1'du/dr [N), -ku [N}, and F [N) are the displacement of the vibration, the
mass of the material particle, the friction, the clastic force, and the amplitude of the external
force, respectively. Equation (3.2.1) can be expressed as

& u 2, (322)

— 42— s o= sinoyr, 2.2)

w " a »
where B= n'A(2m), w2 = k/m, and p' = F/m, where , is the proper angular frequency of the
vibrational sysicm. The displacement u is calculated from cq.(3.2.2) as

u=Asin(oy +8)+a’e +a"eM, (3.23)
where

A=p {0F - 0,7+ 4B, )2, (29

8=-tun{ 2P, /(@ -0}, (3.25)

K== - (B2 - o), G206

A= =pre (B2 - 02, @27

a’,a” : constants.
The object of the measurcment is the first term on the right hand in ¢q.(3.2.3); stationary state
term.  The Q-valuc is defincd as
Q=0,/(28) [dimensionlcss), (28)
1f @ > 2712, the amplitude of the displaccment A has the maximum as
A=20 (@) /(4 - 1)'?, (3.29)
at an angular frequency , = w{ 1-1(20H} 2.
The approximate relationship between the angular frequency of the external force w, and the

vibrational responsc .4 and & in €q(3.2.3) is as follows:
1) When a, =0,

A=y~ plog?=Fik, and 8=0, (3:210)

‘where the stiffness controls the vibration. The displacement can follow the external force with &
= 0; that s, the vibration is at a free stac without clamping.
b) When o, = @,
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A=A =00 = Fi(ney), and b= -2, (3211)
where the vibrational state becomes the resonance, and the resistance controls the vibration. The
displacement at the resonance is Q times as large as that at w, — 0.

©) When w, >> @,

A~ plo,?= Fimo,), and &~ -x, @212

where the inertia controls the vibration, and A « ,"%. The displacement hardly follows the
external force; that i, the vibration is clamped at the frequency much higher than the resonance.
The Q-value is calculated by the following method: ~ Angular frequencics w,, and m,, arc
defined as
when, = w,, 8=, (3:213)
4. (3:2.130)

whenw, =0, b=
‘Then, from egs. (3.2.4) and (3.2.5),

-, =2p'=0,/0, (3214
and when w, = 0, 0F 0, = 0y,

AmAL 122 (3215

The Q-value can be calculated by the measurement of w,,, ®,;, and w,, using egs. (3.2.14) and
(3215).

3.2.2 Analogy between Electrical and Mechanical Vibration
The vibrational equation for the electrical resonance circuit can be expressed as
di q
L—+Ri+—= Vsino,, (3.2.162)
@« c

where L [H), R [Q], C [F], i [A], and V [V] are the inductance, resistance, capacitance, clectric
current, and clectromotive force, respectively, and

q= J idr, (3.2.16b)

s the electric charge. On the other hand, eq.(3.2.1) can be rewritten as



@
m—+mv+ku= Fsinay, (3:217%)
dr
where v [ms] is the velocity of the mechanical vibration, and
us= IvaA (3:2170)

Comparison between egs. (3.2.16a) and (3.2.17a) leads to the analogy between the electrical and
the mechanical vibration as

clectric charge g += displacement u ,

electric current i+ velocity v,

clectromotive force ¥ +» mechanical force F,

inductance L < inertia (m) ,

resistance R = friction (),

capacitance C == clasticity (k') ,k : stiffness, k™! : compliance.

The correspondence mentioned above is important for the discussion which will follow in this
thesis.

§33. Treatment for Plezoelectric Vibration
3.3.1 Fundamental Piezoelectric Relations

Intensive variablc, stress T [N/m?], and extensive variable, strain S [dimensionless), arc usual-
Iy adopted as the variables of mechanical statc, and they are sccond rank tensors.  Stress 7, in i~
direction on j-planc is refated to force F, [N] in i-direction as

F, =0T, /3, bx,Ax,ox,, @331)

where Ax Ax,Ax, is the cubic content on which the force acts, and Einstein's summation conven~
tion is used; thercfore, a summation from 1 to 3 is taken for the repeated indices in the same
term.  The engincering notations

T, T,=T,,

T,=T,

»
T =2Ty=Ty, T=Ty=Ty, T,=2T,=Ty,

are widely used. The strain S, i related (0 the displaccment u as
;= (dujax, + dufax,) /2. (332)
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The engineering notations
S5,=8,, 5;=5p, 5=,
S,/2=8,=8,, S/2=5,=5,, $,/2=5,=5,,
are also widely used. The relation between S and T is expressed as
T, =CpSy OF S, =5, Ty (333)
where ¢ [N/m?) and s [m?/N] are clastic stiffness and clastic compliance, respectively. They are
fourth rank tensors.

Intensive variable, clectric ficld E [V/m], and cxtensive variable, clectric flux density D
[C/m?) arc now adopted as the variables of clectrical state, and they arc first rank tensors. The
relation between E and D is expressed as

D;=¢E, or E=pD, (3.3.4)
where € [F/m] and B [m/F) arc the diclectric constant ( permittivity ) and the dielcctric imperme-
ability, respectively. They are second rank tensors.

Relations among the mechanical and the clectrical variables are called the fundamental piczo-
clectric relations or the piezoclectric cquations. There are four types of relations as

S=sT+dE,
(d-form) (33.5)
[ D=dT+¢E,
T=c®S-eE, .
- 3.3.6
D=eS+¢5E, fectom) 039
5=s°T+gD,
=gl §D (g-form) 337
=-gT+p™D,
T=cPS-hD,
(h-form) (338)
{ E=-hS+B°D,

where d [m/V=C/N], e [N/(V-m)=C/m?), g [m¥C=V-myN}, and h [N/C=V/m] are the piczoclec-
tric constants.  They arc third rank tensors; for cxample, S, dyE,and D, =d, T, Super-
scripts "E" and "D" in the clastic constants indicate the electrical conditions E = 0, and D = 0,
respectively, and superscripts T and "S” in the diclectric constants indicate the mechanical

conditions T = 0, and § = 0, respecti The ical coupling cocfficients k*
{dimensionless) are gencrally defined by
E=(1-R), (3.399)



Fig. 3.1. Conliguration of the disk piezoelectric transducer for the
measurement.

Table 3.. Elastic and dielectric tensors in crystallographic point group of
6mm. The piezoelectric lensor was shown in Table 2.11.

Elastic

1t 2 3 4 5 6
1
2| o~ I
3 — .
1 — .
5 .
& x

The notation "x" means (¢,, - €,,) /201 2(s,, - 5,)). and ¢, = G, 5, = 5,
Dielectric
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‘Table 3.1 Main material constanis of *P-7."

Piezoaleciric d,;(10°2mV)
(10" %mV)
Gyl10-VavN)

Permitiivity ¢ /e,

Compliance & (10 m/N}

Poisson's ratio o

Mass density p(10%g/m)

410
-207
22
2100
158
031
78
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P=(1-8)55, (3.39b)

S=(1-4)¢", (339¢)

BT=(1-4) 5 (3.3.9d)
However, these definitions are conceptual. Exact definition of k2 depends on the vibrational
mode. The piczoclectric relations mentioned above arc exactly defined for the situation of the
low frequency limit o, — 0, because mechanical and clectrical vibration cannot follow an exter-

nal force at higher frequency.  Thercfore, the clectromechanical coefficient is also defined for

w, 0.

3.3.2 Form of Sample

A sample for the measurement of piczoelectric vibration is in the form of a disk illustrated in
Fig. 3.1 This is made of PZT material "P~7" (Murata Manufacturing Co., Ltd.), which is polar-
ized in the direction of the thickness, that is, z-direction in Fig. 3.1. In this case, the crystallo-
graphic point group of the material is given as 6mm. Its clastic, piezoclectric, and dielectric
tensor forms are shown in Table 3.1. The main material constants are shown in Table 3.IL. Silver
electrodes are sintered on both faces of the sample.

3.3.3 Vibrational Modes and Their Mechanical Conditions

Such a disk pit ic transducer has radial ional and thick ional reso~
nances.  The lowest resonance frequency of the thickness mode is much higher than the radial-
extensional mode, because thickness L of the sample is sufficiently thin compared 1o radius R,
and roughly speaking, the lowest resonance frequencics of the respective modes are inversely
proportional to the sizes of the respective dircctions where the respective resonances can occur.

At the lowest resonance frequency of the radial-extensional mode, the displacement in the r-
direction becomes the maximum, and the vibration in the z-direction is sufficiently free; that is,
the stress T on the z-planes can be regarded as zero. The displacement in the z-direction also
becomes the maximum as in the r-direction, because the di in the z-dircction can
follow that in the r-dircction at this frequency.

On the other hand, at the lowest resonance frequency of the thickness-extensional mode, the
vibration in the r-direction cannot follow the cxternal foree, and is clamped in the r-direction;
that i, the strain S in the r-~direction can be regarded as zero.
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33.4 Piezoelectric Transverse and Longitudinal Effects

With regard to piczoclectric vibration, it is important to consider the direction of the wave—
number vector k of the vibration and that of the polarization P accompanied with the vibration.
In general, when k P, the vibration is in the piczoclectric rransverse effect, and when k // P,
the vibration is in the piczoelectric longitudinal effect. The difference between the two effects
leads to the difference of the electric conditions of the piezoelectric vibration. The electric
n has a great deal to do with the dircction of the depolarizing field E = -P /.

In the radial-extensional mode, the wavenumber veetor k is in the 7~dircction, the polariza=
tion P and the depolarizing field E = ~P / ¢, arc in the z-direction. Thercfore, this mode is
caused by the transverse effect. In this case, the depolarizing ficld in the z-direction is com~
pletely short~circuited because of the existence of charges on the electrodes in the z-planes.
‘This leads to the electric condition of £, being constant (o E, = 0) in the dircction of the wave~
number vector , the r-direction in this case. The electric flux density D, is not homogencous

in the direction of k, becausc the stress T, and the strain S , are not homogencous in this direc—
tion.

On the other hand, in the thickness-cxtensional mode, k, P, and E = -P / €, arc in the z-
dircction. Therefore, this mode is causcd by the longitudinal cffect. In this case, the depolariz-
ing field E, = -P, / €, is not homogencous in the direction of k, the z-dircction in this case,
because T, and S, are not homogencous in this dircction. On the other hand, D; is homogene~
ous in this direction. This lcads to the clectric condition of D being constant (or D, = 0) in the
direction of the wavenumber vector &, the z-dircction in this case.

§34. Theory of Radlal- Mode In Effect

The vibration in the disk transducer can be analyzed using cylindrical coordinates. The
theoretical analysis of the vibration of the radial-extensional mode is cssential for the considera-
tion of the new methods for evaluating the piezoclectric transducer described in this chapter.
The radial-extensional mode is caused by the piczoclectric transverse effect.

The piezoclectric equations are given by the d~form as

S, =S8 T, 455, Tog + ST, +d, E, (3.4.12)
S0 =BT, + 55, Top + 5%, T, + 4, E, (3.4.1b)
S, =T, 458 T + ST, +dE, (34.1¢)

D, =dyT, +dyTog +dyT, 4T, 642

and the Newton's equation of motion is given by
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p—r=—T R (3.43)

where

(344)

arc the strain, u, is the displacement in the r~direction, T,_is the stress in the m-direction on the
n-planc, E, (=E,) is the clectric field in the z-direction, D, (=D,) is the electric flux density in
the z-direction, s'_' is the clastic compliance when E = 0, d,, is the piezoclectric d-constant, and
p {kg/m?] is the mass density of the material. Notations that

Su =S S = Suz S =Sy

d)l -d!ll’ d)) "’m'

are used here. The mechanical condition s given by

T,(=T)=0, (3.45)
and the electrical condition is given by

O,

o, (3.4.6)

or

The grounds of egs. (3.4.5) and (3.4.6) were described in §3.3.3 and §3.3.4, respectively. From
egs. (3.4.12) and (3.4.1b) using the mechanical condition eq.(3.4.5), T, and T,, arc expressed as

T, = ¢S, +c0Sp - €k, (34.73)

Ty = €05, + ¢'Spg = €E,, (3.4.7b)
where

e={sf (1-at) ), (3.4.89)

== sE, /85, (3.4.80)

e'=dy, /{s5, (1-0)}, (3.4.80)

where o (dimensionless) is the Poisson's ratio of the material.
Substitution of egs. (3.4.7a) and (3.4.7b) into q.(3.4.3) using the clectrical condition
€q.(3.4.6) gives
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Table 3.11. The value of «, for the Poisson's ratio o.

025
026
027
028
029

031
032

@

2017
2024
2030
203
2043
2049
2055
2061

o,
2667
2,660
2652
2645
2638
2630
2623
2617

033
034
035
036

038
039
040

o,

2610
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w2 Ful) 1 ) un)
c—ufr)z— t— — - —, (3.49)
< ar? roar r

where
u, = ulr) exp( - jo,t), (34.10)
is assumed. Equation (3.4.9) is the Bessel's equation; therefore, u(r) can be expressed as
ulr) =B'J(w,r1v), (3411)

where B* [m] is a cocfficient, J(x) is the Bessel function of the first kind of order i, and v [mys] is
the acoustic velocity of the radial-cxtensional mode,

v=(e /Py {psE(1- ) ) (412)
The Bessel function of the sccond kind, the Neumann function ¥(x), is not appropriate for the
expression of u(r), because whenr — 0, ¥(w,r/v)— - ®.

“The coefficient B’ can be determined by the mechanical boundary condition,

7,20 atr=R, (3.4.13)
where R {m] is the radius of the disk sample. By using eqs. (3.4.4), (3.4.7a), (3.4.11), (3.4.13),
and the relationship on the Bessel function,

xdJ (fdx + ) = o, (), (34.14)
the cocfficicnt B’ is calculated as

d,,(1+0)ER

B (3.4.15)
aJy(@)-(1-o) (a)
where o [dimensionless) is cxpressed as
a=wR/v. (3.4.163)

The pole of the cocfficient B’ determincs the frequencics of the mechanical resonance which is a
characteristic of the entire sample. That is, the mechanical resonance angular frequencics,

W, = VR (1 =123,7), (3.4.16b)
can be obtaincd by
aJi@,) - (1-0)/,(a) = 0. (3.417)

‘The value of o, for the Poisson's ratio o s shown in Table 3.11L9
The electric flux density D, is expressed by using €qs.(3.4.2), (3.4.7a), and (3.4.7b) as
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S, €5, +5y), (3.4.18)

where
ey =Ty (1-k7), (3.4.19)
with
2 4y
ka2 (3.4.20)
P oleo ST,

The superseript "PS" in ¢q.(3.4.19) indicates that S, = S,,, = 0, clamped in the plane. Equations
(3.4.19) and (3.4.20) are the definition of the i ficient k.2 in the radial-
extensional mode. The electric current / [A] is calculated using

3
l=ij'|‘D'2mdr‘ (34.21a)
3
and the electric voltage ¥ [V) s given by
V=EL, (3.4.21b)

where L [m] is the thickness of the disk sample. The admittance ¥ [S] = 1/ ¥ can be calculated
by using cgs. (3.4.21a) and (3.4.21) with cgs. (3.4.18), (3.4.4), (3.4.11), and (3.4.15) as

Y=Y, 4Y, (3.4222)
where

Yy =j0,Con (3.4.22b)

X 1+0
¥ = j0, Gt ———————, (3.4220)
1-k?  oJy@)/J (@) - (1-0)

where

Co= e,y mRY/L, (3.4.22d)

which is the capacitance when S, = Sg, = 0, measured at the low frequency limit w, — 0.
When eq.(3.4.17) is satisfied, the piczoelectric admittance ¥, in q.(3.4.22¢) becomes the
maximum; that is, clectrical resonance occurs.
The piczoelectric admittance ¥, can be expanded with respect to the *a,, the pole of
eq.3.4.22c), as 9
1

2, (3.4.232)
" jw,L,-1iw,C,)}

Y?
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Co
Ci| C2l C3
Fig. 3.2. Equi ircuil for the radial- i in the piezo-
electric ransverse effect.



02
=p —P 2
G G (3.4.230)
s
L, =(w,C)", (3.4.23¢)
with
(3.4.23d)
(3.4.230)
Therefore, the cquivalent circuit for the radial ional mode in the pit ic transverse

effect can be expressed as illustrated in Fig. 3.2. The capacitance C, (n = 1,2,3,~) comresponds
0 the elasticity of the n~th resonance of the mode, and inductance L, corresponds 10 its inertia.

$3.5. Theory of Thick Mode in L Effect

The thickness-extensional mode is caused by the piczoclectric longitudinal effect. The
piczoelectric equations are given by the e-form as
o= S, + P + ¢S, - eF, @s.)
D,= e, +e,S+ S +eSE,, (352)

and the Newton's equation of motion is given by

p—ta=, (3.53)

where ¢, is the elastic stiffness when £ = 0, and e, is the piczoelectric e-constant. The me-
chanical and the electrical conditions are given by

(354)

(353)

The grounds of egs. (3.5.4) and (3.5.5) were described in §3.3.3 and §3.3.4, respectively. From
egs. (3.5.1) and (3.5.2) with the mechanical condition ¢q.(3.5.4), T, can be cxpressed in a form
without E, as
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e = /ey,

= (1-k2),

k2= ey,

(35.6)

@3s7)

(358)

where ¥ is the clastic stiffness when D = 0. The translation from ¢q.(3.5.1) 10 €q.(3.5.6) is

necessary for the analysis of the vibration, because E, is not constant in the z-directi

. Equa-

tions (3.5.7) and (3.5.8) define the electromechanical coefficient in the thickness-extensional

(359)

mode.
Substitution of ¢q.(3.5.6) into eq.(3.5.3) using the clectrical condition ¢q(3.5.5) gives
Pu,
p—t=c,—=.
pragtiche

The expression for u, is assumed as

u, = u(z) exp( ~jo,t )
with

u(z) = B'sin( w,z/v ) + C' cos( w,2/v ),
where

v= ()2,

is the acoustic velocity of the thickness-extensional mode.

mined by the mechanical boundary condition,
T,=0 at z=2Lp.

(3.5.100)

(3.5.10b)

@sa

Coefficicnts B’ and C’ can be deter~

(3.5.12)

Sinee the clectric flux density D, is constant in the z-dircction, eqs. (3.5.6) and (3.5.12) with cgs.

(3.4.4) and (3.5.10b) yield to

» D,

s (wv)eos{ o l/ ()}

C'=0.

The electric current / is assumed to be calculated by

46

(35.132)

(35.130)



3
1= ju\AJD,zwdr = jw, D, nR?, (3.5.142)
o
and the clectric voltage V is given by

1
V= I Ed. (3.5.14b)
-2
For the calculation of the admittance ¥ =1/, q.(3.5.2) is intcgrated with respect to z from -L/2
10 L/2, and we obtain

o, LA2v) }
D.L=¢V+ 2 . (3.5.153)
: W, (20)} cos{ w,LI2Y) }

Integrating ¢q.(3.5.15a) with respect to r yiclds

jo DXRY 1-k2(tanbyb } = jo, €, nR?V/L, (3.5.15b)
where

b=w,L/(2v). (3.5.15¢)
Therefore, the admittance ¥ can be expressed as

€, nR?
Y= jo, ———————. (3.5.16)
1-kZ(anbyb L

‘When

beb, =0, L/@)=mn/2 (m=135-), (3.517)

the mechanical resonance occurs in consideration of egs. (3.5.10b), (3.5.13a) and (3.5.13b).
‘Then, the admittance becomes zero; that is, clectrical antiresonance occurs.
Equation (3.5.16) can be rewritten as

Y=YotY, (3.5.18a)

where
Yy=j0,Cor (3.5.180)

1 1
e ————————, (3.5.18)
jon-C)  jwpCektan bYb

where

Cy= ¢S,y /L, (3.5.184)
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-Co

I Ci] C2f C3

Fig. 3.3. Equivalent circuit for the thickness-extensional mode in the
piezoelectric longitudinal effect.



which is the capacitance measured at the low frequency limit w, — 0 in the clamped state in not
only the 7-, and B~directions but also z-dircction. The sccond term in ¢q.(3.5.18¢) can be ex-
‘panded with respect to the pole of (1an byb; thercfore, we can obtain the expression as

Y=z, ﬁ +Z i), - Uo,C) b (3.5.192)
where

C,=p kiC, (3.5.19b)

L,=(@,2C)" (3.5.19)
with

Pa=8/(m) for m= (3.5.19d)

E. Pzl (3.5.19)
Therefore, the equivalent circuit for the thick ional mode in the pi ic longitu-
dinal effect can be expressed as illustrated in Fig. 33.

We summarize the difference beween the pi ic transverse and the longitudinal ef-

fects. In the transverse cffect, the mechanical resonance corresponds to the clectrical resonance.
On the other hand, in the longitudinal cffect, the mechanical resonance corresponds to the clec—
trical antiresonance. Therefore, in the electrical equivalent circuits, the negative capacitance
-C, exists in series with the impedance which corresponds to the piczoclectric vibration in the
longitudinal effect. This difference is caused by the difference of the clectrical condit
the transverse effect, the clectrical condition is that £ is constant. Even if £ = 0, wl

n. In
is the
ideal situation at the electrical resonance, the vibration can occur.  Therefore, the electric voltage
V corresponds to the external force, and the mechanical resonance can occur at the clectrical
resonance. In the longitudinal effect, the clectrical condition is that D is constant. Even if D =
0, which is the ideal situation at the electrical antiresonance, the vibration can occur.  Thercfore,
the electric current I corresponds to the extemal force, and the mechanical resonance can occur at
the electrical antiresonance.
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Le

Cq Ce

Re

Fig. 3.4. Equivalent circuil of the piezoeleciric transducer near the
present resonance. This expression is appropriate for both the piezo-
sleclric transverse and the longitudinal effects.

of Y= ¥, + ¥, the focus of the

Fig. 3.5 Frequency charac
admiltance. The abscissa and the ordinale are the conductance G [S]

and the susceplance BS). respectively. The locus rotates clockwise
‘when the lrequency increases.
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§3.6. of Vibration

36.1 Admitiance near Resonance Frequency

The admittance of the piczoclectric ransducer near the resonance frequency can be expressed
as

Y=Y, 4%, (36.13)
‘where
Y, =j0,C,. (3.6.16)
Y= (R 4 {0, - U@, C ) I @6.1¢)
‘This expression is appropriate for both the pi ic transverse and longitudinal effects. The

motional admittance ¥, in €q.(3.6.1c) is not equal to the admittance Y, in cgs. (3.4.22c) and
(3.5.192), and the dumped capacitance C, in ¢q.(3.6.1b) is not equal to the capacitance Cy in cgs.
(3.4.22d) and (3.5.18d), because Y, deals with only onc resonance under consideration.  On
the other hand, ¥, is the total piczoclectric admittance, involving harmonic resonances.  There—
fore, the dumped capacitance C, includes not only C, but also the other elements in ¥, which are
not included in ¥,

The cquivalent circuit of the piczoclectric transducer near the present resonance is shown in
Fig. 3.4. The frequency characteristic of ¥ = Y, + ¥__ is illustrated in Fig. 3.5. Figurc 3.5
shows the locus of the admittance, and the abscissa and the ordinate arc the conductance G [S)
and the susceptance B [S], respectively. The locus rotates clockwise when the frequency in-
creases. The angular frequencics o, ,, ,, ®,, Oy, ®,, and o, are defined as

w,, when | Y| becomes the maximum,

@, when | ¥ | becomes the minimum,
@, = , (tesonance),

when the susceptance B = 0, where o, < o,
@, = @, (antiresonance),

o,

o When the conductance G becomes the maximum,

@, = ,,, when the phasc angle of ¥, is w4,
@, = w,,, when the phasc angle of ¥,,, is - /4.
The mechanical Q-value can be calculated by
07 =(w, -0, )/ 0= CR, (362)
using the i of the pi ic transducer.

51



3.6.2 Measurement of Electromechanical Coupling Coefficient

‘The electromechanical coupling coefficicnt €2 can be determined by the measurement of ,
andw,. The methods of determining of A? are described below. The electromechanical coupling
cocfficient k? depends on the vibrational mode, and we can express k* exactly as

> C,(1-#), (363)

where C,_ (n 2,3,) is illustrated in Figs. 3.2 and 3.3 and depends on the vibrational mode.
The capacitance C, is in proportion to the diclectric constant measured at the low frequency limit
@, =0 in the clamped state defincd in the respective modes. The summation of C, fromn = 1
1o @ corresponds to  the elasticity of the transducer at the low frequency limit w, — 0, because
all modes of vibration can follow the extemal force completely at w, —» 0, and the mechanical
vibration is controlled completely by stiffness. The expression of & in eq(3.6.3) involves the
specific definition of A2 of the respective modes mentioned previously.

‘The relationship among &% ,, and , is as follows.

In the piczoclectric transverse cffect, the clectric cquivalent circuit can be expressed in Fig.
32. With regard to the purpose of calculating &, the admittance ¥ = ¥, + ¥, is assumed to be
expressed as

Y=Yy 4 Yy =j0,Cy [ 14 {K2/(1-42)} tan bw,) /b(w,) ], (3.6.43)

where b(w,) is the function of w, and is in proportion (o w,. At the resonance angular frequen~
¢y w, = w, mechanical resonance occurs and Y reaches its peak; therefore,

bo)=n/2. (3.6.4b)
At the antiresonance angular frequency , = w,, ¥ approaches its minimum; therefore,

1+ {K2/(1-K2)} - tan bw) /b(w) =0 (3.6.4¢)
Atthe low frequency limit w, ~ 0, b approaches zro, and

YiGw,) ~Cy/(1-8). (3.6.4d)

Equation (3.6.4a) is based on the elcetric equivalent circuit of the transverse effect, and cqs.
(3.6.4b) and (3.6.4¢) satisfy the definition of clectrical resonance and antiresonance, respectively,
and €q(3.6.4d) i consistent with the expression of k? given by €q.(3.6.3). Thercfore, cqs.
(3.6.42) 1o (3.6.4¢) are reasonable for the purpose of calculating k% in the transverse cffect.
From ¢qs.(3.6.4b) and (3.6.4c),
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Fig. 36. Frequency characterisiic of the admittance | ¥ | of the disk
‘sample illustrated in Fig. 3.1.
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Fig. 3.7. Frequency characleristics of the admittance near the first
resonance of the radial-extensional mode. (a) The G-B characteristic.
{b) The solid line and the dashed line show the frequency characterislics
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(3.65)

can be obained, because b(w,) i n proporton 10, Equalion (3,6.5)is used for the caleula-

tion of k2 in the of ic vibration in the transverse cf-
fect.
‘With regard to the pi i itudinal cffect, a similar ion is reasonable for the
expression of Y= ¥, + ¥, as
Y=Y, +Y,=j0,Co{ 1 - uanbo,) /b }, (3.6.6a)

which is based on the electric equivalent circuit illustrated in Fig. 3.3. At the resonance angular
frequency @, = @, ¥ approaches s peak; thercfore,

1=K tanbw) /bw)=0. (3.6.6b)
At the antircsonance angular frequency o, = ,, ¥ approaches its minimum; therefore,

bw)=n/2. (3.6.6¢)
At the low frequency limit w, —= 0, b approaches zero, and

Y/Guw) = Cy/(1-4), (3.6.6d)
which is consistent with ¢q.(3.6.3). From cgs. (3.6.6b) and (3.6.6c),

PILICIO 667

an {(2) (0, /0) }

can be obtaincd.  Equation (3.6.7) is used for the calculation of ? in the clectromechanical
of pi ic vibration in the longitudinal effect.

3.6.3 Electromechanical Measurement of Disk Sample

A frequency characteristic of the admittance | Y | of the disk sample described in §3.3.2 is
shown in Fig. 3.6. Impedance analyzer (HP4192A) was used for the measurement. The peaks of
Y below 1 MHz arc causcd by the radial-cxtensional resonances whose frequencics are deter-
‘mincd by ¢q.(3.4.16b), and the antiresonances of ¥ over 1 MHz are mainly caused by the thick-
ness-cxtcnsional resonances whose frequencics are determined by cq.(3.5.17).

Figures 3.7(a) and 3.7(b) shows the frequency characteristics of the admittance near the first
resonance of the radial-cxtensional mode. Figure 3.7 (a) shows the admittance locus, that is, G-
B characteristic, and the solid linc and the dashed line in Fig. 3.7 (b) show the frequency charac-
teristics of | ¥ | and the phase anglc of ¥, that is, the phase difference between the clectric



Table 3.V, Typical resulls of the measurement of wy,. Gy, Wy, 0, Wpge
«0,. and w, near the firstresonance of the radial-extensional mode.

w, 20 0.1864 MHz wg /2y 01888 MHz
o 29 0.1875 MHz @, /(2n) 0.2285 MHz
o /i23) 0.18755 MHz w, l2x) 02285 MHz
o, /i2n) 0.1876 MHz

Table 3.V. The O-value, ‘f and the paramelers of the equivalent cir-
cuit aprasenied in Fig. 34, C,. G, R, and L, calculaled by the data in
Tablo 3V,

o 781 [

kF 037 G, 264pF
R, 4120
L, 273mH

(a) (b)
LIGHT
LIGHT
Fig. 3.8. Light for the measuremenl is incident on the sample surface.
Diagram (a) shows the incidence of the light on the sample in the z-

diraction. Diagram (b) shows the incidence at the edge of the sample in
the r-direction.
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current and the voltage, respectively. The results of the measurement of w,;, 0, Wy ©, @,
w,, and o, defined in §3.6.1 are shown in Table 3.IV.  The Q-valuc is calculatcd as 78 by using
£q.(3.6.2), and the electromechanical coupling coefficient k2 is calculated as 0.37 by using
q(3.6.5). Table 3.V shows the parameters of the cquivalent circuit represented in Fig. 3.4, C,,
Cp Ry Ly aswellas Qand k2 We must pay atiention o the variation of Q-value due to cer—
tain cxperimental conditions, ¢.g. the method of fixing the sample. The values of k2 and , of
different samples of the same shape and made of the same material are not always the same.

In Fig. 3.7 (b), the phase angle of ¥ decreascs from + to — at the resonance , and increases
from — to + again at the antircsonance. The former phasc shift is caused by mechanical reso-
nance, where the phase difference & between the displacement u and the external force £
changes, as expressed in egs. (3.2.10) to (3.2.12). The comespondence between mechanical and
clectrical vibration cxists, as described in §3.2.2. The latter phasc shift is causcd by the influ-
ence of the dumped i which exists intrinsi in the pi ic transducer.

§3.7. Evaluation of Piezoelectric Vibration by Optical Measurement of Acoustic Amplitude

The optical method described in §2.4 enables us to measure the amplitude and the phasc of
the acoustic vibration. This section described the evaluation of the piczoclectric disk transducer
by optically measuring acoustic amplitude. The optical measurement of the acoustic phase
‘measured optically will be described in §3.8. The experimental configuration was described in
§2.4.2, as illustrated in Figs. 2.13 and 2.14. The method of calculating the amplitude U, was
described in §2.4.3.

The light for the measurement is incident on the sample surface, as illustrated in 3.8,
Diagram (a) in Fig.3.8 shows the incidence of the light on the sample in the 2-dircction. Chang-
ing the measurcment point on the z-planc cnables us to cvaluate the amplitude in the z-direction,
U,(r), at the position 7 locally. Diagram (b) in Fig.3.8 shows the incidence at the cdge of the
sample in the r-direction, and the amplitude in the r-direction, U, (r), at the position r = R can
be evaluated. The strains S, and S, can be calculated from the amplitude as

$,=U,(R)/R, (X2}

$,=U 0/ LP). (312

3.7.1 Evaluation of Piezoelectric "d' * Value ™9

In this section, we describe the optical measurement of the vibration of the radial-extensional
mode. This mode is caused by the piezoclectric transverse effect, as described in §3.3.4. The

57



electrical condition in which the electric field E is constant can be adopted.  For example, the
acoustic velocity is determined by the elastic compliance sE, where E = 0 is conditioned, and the
cquation of the d-form expressed in ¢q.(3.3.5) is adopted for fundamental piczoclectric relations.
Therefore, we deal with the value S / E as the fundamental value of optical measurement. We
measure the frequency characteristics of S / E near the first resonance frequency of the radial-
extensional mode.

‘The fundamental piczoclectric relations and the electromechanical coupling coefficient are
defined at the low frequency limit o, —» 0, as described in §3.3.1 and §3.6.2. Therefore, we.
consider the low frequency limit of S/ £ below. From cgs. (3.4.4), (3.4.10), (3.4.11) and
(3.4.15), we can obtain 2

Sw/E,~dy (0, —0), (313)

S, IE—~dy (0,0, 614

S, $8,/5%, (S, IE,+ Sy E, -2,

E—' Sl (S 1B+ Sl B 2h) +dyy ~dy (0,=0), (375
1-0

*
where the characteristics of the Bessel functions, when x — 0, Jy(x) — 1, and J,(x) — x/2, arc
used. In that way, we can measure the piczoclectric d-constants by measurement of S / E at the
low frequency limit.  But, measurcment near dc frequency is gencrally difficult because of the
influence of nois in experimental circumstances.  In addition, using optical measurement, the
sensitivity of the measurement becomes lower at the low frequency near dc, as expressed in
€q(2.4.9), in which the phase modulation index 48, is in proportion to @, near w, = 0. With
regard to th i described in §3.6, the ical coefficient
k which is in proportion o the piczoelectric constant is measured near the resonance frequency
of the mode by using q.(3.6.5) or (3.6.7), without using cq.(3.6.3) defincd at dc.

‘We also determine the optical measurement of the piczoclectric vibration near the resonance
frequency in order to obtain higher sensitivity. For the optical measurement of the piczoelectric
constant which is defined at dc, we usc the theory of simplc harmonic oscillation described in
§3.2. From cgs. (3.2.10) and (3.2.11), the amplitude of the vibration at the resonance, A,_,, is Q
times as large as that at w, — 0, A, Therefore, we can obtain A, by measurement near the
resonance frequency as

Lo (3.76)

where the Q-value can be calculated by cqs.(3.2.14) and (3.2.15) and we must use the value of
Ay, at the first resonance.  Equation (3.7.6) is applicd to the calculation of the low frequency
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limit of S/ E.
In order to avoid confusing the d-constant as the material constant with the present d-like

value, we call the latter "d". " That is to say, we can obtain the valuc of "d’ " according to

S,/ E, (maximum)

]

@27

where we must use the value of S/ E and Q at the first resonance. The Q-value is calculated by
the frequency characteristic of S/ E.

‘The experimental results are as follows. The light for the measurement is incident on some
points (a) 7 = 0, (b) r = 0.5R, and (c) 7 = 0.9 of the sample surface. Figures 3.9(a), 3.9(b),
and 3.9(c) represent the frequency characteristics of S, / E, near the first resonance ( about 0.19
MHz ) of the radial-cxtensional mode at the points (a), (b), and (c) mentioned above, fespective-
ly.

‘We can read the maximum value of S, / £ and the Q-valuc at the resonance from Figs. 3.9
and obtain the valuc of d', by applying cq(3.7.7). At point (a), S,/ E, (max.) = 21.2x10°* m/V.
and @ = 49.1 give ', = 4.32x107° m/V. At point (b), S, / E, (max.) = 20.3x10~° m/V and Q =
532 give d',, = 3.82x10"0 m/V. At point (¢), S, / E, (max) = 12.5x10° m/V and Q = 46.6 give
d',, = 2.68x10°° m/V. These results are shown graphically in Fig. 3.10. We find that the
maximum value of S,/ E;, the Q-value, and the valuc of d';, are different locally and distributed
variously. Idcally, from ¢q.(3.7.5), the value of ', should be the same regardless of the posi-
tions measured. The cause of such a distribution could be as follows: 1) the influence of the
boundary of the sample; 2) the inequality of spontancous polarization; and 3) the inequality of
the electric field. Considering the shape and the high permittivity of the sample, cause 1) is the
most probable. This means that the strain is not homogencous cven at zero frequency.  Al-
though the Q-valuc should ideally also be constant, th reason for the distribution may be the
difference in the clamp state, which reflects the different frequency characteristics of the vibra-

tion.

A broken linc in Fig. 3.10 shows the value of d,, (4.10x10°1% m/V) given in Table 3.1 Ap-
praising the values of d,, and dy,, we find that the value of d", is comparable to that of d,, at the
center of the sample (5% larger), but rather smaller near the edge (35% smaller).

The value of d, can be also calculated by using eq(3.7.7). The light for the measurement is
incident on the point 7 = R in the r-dircction, as illustrated in Fig. 3.8(b). Figure. 3.11 shows the
frequency characteristic of S, / E, near the first resonance. In this case, S, / E, (max.)= 6.0x10-*
m/V and Q = 29 give d'y, = 2.1x10° /¥, which is nearly in agreement with the valuc of dy, (
~2.07x10" m/V ) in Table 3.1,
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Table IVI. Typical results of the measurement of w,,. «,

Wy, 0, Wpge

©,. @nd , near the second resonance of the radial-extensional mode.

gy 123)
1 (22)
w/21)
o, /22)

0.4569 MHz
0.4596 MHz
0.4602 MHz
0.4608 MHZ

wg/2x) 04635 MHz
) 0.476 MHz
w,/(23) 0478 MHz

Table 3.VIl. The O-value, k.2 and the paramelers of the aquivalant

circuit represented in Fig. 3.4, C,

in Table 3VI.
o 697
k2 o078

OO

Gy Ry, and L, calculated by the data

513pF
38.2pF
1300
3.13mH
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3.7.2 Evaluation of Resonance of Higher Order

The first resonance of the radial cxtensional mode was used for the calculation of d”in §3.7.1.
Here we describe the case of using the sccond resonance of the mode.  Figures 3.12(a) and
3.12(b) show the results of electromechanical measurement at this resonance.  Table 3.VI shows
the values of w,,, , @y ©,, 0y, ®,, and w,, and Table 3.VII shows the values of k2, 0, and the
other parameters of the equivalent circuit in Fig. 3.4. We find that the maximum valuc of | ¥ |
and the valuc of k? measured at the sccond resonance decrease compared with those at the first
resonance. The reason is as explained below.

As described in §3.6.2, all modes of vibration can follow the external force without a phase
lag at the low frequency limit; but, the vibration with lower resonance frequency cannot follow
the external force and has a phase lag behind the force as the frequency of the force becomes
higher. In the cquivalent circuit illustrated in Fig. 3.2, all componcents of the clasticity C,,
C,C,, are effective in the frequency range under the first resonance; however, in the frequen~
cy range over the first resonance and under the second one, the first branch of the vibration is
controlled by inductance L, that is, the incrtia, and the components of the clasticity C, arc ne~
glected, and the others C,, C;, =, are effective. The value of C, (a = 0,1,2,3, ) was represcnted
in egs. (3.4.22d) and (3.4.23b). From cgs. (3.4.19), (3.4.22d), (3.4.23b), and (3.4.23¢), we can
obtain

T ok 318)
Thercfore, the decrease of the cffective componcnts of C, at higher frequency yiclds the apparcnt
decrease of the clectromechanical coupling coefficient, cven though the coupling constant is
defined at the low frequency limit. For example, the apparent value of k2 measured at the
second resonance becomes 1 - p, times as large as the value of k,? measured ai the first reso-
nance. In the present disk sample, p, = 0.78 is obtincd by using cq.(3.4.23d) and the value in
Tables 3.11 and 3.1I; therefore, 1 - p, = 0.22. The electromechanical measurcment gives

k=037 atthe first resonance,

£?=0078(=k\?) atthe sccond resonance,
as in Tables 3.V and 3.VIL, respectively. Therefore, the decrease of the coupling is
K2/k2=0078/037 =021,

which is nearly in agreement with the theoretical value of 1 - p, = 0.22.
On the other hand, using optical measurement, local measurement of the vibration is possible.
Figures 3.13(a) and 3.13(b) show the frequency characteristics of S, / E, measured at the position
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Table 3.VIIl. The Q-value, k? and the parameters of the equivalent
circuil represented in Fig. 3.4, C,, G, A, and L.

o o C,  159pF
K 026 G,  486pF
R, 2570
L, 03ssmH



r=0in the z-dircction and S, / £, measured at the position 7 = R in the r~direction, respectively.
The frequency range in Figs. 3.13(a) and 3.13(b) involves the first and the sccond resonances.
The valuc of S, / E, at the position r = 0 at the sccond resonance is about 60% of that at the first
resonance. The value of S, / E, at the position 7 = R at the sccond resonance is only about 20%
of that at the first resonance. This suggests that the vibration at the position r = R has more.
difficulty following the external force than is the case at the position 7 = 0. As the frequency
characteristics ncar the first resonance give the value of d’ by using ¢q.(3.7.7), a similar calcula-
tion at the second resonance gives a value similar to d', which we call d”.  Figure 3.14 shows
the ratio of the maximum value of S/ E at the second resonance to that at the first resonance and
the ratio of d” to d’ at the positions r = 0and r = R. The dashed linc in Fig. 3.14 shows the ratio
of K',10 k. We find that the decrease of the clectromechanical coupling varics locally, because
it is more icult for the vibration ncar the boundary to follow the extcrnal force at higher
frequency, and the clectromechanical coefficicnt measured by the clectromechanical method is
an average of the local value. The clectric cquivalent circuit in Fig. 3.2 expresses the average
characteristics of the piczoelectric transducer as a whole. Therefore, the clectric equivalent
circuit is not effective for investigating the transducer from a local point of view.

3.2.3 Evaluation of Piezoelectric "g’ " Value "9

In this section, we describe the measurement of the thickness-cxtensional mode. Figure 3.15
and Table 3.VIII show the results of clectromechanical measurement near the first resonance and
antiresonance of this mode.

In the case of the measurcment of the radial-cxtensional mode, we dealt with S/ £ as the
fundamental value, considering the clectrical condition of the modc with £ as constant. As a re-
sult, the value d corresponding o d can be measured as a parameter of the electromechanical
coupling.

[n contrast, the thickness-cxtensional mode is caused by the piczoelectric longitudinal effect
as described in §3.3.4. The clectrical condition in which the clectric flux density D is constant
can be adopted.  For example, acoustic velocity is determined by the clasti ness ¢®, where
D =0 is conditioned. I[n §3.5, the e-form was adopted for the fundamental
tions, in which stress T and clectric flux density D are the dependent variables and strain S and
electric ficld E arc the independent variables. From the viewpoint of optical measurement, it is
desirable that the strain S be the dependent variable, and from the viewpoint of the clectrical
condition of the piezoclectric vibration in this mode, it is desirable that the electric flux density D
be the independent variable. Thercfore, we adopt the g-form expressed in ¢q.(3.3.7) as the
piczoelectric fundamental relation. As in the casc of the radial-cxtensional mode, we can calcu-

iczoclectric rela~
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late the valuc corresponding to the piczoclectric g-constant using the frequency characteristics of
S§/Dby

. _ 1D, (maximum)

£, 379
]
where we must usc the value of S/ D and Q at the first antircsonance.

In the thickness-cxtensional mode, the vibration is clamped in the r-dircction, and the stress
Tis not zero at the circumference of the sample.  As a result, the low frequency limit of S /D
cannot be expected 10 agree with the g—constant, because T = 0 s not satisficd in ¢q.(3.3.7) even
at the low frequency limit. However, the value of g’ can be a criterion for the cvaluation of the
transducer.

‘The value of D, can be calculated as

|1l DR
|Y] =—=
vl v

(3.2.10)

where the voltage ¥ between the two clectrodcs on the z-planc and the result of the clectrome-
chanical measurement shown in Fig. 3.15 arc used. The experimental results arc as follows.
The light for the measurement is incident on two positions (a) 7 = 0, and (b) r = 0.9R of the
sample surfacc in the z-direction. Figures 3.16(a) and 3.16(b) represent the frequency charac-
teristics of S, / D, near the first antiresonance ( about 1.3 MHz ) of this mode at the positions (a)
and (b) mentioned above, respectively. Figure 3.17 shows the maximum value of S, / D,, the
©Q-value, and the value of g'y, obtained by Figs. 3.16 and cq.(3.7.9). At point (a), S, / D, (max.)
=9.50 V-m/N and Q = 224 give g’y = 42.4x10° V-m/N. At point (b), S, / D, (max.) = 105
V-m/N and Q = 198 give g, = 5.30x10° V-mN.

A broken line in Fig. 3.17 shows the valuc of g, ( 22x10~ V:m/N ) given in Table 3.11. We
find that the value of gy, is much (76%) smaller at the edge of the sample and much (93%) larger
at the center than that of g,, duc to the influence of the boundary. The ratio of the value of 8" at
the center to that at the cdge is large, compared to d'.  The influence of the boundary on the re-
sults of the measurement of g’ is seen 1o be stronger than that of the measurement of d', because
the resonance frequency of the thickness-extensional mode is much higher than that of the radi-
al-cxtensional mode. Hence, a much stronger effect of the clamp may exist in the former casc.

For reference, the frequency characteristics of S /E of this modc are shown below.  Figure
3.18(a) and 3.18(b) show the frequency characteristics of § /E measured at the position r = 0 in
the z-direction and at the position r = R in the r-direction, respectively.  As in the casc of the
radial-extensional mode, strain S approaches the maximum at the clectrical resonance, because
the electric current 7 which is caused by the piczoclectric vibration approaches the maximum at
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the electrical resonance when the voltage is constant.  The strain S, in the r-dircction is much
smaller compared with that in the radial-cxtcnsional mode because of the mechanical clamp.

§3.8. Evaluation of Piezoelectric Vibratlon by Optical Measurement of Acoustic Phase®!
3.8.1 Evaluation of Acoustic Velocity and Poisson’s Ratio

Using the optical method described in §2.4, phase of acoustic vibration ( strictly speaking, the
sum of the phasc difference between the acoustic vibration to be measured and the driving volt-
age of the vibration and some phase value dependent on the experimental system ) can be meas—
ured. At electrical resonance frequencics of the sample, the frequency characteristic of the
phase mentioned above changes by about -  radians. At clectrical antircsonance frequencics,
a phase shift of + x cannot be obscrved with the present optical measurement method, unlike the
clectric measurement of admittance.  The reason for this is discussed in §3.8.2.  In the casc of
radial-cxtensional vibration, another phasc shift of xt can occur locally at other than the rcso-
nance and antiresonance frequencies. In this section, new methods of measurement of acoustic
velocity and Poisson's ratio of the material arc described, by optically measuring of the acoustic
phasc locally.

The light is incident on the sample surface at positions (a) 7 = 0 of the sample surface in the
z-direction and (b) 7 = R, the cdge of the sample, in the r-dircction. Figurcs 3.19(a) and 3.19(b)
show the frequency characteristics of the phase of acoustic vibration at positions (a) and (b)
mentioned above, respectively. The range of the frequency in Figs. 3.19(a) and 3.19(b) involves
the first and the sccond resonances of the radial-cxtensional mode the frequencics of which are
about 0.187 and 0.460 MHz, respectively. Phasc shifts of approximatcly - x can be observed at
the two resonances in both Fig. 3.19(a) and Fig. 3.19(b). Thesc phasc shifis arc characteristic of
the sample as a whole. On the other hand, another phase shift of approximatcly x can be ob-
served at 0.348 MHz between the two resonances only in Fig. 3.19(b).  This phase shift is a
local characteristic of the sample.

In order to investigate the local characteristics of the sample, theoretical analysis of the vibra-
tion is nccessary.  We have expressed the displacement of the radial cxtensional vibration of a
thin disk in the r-direction in cgs. (3.4.10), (3.4.11), (3.4.15), and (3.4.16a). The polc of cocf-
ficient B in ¢q.(3.4.15) determines the frequencics of the resonance, which describes character-
istics of the entire sample. That is, the resonance frequencics can be oblained by ¢q.(3.4.17). In
addition, the zero of the Bessel function in ¢q.(3.4.11) determines the frequencics at which the
phase of u(7) can change by x. Since the Bessel function in cq.(3.4.11) is a function of position
7, the present phase shift is a local characteristic of the sample. The Bessel function J,(x)
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approaches zero and changes the algebraic sign when x = 3.83; therefore, at the side of disk r =
R, the present phase shift can occur at the frequency determined by
w,R

—— =38 (38.1)
v
The frequency of this phase shift can be measured by the incidence and reflection of light on the
side of the disk sample in the r-dircction, and the acoustic velocity v can be calculated by using
©q3.8.1). The frequency cannot be measured by the usual clectromechanical method described
in §3.6, because local characteristics of the sample cannot be measurcd by this method.

The curve in Fig. 3.20 shows the frequency characteristic of J,(w RAv). In the case of the
present disk sample, the phasc shift can occur at the frequency between the first and the second
resonances determined by cq.(3.8.1). Substitution of the experimental result into cq.(3.8.1)
gives

v = 3.00x10° m/s.

‘The measurement of v of a disk transducer usually requires the measurement of both the reso-
nance frequency and Poisson's ratio a, because the resonance frequencies are determined by
¢q.(3.4.17) including a. On the other hand, the optical method described here docs not requirc
the measurement of 0.

Poisson's ratio o can be calculated using the valuc of v just measured.  The value of o can be
calculated with the following two methods. First, cgs. (3.4.16b) and (3.4.17) can be used for the
calculation. Substitution of the valuc of v measured by means of the method mentioned above
and the first resonance angular frequency into q.(3.4.16b) gives the valuc of a = &, which satis—
fies €q.(3.4.17). Then, Poisson's ratio o can be calculated using ¢q.(3.4.17). Second, since v
can be expressed in ¢q.(3.4.12), substitution of the valuc of v, p and s, into eq.(3.4.12) gives
the value of 0. The sccond method is now adopted.  Substitution of the valuc of v and the
‘material constants in Table 3.11 into ¢q.(3.4.12) gives

0=031.
When o = 0.31, the smallest valuc of a satisfying €q.(3.4.17), a,, is 2.06 from Table 3.11l. The
value of a = 2.06 corresponds (o a frequency 0.187 MHz duc to ¢q.(3.4.16b), which is almost in

agreement with the first resonance frequency actually measured. This verifies the accuracy in
measuring the acoustic velocity and Poisson's ratio with the present optical method.
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3.8.2 Phase Shift in ical and Optical

Using the optical mcasurement described here, the phase shift of - & can be observed at the
electric resonance frequencics, and the phase shift of + x cannot be ohserve he antiresonance
frequencics. The rcason for this is explained below.

The phase difference between mechanical displacement u and driving force F changes by - 1
at the mechanical resonance.  This phasc shift corrcsponds 1o the change of the vibrational state
from stiffness control to inertia control via resistance control.  In the electrical measurement of

the admittance, the phase difference berween current / and voltage V changes by - 7 at the elec-
trical resonance, and by + x at the clectrical antiresonance becausc of the influcnce of the genu~
inc electric capacity, as illustrated in Fig. 3.21(a)

In the case of piczoclectric vibration resulting from the transverse cffect, ¥ comresponds to F,
and the clectrical resonance corresponds to the mechanical resonance, as discussed in §3.5.
Using the optical method described here, the phase difference between u and ¥ can be measurcd;
therefore, the phasc shift of - 1t can be observed at the clectrical resonance, as in Fig. 3.21(b).
Since the measurement of u cannot be influenced by the genuine clectric capacity, the phase shift
of + 7 cannot be observed at the clectrical antiresonance, as in Fig. 3.21(b).

In the casc of piczoclectric vibration resulting from the longitudinal cffect, 7 corresponds (o F,
and the clectrical antiresonance corresponds to the mechanical resonance, as discussed in §3.5;
therefore, the phase difference between u and / can change by - 7 at the electrical antircsonance,
as in Fig. 321(c).  On the other hand, the phasc difference between /and ¥ can change by - &
atthe clectrical resonance, and by + 7 at the clectrical antircsonance, as in Fig. 3.21(a); thercfore,
the phasc difference between u and ¥ obscrved by the optical method can change by - x at the
electrical resonance, and cannot change at the clectrical antiresonance, as in Fig, 3.21(b), be=
cause of the neutralization of the two phase shifts - 7 in Fig. 3.21(c) and +  in Fig. 3.21(2).9

§3.9. Summary

Optical measurement of the acoustic amplitude and phase of the piczoclectric disk transducer
was performed locally.

Optical measurement of the acoustic amplitude gave the valucs corresponding 1o the piczo-
clectric constants d and g locally, evaluating the theory of vibration, the clectrical condition of
the piczoelectric vibration, and the results of clectromechanical measurement. It was found that
the clectrical equivalent circuit was not cffective for analysis of the transducer from a local point
of view, because the vibration near the boundary made it more difficult to follow the external
force at higher frequency.

Optical measurement of the acoustic phase gave the acoustic velocity of the radial-extension-
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al mode and the value of Poisson's ratio, utilizing local characteristics of the sample.
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Chapter 4
Influence of Resonance Coupling on Measurement
of Piezoelectric Vibration

§4.1. Introduction

In the previous chapter, piczoclectric vibration was cvaluated by electromechanical and opti-
cal methods. These new methods for evaluating the piezoclectric transducer were described,
and the quantitics detcrmincd by the matcrial constants were measured.  The disk piczoclectric
transducer was uscd as the sample.

In our study of piczoclectric transducers, it is important to analyze form as well as material
constants to determine their characteristics. For cxample, in the case of the columnar piczoclec-
fric transducers made of the same material, the characteristics such as acoustic velocitics and the
resonance frequencies can change if the ratio of the height to the radius of the column is
changed.  The variation of the characteristics is related 1o the variation of the statc of the me—
chanical clamp.

If the ratio of the height to the radius of the column is quite large or small, the vibration of a
mode which has a lower resonance frequency cannot be affected at its resonance frequency by
the vibration of another mode which has a higher resonance frequency. The vibration is free in
both directions; however, at the resonance frequency of the latter mode, which is higher than that
of the former, the amplitude of the former vibration is very small, though the amplitude of the
latter vibration approaches the maximum. In this casc, the vibration is clamped in one direction
and free in the other direction. Because of the mechanical clamp, the acoustic velocity of this
mode will be higher than that of the mode with free vibration in both directions.

If the ratio of the height to the radius approaches unity, the states of the mechanical clamp of
the respective modcs are affected by cach other, and reach an cquilibrium between free and
clamped.

In this chapter, the optical measurement methods described in the previous chapter arc applicd
to columnar piezoelectric transducers with different ratios of height and radius, and the experi-
mental results are considered from the viewpoint of resonance coupling of the two vibrational
modes.™ The theory of the resonance coupling has long been sed for the analysis of the
variation of resonance frequency when the form of the transducer is changed.” We apply this
theory in a unique way using optical mcasurement.
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be defined later in 6q.(4.4.6). (a) p=0.223. (b) p= 1.09. (c) p= 4.37.

82



§4.2. Samples for Measurement
4.2.1 Forms of Samples

The samples for our measurement are piczoclectric ceramics of the thee types shown in Fig.
wer ( PZT material "P=7" polar~

4.1, made of the same material as described in the previous ch:
ized in the direction of length; z-direction).  The main material constants are shown in Table
3L The characteristics of the vibration in the disk sample ill ig. 4.1(a) were dis-
cussed in the previous chapter. The light is incident on the sample surfuce loca

in the z-direction in Fig. 4.1. Silver clectrodes are sintcred on both faces of the s
ing point of measurement enables us to evaluate the sample locally.

4.2.2 Vibrational Theory of Circular Long Rod

The vibration of the circular long rod sample, as illustrated in Fig. 4.1(c), can be casily ana-
lyzed as in the casc of disk sample, becausc its mechanical conditions are evident. —In the laticr
case, as discussed in §3.4 and §3.5, for the radial fonal mode in the pi ic trans-
versc effect (P &, k 1/ r~direction), the mechanical and clectrical conditions were given by

T_=0, thatis, frec on the z-plancs, “
9, lar=0, (.22
as described in cgs. (3.4.5) and (3.4.6). For the thick ional mode in the pi

longitudinal cffect (P // k, k // z-dircction), the mechanical and clectrical conditions were given
by
S, =Sy =0, that is, clamped in the - and 8-dircctions, 4.23)
aD,/az=0, (4.2.4)
as described in cqs. (3.5.4) and (3.5.5).
In the case o circularlong ro sample, o modes,th longth-extensionsl and the radial~
i However, their ical condi-

extensional exist in the z- and
tions arc diffcrent from those of the thin disk sample.

In the length-extensional mode of the circular long rod, the vibration is caused by the piczo~
clectric longitudinal cffcct (P // k, k // z-direction), and the mechanical conditions are given by

T, =Ty =0, thatis, frec in the 7- and B~dircctions, (4.2.5)

and the electrical condition is the same us eq.(4.2.4). The fundamental piczoclectric refations
arc given by the g-form as

83



S,= T, 48,0, (4.2.60)
SOT.+8yD,. (@260
T+ 80, (4.2.60)

‘where the mechanical condition ¢q.(4.2.5) has becn already included. The Newton's cquation of
motion is given by

P, oT_
p—tz—=. @2.7)
a a

Simultancous equations (4.2.6¢) and (4.2.7) involving both the electrical condition q.(4.2.4) and
the mechanical boundary condition,

T=0 at z=2xLp2, (428
are solved as

= () exp( ~jw, 0 ), (4.299)
where

ue) = B'sin(w,2iv ), (4.290)

&, (4:29¢)
(@) cos(b)

where

v=(psty)2, (4.2.10)
s the acoustic velocity of the mode, and b is given by

b= @,/ (). @211
When

b=b =a, L/@Q)=mu/2 (m=135"), @212

the mechanical resonance oceurs as deseribed by cgs. (4.2.9) and (4.2.9c), and the clectrical an-
tiresonance oceurs because of the piczoelectric longitudinal effect, as discussed in §3.5.

In the radial~extensional mode of the circular long rod, the vibration is caused by the piczo~
eleclric transverse effect (P &, k // -direction), and the mechanical conditions are given by

S_=0, thatis, clumped in the z-direction, 4.213)

and the clectrical condition is the same as ¢q.(4.2.2).  The fundamental piczoelectric relations
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arc given by the e-form as

T, = 58, + 5 S - F, (4.2.142)
Ty €55, +¢5 S0 - &, E, (4.2.14b)
T, = &S, + P\ Seq - ey, (4.2.140)

where the mechanical condition ¢q.(4.2.13) has becn already incorporated.  The Newton's cqua—
tion of motion is given by

u, 9T, T -T,
a? ar r

» (4.215)

Simultancous equations (4.2.14a), (4.2.14b) and (4.2.15) involving both the electrical condition
€9.(4.2.2) and the mechanical boundary condition,

T,=0 at r=R, (4.2.16)
are solved as

u, = u(r) exp( ~jwt ), (4.2173)
where

u(r) =B'J(0yrhv ), (4.2.17b)

B'= L, (4217)

€€, 0l (@)H(cE =k, V(@)

where

v=(ct, /P, (4.2.18)
is the acoustic velocity of this mode, and a is given by

a= wyR/v. (4.219)
‘The mechanical resonance angular frequencics w,,, = /R (1 = 1,2,3,) can be obtained by

cEhady(@,) +(cEymet ) (a,) = 0. (4.220)

“Then, the electrical resonance occurs because of the piezoclectric transverse effect, as discussed
in §3.4.
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§43. Measurement of d’and g’
4.3.1 Measurement for Disk Sample

The results of the clectromechanical measurement of the disk sample (illustrated in Fig,

4.1(a)) were shown in Fig. 3.6. Optical measurcment of the radial-cxtensional mode was car-

icd out locally near the first and lowest resonance frequency (about 0.19 MHz) and of the thi
ness~cxtensional mode near the first antircsonance frequency. The frequency of the latter
(about 1.3 MHz) is much higher than the former.

In the former case, the vibration was caused by the piezoclectric transverse cffect, and the
value of S / E was adopted as the fundamental quantity. Figure 3.10 showed spatia
of the maximum valuc of SyE,, the Q-valuc, and the value of d'y, calculated by eq.(3.7.7) to-
gether with the value of d,, shown in Table 3.11.

In the latter case, the vibration was caused by the piczoelectric longitudinal effect, and the
value of S / D was adopted as the fundamental quantity. Figure 3.17 showed s
of the maximum value of SyD;, the Q-value, and the value of g, calculuted by eq(3.7.9) to-
gether with the value of g, shown in Tuble 3.11. The influcnce of the boundary of the sample on
the measurement of g’ was scen 10 be stronger than that of 4", because the resonance frequency of

! distribution

the disk sample's thickness-cxtensional mode was much higher than its radial-cxtensional mode.

4.3.2 Measurement for Thick Rod Sample

In the thick rod sample illustrated in Fig. 4.1(b), the result of the clectromechanical measurc—
ment, the frequency characteristic of the admittance, is shown in Fig, 4.2, Similar optical
‘measurements arc performed for the length- and the radi modes of this sample.
The resonance frequency of the former (about 0.12 MHz) is tower than that of the latter (about
0.175 MHz); and the former being duc 10 the piczoclectric longitudinal cffect, and the latier due
10 the piczoclectric transverse effect.  Therefore, we adopt the S/ D as the fundamental

-extension:

©
for the former case, and the 5 / £ for the latter case. The light for the measurement is incident
onthe sample surface at positions (a) 7 = 0 and (b) r = 0.9R in the z-dircetion.

The S/Dy(max.), Q=valuc and g",, for the former case, and the S,/E,(max.), Q-value and d'y,
for the latter case arc shown in Figs. 4.3(a) and 4.3(b), respectively. For the former antireso-
nance, at position (a) 7 = 0, S/Dy(max.) = 4.02 V-m/N and Q = 230 give gy, = 1.75x10°
V-m/N, which is 79.5% of the valuc of g,,, and at position (b) 7 = 0.9, SyD(max.) =
3.08x10°! V-m/N and Q = 239 give g'y, = 1.29x10°> V-myN, which is 5.86% of the valuc of g,,.
For the latter resonance, at position (a) r = 0, SE (max.) = 2.59 10" m/V and Q = 63.7 give
'y, = 4.07x10°" m/V, which is 9.93% of the valuc of dy,, and at position (b) r = 0.9R,
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Fig. 4.3, (a) Spalial distribulion of the S,/D,(max.), Q-value and g,
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the values of g, and dy, given in Table 3.1l
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SJEymax.) = 4.59x10° m/V and Q = 93.4 give d'y, = 4.91x 10" nvV, which is 12.0% of the
value of dyy.  In cach casc, the values of g'y, and ', are much smaller than those of g, and dy,,
respectively.  One of the rcasons for these fesults may be the influcnce of the resonance cou-
pling of the two modes.  This will be discussed later using the theory of coupled resonance in
the context of measuring dand g".

With regard to the former resonance, in which S/ D is adoptcd as the fundamental value, the
resonance curve of S, / E, cannot be plotted ncar the resonance at position (a) £ = 0 therefore.
the valuc of d'y; cannot be measurcd. However, the resonance curve of S, / E, can be plotted at
position (b) r = 0.9R; therefore, the value of d';y can be measured 1o be 1.12x107'° nyV, which
is 27% of the valuc of dy;. For the latter resonance, in which S / E is adopied as the fundamental
value, the resonance curve of S,/ D, cannot be plotted ncar the antircsonance at position (a) 7 ~

0; therefore, the value of g’y cannot be measured.  However, the resonance curve of S, / Dy can
be plotted at position (b) = 0.9R; thercfore, the value of g',, can be measurcd as 1.14x10°2
V:m/N, which is 52% of the valuc of g,,. For the thick rod sample, the clectrical condition
holding E or D constant is comect at the conter of the z-planc, but scems 10 be unclear ncar the
cdge of the samplc. This change of clectrical condition will be discussed later.

4.3.3 Measurement for Long Rod Sample

For the long rod sample illustrated in Fig. 4.1(c), the result of the clectromechanical meas—
urement is shown in Fig. 44. A similar optical mcasurement is also madc only for the length-
extensional mode near the lowest resonance frequency of the sample. I spite of the presence of
the piczoclectric longitudinal effect, the resonance curve of S/E; can be plotted; thus, the value
of d,; can be measured.  The S,/E (max.), Q-valuc and d” are shown in Fig. 4.5. At position
(@) r =0, SyEy(max.) = 1.78 x10° m/V and Q = 46.9 give d'y, = 3.80x10" m/V, which is
92.6% of the value of d,y, and at position (b) 7 ~ 0.9R, S,/E,(max.) = 2.11x10° m/V and Q =
54.2 give d'y, = 3.89x10°% m/V, which is 95.0% of the valuc of d,,. From the resonance curve
of /D, at position (a) r = 0, Sy/D,(max.) = 4.87 V-m/N and Q = 241 give g'y, = 2.02x102
V-m/N, which is 91.8% of the valuc of g,,. The d" and g' are nearly in agreement with d and g,
respectively, in the case of the long rod sample, However, at position (b) r ~ 0.9R, the reso—
nance curve of S,/D, cannot be plotted; therefore, the valuc of g',; cannot be measured.

The clectrical condition holding D or E constant depends on whether the depolarizing clectric
field E = -P/e, exists o not. The depolarizing ficld depends on the form of the column and is
represcntcd as
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E=-NP/e,, @3.1)
where

N =1 for the infinitely thin disk,

N=0 for the infinitely long rod,
and is expected 0 be different locally at position 7 when 0 < N < 1. At the cdge of the sample,
the depolarizing ficld is cxpected to be smaller than that at the center of the sample. For the
long rod sample illustrated in Fig. 4.1(c), the valuc of N in ¢q.(4.3.1) is much less than unity even
at the center of the samplc; therefore, the clectrical condition holding D constant is not satisfied
and the value of d’ can be measured at this position. At the edge of the sample, the value of N is
Iess than at the center of the sample and the clectrical condition holding D constant is not comect
50 that the valuc of g’ cannot be measured.

§4.4. Influence of Resonance Coupling
4.4.1 Concept of Resonance Coupling

The influence of resonance coupling on the measurement of d” and g’ will now be discussed
relative to the inductively coupled circuit illustrated in Fig. 4.6(a). The inductively coupled

circuit is cxplained bricfly below. The resonance angular frequencics , and a, of the circuit
with the coupling are given by

0+ 0’ 2 { (0, + 0 ) - doJop’(1- ) P2

o0 YT [CER)]
where

@t=(L,C,)", (4.4.22)

y2=(LC,)", (4.4.20)

Ww=M/(LL,), (4.420)

and the subscript 1 and 2 denote lower and higher frequencics, respectively; that is, 0% < 0%,
and @2 S w,y?. The quantity n is called a coupling coefficient in the resonance coupling.

An analogy between electrical and mechanical vibration is applied below. In the case of the
columnar piczoclectric transducer, the resonance angular frequencies without the resonance
coupling are given by
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where @, and o, comespond to the resonance frequencics of the lengrh -extensional mode in
the long rod given by egs. (4.2.10) 1o (4.2.12) and that of the radial~extensional mode in the thin
disk given by cqs. (3.4.12) and (3.4.16b), respectively, and L and R arc the length in the z-direc=
tion and the radius of the column, respectively. The material of the transducer is now assumed
10 be isotropic. ~For this reason, the clastic constant 5,, is used instead of s,y in ¢q.(4.2.10). In
addition, with regard 10 o, , the elastic constant s s used instead of s®.  This means that the
two resonances are studied based upon the same assumption that E s constant. The vibration of
both the length-cxtensional mode in the long rod and the radial-extensional mode in the thin
disk are free in both r- and z-dircctions. These two modes are coupled inductively as in Fig.
4.6(a), and the resonance angular frequencics o, and , arc given by

L o 0,72 (0,2 +0,2) - do, %, (1 - ) P2

(@.4.5)
' 2(1-m)
as in cq(4.4.1).
The parameter p is defined by
La,
P —_— (4.4.6)
AR(1 - 0?2

which is  the ratio of the two angular frequencics without the coupling. The values of p of the
samples illustrated in Figs. 4.1(a), 4.1(b) and 4.1(c) arc 0.223, 1.09 and 4.37, respectively.

When p << 1, which is the case of the thin disk of R >> L, the two resonance angular frequen~
cies are calculated according 10 €q.(4.4.5) as

of=el and 0?=0,2/(1-12), (4.4.7)

where the former corresponds 10 the resonance frequency of the radial-extensional mode in the
thin disk, as expressed in ¢q(4.4.4), and the latier 10 that of the thick
sional mode on the same sample, which s ( 1 - 47" times as large as the value of w, % The
former vibration is frce in both 7- and z-dircctions. I contrast, the latter vibration is frec in the
2-dircction but clamped in the r-direction.  Multiplication by the factor ( 1 ~ 1?)"! represents
the increase of the acoustic velocity duc o the existence of the mechanical clamp.

When p >> 1, which is the casc of the long 10d of R << L, the two resonancc angular frequen~
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cies are calculated as.
w?=zw,? ad 0 =w/(1-7), (4.4.8)

where the former corresponds to the resonance frequency of the length-extensional mode in the
long rod, as expressed in ¢q.(4.4.3), and the latter to that of the radial ional
mode on the same sample. The former vibration is free in two dircctions, while the latter vibra-
tion is free in the r-direction, but clamped in the z-dircction.

‘The relationship between the resonance frequencics and the value of p is illustrated in Fig.
4. Whenp = 1, the two resonance angular frequencics are calculated as

0Z=w2/(1+n), ad ©2=0,2/(1-n), where o, =0, (449

and the resonance coupling significantly influences the resonance frequencics.
The capacitively coupled circuit illustrated in Fig. 4.6(b) has resonance angular frequencies
@, and @, which are given by

W2+ 02 { (067 4 Wyl - 4o (1= ) P2

ol ! ry (4.4.10)
where

gt =(C,+C) (LG, ), (4.4.112)

Wt =(Cy+ Co ) (LCCo ) (4.4.11b)

=G/ {(C+C)(64C) ) @.4.110)

Comparing qs.(4.4.1) and (4.4.10), the inductively and the capacitively coupled circuits are
equivalent, conditioned upon
oyt =wt/(1-n7), (44.123)
wiyl= ot (1-02). (44.12b)

Multiplication by ( 1 - n? )™! represents the cffect of the mechanical clamp in one dircction as
discussed above; therefore, the two vibrational modes which arc free in one direction, but
clamped in the other dircction are coupled in the capacitively coupled circuit. In the case of the
columnar sample, the length mode for L << R and the radius mode for R << L are coupled. In
the inductively coupled circuit, the length mode for L >> R and the radius mode for R >> L are
also coupled.

‘With regard to the measurement of d” and g', the piczoclectric constants d and g must be
measured in a stress—free state, considering the fundamental piczoclectric relations of d- and g-
form.  Hence, only the inductively coupled circuit is appropriate for the discussion regarding.
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the influence of the resonance coupling on the measurement of d” and g".

The coupled coefficient 1 in the resonance coupling has the following relation to Poisson's
ratio of matcrial. The resonance angular frequency of the thickness-cxtensional mode in the
thin disk, @, is given by

7, =(1-0
2. T , (“4.13)
pL?  pLisH, (140)(1-20)
based on holding E as constant and the material being isotropic. On the other hand, from
q.(4.4.3)and (4.4.7), 0, is given by

w,?=

2

L (4414
psty, (1-n2)L2
Comparing eq.(4.4.13) with cq.(4.4.14), we can obtain
n=20*/(1-0). (44.15)

Therefore, the coupling of the two vibrational modes is caused by the existence of Poisson's
ratio.

4.4.2 Results of Calculation

The constants of the circuit illustrated in Fig. 4.6(a) can be determined by the methods de~
scribed in this subscction. The angular frequencies w, and w, arc determined for the present
sample using egs. (4.4.3) and (4.4.4), and smaller and larger ones are renamed ,, and @,
respectively. The self-inductances L, and L, are given appropriately, for example, L, = L, =
100 mH. The capacitances C, and C, are determined by cgs. (4.4.2a) and (4.4.2b), and the
mutual inductance M is calculated using egs. (4.4.2c) and (4.4.15). The resistance R, and R, are
determined by

R,=(L,/C)/Q,, and R,=(L,/C,)*2/Q,, (4.4.16)

where Q, and Q,, which are the Q-value of the respective modes, are given appropriately, for
example, Q, = 70, and Q, = 120, which are based on the actual measurement.

The currents at a frequency w, in the left and right sides of Fig. 4.6(a), i, and iy, are ex~
pressed as i,=ju,q, and iy=js,g,, respectively. The subscripts 1 and 2 denote lower and higher
frequencies, respectively, as mentioned above, and the current i and the charge g correspond to
the velocity and the displacement of vibration, respectively, because of the analogy between me-
chanical and electrical vibration. That s, g, and g, equal the average displacement of the reso-

96



AMPLITUDE (arb. unit)

=)

0 “Tst. 2nd.
Res. Res.
FREQUENCY (arb. unit)
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Fig. 4.9. The solid and the dashed lines show the dependence of C', /
€, and C,/ C, on the parameler p. respecively.
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nator for the modes which have lower and higher resonance frequencics, respectively, as indicat—
ediin the discussion below. The charges g, and g, can be expressed as
WLy~ 1/C, - jw,R
Pk bl bl P @
(det)
w2M

(der)

%= (4.4.18)

where Fis the driving force shown in Fig. 4.6(a), and
@)= { @ M2-LiL,)+0,2(L,/C,+L,/C+RR,) = 1/(C,C,) }
+j {02 (RL,+RL,) -0, (R, /C,+ Ry C,) } - (4419

results

The frequency characteristics of ¢, and ¢, can be calculated for the samples.  Typi
of the calculation of the frequency characteristics of g, and g, arc shown in the solid and dashed
lines in Fig. 4.8, respectively. Both resonance curves have two peaks. From the peak  of ¢, at
lower resonance frequency, the maximum value and the Q-value can be obtaincd, and the ratio
of them is defined as C',F; that is,

q,(atw))
—,

Q(atw))

similar to cgs. (3.7.7) and (3.7.9).

This C',F corresponds 1o the low frequency limit of ¢, with resonance coupling. The value
of C',F is compared with that of C,F, which is the dc value of g, without coupling. From the
peak of q, at the higher resonance frequency, the maximum valuc and the Q-value can he ob-
tained, and their ratio is defincd as C’,F; that is,

C\F (4.4.20)

a(atw,)
=—
Q(atw,)

A comparison is made between C')F and C,F.  The solid and dashed lines in Fig. 4.9 show the
dependence of €, /C, and €',/ C, on parameter p, respectively. 1t is found that C*, = C, when
pr<<lorp?>> 1 andthat C', < C, whenp = 1 in Fig. 49. This mcans that in the measurc~
ment of lower frequency resonance d” =~ d and/or g’ = g for samples such as thosc in Fig. 4.1(a)
or 4.1(c), with frec vibration in both L- and R-dircctions, and that d’ < d and g’ < g for a samplc
such as that in Fig. 4.1(b). Morcover, it is found that C", < C, regardless of the value of p.
This means, in the measurement of higher frequency resonance, that d” < d and g* < g because of
a mechanical clamp in one dircction that results from the coupling.

(@421)
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4.4.3 Comparison between Calculation and Experiment

In this subsection, we shall compare the results of our calculations with our experiment's find-
ings. The experimental results in §3.7 and §4.3 showed that the value of d” and g" derived by the
optical method had local difference, that i, spatial distribution. On the other hand, the results of
calculation in §4.4.2 were obtained using the clectrical equivalent circuit which includes the
characteristics of the sample as a whole. Therefore, for the comparison between the two results,
the cxperimental results are averaged spatially by

> = Jd'm & /R, @422

<>= ng 2rdr / (RR?), (4.4.23)

where the notation "< > indicatcs the spatial average, d'(r) and g/(r) arc the function of posil
1, and assumed to be quadratic, because d'(r) and g'(r) are symmetric on 7 = 0, and dd'(r) / dr and
dg'(r) /dr arc zero at r = 0. Since the clectric ficld £ and the clectric flux density D are the
intensive and the extensive variables, and these comrespond to "tension” and "flow”, respectively,
the integration of d'(r) and g(r) which are calculated from S/ £ and S/ D is represented as egs.
(4.4.22) and (4.4.23), respectively.

In the case of the thin disk, illustrated in Fig. 4.1(a), whose parameter p is 0.223, the results of
the calculation are

€'/, =0985, (4.4.29)
€,/€,=053%. (4.4.25)

On the other hand, the averaging of the experimental results, which were shown in Figs. 3.10 and
3.17, using egs. (4.4.22) and (4.4.23) gives

<d'y> 1dy, = 0.883, (4.4.26)

<8'3> /83, = 0.900. (@427
In addition, the value of d',, was

<d'y>/dy =dy /dy =101, (4.4.28)

as measured in §3.7.1. The measurement of d',, and ', was performed at the radial-extension-
al mode, and that of g, at the thickness-cxtensional mode.  The resonance frequency of the
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former is lower than that of the latter. Thercfore, <d'> /d and <g'> / g correspond t0 C', / C,
and C', / C,, respectively. We find that both €', / C, and <d*> / d arc almost in agreement with
unity in egs. (4.4.24), (4.4.26) and (4.4.28) and that the resonance coupling hardly influcnces the
results of <d’>; that is to say, the cvaluation of the material constants can be performed with
little influence from the vibrational mode. On the other hand, the valuc of <g'y,> is not in
agrecment with that of C', / C,. The reason can be cxplaincd as follows. Though the calcula-
tion of C', / C, i based on all the characteristics of the sample, the measurement of g is per-
formed only in the z-direction. Since the amplitude of the vibration in this modc is very small
in the r-dircction, the average of g’ not only on the z-planc but also in the r-dircction must be
‘smaller than the value given in ¢q(4.4.27). Therefore, the average of g’ from the entire sample
must approximate the valu of C',/ ;.

In the case of the thick rod sample, illustrated in Fig, 4.1(b), whose parameter p is 1.086, the
results of the calculation are

C',/C,=0578, (44.29)
€',/ Cy=0.537. (4.4.30)
‘The averaging of the experimental results, which were shown in Figs. 4.3(a) and 4.3(b), gives
<g'yy> /85, = 0427, (4431)
<d'y> /dyy = 0.106, (4432

respectively. The resonance frequency of the mode which gives 'y, in cq.(4.4.32) is higher than
that of the mode which gives g, in eq.(4.4.31); therefore, <g’> /g and <d> / d comespond to C',
/€, and C,/C, ively. In both cases, the of g’and d" s influenced strongly
by resonance coupling, and the cvaluation of the material constants cannot be performed.  The
considerable diffcrence of the values in cq.(4.4.30) and cq.(4.4.32) stems from the same cause as
the difference in values of g'y, / g, and C', / C, in the thin disk sample. The mode in the thick
rod used for the calculation of d'y, is radial-cxtensional, and the amplitude in the r-direction is
large at the resonance, but the mechanical clamp cxists in the z-dircction, because the resonance

frequency of this mode is higher than that of the length ional mode in the z-di
The average of d' not only in the z-direction but also in the r-direction must be larger than the
value given in ¢q.(4.4.32).

In the case of the long rod sample, illustrated in Fig. 4.1(c), whose parameter p is 4.375, the
results of the calculation are

C',/C,=0987, 4433
C',/C,=0.540. (4.434)



R=318mm

Fig. 4.10. Piezoelectric circular sample for the oplical measurement of
the acoustic velocity in the radial-extensional mode.



and the experimental results are

<d'y>/dyy = 0938, (4435)
which is based on the results in Fig. 4.5, and
8/ 85 = 0918, (4.4.36)

at the center of the sample, r = 0. W can consider that the value of @'/ d and g’/ g is almost
unity and in agrcement with that of C', / C,. Therefore, the evaluation of the material constants
can be performed in the length-cxtensional mode in the long rod sample without any effects
from resonance coupling, except that this measurement is influcnced by the decrease of the
depolarizing field, and therefore, by the change of the clectrical condition of piczoccetric vibra-
tion holding that £ = 0 or D =0.

§4.5. Measurement of Acoustic Velocity for Forms Other than Thin Disk

In §3.8, it was explained that the phase of acoustic vibration was measured oplically, and the
methods of measuring acoustic velocity and Poisson's ratio were applicd to the disk sample illus—
wated in Fig. 3.1 (Fig. 4.1(a)). Application of these methods to circular samples whose forms
ar not thin disk is discussed in this section.  Since eq.(3.4.11), which expresses the displace-
ment of radial-cxtensional vibration, is also valid for forms other than thin disk, eq.(3.8.1) can
be used for the calculation of v. However, the calculation of by using the value of v is impos—
sible, because eqs.(3.4.12), (3.4.15) and (3.4.17) are not valid for forms other than thin disk.
Moreover, phase shift frequency determincd by eq.(3.8.1) moves o the higher range where many
confusing resonances can exist.  Accordingly, this measurement is more difficult than thin disk
measurement.  However, the phase shift determined by eq.(3.8.1) can be distinguished from the
phase shifts duc to resonances, because 1) when the light is incident in the z-direction, the phasc
shift of eq.(3.8.1) cannot occur at the same frequency as it can at position £ = R when the light is
incident in the r~direction, and 2) when some capacitance is connected in series with the piczo-
electric sample, the resonance frequency can change.  As a result, the phase shift duc 1o reso-
nance can change, but the phasc shift of eq.(3.8.1) is not so likely to change.

With samples illustrated in Figs. 4.10 and 4.1(c), the measurement of v is performed. The
sample illustrated in Fig. 4.10 is the same as the samples illustrated in Figs.d.1 (a), 4.1(b) and
4.1(c), except for the shape. For this sample, the frequency of the phase shift detcrmincd by
©q.(3.8.1) is observed (o be 0.604 MHz, which gives

v=3.15x10° mss.
For the sample illustrated in Fig. 4.1(c), the frequency observed was 1.597 MHz, which gives



v=4.01x10° mss.

‘The mechanical clamp increases the acoustic velocity.

§4.6 Summary

The optical measurement method described in the previous chapter was applied to circular
samples whose forms were not of the thin disk type.

For the thick rod sample, d’and g', the optically measured values corresponding to the mate-
rial constants d and g, respectively, were much smaller than the values of the material constants.
On the other hand, for the long rod sample, they were nearly in agreement with the material con~
stants.  However, the electrical condition of the piezoelectric vibration was not satisfied, espe~
cially at the edge of the sample.

The theory of resonance coupling was applied t0 the problem of measuring d'and g It was
found that the thin disk and long rod samples were appropriate for the measurement of the mate~
rial constants; that is, d" = d and g’ = g, when the lowest resonance was used for the measure~
ment.

The acoustic velocity of the radial-cxtensional mode was also measured optically; however,
Poisson's ratio could not be measured for samples whose forms were not of the thin disk type.
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Chapter 5
Influence of Photorefractive Effect on Piezoelectric Vibration

§5.1. Introduction

In previous chapters we have investigated the new measurement methods of the piczoclectric
al wave incident on

transducer based upon the interaction between the acoustic wave in and opt
the sample.  From a crystallographic point of view, the crystal with the piezoclectric effect is
possible 1o exhibit the Pockels effect— an electrooptic ffect of the first order, in which the
refractive index of the crystal is changed by electric ficld. Transparent or semitransparent
piczoclcctric crystals in which optical waves can propagate arc used for the electroopt
tions.  Another objective of this thesis is 1o discover and examine a new phenomenon induced
by coherent optical waves in a semitransparent piczoclectric transducer. We pay attention to the
photorefractive (PR) effect for this purpose.

The PR cffect is the phenomenon in which the refractive index of an clectrooptic crystal
varics according 10 the incidence of visible rays.? Interference of two coherent optical waves
yiclds fringes, that i, the space-periodic variation of the intensity of the light, which cause exci-
tation of carricrs. The excited carriers are ransferred in the crystal by diffusion and drift, form~
ing a space-periodic charge distribution. The variation of the refractive index is caused by an
internal electric field created from the charge distribution through the Pockels cffect.  In this
way, grating of the refractive index is caused in the erystal. The diffraction and the apparcnt
amplification of light can occur in the crystal due 10 this refractive grating.

Applications of the effect to holography and optical processing have been developed in
recent years.?¥ An application to acoustics hs also been developed by which an acoustic

plica-

wave is filtered by the periodic variation of the acoustic velocity that is caused by the periodic
internal electric ficld.9

In this chapter, we deseribe the influcnce of the PR effect on acoustic vibration, especially
piczoelcctric vibration, from a new point of view. A piczoclectric resonator made of LINDO,:Fe
with PR grating is cxamined as the sample. We view electromechanical characteristics near the
resonance frequencics of the modes of vibration.¥ The experimental results arc cxplained by a
new physical model.
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crystal

Fig. 5.1. Two oplical waves mixed in the crystal.

Table 5. Elastic and piezoslectric (electrooplic) and dielectric tensors in
crystallographic point group of 3m.

Elastic
12 3 4 5 6

1

Pl oo~ 1

3| e—e

a

s

8

The nolation " means (c,, - ¢,p) /20r 2(s,, - 5,50, a0d ¢, =, 5, = 5,
The * O—@* means the converse algebraic sign and the same absolule
value. The *@" has the value of s, which s twice as large as that of *e*
connected by the line, and has the same value of c, as thal of *e"
connected by the line.

Plezoelectric (Electrooptic)
1 2 3 4 5 6
3| "
2
3 ——a o - . -
The "@" has the value of d‘ which is (-2) times as large as thal of “e*
connected by the line, and has the value of e, which is (-1) limes as
large as that of "e* connecled by the line.



Table 5.1. ( contd )

Dlelectric
1 2 3
[~

Table 5.I. Main material constants of LiINbO,

S, /e 443 &, (10" N/m?) 2030
€ult 279 &, (10" N/m?) 0573
e 82 &, (10" NUm?) 0752
Syt 287 &, (10" N/m?) 0.085
no 23356 gy (10" Nim?) 2424
n, 22448 &, (10" Nm?) 0595
6 (CimY) 376 &y (10" Nim)

o (Ch?) 243 &, (1072 m?m)

o, Cm) 023 <, (1072 mIN)

6y (Cim?) 133 £, (10712 mim)

d (107 CN) 692 &, (1072 i)

d,, (1071 CIN) 208 £, (1077 mim)

d,, (107" C/N) -0.085 &, 1077 mim)

d,, (107" C/N) 0.60 &£ (1072 M)
Pyroelectricity (1075 C/(K-m?)) 4

‘Spontaneous Polarization (C/m?) 071




§5.2. Formation of Photorefractive Grating
5.2.1 Photorefractive Effect
‘Two optical waves are incident and arc mixed in the crystal, as illustrated in Fig. 5.1. The
electric ficld of two optical waves mixcd in the crystal at position r = (x, y, ) is expressed as
E() = A,() cos(k,7) + A,(r) cos(hyr), (5:2.1)
where A, and k, arc the amplitude and the wavenumber vector of the light ficld before mixing,
respectively.  If the two optical waves arc coherent, they can interfere and the spacc-periodic
variation of the intensity, which is the time average of the square of the two ficlds, can be caused
in the crystal as
Hr)= 1A | 2+ [ AL) | 2+ 2y Re {A4,0)4,¢) } cos(Kr) , ¢.22)
wherc the visibility y = 1, the polarization states of the two waves arc assumed (o be the samc,
and the wavenumber vector K of the fringes in the crystal is given by

K=k -k, (| K] =2n/0) (5:23)

where A is the wavelength of the fringes in the crystal. The incident angle 8, inside the crystal
has relation to that outside the crystal, 8 in Fig. 5.1, as

(5:24)

Snell's law.  The relation between A and the incident angle 8, inside the crystal is given by
M,

[}

. (523)

Py

where A and n are the wavelength of the light in a vacuum and the refractive index of the light,
respectively. The value of n depends on A and the polarization state of the light. The intensi-
ty-modulation index m is defined as
2 2RAOLO) 200" i 626
4,124 14,12 L
where 1, is the intensity of the light before mixing.

The photorcfractive (PR) effect occurs readily in an electrooptic crystal doped with impurity
atoms. In this study, LiNO,:Fe, lithium niobatc doped with 0.09 mol% Fe, is uscd as a sample.
‘The erystallographic point group of the material is 3m, whose forms of elastic, piczoclectric or
electrooptic, and diclectric tensors are shown in Table S.I The main material constants are
shown in Table S.IL The LiNbO,:Fe is appropriate for storing the PR grating recorded optical-
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Fig. 5.2, Band siructure of LiNbO,:Fe.
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Fig. 5.3. Formation of the pholorelractive grating. (a) Space-periodic
light intensity. (b) Space-periodic charge distribution. (c) Space-period-
ic electric field Ege. (d) The variation of the relractive index An which

n wall
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ly, and has excellent piczoelectricity.

The formation of the PR grating is cxplained below. The band structure of LINBO,:Fe is
illustrated in Fig. 5.2.

1) Electrons are excited at points of higher light intcnsity, from the impurity level of Fe?* ion
to the conduction band. The light pattern is illustrated in Fig. 5.3(a). The density concentration
of Fe?* and the clectrons in the conduction band are represented by Ny, = N® and N,”, respective-
ly. The Fe? ion is oxidized and becomes a Fe?* ion after excitation.

2) The clectrons in the conduction band are transferred 1o a region of lower intensity due to
drift and diffusion. The current density J of the clectrons is

J=peN,E, +eDVN," = peN,E, + k,TuWN, , (52.7)

drift  diffusion

where u [m%(V-s)), e [C, E, [V/m] D [m¥s}, kg [I/K] and T [K] are the mobility, the elemen-
tary clectric charge, the dc or low frequency electric field in the crystal, the diffusion constant,
the Bolizmann constant, and the absolute temperature, respectively. In €q.(5.2.7), the Einsicin
relation eD = k, Ty is used. The clectrons arc captured by the impurity level of Fe?, the density
concentration of which is represented by Ny, The Fe? ion is reduced and becomes a Fe? ion
aftcr the recombination.  The rate cquation for the density of the donor atom, Fe, is cxpressed as

Ny 130 = (o /) KE) (N = N ) = YN Ny (5.28)

excitation recombination

where @, Yy, 4, v arc the absorption cross section of Fe?, the recombination cocfficient of an
clectron with Fe*, Planck's constant, and the frequency of the light, respectively. The current
continuity relation is

VJ=-e ¥ Ny -N7)/an (529)

3) The charge distribution forms the clectric field in the crystal, £,,, according to Poisson's

cquation as

VE =e(Ny -N -N>) /e, (5.2.10)
where N,” is the density concentration of acceptor atoms which arc occupied by clectrons at all
times to cnsure the balance of charge in the crystal; that is,

e(<Ny'>=<N7>-N)=0, (s.2.11)
where the notation < > means the spatial average in the direction of K vector. E,, N,® and N,"
in the crystal can be expressed as

E,=Ey+E oxp (K7) +cc., (5.2.122)



Np' =Ny + Ny, exp (K + ., (5.2.120)
N7 =Ny +N, exp (Kr) + cc., (5.2.120)
The distributions of the charge density N,,* - N, ~ N, and the electric ficld Eg. are illustrated in

Figs. 5.3(b) and 5.3(c), respectively.
4) The variation of the refractive index due to Pockels effect can be expressed as

MY, =By (5.2.13)
where r,, is the clectrooptic constant. From cq(5.2.13), we can derive
B = =) negdrg Ege (5214

where 7. depends on the crystal oricntation, the dircction of E,. and the polarization state of
incident light. The space~periodic variation of the refractive index is illustrated in Fig. 5.3(d).
The An has phase difference @, from the light pattern as

ng+ | dag | cos(Kr+ o). (5215)

c

‘The ®, is an important factor for the diffraction and apparent amplification of the light.

The expression for Eqc can be obtained by using eqs. (5.2.7) to (5.2.11) with the Fouricr
cxpansion up to the first order, as described in cgs. (5.2.12a) 10 (5.2.12¢). The steady-state
response of Eg. can be expressed as®

Ey(Eq+iEp)
Ege=-jm——— 2, (5.2.16)
Ey+i(Ey+ Ey)
where
Ey=eNy /€A, (5:217)
Ey=kyTK/e <A, (5.2.18)

and the factor " - j” in ¢q.(5.2.16) shows a spatial + 772 or - 12 shift of the An,. with respect to
the light intensity pattern; that is, @, = + W2 or - /2 in cgs. (5.2.14) and (5.2.15), according to
reg>00rr <0 Eg is proportional not to the total intensity but to the modulation index m.
When E, = 0, Eg. is given by

Eg=-JEE,I(Ey+Ep), (5:219)

which shows that the smaller ficld of E, and E, is effective. E, is the maximum space charge
field obtained by the integration of the maximum available charge distribution eN,” cos (Kr),
which corresponds 1o the full separation of the charges. ~If £, < E,,, the ficld is determined by
E,, which corresponds to the situation in cq(5.2.7) in which J = 0; that i, the curent density is
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not enough o reach the full separation of the charges. If E, becomes infinitely large, Eq.
becomes - jmE,,. Thercfore, the addition of the external field E, can promote the scparation of
the charges.

‘The diffraction and the apparcnt amplification of the two waves incident in the crystal can be
derived as follows.  Substitution of the clectric ficld of the light, E, expressed in ¢q.(5.2.1) into
the wave equation,

VE + 0 2ue()E =0, (5.2.20)
where

) = 6120) = € Mo+ 21y | Anc | cos (K + @)}, (5:221)
yields to the coupling cquations between A, and A, as

058, dd, /dy =~ (@/2) A, jr | ane | A exp GO, 4,, (5:222)

058, 44,/ dy =~ (@/2) A, —jn | Ane | N exp (- 904, (5.223)

‘where the approximation
&4,/ dr <<k dd, ldr, (5224
is used, and the transformation of coordinates
y=reost,, (5225
is performed, considering the cxperimental configuration in Fig. 5.1 The first tcrms on the right

sides of egs. (5.2.22) and (5.2.23) represent the loss of amlitude in the crystal, and the second
terms represent the diffraction of another wave. From egs. (5.2.22) and (5.2.23), we obtain

cos 8, dI, /dy==od, +21 | dnc | A (1], )2sin (@), (5.2.26)
cos 8, dI,/dy=-al,-2x | Anc | N (1],)%sin (®,), (5:227)

where ¢q.(5.2.26) results from the sum of the respective sides of €q.(5.2.22) times A, and those
of the complex conjugate of cq.(5.2.22) times A,, and ¢q(5.2.27) is obtained by a similar proce-
dure. When @, = + 172, intensity /, is most amplificd duc 10 the energy transfer from /, 10 /,.
When ®, = - 12, the situation becomes converse.

5.2.2 Experimental System to Form PR Grating

The experimental system uscd for forming the PR grating in the LiNbO,:Fe crystal is shown
in Fig. 5.4. The Ar* laser with wavelength A = 514.5 nm is used as a light source. Specifica-
tions of this laser are summarized in Table S.IIL. The light is split into two parts /, and /,, by a
beam splitter (BS). /, can be attcnuated by the attenuator Attl. 7, and /, can be shut out by the
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the 24-coupling

the 21-coupling

Fig. 5.6. Three vibrational modes in the y-cut plate of LiNbO,.

‘Table 5.11l. Specilications of the laser.

NEC GLG3200
wavelength : 514.5 1m, power : 800 MW
mode : TEM,,, linearly polarized
stability : 0.5%M

beam diameter : 1.5 mm

Table 5.1V. Specilications of LINDO, y-cul plates for the measurement.

Fe 0.09 mol% doped, thickness : 1.51 mm
polarization of ight // x-axis, PR graing // c-axis

shapes of y-plane : #1 pentagonal ( @ ~ 4000), #2 rectangular ( Q=
20000, #3-5 irreguiar ( Q < 1000)
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shutters Shl and Sh2, respectively. The two lights arc incident in the crystal, and the amplificd
or attenuated intensity of /, can be detected by the photodiode Detl.

The y~cut plates of LiNbO,:Fe arc uscd as the samples. The light is incident on the y-planc
of the sample.  The c-axis of the crystal is amanged us illustrated in Fig. S.4. In this case, the
algebraic sign of sin(®,) in cgs. (5.2.26) and (5.2.27) is positive; therefore, 7, can be amplificd,
and /, is attenuated in the crystal. The polarization of the light is now set 1o be the s-pola
tion; that is, the clectric ficld is in the x-dircction in Fig. 3.4, Spccifications of the y-cut pl
for the experiments arc shown in Table S.1V.

Figure 5.5 shows the typical time ion of /, detected at the photodiode Detl in Fig. 54.
The ratio of 1, 10 1, before entering into the crystal SO mW/em?. Ata
time ¢ = 0, the shutter Sh1 is opencd and Sh2 is still closed.  Only the incidence of /, can climi:
nate the residuary PR grating in the crystal. At7 = f, ( about 14.5 min.), the shuttcr Sh2 is
opened, the two waves are mixed in the crystal, and /, is amplificd. At ¢ =, (about 17 mi
the increasc of /,, d/, / dr, reaches zero, the PR grating can be presumed formed in the cr
and the shutters arc closcd.

The PR grating is formed in the ¢~ (z-) dircction in the crystal. The period of the PR grating
A can be changed by changing the angle 28 in Fig. 5.4, following cgs. (5.2.4) and (5.2.5). Since
the polarization of the light is in the x-direction in the crystal, the refractive index n,. in cgs.
(5.:24) and (5.2.5) is n, (= (¢, /£9)"? ); that is, the two waves arc ordinary waves. The diame-
ter of the light beam is about 1.5 mm, which partially forms the PR grating in the small volume
in the crystal. The beam diamcter can be expanded to about 20 mm by sctting the beam expan-—
der within the experimental system, which forms a large volume of PR grating in the crystal

§53. Decrease of @ and Generation of Nonlinear Acoustic Vibration due to PR grating
5.3.1 Experimental Method

After the PR grating is writicn, Au electrodes are deposited on the y~planes, and the frequen-
¢y characteristics of admittance are measured ncar the resonance frequencies of the modes in the
y-cut plate of LiNbO,:Fe using the clectromechanical methods described in §3.6. The piczo-
electric vibration of the plate has the following mn modes where m denotes the direction of clec~
tric field to drive the vibration and  denotes the strain S; that is, S, = d,_, E, : 1) the 21-cou~
pling, length-cxtensional mode in the x-direction, 2) the 24-coupling, thickness-shear mode in
the x-planc, that is, the yz-plane, and 3) the 22-coupling, thickness-cxtensional mode in the y-
direction. These three vibrational modes are illustrated in Fi We denote the lengths of

the sample in the -, the y- and the z-dircctions as x, y and z, respectively. In the y-cut platc,
the lengths correlate asy < x and y < z; therefore, at the resonance of the 22-mode, in which the
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of the 21-made. (a) The case when frequency increases. (b} The case
when it decreases.
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Fig. 5.10. The reason for the generation of the nonlinear jump and
When the relationship between lorce and displacement is
nonlinear as in curve b} in figure (a); the case of hard spring, and curve
(c): the case of soft spring, the resonance curves decline as in figures (b)
and (c), respectivety. Then, the jump and hysteresis of the ampitude can
occur when the amplilude s large.
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Fig. 5.11. The G-B characterislics of the sample wilh the PR graling in
the 21-mode al the oscillation level of 0.05 V, when Ihe frequencies are

(a) up and (b) down.
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Table 5.V. The Q-valus, the eleciromechanical coupling cosficient k,
and the resonance frequency of the sample with the PR grating in the
21-mode.

osc level 005V 1v
frequencies
up a a0 o5t
3 208% 207%

0, /(27) 034653 MHz 0346540 MHz

down a 270 750
k 208% 207%
w,/(27) 034653 MHz 0.346528 MHz
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Table 5.VI. The Q-value, the olectromechanical coupling coelficient k,
and the resonance frequency of the sample with the PR grating in the
24- and 22-modes when the Irequencies increase.

osc level 005V v
modes
24 o w8 1290
K 204% 2817%

©uf(27)  1.295MHz  1.285MHz

22 a o 3730
k 327% 328%
©u/(23)  214912MHz  2.14918 MHz




Table 5.VIl. The Q-value, the electromechanical coupling coatiicient &,
and the resonanca lrequency of the sample after the annealing in the
21-mode.

osclevel 005V v

frequencies

wp a s 4950
ko 207% 209%

@, /(2n) 034681 MHz 0.34664 MHz

down [-2-7) 4330
k 207% 209%
p/(23) 034679 MHz 0.34665 MHz
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resonance occurs in the y-direction, the vibration in the x- and z-dircctions is clamped. At the
resonance of the 21-mode, in which the resonance occurs in the x-direction, the vibration in the
z- as well as the y~dircction is free because of the existence of Poisson's ratio.  When the
sample is clongated in the x-dircction, it shrivels in the z-dircction.

5.3.2 Experimental Results

Figure 5.7 shows the configuration of the sample, a pentagonal y-cut plate of LiNb
‘The value of y is about 1.51 mm. The PR grating is written in large volume in the crystal by an
expanded beam diameter of 20 mm.  The ratio of /, and 7, beforc entering into the crystal is 1 ©
1. The valuc of A is about 1.5 um. Whole Au clectrodes are now deposited on the y-plancs.
The frequency characteristic of the admittance is shown in Fig. 5.8, in which the resonances of
the 21~ the 24- and the 22-modes cxist at about 0.35 MHz, 1.30MHz and 2.15 MHz, respective-
ly.

Near the resonance of the 21-modc, the (G-B) istics at
the oscillation level of 1 V are shown in Figs. 5.9(a) and 5.9(b), where Fig, 5.9(a) is representa—
tive when the frequency increascs and Fig. 5.9(b) when it decreases.  We find the abrupt jumps

and hysteresis of thc admittance.  Jump and hysteresis are typical phenomena of nonlincar
vibration bascd on the bi-stal
the gencration of nonlincar jump and hysteresis.

Figures 5.11(a) and 5.11(b) show thc G-B characteristics of the same modc at the oscillation
level of 0.05 V, when the frequencics arc up and down, respectively. The nonlincar jump cannot
be obscrved, unlike the case at the oscillation level of 1 V. The admittance loci are almost truc.
circles and the vibration is almost lincar. Small driving voltage cannot causc the nonlincar

y of the vibrational system. Figure 5.10 cxplains the reason for

phenomena, Next, we trn our attention (o the Q-value, the clectromechanical coupling coc!
cicnt k, and the resonance frequency, which arc shown in Table 5.V. W find that the Q-valuc
decreases when nonlincar phenomena such as nonlincar jump occur.  The decrease of the Q-
valuc refers to the encrgy transfer from lincar vibration to nonlincar vibration. The clectrome-
chanical coupling cocfficicnt and the resonance frequency are almost the same in thesc cascs.

In the casc of 24- and 22-modes the nonlincar jump is not obscrved. Table 5.VI shows the
Q-value, the clectromechanical coupling coefficient k, and the resonance frequency in these
modes. The variation of the Q-value upon changes in the oscillation level, which is onc of the
nonlinear characteristics, can be obscrved in the 24-mode, but it is not obscrved in the 22-mode.

Next, the sample is anncalcd at 200 °C for 1 hour, so that the optical diffractive grating can be
crased after anncaling. The clectromechanical measurement aftcr anncaling above is performed
in order to compare with the characteristics observed beforc anncaling. The cxperimental results
of the 21-mode arc shown in Table 5.VI. An increase of the Q-valuc is obscrved and the non-
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Table 5.VIli. The variation of the Q-value and resonance frequency «w,, of
the 21-mode after annealing. The symbols “N", *I" and "D" denole no
significant change, increase and decrease, respectively. The value in
parentheses shows the varialion numerically.

A 1um 3.9um
Electrodes
Whole N 1{0.05%)

Q@ N(10000~15000) D(20000 — 5600)

Partial «,  1(0.025%) 110.05%)
Q@ 1(2600 — 17000) 1(2000 — 20000)

025

Y

B(mS)

-025
0
G(mS)

Fig. 5.12. Nonlinear jump phenomenon observed in the admillanc circle
near the fesonance fraquency of the 21-mode.



lincar jump is climinated. We can conclude that the PR grating written in the piczoclectric
transducer can cause a decrease of the Q-value and the generation of nonlincar acoustic vibra~
tion, especially in the 21~mode.

§5.4. Influence of Variation of PR grating on Piezoelectric Vibration

In this section, we describe the influence of the variation of the PR grating on the piczoclec—
tric vibration, for cxample, after thermal anncaling,” by changing the intensity ratio of /, to 1,,”
after the incidence of homogeneous light, and by the aging.”

5.4.1 Influence of Thermal Annealing

A y~-cut platc of LiNbO,:Fe, which is rectangular, x = 7.19 mm, y = 1.51 mm, and z = 4.03
mm, is used. The Q-valuc of the present rectangular samplc is, generally, larger than that of the
pentagonal sample described in the previous section because of the regularity of its shape,  The
ratio of /, 10 1, s 1:1, and the diameter of the beam is about 20mm. The period of PR grating A
is selected to be about 1um and 3.9um.  After the PR grating is written, wholc Au clectrodes arc
deposited on the y-planes, and 1) the frequency characteristics of admittance, 2) the current-
voltage (/-V) characteristics, and 3) the spectral analysis of harmonic gencration, respectively,
are measured near the resonance frequencics of the 1) 21-mode, 2) the 24-mode, and 3) the 22-
mode. Concerning the 21-mode, the measurement is made in the case of not only whole clec—
trodes but also partial oncs, 2mm(x)x1mm(z), deposited on the center of the y~plancs.

As described in the previous scetion, the optical diffractive grating can be erased after anncal-
ing at 200°C for 1 hour, 5o we perform the similar measurement as above after anncaling to
compare with the characteristics obscrved before anncaling. A virgin y-cut platc, on which the
PR grating has not been written, is preparcd in order to cxamine the intrinsic charactcristics of
LiNbO,Fe.

In measuring the frequency characteristics of admittance, we also note the variation of 1) the
Q-valuc of the resonance, 2) the resonance frequency w, and 3) the existence of the nonlincar
jump phenomena, duc to anncaling.

‘Table 5.VIII shows the variation of Q and w_ after anncaling in the 21-mode for two valucs of
A and two kinds of clectrodes.  We find that the rate of the variation is larger when the clec—
trodes are partial or when the valuc of A is larger.

When the Q-value is small (about 2000 in the sample before anncaling with the partial clec-
trodes and the grating of A = 3.9 pm), we observe the nonlincar jump phenomenon of an admit-
tance circle, as shown in Fig.5.12.  Although the LiNbO,:Fe resonator without the PR grating
shows an intrinsically weak nonlincar jump phenomenon, the sample with the PR grating shows.
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Fig. 5.13. (a) The /-V characteristic of the sample with the PR graling at
the resonance frequency of the 21-mode. (b) Inlrinsic /-V characteris-
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Table 5.IX. The variation of the Q-value and the resonance frequency
w,, of the 24~ and 22-modes afier annealing.
The notations used are the same as in Table 5.VIll.

A 1um 39um
Modes
% o, N 10.08%)
Q@ N(4000 — 3000) N(1300 — 2100)
2 o, N 00.15%)
Q  N@B00~5500) 1(300 ~ 3400)
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Fig. 5.14. The /-V characl lic of the sample with the PR grating at
the resonance requency of the 24-mode.
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Fig. 5.15. The /-V charactaristic of the sample with the PR graling at
the resonance frequency of the 22-made.
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the phenomenon distinctly and at phasc angles different from that of the former.  After anncal-
ing of the sample, the Q-valuc increased tenfold to about 20000, and the nonliacar jump phe-
nomenon disappearcd.  We find that the PR grating causcs the decrease of Q and the generation
of the nonlincar phenomena, as described in the previous section.

On the other hand, in the casc of the sample with the whole electrodes and the grating of A =
3.9 um, the nonlincar jump phenomenon did not appear before anncaling, and the Q-valuc was
about 20000. By fixing the sample with adhesive tape, Q-valuc decreased, then the nonlincar
jump phenomena appearcd. This suggests that too large Q-value docs not cause the present
nonlincar phenomena in the sample with the PR grating. The usual nonlincar effect, intrinsic to
the LiNbO :Fe resonator, is likely to be enhanccd when the Q-value increases because the
higher orders of strain become more cffecti
the sample with the PR grating arc unusual and duc to a completely different mechanism. Afrer

hus, the nonlincar phenomena obscrved here in

annealing, the phenomenon appearcd and the Q-value decreased. This suggests the existence of
the PR grating cven after anncaling.  On the other hand, the optical Bragg diffraction did not
occur after anncaling, 5o the PR grating is thought to disappear. These two facts are sccmingly

not consistent with each other. Grating sufficient to cause the nonlincar phenomena scems to

partially remain cven after anncaling. Morcover, the form of the clectrodes (wholc of partial),
influences the nonlincar behavior, even though the other experimental conditions arc the same.

The nonlincar phenomena arc confirmed by /-V characteristics or harmonic gencration, as
well as by admittance characteristics. Figure 5.13(a) shows the /- characteristic of the sample
with whole elcctrodes and the grating of A = 1 pm after anncaling. Figure 5.13(b) shows the
intrinsic characteristic of LiNDO,Fe for comparison. In Fig. 5.13(a), we observe hysteresis
and the marked variation of the gradient d//dV. The gradient becomes negative in some range of
the voltage.  On the other hand, the weak nonlincarity in Fig, 5.13(b) is causcd by the large Q-
value of the resonator, which is the usual effect. Harmonic gencration was also observed in both
samples. Not only odd harmonics, but also cven ones were obscrved.

‘Table 5.1X shows the variation of Q and w,, after anncaling in the 24- and 22-modcs. Only
whole clectrodes are used.  The valuc of ), in the 22-mode shows a tendency to decrease after
anncaling. This feature is different from the results in other modes.  Another influence of the
PR grating on the piczoclectric vibration is greater in the 22-modc than in other modcs. The
nonlinear jump phenomenon of the PR grating was obscrved in the 24-mode as well as in the
21-mode, but not in the 22-mode.

The I-V characteristic in the 24-mode for the samplc with the grating of A =1 pm before
anncaling (in Fig. 5.14) shows marked hysteresis and ncgative gradients, as in the 21-mode. In
contrast, the intrinsic characteristic in the 24~mode shows little hysicresis and no negative gradi-
ent.
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Fig. 5.16. Frequency characteristic of the admiltance of the sample
used in the experiment changing the value f. The shape of the sample
i imegular; therefore, there are many peaks of ¥ due 1o the 21-mode,
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The I-V characteristic in the 22-mode for the samplc with the grating of A=lum before
anncaling (in Fig. 5.15) shows hysteresis, but similar hysicresis is also observed in the intrinsic
characteristic in the 22-mode.  Hence, we cannot conclude at present the influence of the PR
grating on the nonlincar phenomena in the 22-mode, cven though the Q-valuc in the 22-mode
was influcnced by the PR grating. On the other hand, in the 21- and 24-modes, we can con-
clude the influence of the PR grating on the nonlincar phenomena, involving the low Q-valuc.

‘We also find that the variation of w_, aftcr anncaling has no rclation to that of Q. The varia-
tion of w,, probably is related to that of the stiffness of the nonlincar spring, as suggested in Fig.
5.10.

5.4.2 Influence of Changing Intensity Ratio of I, t0 1,

In the experiment described in §5.4.1, the valuc of A was changed and the influcnce of the
grating on the piczoelectric vibration was investigated before and after the anncaling. The
change in A and thermal anncaling can change the space-periodic internal clectric field E,.
expressed in cgs. (5.2.12a) and (5.2.16). However, Eg. involves E, which is directly propor-
tional to A and E,, which is inversely proportional to A, as expressed in cgs. (5.2.17) and
(5.2.18), respectively. Therefore, experimenting by changing the valuc of A cannot clarify the
relationship between the value of Eg.. and its influence on the piezoclectric vibration.

n the intensity ratio of /, to /, before

For that reason, in this subsc ing is changed in

order to investigate the relationship between Eg.. and its influcnce, because Eg. is in proportion
to the intensity modulation index m, as in ¢q.(5.2.16), and m is determined by the ratio of /, to 7,,
as in ¢q.(5.2.6).
The power of /, before mixing is fixed at 550 mW/cm2, and the ratio of 1, to 1y, B, is changed
10 0.1, 0.5, and 1, by attcnuating /, using the attcnuator Attl in
beams arc not cxpanded. The value of m is as follows:
m=054

5.4. The diameters of the

m=0.
Given the valuc of A at 1.6 pm, another LiNbO:Fe resonator (its frequency characteristic of the
admittance is shown in Fig. 5.16) is used as a sample. Since the shape of this sample is not
regular, there arc many peaks of admittance below 1 MHz, which arc duc to the 21-modc, and
the Q-value is smaller.

Figures 5.17(a), 5.17(b) and 5.17(c) show the admittance circles of the 21-mode measured
from 780 to 880 kHz with the PR grating formed by (a) B = 0.1, (b) B = 0.5, and () B = 1, re-
spectively. We find that the increasc of B, and the concomitant increase of Eg, surcly makes
the admittance circle smaller.  Figure 5.18 shows the variation of the Q-value when changing.
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the value of B, measured from 600 to 700 kHz and from 780 to 880 kHz. The increase of Eg.
causes the decrease of Q-value, which significs the depression of the lincar vibration. This
result is consistent with the previous experimental results reported in this chapter; however, clear
nonlincar phenomena such as the nonlincar jump are not observed here.  The reason is as fol-
lows. Because of the imcgularity of the sample shape, the Q-value, which is less than 100 when
B =1, is much smaller than that of other samplcs. Small Q-value means small amplitude of the
lincar vibration. Accordingly, the present Q-value is too small to cause the nonlinear jump
phenomenon, because the phenomenon requires a larger amplitude of vibration, as suggested in
Fig. 5.10.

The -V characteristics and the results of the spectrum analysis arc also shown in Figs. 5.19
and 5.20, respectively, when (a) B = 0.1, (b) = 0.5, and (c) B = 1. We find that nonlincarity
becomes slightly more pronounced as Egc increases.

“The variation of the diclectric constant was also investigated with change in 8. Figures 5.21
and 5.22 show the frequency characteristics of the diclectric constant ( permittivity ) €, / €, and
the dielectric loss ( tan 8 ), respectively, when B changes. Real and imaginary part of the
complex diclectric constant are calculated using the components of the 22 phase difference and
in-phase between / and , respectively. The tan & is given by the ratio of the imaginary to the
real part. I the dielectric loss did not exist in the material, only the component of /2 phase
difference would contribute to the permittivity.  Piczoelectric resonance increase the in-phasc.
component, as shown in Fig. 3.5, and therefore, the diclectric loss apparently.  The sharp peaks
in Figs. 5.21 and 5.22 arc duc to the piezoclectric resonances of the 21-mode, which do not
have any relationship to the intrinsic diclcctric property. The diclectric constant does hardly
change when B increases, as in Figs. 5.21; however, the diclectric loss when B = 0.5 and B = 1 is
larger than when = 0.1 at frequencics below about 500 kHz, as in Figs. 5.22. This suggests
movements of ions, which compose the PR grating, in the y-dircction through Coulomb's force
by the extornal clectric ficld in the y-direction at low frequency. The decrease of the present
tan  at higher frequency suggests that the ions cannot follow the external force; that s, the
vibration of the ions is incrtia-controlled.

5.4.3 Influence of Homogeneous Light Incidence

In the experiment discussed in §5.4.1, the thermal anncaling at 200 °C for 1 hour could not
completely climinate the PR grating. The residual PR grating often cven caused nonlinear
behavior. In this subscction, homogeneous light incidence onto the crystal is performed to
climinate the PR grating homogencously and completely.

The sample is an irrcgular form of y-cut plate with a frequency characteristic of admittance as
shown in Fig. 5.23. In forming the PR grating, the intensity of light is S50 mW/em? with f = 1,
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and after depositing electrodes only £, with the power of 180 mW/cm? is incident from the side
of the crystal.

Figure 5.24 shows the frequency characteristic of | ¥ | and phase angle ncar the resonance
frequency of the 21-mode (about 0.45 MHz), after the incidence of homogencous light for (a) 0
min., (b) 35 min., () 60 min., (4) 90 min., and (c) 150 min., respectively. We find that two
peaks of resonance exist and the peak of higher frequency grows by degrees relative to the inci—
dence of light. The variation of the Q-value, the resonance frequency @, and the clectrome~
chanical coupling cocfficicnt & arc shown in Figs. 5.25(a), 5.25(b), and 5.25(c), respectively,
where the notation "0" and x" show the data at lower and higher resonance frequencies appear-
ing in Figs. 5.24, respectively. The cnergy transfer between the two peaks scems 10 have oc~
curred. The lincar vibration depressed by the PR grating becomes larger as the time of light
incidence increases. In addition, the PR grating depresses the electromechanical coupling cocf—
ficient.

Clear influcnce of the PR grating on nonlincar behavior was not observed in the present sam~
ple, cven though the PR grating depresses the O-value, that is, depresses the lincar vibration.
The reason scems to be the same as in the sample investigated in §5.4.2.

5.4.4 Time Variation of PR Grating at Room Temperature

In this subscction, time variation of the PR grating at room temperature ( about 15 °C ) is
investigated. The sample is an irregular form of y-cut plate with a frequency characteristic of
admittance as shown in Fig. 5.26. In forming the PR grating, the intensity of light is 550
mW/em? with = 1, and afier depositing clectrodes the sample is preserved at room temperature
ina dark place. The time variation of the Q-value, the resonance frequency ,, and the clec—
tromechanical coupling cocfficicnt k arc shown in Figs. 5.27(a), 5.27(b), and 5.27(c), respective-
ly, where the notation "O" and "x" show the data at resonance frequencics of about 820 kHz and
1050 kHz, respectively, and the former is caused by the 21-mode. We find irregular variation
of the Q-value and k and the stability of w,, within 60 days. The nonlincar jump phenomenon
was often obscrved during the 60 days, for example, after 22 days, with decrease of the Q-value.
However, we cannot find a tendency of the PR grating o fade out within 60 days at room tem-
perature in a dark place.



§5.5. Summary of Experimental Resulls

The PR grating formed in the piczoclcctric LiNbO,:Fe transducer decreased the Q-value, and
therefore, depressed the lincar vibration. It oficn caused no v such as nonlincar
jump and hysteresis, accompanicd by the decrease of the Q-value. Encrgy transfer from the
linear to the nonlinear vibration occurred.

Even after the thermal anncaling, the PR grating scemed to par

incar behav

y remain, and it often
caused nonlincar behavior.

The generation of the present nonlincar hehavior was related to the forms of the
forms of the clectrodes, and the vibrational mode. This nonlincar behavior could often  occur in
the 21- and the 24-modes, but was not evident in the 22-mode.
behavior. The usual nonlinear cffect is probably

ple, the

Too large Q-value depressed this nonlinc:
cnhanced when the Q-value increascs because the higher orders of strain become more effec-
tive, Thercfore, the nonlincar phenomena observed here in the sample with the PR grating arc
unusual and duc to a completely diffcrent mechanism. They also did not appear clearly in the
sample with very small Q-valuc duc (o the irregularity of the form.

The value of the spacc-periodic internal field Ege clearly influcnced the piczoclectric charac-
teristics and the diclectric loss.

§5.6. Model for Nonlinear Phenomena

I the previous sectionsinthis chaplr,the decrase of Q-—alue and th generation of ponlin~
car vibration were detccted in the LiNDO,:Fe pi ic transducer in hich
(PR) grating was formed. The decrease of  means the depression of lincar vibration, which is
consistent with the gencration of nonlincarity. The cnergy transfer from lincar to nonli
vibration can occur. The PR grating enhances or produces the nonlincarity in crystal. This
nonlincarity was strongly influcnced by the form of the sample. When the Q-valuc was too
large or too small, depending upon the form of the sample, the present nonlincar behavior
became obscure.  We explain the cxperimental results by a new concepl, space-periodic modu-
lation of piczoelectric polarization due to the PR internal field,” which is a physical model
within the range of possibility.

5.6.1 Two Modes of Vibration

First of all, we consider a compound pendulum connected by a nonlincar spring, as in Fig.
5.28(a). Vibration of the pendulum in Fig. 5.28(z) can be scparated into two modes, as in Figs.
5.28(b) and 5.28(c), an in-phasc and an antiphase vibration of the two pendulums, respectively.



(a) (b) (c)

Fig. 5.28. (a) A compound pendulum connected by a nonlinear spring.
(b) An in-phase mode of the vibration. () An antiphase mode of the
vibralion.  In the anliphase mode, as the nonlinear spring does vibrale,
the nonlinear vibration does occur.
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Fig. 5.29. (a) Space-sinusoidal charge distribution of the PR grating in a
solid ine and static internal electric field in a dashed line. ~(b) Altemal-
ing, thal is, periodic in lime domain, polarization in the c-direction. (c)

ic di b strained longitudinally by the internal field.
(d) Alternating polarization in the y-direction. (6) The electric dipoles
an be strained transversaly by the internal field.  Longiludinal anti-
phase vibralion could occur in the c-direction.
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The displacements of two pendulums in Fig. 5.28(a) are cxpressed as u, and uy, then the dis—

placements of the in-phase and antiphase vibration, u,, and u,,,, respectively, are expressed as
U=y Uy, (5.6.12)

SBus - tuy (5.6.1b)

Hami

In the former, since the two pendulums are in a parallel motion with cach other and the non-
lincar spring docs not vibrate, nonlincar vibration docs not occur. In the latter, since the two
pendulums move on opposite dircctions and the nonlincar spring does vibrate, nonlincar vibra-
tion does occur.  Only antiphase vibration can contribute to nonlinear vibration, because clastici-
ty is caused by Au and its higher orders. That is, the gencration of nonlincar vibration requires
the existence of both nonlincar springs and the antiphase vibration of the springs. The dis-
placements in the in-phase vibration are restored by forces other than the clastic force between
the two particles, for cxample, in the case of compound pendulum shown in Fig. 5.28(b), the
gravity acting on the mass of particics, or in the case of solid resonator, for example, piczoclec—
tric transducer, other clastic forces between the present particles and other particles.

Proper frequencics of the two modes arc different, but if an external force exists, as in the
case of piczoclectric transduccr, vibrational frequencies of the two modes are the same, because
both modes of vibration arc caused by the same cxternal force by means of piczoelectric effect.

We will investigate the cause of cxistence of nonlincar springs and antiphase vibration of
them in the case of piczoclectric transducer in which PR grating is formed.  In this case, we can
consider that spatial period of antiphase vibration is cqual to A, the period of PR grating.

5.6.2 Generation of Antiphase Vibration by Space -periodic Modulation of Piezoelectric

Polarization due to Photorefractive Internal Field

We consider the gencration of antiphase vibration in the PR grating. A space-sinusoidal
charge distribution and an internal lectric field are formed in the c~direction of the crystal,
represented by solid and dashed lines in Fig. 5.29(a), respectively.

If alternating, that is, periodic in time domain, polarization P is generated with alternating

i in the c~direction according to the pi ic relation,

Py=e, S, teyS, te, (562)

as in Fig. 5.29(b), then, the altcrnating clectric dipoles could be strained space-periodically, as in
Fig. 5.2%(c). by the static PR internal eleciric ficld. Since both the electric dipoles and the PR
grating are fixed in the crystal, the latter could also be strained space-sinusoidally in the c-di
tion, and could vibratc longitudinally in an anfiphase state at intervals of every one-half of A.




“The antiphase strain AS, caused by the mechanism described above can be cxpressed as

85y = ayEn o (5.6.3)
or

a8y = @y By Py (5.6.36)
where E,,, is the static PR internal electric field, and E, , is the alternating external clectric field

which drives the piczoclectric vibration. The former corresponds 10 Eg,. described in §5.2.
Cocfficients a,y, and a’y,, are not_constants, and depend on £,y £, . and other experime
conditions.

The alternating polarization illustrated in Fig. 5.29(b) can be gener:
which S, and S, exist. I both 24~ and 22-modes, alternating polay
the y-direction according to

Py=ey S+ Ey (5.6.4a)

Py=eyS,+ Xy (5.6.4b)
respectively, as in Fig. 5.29(d). In this casc, the alternating cleciric dipoles could he
transversely, as in Fig. 5.29(c). That is, shear vibration occurs in the yz-planc. The antiphasc
strain AS, cun be expressed us

A, =gk

din the 21 -made in
o can be gencrated in

.

or
S, = ' E Py (5.6.5b)

WREIC Gy 80 Gy a1 0L cOnSants. I Fig. 5.29(),the displacement in the ¢~direction duc to
the transverse strain AS, changes space-sil in the c-dircction and space-lincarly in the

y-dircction; thercforc, longitudinal antiphase vibration could occur in the ¢ ~direction with

‘spatial period
the y~direction, unlike the case of S,. The change in the y~dircction depends on the polariza-

of A. The amplitude and phase of this longitudinal antiphase vibration change in

tion state in the y~dircction determined by the vibrational mode.
In the case of 21-mode, AS, can occur according 1o

Py=eyS 4 enS, + 35K, (5.6.6)

and ¢q(5.6.5b). Both of AS, and AS, can be cffective for the gencration of the longitudinal anti-
phasc vibration in this casc.

Accordingly, piczoclectric polarization, that is, acoustic vibration can be modulated space-
periodically by the PR internal ficld.  The wavenumber k of the acoustic vibration can be
modulated as



k=ksK (k| << |K]|) (5.67)

Phasc velocitics of the three waves with the wavenumbers &, k + K and k - K are o, Jk, o, J(k +
K)and (k- K), respectively. On the other hand, group velocitics of them arc the same as
grad,,, because of the space-periodicity of the PR superlattice.

5.6.3 Origin of Nonlinear Spring of Intrinsic
and Generaion of Nonlinearity by Coulombs Force

We shall now consider the origin of th nonlinear spring which causcs nonlincar phenomena
‘when PR grating exists.  There arc two possibilities.

First, nonlincarity intrinsic to LiNbO,:Fe can be enhanced by the antiphase vibration of the
PR grating mentioncd above.  In this case, the intrinsic nonlincar spring vibratcs in the anti-
phase statc at intervals of every half of A.  In general, piczoclectric vibration has some nonlin—
carity, because antiphase vibration which causes nonlincarity cxists with a space-period of
wavelength of acoustic wave.  But, usual piczoelectric vibration of the resonator without PR
grating is almost in the in-phase statc if compared with the period of the PR grating A, because
the wavelength of piczoclcctric vibration is much larger than A. Therefore, nonlincar phenome-
na of a usual resonator arc weaker than those of a resonator with PR grating.

Second, nonlincarity by Coulomb's force which obeys inverse-square law within the vibrat—

ing PR space-charge is a possible cxplanation. Only antiphase vibration contributcs to nonlin-
carity in this casc, 00 For the sake of simplicity, we assume that clectric charges which form
PR grating arc distributcd at intcrvals of A/12, as illustratcd in Fig. 5.30. The quantity of the
clectric charges g, is distributed sinusoidally in the c-direction, as illustrated in Fig. 5.30. That
is, we can write

4D = qsin(2ZIA) §Z-Z,), (5.6.8)
where n is an integer, Z,=nA/12, &(Z) is 8-function, Z is the position in the c~direction fixed in
the crystal.  In the case of 21-mode, the displacement of the charges which vibratc in the
antiphase state Az,, as in Fig. 5.29(c), can be expressed as
82,(2) = Az sin(2nZ/A),  at position Z = Z,, (569
{caused by AS,)

where Az is the maximum value of the antiphase displacement, and it depends on experimental
conditions.  The strain AS, has a phase difference of /2, that is, A/4 from the antiphase dis-

placement Az, expressed in ¢q.(5.6.9), because longitudinal strain in the z-dircction and dis-

placement in the have i ip between dil ial and i ion with cach
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other with regard to the z-coordinate, and both physical values are now sinusoidal functions of
Z. When AS, exists, the antiphase displacement Az, due to AS, depends on not only Z, but also
on position Y in the y~direction fixed in the crystal, as described in the previous subscction.  In
addition, the shear strain AS, is in-phasc with the antiphase displacement Az in the c-direction,
because shear strain in the yz-planc and displacement in the z-direction do not have relationship
between differential and integration with cach other with regard to the z-coordinate. In this
case, Az, is expressed as
A2,(Y,2) = - Az cos(2nZIA) AY),  at position Z=2,, (5.6.10)
{caused by AS,]
where f{Y) is a function of position Y. For the sake of simplicity, only AS, is now considered.

The distribution of Az, is also illustrated in Fig. 5.30.
Coulombs foree F, acting on the charge labeled n=k in Fig. 5.30 can be expressed as

& Cy + C(B2/A) + C(AZIA) + C(AZIA) + . (s.6.11)

‘Coulomb's force acting between the electric charge labeled n=8 and the charges of n=0 to 16 in
Fig. 5.30 is calculated as

Cy=- 110, €, = - 141, C,=1323, C,=7003.

The value of C, is about ten times as large as the valuc of C,. In this calculation, the ncarcst
charges with the same algebraic sign most contribute to nonlincarity of £,. Summation of
q,(5.6.11) was performed only in the range below a distance of A, because electric charges out
of this summation range contribute to smaller lincarity and nonlincarity. Antiphase vibration of
electric charges over a distance of A forms weak and almost lincar spring through Coulomb's
forcc.  On the other hand, in an usual piczoclectric transducer, relationship between stress T
and strain S, is expressed as

Ty=chy S, 4 ety S, e . (5.612)

The value of the usual nonlincar clastic constant c%,,, in LINbO, is -3.6x101 N/m?, and that of
the lincar clastic constant cE,, is 2.4x10"" N/m?. % These two constants have the value of
comparable order. We find the possibility that nonlincarity by Coulomb's force can be stronger
than intrinsic nonlinearity.

Cocfficicnts with even numbers in ¢q.(5.6.11) exist in this casc.  On the other hand, Cou-~
lomb's force acting between the charges labeled n=9 and other charges in Fig. 5.30 does not
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produce coefficicnts with cven numbcrs; that is,

€,=0,C,

becausc the system has a centrosymmtry as scen by the charges of We can consider that
the nonlincar spring formed by Coulomb's force in PR grating has spatial distribution with a

period of A; that is,
c@=cz+n (=01

(5.6.13)

Upon first glance at eq.(5.6.11), nonlincarity may scem 1o increasc when the valuc of A de-
creases. However, if an interval between eleetric ch the of
nonlinear term C(i>1) in ¢q.(5.6.11) begin to decrease when the value of A decreases, hecause
the number of charges involved in a period of PR grating dcercases. If the value of A decy
finally to twice as large as the interval between eleetric charges, the antiphase vibration of clec~
tric charges is similar to optical mode of lattice vibration in solid-state physi
lincar vibration. We can understand that nonlincarity by Coulomb's force depends on distribu-
tion of charges and their movement.

s

‘which is almost

§5.7. Discussion

We consider the relationship between the experimental results described in §5.3 10 §5.5 and
the physical model analyzed in §5.6.

First, we shall explain the reason for disappearance of the present nonlincarity when the Q-
value became 100 large. The increase of the Q-value means the increase of the almost in-phase
displacement intrinsic to the piczoelectric resonator, because the Q-value is in proportion to the
displacement of vibration at the resonance frequency, as discussed in §3.2.1.  Here, the influ-
ence of the PR internal electric field on the piczoeleetric vibration becomes weaker relative (o the
case with appropriately small Q-value. As a consequence, the valuc of the antiphase displace—
ment Az decreases. The decrease of Az causes a more rapid decrease of the nonlincar terms than
the linear term. This is also explained by the distribution of energy between the two modes, in-
phase and antiphase modes. The total energy of the vibration W, consists of the sum of the
encrgy of the in-phase vibration W, and that of the antiphase vibration W,

(5.7.1)

When the Q-valuc s large, the quantity of W, is much larger than that of W, if W, is constant,
and the usual almost lincar vibration inherent in the piczoclectric resonator predominates. When
the Q-value is small, the quantity of W, s also small, and that of ,., can not be neglected if ¥,
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+ + + + + 4+ + +  eleclrode

—  electrode

-->  :antiphase vibration

:T : Cou'omb's force in the y-direction

Fig. 5.31. The electric charges on the electrodes in the y-planes can
influence the electric charges in the PR grating directly by Coulomb's
force. These forces in the y-direction can acl on the PR grating as
‘couples of forces at intervals of A/2. The couples of forces can depress
the generation of the antiphase vibration.
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is constant. Therefore, the unusual nonlinear vibration appears.

In this model, transfer of the cnergy of the vibration in the ¢~direction between the two modes
is important. In the 21- and 24-modes, the vibration is not clamped in the c~direction. In the
22-mode (the thickness~cxtensional mode), on the other hand, the vibration is clamped in the
c-direction, as discussed in §3.5 and §3.7.3. The reason why the present nonlincarity is clear in
the 21~ and 24-modes and not clear in the 22-modc has to do with the clamp mentioned above.
When the clamp exists in the c-dircction, the quantity of W,, and W, in the c-dircction is small.
Therefore, the quantity of W,,, transferred from W, is also small, and nonlincarity docs not
appear clearly in the 22-mode.

The reason for negative d//d¥ can also be explaincd. We assume that the transfer of the
energy from W,, to W,,, occurs when voltage V increascs. The transfer of the cnergy decreases
the
negative dl/dV indicates decrease of usual piczoelcetric displacement and increase of nonlincari-

the in-phasc displacement the derivative of which corresponds to the current /. That

ty by the mechanism described above when V increases. I usual piczoclectric transducer,
negative dJ/dV cannot occur. When nonlincarity increases in an usual transducer by incrase of
V, displaccment of lincar vibration also increascs; thercfore, d//dV is always positive in usual
piczoclectric vibration.

“The obscurity of the present nonlincar behavior when the Q-value is too small results from
the usual nonlincar characteristics.

The reason why the type of electrodes influcnces the cxperimental results is as follows. The
clectric charges on the electrodcs in the y-planes can influence the clectric charges in the PR
grating dircctly by Coulomb's force.  Existence of Coulomb's force in the y—dircction was

suggested by the experimental results shown in Figs. 5.22. These forces in the y-dircction can
act on the PR grating as couples of forces at intervals of A/2. The couples of forces can depress
the generation of the antiphase vibration. Figure 5.31 shows this effect conceptually. ~ Aftcr the
annealing of the sample, both the quantity of the elcetric charges forming the PR grating and

completeness of the grating decrease, as suggested in §5.4.1. Then, the couples of forces acting
on the PR grating change by anncaling. It follows that the nonlincar characteristics gencrated by
the antiphase vibration can also change by anncaling. However, the existence of the clectrodes.
does not always depress the present nonlincarity, because the clectrodes are necessary for the
supply of cnergy to drive both the in-phase and antiphase modes of vibration. The generation
of the present nonlincar vibration can be determined by the balance of the vibrational state in the
rection and the present effect due to the clectrodes.

§5.8. Summary

The decreasc of Q-valuc and the gencration of nonlinear vibration were detected in the
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LiNbO,:Fe piczoclectric transducer in which photorcfractive (PR) grating was formed. The
decrcase of @ means the depression of lincar vibration, which is consistent with the generation of
nonlincarity. The cnergy transfer from lincar to nonlinear vibration can occur. The PR grating
enhances or produces the nonlineas
the form of the sample. When the Q-
of the samplc, the present nonlincar behavior became obscure.

In addition, we have discussed the possiblc reasons for the gencration of nonlinear behavior
described in the cxperimental results. The generation of nonlincar vibration requires the exist
ence of both nonlincar springs and their antiphase vibration. The antiphase vibration can occur

crystal. This nonlincarity was strongly influcnced by

value was 100 large or 100 small, depending upon the form

by the space-periodic modulation of piczoclectric polarization duc to the PR internal ficld. The
nonlincar springs originate from the cnhancement of nonlincarity intrinsic to LINbO,:Fe through
antiphasc vibration and action of Coulomb's force in the vibrating PR space-charge in the anti-
phase state.
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Chapter 6
Conclusions

In this hesis, new optical messurcment methods of piczoclociic vibration and a new phe-
nomenon induced optically in pis were investi The former were
described mainly in Chapters 2, 3, and 4, and the latter in Chapter 5. Both investigations were
performed using interference of two coherent optical waves and on the basis of the clectrome-
chanical measurement method of piczoelectric vibration. The results obtained from this study
are summarized here.

In Chapter 2, methods for measurement of piczoclectric vibration using optical fiber were
described from an optical point of view. Two new methods for measurement of piczoclectric
vibration using the fiber-optic ring interferometer were described.

In onc method, the sample is in contact with a fiber in which the light is phasc-modulated by
the piczoclectric vibration. The fiber is wrapped many turns around a cylindrical piczoclectric
transducer. The low frequency limit of S, / E, measurcd with this method was ncarly in agrce-
ment with the material constant d,,.

In the other method, the light is incident on the sample surface and phasc-modulated by re-
flection when the sample vibrates.  The formulation of this method was described.

In Chapter 3, piczoclcctric vibration and matcrial werc cvaluated using the clectromechani-
cal method and the fiber-optic method. A disk piczoclectric transducer was uscd as the sample.
Local measurement of the acoustic amplitude and phase was performed optically.

Optical measurement of the acoustic amplitude gave the valucs corresponding 1o the piczo-
electric constants d and g locally, taking into account the theory of vibration, the clectrical condi-
tion of the piczoelectric vibration, and the results of the clectromechanical measurement.

It was found that the clectric equivalent circuit was not cffective for study of the transducer
from a local point of view, because the vibration near the boundary was more difficult to follow
the external force at higher frequency.
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Optical mcasurcment of the acoustic phase gave the acoustic velocity of the radial-extcnsion-
al modc and the valuc of Poisson's ratio, utilizing local characteristics of the sample.

In Chapter 4, the measurement methods described in Chapter 3 were applied o circular
piczoclectric transducers the forms of which were not thin disk.

For the thick rod sample, d"and g’, the optically measured values corresponding 1 the mate~
rial constants d and g, respectively, were much smaller than the actual values of the material
constants. On the other hand, for the long rod sample, they were nearly in agreement with the
material constants. However, the electrical condition of the piczoelectric vibration was not
satisficd, cspecially at the edge of the sample.

The theory of resonance coupling was applicd o the problem of measuring d”and g'. It was
found that the thin disk and long rod samples were appropriate for the measurement of the mate~
rial constants; that is, d” = d and g’ = g, when the lowest resonance was used for the measure-
ment.

‘The acoustic velocity of the radial-extensional mode was also measured optically; however,
Poisson's ratio could not be measured in this case.

In Chapter S, the influcnce of the photorefractive (PR) cffect on the piczoelectric vibration
was investi i using the ical method.

The PR grating written in the piczoelectric LINDO,:Fe transducer decreased the Q-value, and
therefore, also depressed the lincar vibration. It often caused nonlinear behavior such as nonlin—
car jump and hystcresis, accompanied by the decrease of the Q-value. The encrgy transfer from
the lincar to the nonlincar vibration occurred.

Even aftcr thermal anncaling the PR grating scemed to partially remain, and it often caused
nonlincar behavior. The generation of the present nonlincar behavior had relation to the forms of
the sample, the forms of the clectrodes, and the vibrational mode.

The present nonlincar behavior often oceurred in the 21- and the 24-modcs, but was not
cvident in the 22-mode.

Too large Q-value depressed the present nonlincar behavior. It is postulated that the usual
nonlincar effect is probably enhanced when the Q-value increases because the higher orders of
strain become more cffective.  Accordingly, it was concluded that the nontincar phenomena ob-
served here for the sample with PR grating were unusual and due 1o a completely different
mechanism. They also did not appear clearly in the sample with 100 small Q-value duc to the
irregularity of the form,

The value of space-periodic internal field Eq. clearly influcnced the piczoclectric characteris—
tics and the diclcctric loss.
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In addition, the experimental results described above were cxplaincd by a new concept,
space-periodic modulation of the piczoclectric polarization due 1o the PR internal clectric ficld:
The generation of nonlincar vibration requires both the existence of nonlincar springs and their
antiphase vibration. This antiphase vibration can occur through the space-periodic modulation
of piczoclectric polarization duc 1o the PR internal field. The nonlincar springs originate from
the enhancement of the nonlincarity intrinsic to LINBO,:Fe through antiphase vibration and
Coulomb's foree in the vibrating PR space-charge in the antiphase state.
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