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Preface

The application of elastic surface waves in solids to devices in
communications and radar is gaining impetus. The studies of materials and
techniques reported during the past five years schow a steady and large
increase in this area <f scientific and techrological sctivity. 1In parti-
cular, during the last two years it became obvious that the methods of
signal processing by means of acoustic surface-wave devices are sufficiently
refined to be used in numerous practical devices. When the preparation of
this report was originally suggested by Dr. A. Shostak of the Office of
Naval Research, it was clear that there existed a need for review literature
in this field. However, during the past year significant reviews and
summaries of the state-of-the-art of surface microacoustics have been pub-
lished in both professional and trade journals. The most notable is the
special issue on Microwave Acoustics which appeared in the IEEE Trans-
actions on Microwave Theory and Techniques of November 1969 (vol. MTT-17,
no. 11), and which significantly enough, while it was aimed to cover all of
microacoustics, dwelt on surface microacoustics in considerable proportion.
Also, in the series "Physical Acoustics" edited by W. P. Mason and R. N.
Thurscon and published by Academic Press, two chapters appear in recent
volumes vhich deal with elastic surface wuves. ("Properties of Elastic
Surface Waves" by G. W. Farnell in volume 6, March 1970, and "Excitation,
Detection, and Attenuation of High-Frequency Elastic Surface Waves”, by

*
K. Dransfeld and E. Salzman, volume 7, August 1970.) Among the reviews

*Ax the time of completion of this report, a paper "Surface Elastic Waves",
by R. M. White appeared in the August 1970 issue of the Proceedings of IEEE
(pp. 1238-1276), which constitutes the most «xtensive and up-to-date review
of this subject and vhich also contains a bibliography of nearly the same
coverage as the one included in this report.



in trade publications are those by Collins and Hagen [ 57,58,597, and by
van den Heuvel [ 232].

The objective of this report is to provide an introduction to the
field of surface microacoustics which can serve new research workers such
as graduate students as well as provide a useful source of information for
the practicing engineer. This report consists mainly of two parts: 1. An
introduction to and review of the field of acoustic surface waves, and
2. An annotated bibliography The review sections are sketchy ana are
intended only to provide a guide to the existing literature. The latter
has been restricted to published journals which are available *n most

industrial and university libraries.

My own introduction to and activities in the field of surface micro-
acoustics have been greatly enhanced by the cooperation of my associates

Drs. A. P. van den Heuvel, S. G. Joshi and R. J. Serafin of the IIT Research

Institute in Chicago, Ill.

Max Epstein
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I. Introduction

"Microacoustics'" refers to the study and application of acoustic waves
in solids at such frequencies at which the length of the wave is small.
Since the velocity of propagation of acoustic waves in solids is five
orders of magnitude smaller than that of electromagnetic waves, elastic
waves at frequencies of several megahertz have wavelengths equal to a small
fraction of an inch. This is contrasted with electromagnetic waves in
which the so-called microwave region starts below a frequency of a giga-
hertz with a corresponding wavelength of about a foot. Thus, indeed the
microacoustic term is appropriate for most devices utilizing the propaga-
tion of elastic waves in solids. Other terms have also been employed, such
as microwave acoustics, microsound, and praetersonics (beyond sound), the
latter usually applying to the range of frequencies above 100 MHz.

The excitation of elastic waves in solids has been realized primarily
by means of piezoelectric crystala. These crystals, in form of wafers
whose dimensions are related to the acoustic wavelength, are attached to
the medium of propagation, usually chosen for qualities such as attenuation
of the waves or its dispersive characteristics. The waves, which are
longitudinal or shear waves, propagate towards the end of the specimen and
can be detected by another piezoele tric transducer not unlike the one used
for the excitation of the waves. Except for some special opto-elastic
techniques of detection, the microacoustic dnvice which utilizes bulk wave
propagation, constitutes a delay line with a given fixed time delay. Thus,
the access to the signil wvhen it {s propagated in the form of an acoustic
vave is 1l'mited.

In applications vhich include processing and storage of signals, it (s

advantagecus to have a ready access to the signal vhen it propagates in the
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form of an elastic wave. This can be realized by utilizing the surface

wave mode of propagation, wherein the energy of the propagating distrubance
is at or near the surface of the solid. The most common surface wave is

the Rayleigh wave which is nondispersive. Currently, the most efficient
method of excitation and detection of such waves is by means of interdigital
transducers. The transduction is obtained by using a piezoelectric sub-
strate for the propagation medium or piezoelectric thin films at the location
of the transducer. The fabrication techniques of surface-wave interdigital
transducers are similar to those used in modern microcircuit technology.

« Thus, in addition to the functional advantages of the surface wave, e.g.,
its accessibility or nondispersive characteristic, the field of surface
microacoustics is quite compatible with planar technology of integrated
circuits.

The frequency characteristic of a surface microacoustic device dep;nds.
greatly on the design of the interdigital transducer; hence, a variety of
filters can be synthesized by using such a device. The versatility with
wvhich the surface wave transducer can be designed and fabricated has been
used to obtain devices with desirable frequency functions where broad-band
and small sidelobes could be attained.

Ths deposition of thin layers of materials with acoustic parameters
differing from those of the substrate can be employed to guide the surface
elastic wave. Guided elastic waves can be applied to the design of surface
microacoustic devices which perform functions similar to those of electro-
magnetic guided waves. Also, propagation of surface waves in layered
structures contributed to dispersion of the wave. By cuntrolling the
loading of the layer and, thus, the dispersive characteristic of the surface
wave, it is poseible to desiga filters used in pulse compression of radar

2.



slgnals. Acoustically loaded substrates can be used to propagate another
type of surface wave, the so-called Love wave.
Bulk magnetic spin waves and magnetoelastic waves have their counter-

part in the surface mode, the latter being usually coupled to the Love wave.



II. Elastic Waves

The stresses in solids utilized for the propagation of microacoustic
waves do not exceed the elastic limit of the material. It is, therefore,
assumed that there exists a linear relationship between all the stress and
strain components involved. To obtain a univalued relationship between the
six independent components of stress and strain, the off-diagonal terms of
the six-by-six matrix of coefficients are pair-wise equal reducing their
number from 36 to 21 [149]). Additional symmetries in the material may
further reduce the number of such coefficients; e.g., for a cubic crystal
there are only three independent constants which relate the strains and
stresses in the solid, ([149] page 163).

In an isotropic solid, in which the coefficients must be independent
of an arbitrarily chosen rectangular coordinate system, the only non-zero
coefficients are the six diagonal and upper left s8ix off-diagonal ones of
the matrix. In addition, the off-diagonal terms are all equal as are the
first and last three diagonal coefficients, respectively. Moreover, the
three remaining constants are not independent, reducing the number of
independent elastic coefficients to two, known as the Lamé constants, and
are denoted by A and u. The latter, thus, define completely the elastic
behavior of an isotropic solid. Hence, the general linear relationship

between stress T and strain S, Hooke's law,
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or
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with 1, = 1,...,6 and T,' and S,' given in Eq. 1, reduces for the case of

1 h|
an isotropic solid (c12 ™ Ci3 ™€y mCyy ™ Cqy MGy ™ A3 4 ™ c55 = Cop ° M3
€41 " 99 " €33 " A+24) to
Txx = \A + 2 “sxx’ Tyy = A+ 2 usyy’ T.‘ = \A+ 2 us'. o
Tyn - usys’ sz - “szx’ Txy - usxy ’

wvhere A = sxx + syy + szz represents the dilatation or the relative change
in volume [127]. Since the Lamé constant | represents the ratio between
the corresponding shear stresses and strains, it is, therefore, equal to
the shear modulus or rigidity of the solid.

The other quantities of interest in elastic behavior of solids, namely,
Young's modulus, Poisson's ratio, and the bulk modulus, can be expressed in
terms of the Lamé constants \ and u [127].

The equations of motion in an elastic medium are obtained by applying
the forces due to body stresses to Newton's second law of motion. It is
then found that in an unbounded isotropic solid only two types of waves
with different velocities can be propagated. The first type is a shear or

transverse wave which propagates with a velocity Ve * QJ/p)¥, vhere o is
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density of the material, and the second type is a longitudinal wave which
involves both compression and shear and which propagates with a velocity
v, = LA +2 u)/p]", ([127] p. 13).

At and near the surface of an elastic solid, the displacements of the
material are caused by both waves of dilatation (longitudinal waves) and
waves of distortion (shear waves). The displacements or amplitudes of the
individual waves diminish with the distance from the surface, each with its
own constant of exponential decay. The combined displacements parallel and
normal to the surface propagate along the boundary of the solid with a
single velocity of a wave called the surface or Rayleigh wave. At the sur-
face of the elastic solid, which is free from external forces, the assumption
of zero normal and shear stresses provides the required boundary conditioms.
Applying the latter to the solution for the Rayleigh wave results in a con-
ditional equation, subject to the existance of a real exponential decay of
the component (longitudinal and shear) waves. As a consequence of this
condition a unique velocity of propagation of the Rayleigh wave is obtained.
This velocity is only slightly lower than the velocity of the shear wave

which is, in turn, lower than that of the longitudinal wave [223], [134].
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II11. ic Surfa aves

Tha propagation of elastic surface vaves in solids was first inveeti-
gated by Lord Rayleigh (172]. 3layleigh analyzed the case of an infinite
homogeneous isotropic elastic aolid and considered the case of a distur-
bance vhich was confined to a region immediate to the surface and within a
thickness comperable with the length of the elastic wave. At the surface
of the solid the perticle displacemsnt foliows a retrograde ellipticel
motion vith the msjor and minor anes of the ellipse perpendicular to the
eurface and parsllel to the direction of propegetiom, respectively. At e
depth below the surface of sbout one fifth of the sesustic weveleagth, the
direction of particle motion ia reversed sad describes & forwerd or direct
elliptical path. The relatiomshipe between the velecities of the longi-
tudinal, trensverse and surface waves are obtained in terws ef Pelsesn’s
catio v. Thus, the ratic of the trensverse to lemgitudinael wave velecities

1s gives by ((223) pege 390)

v

Since for most materiale the magnitw'e of Poisssn‘s ratie varies between
0.2 and 0.43, the ratio of the sdbove velocities ranges betw=2n abeut 0.3 to
0.6. The relationship between the sucface and tramsverse wave velecities
1s oemavhat seve cempliceted ([223], pege 40), Bq. 260n) end varies, for
0.2 < v < 0,45, boatween 0.9]1 te 0.95. An apprenimate enpression for thie
ratio 10 [62),

v
;.:. MHM ()
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For the came range of the Polsson ret (0, th: ratie of the surface te lengi-
tudinal wvave velocities varies betwee: 0.55 co 0.25. The particle displece-
aonts v in the longitudinal and v ia he transverse directions neovuslised
vith respact to the normsl displacemst ot the surfece, 1o showa ia Pig. )
a8 & function of depth into the selid The letter is rormslized with tespect
to the wavelength of the elastic surf.ico weve (238]. The twe curves
(dashed snd solid) represent the veiu:s calculated for Polssen’s veties of
0.25 to 0.34, respectively. Thus, th: particle displacensats decay vepidly
with distance frem the surfece and oh: horizontal cemponeat of the displace-
sent changee oign ot o depth of adout ene fifth of & wavelength.

The otresees in the solid clee vary with depth frem the surfece.
Chosolng Cortosiun cosrdinates such that the eurfees i3 in ny plame, with
e Rayleigh wvave prepagating i the +u direction end the solid eccwpies
the half space for pesitive s-divectita, Pig. 2 shown the veristiens of
otress with depth frem the ouwrface nsvaslise | with respect to wevelength.
The stresess ‘l.. 1“. e t- ore vespectively, the asrual snd chesr
stressee perpondiculer ond parsllel tc the ¢irection ol prepagetion of the
sucfece wave. These sre given 4o serwilises vith vespect to the nermsl
stress in the divection of wave prepezetion «ad ot the surfece 1_..

Agein, the deshed and 00lid curves cerresper ' to the cases of Pelsem'e
retio equel to 0.29 end 0.34, respectively [ :38).

The sttemmetion of Rayleigh wave:, whic: 19 due teo sbeorption and
scattering of acoustic energy, ¢on be chown ‘¢ be related te the attesustion
of lengitudinel sad shesr waves (1609] 1In oot coser in which the lese is
lov, the adeerption cos'ficiant of th- Rayle gh wave % to lissarly related
te the correspending adeorption conlliclionte % ond o of the ceanpreseions]
and ohsar waves, mtnly.clowtou‘. A ond 8 dopond o the



DEPTH FROM THE SUMACE"
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Pig. 1| - Particle dioplacoment of the longituding]l end transverse cwpraents

of ourfece wave.

¢ norsnlised with veepect to the tr neverss displacement ot the swrface
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velecity retios of the three elastic weves (longitw’inel, tressverse and
ourfoce vaves) (169), which 1o turn dopend enly on Poissen’s ratie (62]).
Utilistag the calculated values for the velecity reties as functions of the
foisesn’s ratie (62), and opplying it to cempute the onstents A and B, we
obtain

for Pofsson’s rotio v = 0,2 [ %] [ X
A°0.3) 0.1 0.09
8=0.09 0.904 -}

fren the veluse sbove it eppesre that, fer he renge of Petssen’s retile
abeve 0.2, the sbesrption conlficiont of the Ravleigh veve is sesrly the
same a2 hat of the sheer weve. Neasuremente of adeerptien cosfficiente
fadieite & 1insar dopondence en frequency (109). Prem dota ebtoined ot )
ond 3 s, for o metal (v = 0.343), glese (v = 0.342), end polystyrens

(v = 0.343), th) sttesustion in these fsetrepic meterfais veriee between
0.01 to 0.14A) sec of delsy (230). The sbove values cheuld be cempered
vith sttenuation of olastic waves In single-cryctal msterisle oo showm i
Pig. 3. The lstter indicetes that the sttesmetise in crystale 1o con-
sidoredly lower then in amorpheus selfde. It ia of linterest te mete thet o
lisser depondence of the sttenustion ceelficier® w (requency, o8 found for
fostrepic oolide at lower frequencices, implice . constant attesustice per
wmit wvevelongth. MNoasureasate on metals, glase and fused quarts shew the
latter to have the highest surfoce-vave velocity (3.4 n 107 cw/sec) and the
lowest attenustion (0.003440A: oec) (239).



Attenvetion(e8 /peec)

Froquoncy ( Mz2)

Pig. 3 = Attenuation Cherectoriotice - ¢ Sovers]l Ceod Acowetic
Nateriale



. c goli

The high attenuvetion of elastic waves in faotropic solids riquires
that, ot high ( ‘equencies, the propegstion of surface waves be obtained
vith single-crystal msteriale. Also, the most common wethods of excitation
ond detection of acowetic surfece weves by means of the piesoelectric
affect point te the wee of -u.ouoplc crystalline eolids. (In & later
discussion en guided surface waves, the sbove argument will be qualified.)

The derivation of solutions for the propagetion of elastic weves in
enfsetrepic o0lids can bo very cemplen. Depending on the crystsl system
ond cless (there are thirty-two crystel classes (211]) the aumber of dif-
fereont elastic censtants comtridutes to the complexnity of the prodles. Por
cases of prepagetion sleng nensymmetry plenes up to 21 indapendent slastic
constante asy b favelved. The search for slestic »2ves propegating on the
surfece of an anifsetrepic eolid indicates ihat Rayleigh type surface waves
enist anly s given directicas depandiag on the values of the elastic com-
otante. Nereover, ourface vaves have been found which are characterised by
8 decay vith distence frem the surface given by the product of s trigomo-
uetric ond exponential functioms. Such waves, in ceatrest to the ordinary
Raylefigh wavee which eshidit on enpensatisl decey cmly, sre referred to as
genersiised Rayleigh waves (216).

Jransvereely fsotrepic msdis have been inveetigated whea ths surface
is sormal and parsllel teo the directica about which thare is symmetry of
rotation [35]. 1a Doth cases, terved quasi-tectropic and entsotropic,
respectively, the surface waves wore of the geasralised Rayleigh type. In
the snfsstropic case the o.lutions point to propagation of Rayleigh vaves
ia specific directions cnly: howsver, 2o mentioned latar by Lim and
Permall [143], the Gypethesis is odvanced that i moet directions there is

13.



a solution for damped Rayleigh waves.

Congiderabla vork was performed in investigating surface elastic wave
propagation in cubic or isometric crystals. Next to the isotropic case,
this crystal system raquiras the lowest nunber of independent elastic con-
stants, namely thrae., Stoneley [213] showad that, for symmetrical cases
(direction of propagation parallel to or at an angle of 45° to the x-axis),
the Rayleigh type wavas exist only for certain sats of values of the three
slastic constants. Tha Raylaigh wavas in cubic crystals, as well as in
other anisotropic solids, remain non-digpersiva; i.s., the surface-wave
velocity is indapendent of frequency. Only in tha limﬁ.tad cases, and well
beyond presant applications of microacoustics, whan tha wvavelength is com-
parable with the lattice spacing of tha crystal, does ths surfaca wave ex-
hibit dispersion [89)].

The most widely used piesoelectric matarials are tha crystals of
(uarts (8102). lithium niobate (x.mos). cadmium sulphide (CdS), cadmium
sinleanide (CdSe), and zinc oxide (Zn0). The traditional use of quartz in
rosonators in particular and in bulk wave davices in general, laad to. an
accumulation of considerable background information on this material.
Mmerous dublications have also besn mada available on the propagation of
surface slastic waves in single-crystal quarts. Tha propagation of Raylaigh
waves along surfaces other than ths planas of symmetry of the crystal wera
investigated thoroughly 773], in particular, by Coquin and Tiarstan [63].
Lim and Farnell [145] claim that thera always appears to bs a surface-wave
solution which satiefies the free-surfaca boundary conditions and which is
unattenuated in tha direction of propagation. They find that oftan tha bulk
shear wava alone will satisfy the fraa-surface boundary conditions, and

that the resulting surfaca wave penstratas deaply into tha bulk and, for

14,



some directions, does indeed become a bulk wave. Also, they find solutions
for, what they define, a pseudo-surface wave which attenuates very slowly
due to a small component of the wave radiating into the bulk. Such surface
waves were found to have phase velocities greater than the velocity of the
corresponding slowest volume wave [78].

The above properties of the propagation of surface elastic waves in
quartz were considered without regard to the fact that single-crystal quartz
is piezoelectric and that any mechanical strain in the material is accom-
panied by an electric field. Thus, in general, the solution of elastic
waves in piezoelectric solids is not only governed by the mechanical
equations of motion but by the combined mechanical, electrical and piezo-
electric relations. In order to distinguish such waves from those due to a
purely elastic problem, the acoustic waves in piezoelectric solids are
referred to as "piezoelectric waves" [63].

The piezoelectric equations for the most general case (triclinic
system with 21 independent elastic constants) relate the mechanical stress

T, strain S, and electrical field and displacement E and D, as follows:

E E E
1 = 81Ty * 8Ty * 8 gTy + 8, T, + 8 To + 8 T¢ + d) By + dyyE, +dyg)Eg

E E E E E E
2 = 81Ty * 85Ty * 8y3T5 + 8, T, + 8, T, + 8, T + d),E) + dyoE, + dq)E,

E E E E E
83T, * 833Ty + 85, T, + 85.Tg + 8T + d)4E) +d,5E, + dyqE,

E E E E E E
4 = 84171 T 89Ty + 83Ty + 8, T, + 8, T + 8, T +dy,E) +dy By +dyEq

. E E E T E E
Sg = 859T) + 85,Ty + 85T + 8, T, + 8,T, + 85, Te + dj By + dy ) + dyqE,

E E E
8597y * 86l T d16E1 T dpEy t 934E3

T T T
€118 + €128 + €13E4
T T T

Dy = dy Ty +dpoTy +dyqTg +d) T, +dp,To + dyTe + €191 + €958 + €)5E,

E E E

i
S 831T1 +

sE T, + 8

_E E
S¢ = 86171 * 8g3l3 + 85,7, * 86575

+

Dy =dyyTy +dypTy + dyqT5 +dy, T, +d) ;T +dy T,

T T T
dg)Ty + dgpTy + dgaTg + dg Tg + dagTg + dg Tg + €14E) + €998, + €33E,
15.
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wvhere s =g

1y %
or
S =sbT +dE
¢ (5a)
T
D=dTl + ¢ E

vhere dt is the transpose of the piezoelectric-strain matrix d, aE is the
alastic compliance at constant electric field, and eT is the dielectric
constant at given strass. Similarly, the piezoelectric relations can be

expressed as

T = cES - °tE
(6)

D = eS + esE

vhere cE is the alastic stiffness at constant electric field, e is the
piazoelectric-stress constant, and es is the permittivity at constant strain.

In qusrte, whare the piezoelactric coupling is small, the analysis can
be separat:d into a puraly elastic casa and a residual electrostatic part
determined by the piezoelectric coupling. Coquin and Tiersten [63] discuss
in detail tha propagation of surface waves in the direction of tha x-axis
of a rotated Y-cut quartz and the rotated y-axis of an X-cut quartz plate.
They evaluate the "material efficiency factors' as a function of the direc-
tion of propagation of the surface wave. They find that for an X-cut plate
the power-flux vector is colinear with the wave propagation in only a few
special directions in the quartz plata, and only in one diraction which has
an efficiency factor comparable with that of the rotated Y-cut plate. In
the latter the propagation direction and power flux vector are always
colinear.

Numerical data for velocities, dielectric impermeabilities, and dis-

16.




Placement vectors of acoustic surface waves in alphe-quartz are obtained
[111] based upon meesured values of elastic and plezoelectric constants [19].

The attenuation of surface waves at frequencies above 100 MHz et room
temperature is independent of temperature and varies es the square of the
frequency [181] similar to the behavior of bulk waves and of the same order
of magnitude (see Fig. 3). On the other hand, at low temperetures, the
attenuation varies with temperatures as T“ end linearly with frequency
(150]. The attenuation of surface waves due to the radietion of ecoustic
energy in the form of longitudinal waves into the surrounding eir {is
assumed to be significent enough [32] to suggest, for some epplicetions,
the need for encapsuletion of the device.

The moet efficient materiel to date vhich hes been utiliszed for the
excitetion end propagation of elestic surfece weves is lithium niobete
(LiNb03). It 1is e ferroelectric crystel of cless Jm end like many other
ferroelectrics hes e very high piesoelectric stress constant (more than en
order of magnitude greater than th~. of quarts [116], [245]). The attenua-
tion of elastic waves in Liub03 is considerebly lower than in quarts; for
frequencies in the renge of 1 to 9 GAz the losses in sheer waves were found
to be proportional to the square of the frequency and somevhat higher then
for longitudinal waves (at 1 GHz they were less than 1 db/L sec for shesr
end less then 0.3 db/u sec for the longitudinal waves [200), [92]). Por
surface weves et 1 CHz, the attenuation was found to be 1.63 db/u sec for
the propegation along the z-axis on & Y-cut crystal [193], and to have s
strong temperature dependence [44].

The thermil expansion of lithium niobate is of the same order of
magnitude, though slightly higher, then quartz (124]. (In terms of thermal

expension, the best substrete material is nonpiesoelectric fused quarts.)
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An encellent sudstrete materisl oo far as sttenvation ot high frequencies (o
concernad (o sapphire (173).

Ia addition to the trigemsl crystale quacrts ond lithiwm atebeto, the
woet videly weed mstevials for nicroiconstic devices ore the semiconducting
aonagens]l crystale codnium sulphide, codniun solonide, aad oine emide. The
yropagat ien of elastic surfece waves on the besal plene of swch crystale
vere lavestigeted by Teoug ond Waite (229). They find that in the case of
Cé8 and Oﬂo.. which eAidit relatively lew plesesslectric coupling, the
ourface wvaves are sinilar to these odb:ained in trensversely feotreplc (nse-
plessslectric) sedia (33). On the ether %end, for a0, which hes con-
elderadly higher plessslectric covpling, the surface waves are of the
oonsrelised Rayleigh type (216). Siailar resulte of propagetion of goe-
evelised Rayleigh waves wore obtetned fur the ferveslectric lesd-titemste
sircenste (FET-4) peled in the direct ion serms] te the swrfece (229).

The preceding dlocnssisn of the prepagetion of acoustic waves wae based
oa analytica]l solutions which were ¢b'ainsd by the applicstion of bowmdery
velue prebleme to elesti: wavoe in 00 1de. Mot walibe the electremagnstic
sicrovaves, the guided scouvstic waves con be treated by asthede of aetwerk
anslysis. Such techaiquee were recestly prepesed cod appeer to be quite
effective in doriviang the prepertiec of elestic waves fa eelide (162].

Nosoured aad colculated veloee of curface-wave velecities of amny wee-
ful tasvlaters end osniconducters is given ia & shert poper (200]) whited
oummerises the reculte reperted by o ramber of vesserchere.
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V. Ceneretien and Detection of Liseli Ssrface Mascs

Severa!l wethode of eaciration of surface wases on isatrepl: (mem-
pleroelocteic) substrates have been avalladle for & considersble tine past,
Pig. &, (28], They found videst wae in applicaticas 1o aon-destruct ive
testing and only in & linited (o i the design of acovatic delay lines
In the letter case, the moet uselul nethods of geceral 0o vere those
wtilizing ihe camblibe structure and the wedge. The {ermer reauite in 8
wove elficiont Dyt narrow-bant device (provided tle mechanicel coupling to
the substrate s high) while the latter may, in principle, be voed with
vide-band aignale. The bendwidth of the wvedge transdu “r deponds primarily
on the banduidth of the driving conpressional or shear pierselectric crystal
plate. T™he vee of & comb trempducer in conjuction with an X-ocut quarte
plate wes suployed to generate surface waves at )0 Wia, vhich corresponded
teo the period of the comb structure, and &t the second and third harmenice
(00 and 90 W) (7). An uneapecied decrease (of sbout 204%) of the surfece-
vave intensity was oboerved with the reduction of temperature. Thie decrease
io attributed to the eolidification of meloture ot the contacts between the
conb and the subetrate (fused quarts) reducing the mechanical coupling
between them.

The adeve techniques involve the use of campressional or ehear wave
transducers. A sethod of divect transduction of surfece waves utilices
structures which are compatible with current nicrocircuit fabricet ton
techniques asd 22n be applied for high frequency signale [8). 1t constote
of a plescelectric flat bar Jith (ts entire botion coated with o netallic
electrode and on top of the bar, along which the surface wave (9 to be
propagated, an array of parallel setal steips deposited ot intervale equal

(o the wavelength of the acouvetic surface wave, Fig. Se.
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(e)

Pig. & - Barly Metheds of Bx ftatiem of BSurfece Acootic
Veves (Ref. 230)

(e) Quarts plate baded te the Glastic S0l id
(d) Quarts plate & plastic wige
(¢) Quarts plate & o comblithe otructure
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Pig. 3 - Direct Nethod of Excitation of Surface Acoustic

(e) Single-phase arrey

() Alternato-phase array



A similar, but nore eflicient, nethod of direct escitation of elastic
surfece vaves on pletoelectric oubstrates was obtained by wtilising oo
taterdigitated structute of deposited eloctrodes (252], Pig. ». Ia this
transducor the netal otrips are separeted by ome Mlf of the ecoustic
wvevelength, with the slternate strips comnected electricelly in perellel.
T™he sost elflclont cenfiguration Lo obtained when the width of the electrodes
is equal to the specing between them (8)). Fer meet meteriale the swrface-
veve velocity is in the reage of 2 te & & Io, cn/oec., which ot a frequency
of 100 Wiz, gives vavelengthe of sdbout 0.8 te 2 mile () wil & 0.001 inch).
The resolut ion required in the febrication of electredes vith vwidthe sed
seperation equal to 8 fraction of & wil connet be sbtoined by comventions)
sotheds of vacuum d2pauition of metels, ol requires the vee of phete-
reoiot cachniques currently empleyed in micrecizouit dooign. For owrface-
wave devices eperating in the renge of | Ciis end higher, the vequired
resolution cemmet be obteined by enpesing the pheteresist pattern te visidle,
osuch as green, or vitre-violet light. Te edtain cenducting liase esversl
thousend engotrems wide, the trameducere have boon fabricated by enposiang
the phetercetist te en slectren boan fr oconned elostren nicrescepe (33).
Al1theugh semswvhet lese officiont dut stil] ¢uite effective s the wee of en
isterdigite] surlace-wave tronsducer ot odd integrel smitiples of ite
teadenental frequency (22¢]), [193).

A conprebensive saalyticel trestrant of the escitetion of owrfoce
waves on quarts has been reported by (equin and Tiereten (63). 1a their
sathed the effecto of the saterial, t1e slectrede conligsation and the
olectrical ternination sre separsted inte three distinct poremsters. Thuwe,
they sre able te show thet the effectivences of the sliternste-phase or
iaterdigital array, Pig. 30, (s more :han on order of magaitude grester ther



for the aingle-phase arrey with & baching electrode, Fig. 5e. Ualihe the
case of imterdigitoted electrode atructures, the optism width of the
electredes in o single-phase arvray is lesa than one tenth of their separation
vhich {a equal to the surface scoustic wavelength ot the resomant frequency
of the trassducer. A 100 /e delay line on YX quarts wtilizing o petlc of
interdigital traneducere wae dasigned and showm to have en (nsertion ijose

of 1040, -340 bomduwidth of 1.5 tie, and & spurious echo rejection of 204
(%4].

In addition to the thorough analytical treatment of surfaco-vave
encitetion in quarts by Coquia and Tiersten (03], & mmber of pepera trest
the prebles of transduct ion of surfece waves by seens of imterdigitel
elecirode structures (22¢), [120), [251]. An emact treatment of the emcite-
tien in plescelectric crystals requicres o aolution which setisfies the
pleseslectric relations oo given (n Eqa. 5 ond 0. Lven for meteriale with
siaple crystel symmetry such treatment <an be prohibitively complen. The
sethede adopted by Coquin and Tlersten (6. and Joshi snd White (120] ere
te separste the electric ond elastic solutions by sseuwming wvesk pleso-
electric cowpling, which 1o well justified for the case of materiale vith
low coupling cosfficiont such 29 quarts and codniwm sulphide. Cogquin and
Tiersten [63) firet solve for the particle dieplecement by neglecting the
pleaselectric couplizyg, and thea uee it to eolve o forced electrostetic
prodlem while Josht ond Wnite (120] proceed ia the reverse. The latter
cleio that their techaique loade more readily 25 on eguivelent clreuit for
the transducer and closed-form enpressions for thi frequency response of the
transducer. Toeng (22¢] treats the p-odlem by ssowning on idealized
electric fleld distridbution ot the surfece wherein the tengential fleld te
constant between the electredes and sero at the electredes and the normsl
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fleld lo aleo <onstent dut in the eppesite sonsn, 1.0., canetent ot the
electrodes rnd ero elosvhove.

Stace the acoust ic vave saplitudes of the veriows epetisl harwsalce of
the (undamental trensducer period are proportional te the cervesponding
Fourier compensate of the electric (leold diatridbution, the latter con be
weed 0 study the frequescy respense of the tremsducer (77).

The uvee of this mathed and the apprenimstion ia the shape of the
electeiv (leld oppeare quite woelul (n snalysing veriows treneducers. Por
enanple, the frequescy respense of o leg-pericdic trensducer for & brend-
band dolry line con Do cbtained by taking the Peurier tremsfere of the
above muntionsd eppreosimstion te the electric flald dlstridution and 1o
shown te sgree quite well with enperimsatel resuits ([138).

™e charecteriotice of an interdigite]l ourfece-wave trensducer have
boon studied by Snicth et ol (200), (203), velang en equ 'aleat civenit medel.
They utilise o three-pert clectremechenicel oquivalent cizeuit for o plese-
olectric crystel by Maoen (192], (22]), te reprecent eme periedic sectica of
the interdigital trensducer ond cbtelin s ons-dimsnsionsl ssdel of the
entire structure. Not walibe Tosng (220], Sutich develepe the Nesen equive-
lent circuit by vatag the "ia-1100" or tongential ead “cressed-lield” or
sovtusl olectric fiold oppremimntions. Thie circuit eppresch te the smslyeis
of swrfoce-wave trensdwrers was chown by Suith and ather resesrchers ot the
V. V. Nensen Laderaterios at Senferd Vniversity teo give sstisfactory agree-
aset vith eaperimentsl resuite (203), (90].

Wnile the snslyticsl trestmeat of the surfece-wave trensducer requires
the asoumption of weak pleseslectric coupling, the aset officient and thus
woeful transducers are these wtilising pleseslectric materials with very
hgh coupling such oo lithim atsbate (LiNNO,), sinc enide (200) and beriwm



sodium niodate (uzmsou) [264]. A very effective and relatively simple
method of determining the electromechanical coupling in such materials was
developed by Campbell and Jones [40], who showed thet the efficiency of
coupling cen be releted to ¢ chenge in velocity of a piesoelectric surface
wveve vhich occure vhen en ideal, infinitely th’z conductor is placed on the
surfece supporting the surfece vave propagation. These two conditions of
the free surfece, f.0., with end without a conducting boundary can be
treeted quite easily end Campdell end Jones proceeded to evaluate the

opt inum crystel cuts end direction of propagation of surfece weves in tne
case of lithium niocbate. The conclusions of the analytice]l treatment by
Canpbell end Jones, vhich indicats that the optimum performance is obtained
for ¢ Y-cut crystal of l.llb()3 vith the surfece-weve propageting in the Z-
divection, have been verified erperimentally by Collins, Gererd end Shaw
(36]) who constructed ¢ 100 Mhs delsy line with -3db bendwidth of 24 MHs end
on insertion loes of 11.5db. More recent stulies suggest ¢ somewhat diffe-
rent cut for optimum performance (197].

Surface ecoustic waves can eleo be genereted by conversion from bulk
waves. As mentioned earlier, this technique wes utilized in the wedge
transducer, Pig. & (238]. The main disedventeges of this technique ere the
need for ¢ meterial with ¢ velocity of propagetion of the bulk weve to be
less than the surfece wave velocity in the substrate over which the surfece
elastic vave is propegated. This restriction results in a severe limitetion
of evailable materisls most of which exhibit high losses due to the ettenua-
tion of the bulk waves. Also, the need for e proper mechanicel coupling of
the wedge to the substrate which is best eccomplished through a thin film
of ¢ 1iquid makes this method of surface wave generation cumbersome and is

prohibitively compliceted in microstructures. Two methods of generation of
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surface elastic waves by conversion from bulk acoustic waves have been pro-
posed which do not require the use of a separate wedge. One of these
utilizes a corrugated surface capable of converting bulk longitudinal and
shear waves into surface waves and vice versa {[105]. The use of asymmetrical
teeth in the corrugations results in a directional transducer diminishing

the usual loss of 3db encountered in nearly all conventional surface-wave
transducers. This method of surface-wave excitation can be applied in
materials which are not piezoelectric. Another method of excitation of
Rayleigh waves has been proposed which utilizes the scattering of bulk waves
from metallic strips deposited on the surface of a piezoelectric crystal [25].

All of the above methods of excitation of surface elastic waves can be
applied to the detection of such waves as well. The reciprocal theory in
elasticity ({149]) page 173), has been used to show the reciprocity for a
plezoelectric transducer [63].

A method of excitation of surface elastic waves which cannot be used
readily for detection, utilizes transient heating of a very thin film of
aluminum [143]. The rapid heating of the surfsce obtained by means of a
laser beam, produces temperature gradients and thermal expansion which, due
to the generated stresses in the solid, produces elastic waves. This method
of generation has the advantage of being applicable to nonpiezoelectric
solid as well.

Still another method of excitation is by mesns of the magneto-strictive
effect. Surface elastic waves were generated on an yttrium iron garnet
plate in a static megnetic field by passing an rf current through an evap-
orated sluminum meander line to produce a spatially pericdic rf megnetic
field at the surface of the crystal [241].

A mechanically movable transducer can be obtained by fabricating an
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interdigital transducer on a nonpiezoelectric substrate and placing it next
to a piezoelectric crystal [248]. The electric field produced by the inter-
digital array extends far enough into the piezoelectric material to provide
sufficient piezoelectric coupling. When compared with a transducer fabri-
cated directly on the piezoelectric substrate, the movable structure on YZ
lithium niobate was found to have an additional insertion loss of 14db or
less [158]. (YZ lithium niobate designates a Y-cut crystal with the elastic
wave propagating in the direction of the z-axis of the crystal).

In order to generate elastic surface waves on a nonpiezoelectric
structure a modification of the interdigital array called the "hybrid"
transducer has been developed [233]. It consists of a small piece of single
crystal piezoelectric material placed on top of the nonpiezoelectric sub-
strate with the electrode array deposited on either one. The mechan{cal
. coupling between the two surfaces is provided by a varied selection of
liquids or solids such as ethyl alcohol and phenyl benzoate, respectively.

A number of transduction techniques have been investigated which can
be utilized to only detect the elastic surface wave. It consists of a
narrow conductor deposited on the wave-carrying substrate with a steady
magnetic field applied perpendicular to both the substrate and the conduct-
ing strip. The latter moves with the mechanical wave and causes an elec-
tromotive force in the conductor [190]. This method of surface-wave
detection is applicable to any nonpiezoelectric substrate. Although the
device is very simple to fabricate and can be conveniently applied in the
design of multiple-tap delay lines, it major disadvantages are the need for
a magnetic field and poor sensitivity which is at least two orders of
magnitude smaller than a corresponding single-pair transducer on a piezo-

electric substrate.
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The electric fields associated with a propagating elastic wave on the
surface of a piezoelectric have been uged to control the electron emission
from a photoemissive surface placed on a piezoelectric substrate. This
method permits the visualization of the elastic surface strains as well as
a detection scieme for elastic surface waves [26].

A scheme of detection of elastic surface waves which also provides for
the feature of an electrunically varisble delay line is contsined in the
electron beam sensing of surface wvaves (80]. The method is based on the
modulation of secondary emission of electrons from a piezoelectric sub-
strate by the electric field and charge distribution arising from the strain
vave. In addition, due to nonlinearities inherent in the secondary
emission procsss, the detected signal has the form of the envelope of the
propagated r-f signal.

The detection and visualisation of slastic surface waves has been
obtained by using the scattering of light frcm the surface perturbations
(128], [4]). Since the surface acoustic wav: is confined to s narrow region
near the surface, the Raman-Nath type of scattering has been effectively
utilized to observe and measure elastic surface waves [114], [130]. These
techniques follow the field of extensive use of light interaction with
volume elastic vaves. An excellent discussion on this subject is given by

R. Adler in s review article in the IEEE Spectrum of May 1967.
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VI. Amplification of Elastic Surface Waves

In piezoelectric crystals the propagating elastic wave produces &

longitudinal electrostatic field. If the piezoelectric solid is also
conducting, the interaction of these properties can affect the velocity
and attenuation of the acoustic wave. A linear theory of elastic vave
propagation in piezoelectric semicconductors has been first proposed by
Hutson and White [108), which considers the effects of drift, diffusion and
trapping of mobile charge carriers as they interact with the longitudinal
electric field produced by the acoustic wave. The attenuation of acoustic
waves has also been obtained by applying an external drift field in the
direction of wave propagation. For electric fields vhich cause the carriers
t> drift faster than the sound velocity, the attentuation becomes negative
or the acoustic wave can be amplified [107], [249). The material most
widely used is the piezoelectiic semiconductor CdS. An excellent review of
acoustic wave amplification in piezoelectric semiconductors is given by
McFee, one of the original contributors in the study of this phenomenon [ 161].
The amplification of surface elastic waves in single crystal CdS vas
first reported by White and Voltmer in 1966 [253]), [251). To reduce losses
due to the heating of the crystal the electric field was applied in the
form of pulses and the conductivity was limited to the surface layer only
using doping or illumination. A method of surface-wave amplification which
separates the need for semiconducting and piezoelectric characteristics of
the crystal has been first proposed by Culyaev and Pustovoit [95]. In this
scheme a semiconductor thin plate is placed on a piezoelectric crystal.
The electric field associated with the elastic wave through the piezoelectric
effect penetrates the semiconductor and provides the mechanism of inter-

action of the acoustic wave with the drifting carriers in the semiconductor.
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The surface-vave acoustic amplifior vaing separate media for the sewmi-
conductor and pletoelectric we esp=risentally verified vith a-type germmaiwm
on 8 PZT ceramic [259) end vith an n=type silicen en V2 1ithius anisbate [ ¢0).
In the latter, & net terminal gain «:( 740 wae veported. In ovder te redwce
the drift power in the semiconductor, o thin (1l of n-type ostlicon growm
epitaxially oo sapphire was showm capable of utilising OV signals end pro-
viding met electromic gain vp to & frequency of 1 Gile (132). A discwssion
on the aerits of o separete sndium saplifier (SMA) with g short amlysie

are given in & paper by Lakin and Shevw [ 133).




Vil. Guided Sufece Veves
Surface acowstic weves can be guided aleng prescribed pathe. Such

vaveguides are saslegows to electremagaetic guides wsed (n aicvowsve i(nte-
greated circuits. Bowever, since the wvelocity of prepspation of sceuwstic
vives (s oo auch smsller (u’ times) than o2 electramagnetic wave of the
same frequency, the dimeciions of eurfece acoustic guides becoms compareble
vith presest electroaic sicrocircuits. The guiding of acoustic surfece
weves (s moet effectively sttainsd by utilizing thin filas [189), [133].
Tue types of guides have been uwsed vhich are haown as the strip and the
olot guides. The otrip guide comsista of s thin (1)a of aaterial with oa
scoustic surfece weve velocity which (o lower thea that of the subetrate
and the f1la 1o s01d to 1oad the swdstrate. As & reselt of this loading,
an tafinite aumber of surfoce waves 1o possible sl) of Which are diapeseive,
with velecitios which are lower than the Rayleigh >zlocity of the subetrate.
Therefore, just as the conveationsl Rayleigh wvave s confined to the surface
of a semi-infiaite solid becawse 1ts velocity ia lower thas that of the bulk
wevea, 0o does the eurfece wave remrin confined mostly to the area of the
deposited thin fila. The elot guide, on the other haad, utilizes materiale
wWhich stiffea the subetrate; thus, 2 thin file of such material is deposited
everywhere but where (t is desired to have the eurface acoustic wave confined.
The velecity of the surface wave guided by 8 slot 1s consequeatly slightly
Migher thaa the Rayleigh velocity of the subetrate. The moat thorough
saalysis to date on elastic auwrfece waves guided by thin filas (s that by
Tievatea [222]. 1a his paper Tiersten discusses otrip guldes formed by
gold f1lms on fused silica and slot guides made of sluminum filme on T-40

glesa oubstretes. Tiersten's theoretical treatasat facludes solutions of
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Love and Sesavs modes which exiot in thin (ilas structuree, 8ad alse of the
coupling of emergy between adjacont swisce vaveguides. A semmbat different
saslytical approach as wll as cuperimental resuits of otrip guides consioting
of gold (ilme on (wsed quartzs were teported by AfRins sad Bughes (2].

As carly as 1907, Aok aad Morgen (9] proposed structures for the
guiding of acoustic surface vaves vhich coasist of oither deop slots (a
the substrate to defime & confiand path for the wave prepagatics st by
forulng & projection on the surfece of the swbetrate. Newever, such guides
appear to sulfer [r@ considerable leahags of acoustic ensrgy into the oub-
steete [10]). 1a their paper (9] Ash and Morgea suggeet that & mee-walfore
croes-oection of the protrwsion or depooited {iln could lead te the jrope-
sotion of o guided surfece vave which does net leah iate the swbetrate. Ia
a mset recent paper, not tscluded (e \Ne Dibliegraphy, ves Suser  describes
8 otrip guide formed by the depesitica 0F & hesvy fila of greded thickases.
Using goemetrical optics, ven Duser also descrides guidiang of aseustic sur-
face vaves by & sevies of lenses which can be obtained by thia file depesition
ot by dopreseions forusd ia the swrface of the subitrate.

Dispersive charecteristics of the acoustic surfece waveguides have been
asesured by Racz, ven don Bewvel sad Owen (120] at the IIT Reseereh lastitute
ond fouad to be in good agreement with the theeretical predictions of Tierstea,
Nowever, they fiad that for cutved guldes there 1s an additions] msde which
propagates with & velecity higher thaa the fundamsatal guided mode. They

¢ T. van Duser, "Lenses and Graded Pilms for Focusing and Cuiding Acowstic
Surface Waves”, Procsediags of the IEEX, vol. 38, mo. §, pp. 1230-1237,
Auguet 1970.
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have concluded that this higher velocity mde vas a°'ually traveling sloag
the (aside curvature of the guiding strip sad terasd (t the "Whispering
Gallery” mode. It should Be noted that when the guldiang structures are
curved, as it (o wsually intended in the design of microvave integreted
circuites, the substrate msterial sust be fsotropic.

The cowyling between adjacent waveguides has been utilized (a the
design of directiona]l couplers (1], and of directional dand-reject filters

usiang otrip guide ring resomators [12¢).
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vitt Acoustic Surtace-Mave Filtets

The clfcctivenrss of the (aterdigital transducer §s dus primacily to
the f(act that, in 3 glven (requency range, the transduction of electro-
acountic emergy in cach clemcatal transduccr, consisting of ono pair of
electrodea, add cobvreatly. As such, the Iaterdigital transducer acts as
a bandpass (ilter. As indicated carlier in the discussion on eacitation
and detectlon of scountic surface waves, the (nterdigital transducer can
be designed with varying periodizity in the electrode array,

The structure of the interdigital surflace vave transducer was used by
tescarchers at the Zeaith Radio Corporation to design a bandpass filter to
be used (n a television IV amplificr. They have shown that aa economically
conpat ible (1lter can bo fabricated by using a PIT substrate, and, by
preper design of cach filter and by cascading three such filters, an am-
plifier which fullills most of the specifications for a color television
I7 bandpass can be obtained [74]

In addition to 1 variation in the periodicity of an interdigital trans-
ducer (t (s possibie to control the amplitude response of an acoustic surface-
wvave device by varyiig the length of the metallic electrodes. 1t was (ndicated
earlier that the amplitude vs {requency response of an iaterdigital tramsducer
can be related directly to the (leld distribution at the transducer (79),
(138). Thus, by using appropriate variation of the electrode lengths, band-
pass characteristics of a surface-wave delay line were synthesized [102);
e.g., using an interdigital transducer vith electrode lengths varyiang as
sin x/x, & nearly uniform amplitude vs frequency rcsponse was obtained (103).

In addition to variation of periodicity and length of clo;trodeo. the

interdigital surface-wave transducer can be modulated by phase coding



of adjacent electrode pairs. A surface-weve filter with asrrov correlation
function and vith uniforaly sma)i sidelobes wvas de:igned wing the Barker
code (234). To facilitate the polarity (nversion of adjacent electrode
pairs, a modified structure of the (nterdigital transducer has been developed
by Witehouse ;255] which utilises an additional electrode.

1{ the {mput and output interdigital transducers of varying periodicity
sre {abricated oa the substrate in such & way that the interelectrode spacings
vary in the opposite sense, then the normally nondispersive device becomes &
dispersive delay line. Dispersive deley 1ines can be used for pulse com-
pression and expansion in Chirp radars. The effectivensss of a pulse come
presnion filter, as messured by the compression ratio, depends on the time
deluy and the bendwidth of the device. The flexibility in che design of a
dispersive surface-vave device makes its application to pulse compression
filters very desirable (38), (39], [104).
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1X. Love Meves

Another type of surface wave, vhich, analogous to the Rayleigh wave,
decays exponentially with depth from the surface, is the Love wvave. The
Love wave mode consists of particle motion which is in the plane of the
surface and perpendicular to the direction of propagation of the wave.

It is generated only when the subttrate is covered with & thin film of
another solid material, the thickness of the film being considerably
smaller than the wavelength of the Love wvave. Love waves, unlike the
Rayleigk vave, arc alwvays dispirsive.

The excitation of Love waves is accomplished by means of an inter-
digital transducer. An effective technique of cxcitation and detection
of Love waves is to fabricate the {nterdigital electrode structure in the
{nterface between the substrate and the film (154). Other techniques
include the wedge type transducer and bonding of shear transverse trans-
ducers to the subscrate [137), [224).

Love wvave dispersive delay lines aire characterized by good linearity
of the group delay vs frequency and are, therefore, useful in the design of

pulse compression filters with high compression ratios (137].
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X. Magnetoelastic Surface Waves

Magnetoelastic surface waves are a direct extension of the bulk magneto-
elastic wave phenomena [81], [163). The magnetoelastic effect combines the
properties of acoustic waves and of spin waves. The latter are created by
oscillations of the angle between adjacent atomic moments in a8 ferromagnetic
solid., The spin waves are highly dispersive and their dispersive character-
istic depends on dc magnetic field., A strain of the crystal lattice can
affect the magnetic moments resulting in a coupling between acoustic and spin
waves, This coupling is most effective when the wavelengths and frequencies
of the two waves are comparable, Devices which utilize magnetoelastic wave
propagation in solids use non-uniform internal dc magnetic fields, Thus,
since the acoustic waves are usually nondispersive while the spin waves are
highly dispersive, the interection of the two waves takes place over a
limited region only., Hence, the magnetoelastic devices operate in effect
as a combination of two distinct modes, where over most of their path of
propagation they are either acoustic or spin waves only [198].

A magnetoelastic delay line is obtained by electromagnetically exciting
spin waves which in turn couple to an acoustic mode. Since the wavelength
of the electromagnetic field at any frequency is usually much greater than
that of the spin wave its realization is not obvious, The mechanism of the
spin wave excitation is quite complicated and can be indicated in qualitative
terms as follows: By a proper chcice of the magnetic-field bias the region
near the end faces of a ferromagnetic rod is made to fall in the range of
spin wave resonance; i.e., the highly dispersive characteristic of the spin
wave mode as a function of the dc magnetic bias is adjusted to fall in the

k = 0 range, vhere k = %F is the wave number. In other words, the dispersive
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characteristic is adjusted so that the k = 0 point on the frequency vs wave
number plot corresponds to the frequency of the exciting electromagnetic
field. A magnetostatic wave (spin wave of very long wavelength or low
wave number) is thus launched and proceeds into the rod. If the internal
magnetic field is made to be non-uniform, decreasing towards the center of
the rod, the generated spin wave propigates into lower magnetic fields and
consequently higher values of wave nunber. This comes about due to the
fact that the highly nonlinear and saidle-shaped dispersion characteristic
(frequency vs wave number) of the spin wave shifts downward with lower
magnetic field bias. Eventually the wavelength is reached at which, for
the given frequency of the wave, the spin wave is converted into an acoustic
wave which continues to propagate as a nondispersive circularly polarized
shear wave, At the other end of the rod the process is reversed and the
signal is retrieved in the form of an electromagnetic wave,

The delay obtained in the spin wave region depends on its extent which
can be adjusted by the gradient of th2 magnetic field. Hence, it is possible
to design variable delay lines by utilizing the magnetoelastic-wave device.
Also, although the dispersive characteristic of the spin wave is highly non-
linear, it {s possible, by a judicious choice of the regions of spin wave and
acoustic wave propagation, to obtain a linear dispersion characteristic over
a reasonably wide range of frequencies. Magnetoelastic bulk wave devices
have been applied in the design of pulse compression filters.

It should be noted that the above discussion of the excitation of spin
waves in structures which utilize magnetic field bias with rising skirts at
the ends of the rod is not desirable because of strong dofocuo.in; effects on

the spin wave [198]. It also requires special arrangemsnts to obtain such a
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field configuration. On the other hand, in a ferromagnetic solid in the
form of a rod in a uniform applied magnetic field, the internal magnetic
field is non-uniform with falling skirts towards the ends of the rod. In
such a structure the excitation of magnetoelastic waves is slightly moie
complicated, with the magnetostatic waves traveling in the direction of
increasing field. The magnetostatic wave travels toward a turning point at
which it is reflected as a high-k spin wave and travels in the direction of
decreasing internal magnetic field and, as before, is coupled into an
acoustic wave. The acoustic wave is then reflected from the flat ends of
the rod and can, if desired, propagate to the other end of the rod. An
excellent discussion on the mechanism of relection of the spin wave at the
turning point is given based on an analogy to the propagation of electro-
magnetic waves in dielectric guides with varying dielectric properties.*

Magnetostatic surface waves have been investigated for the past several
years. First predicted by Eshbach and Damon [81] and observed experimentally
by Olson et al [163), they have received considerable attention in the past
two years [34], [208), [219], [260). Recently, the coupling of this wave to
the Love mode surface wave was investigated theoretically indicating the

feasibility of surface magnetoelastic devices [153], [164], [165], [166].

*
B. A, Auld, J. B, Collins, and D, C, Webb, "Excitation of Magnetoelastic

Waves in YIG Delay Lines," Jourpal of Applied Physjics, vol. 39, no. 3,

pp. 1598-1602, 15 February 1968.
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