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The estimation of the slowness and of the attenuation of pseudo surface acoustid RBXAS

has been addressed by many authors, but still represents a challenge because of the intrinsic
difficulty to provide a physically consistent representation of their characteristics. In this work, we
propose an alternative approach to the popular use of complex slownesses along the propagation
direction. We introduce in the standard harmonic model an optimal source term exactly
compensating for the energy lost by leakage, by analogy with the problem of the reflection of a bulk
acoustic wave on the surface. This leads us to the minimization of a function whose minimum is the
PSAW slowness and whose minimum value gives the attenuation. The method is found to be stable
and reliable compared to previously published data, without requiring any change in the partial
wave selection rule, and further does not require one to consider waves with increasing energy in the
depth of the substrate, which generally does not correspond to the observed phenon2fz8 ©
American Institute of Physics[DOI: 10.1063/1.1574171

I. INTRODUCTION tions, can be analytically continued in the complex plane of
slowness. They also have given simple practical formulas to
The problem of the exact estimation of the slowness an@btain the slowness and attenuation of a PSAW.
intrinsic attenuation of a pseudo surface acoustic wave In Sec. Il, we briefly recall the theoretical procedure
(PSAW) has been addressed by many authors. A unique defitsed to derive the partial waves and how they are connected
nition seems difficult to establish as a PSAW is not a trueto the description of acousto-electric fields in piezoelectric
mode of the piezoelectric substrate, i.e., it does not satisfynaterials. A brief account of the complex slowness approach
exactly the free or shorted surface boundary conditions. is provided in Sec. lll, where we emphasize partial wave
The plane wave solution in a piezoelectric material in-selection. In Sec. IV, we propose an alternative solution,
volves eight partial waves. For a semi-infinite substrate anévoiding the use of complex excitation slownesses, by anal-
for an excitation by sources described by real slownessesgy with the problem of the reflection of a bulk acoustic
only four of these must be physically considered, that aravave on the surface. Specifically, we include an optimal
either inhomogeneous decreasing or propagative towards tlurce term exactly compensating for the energy lost by
bulk of the substratésee, e.g., Refs. 1 and).2With this  leakage. This leads us to the minimization of a function
physical partial wave selection rule, a plot of the effectivewhose minimum is the PSAW slowness and whose minimum
permittivity (EP) in the PSAW region does not reveal a pole value gives the attenuation. Numerical examples are given
on the real slowness axis, which is often interpreted as a pol®r several well-known shear-type PSAWS.
displaced in the complex slowness plane. When computing
the EP with the physical partial wave selection rule and com-
plex slownesses, a potential discontinuity appdaes Sec. Il. PLANE WAVE SOLUTIONS
1. Adler® has proposed to modify this rule by selecting the Propagation of plane waves with frequerfcis consid-
propagative partial wave that is least increasing, with thesred along thex; axis, with slownesss;. Assuming
result that a pole can be numerically found in the complexplane wave propagation, the distribution of the electro-
slowness plane. The slowness and the attenuation of th@echanical fields in a piezoelectric material is fully
PSAW are then given, respectively, by the real and imaginarglescribed® using the eight-component state vector
parts of the pole. Boyer, Desbois, and Zhang have obtained= (u,,u,,us,®, o1, T2, To3,D5)t where theu; are the me-
the slowness and the attenuation of the PSAW by relyinghanical displacements s the electrical potentiall; is the
only on the computation of the ERor of the harmonic stress tensor, anid, is the electrical displacement normal to
admittance on the real slowness axis and on a first orderthe propagation surface. This state vector is obtained inside a
Taylor expansion of these functions. Biryukov and|ayer as a superposition of eight partial waves, characterized
Weihnacht have discussed how the EP, and more generallpy their eigenvalues,(n) and their associated eigenvectors,
the surface impedance matrix and the spectral Green’s fungor n=1,...,8. The eigenvalues,(n) only depend on the
material constants, and on the slownsegs DenotingF the

dAuthor to whom correspondence should be addressed; electronic maig><8 ma}trix of the Vertica”y arranged eigenvectors, this su-
vincent.laude@Ipmo.edu perposition reads
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h(X;,%) =FA(xp)aexdjo(t—s;xq)], ) electric, and hence anisotropic, material, the rule for reflected
homogeneous partial waves is that the component of their
Poynting vector along axis, be positive; the rule for inho-
mogeneous partial waves is unchanged.

Apn(X2)=exp —j wS,(N)Xsy). (2) When s; is allowed to be complex, we writs;=a
—jb. The minus sign is consistent with an attenuating wave;
then satisfies

where the dependence of the fields along axis contained
in the 8x8 diagonal matrixA (x,) whose elements are

The terma is the vector of the eight amplitudes of the partial
waves, whose values are obtained when the boundary conds|g
tions are specified. The matrix of eigenvectors can also be ng (S?—a%+b?) +2jab. (8)

written as _ _ . . _
We wish to examine whether the selection of partial waves is

l(JZ)), 3) continuous a® continuously increases frotm= 0, while re-
T maining very small. Let us first eliminate the caSea.
whereU andT(® are 8< 4 matrices containing, respectively, Thens,==+b“+2jab and the choice of the sign can al-
the generalized displacements and the generalized constraiitys be made continuous sinsg=0 for b=0.

parts of the eigenvectors. The components of the generalized If a>S, then we choosedb<ya“—S°, and we define
stress tensor that are not involved in the state vector aré=a?—S?—b?% Then we have

linearly dependent on the displacements and there is a 4

x 8 matrix T such that S,~—€

tM(x1,%2) = TOA(xp)aexd jo(t—s1%)] (4)
fori=1,...,3 andwheret®=(T,;,Ti,,Ti3,Di)".

F=

: C)

jct—
c

This choice is continuous as a comparison with Ef}.re-

veals.
If a<$S, then we choose@b< \/S?—a?, and we define
11l. COMPLEX SLOWNESSES AND PARTIAL MODE c=S?—a%+Db?. Then we have
SELECTION
ab
As we have recalled in the previous section, the plane s,~—¢€|c+j ryk (10

wave solution in a piezoelectric material involves eight par-
tial waves. These eight partial waves can be classified in tw@ comparison with Eq(6) shows that this time the partial
groups of four partial waves, which we term reflected)(or  wave selection is discontinuous, since a reflected homoge-
incident (—), with reference to the upper interface of the neous partial wave is selected for=0, while the reflected
substrate. In the case of a semi-infinite substrate, reflectéihomogeneous partial wave selected Epiinfinitesimally
partial waves are just those selected by the physical partigjreater than zero originates from an incident homogenous
wave selection rule. The principles for this classificationpartial wave wherb=0.
have been given in detalil, for instance, in Refs. 1, 2, 9, and  This property has been demonstrated for an isotropic
10, in the case of purely real excitation slownesses, and arglowness curve only, but it generalizes straightforwardly to
generally well agreed on. The extension of the partial wavesny slowness curve in a piezoelectric medium by considering
selection rule to complex slownesses has been a matter gfjocal approximation of the slowness curve. As an example,
some controversy and it has been shown that different apeig. 1 displays the slowness curves for bulk acoustic waves
proaches are possiblé.In this section, we wish to empha- in Y + 42 lithium tantalate, in the sagittal plane. The PSAW
size that the process of extending the physical partial wavglowness lies in between the slow and fast shear slowness
selection rule to complex slownesses can lead to a discontiurves. Whens; is real in this region, two homogeneous
nuity. In order to be descriptive and to make analytic com-partial waves are slow shear bulk acoustic waves, one re-
putations possible, let us consider the simple case of thgected and one incident. When is allowed to become com-
spherical slowness curve plex, they change from reflected to incident, and vice versa.
s§+s§=82. (5) Th_e abov_e discugsion shOV\{s that the EP cannot _be an
analytic function ofs; if the physical partial wave selection
Whens, is restricted to the real axis; is readily obtained as  rule is strictly employed, but that the modified partial wave

S, = e\/P—g2 6 selection rul_e of Adletis con_tinuous _in_the _complex plane.
2= € 1 © Also, assuming that the EP is analytic implies the Adler par-
if s;=<S and tial wave selection rule is implicitly selected in the PSAW
. region. This implies that the estimation methods in Refs. 3
S,=—€j /| -] (7 9 P

and 4 must give equivalent results. We have indeed estimated
if s,=S. In these equationg= 1 for reflected partial waves the slowness and attenuation of PSAWs on various sub-
and e=—1 for incident partial waves. The reason for this strates, as reported in Table |, and have obtained identical
choice is that the semi-infinite substrate is assumed to exten@sults, but for numerical differences. The material constants
in the half planex,=0; then homogeneougropagative  used for the computations were the same in both cases.
partial waves must enter the substrate and the amplitudes of We remark that the use of complex excitation slownesses
inhomogeneougevanescentpartial waves must decrease in to represent the attenuation of a PSAW might well not be
the depth of the substrate. In the case of an arbitrary piezdirmly grounded. Indeed, complex wave vectors naturally oc-
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3 P e S less power as possible to sustain the PSAW. For this external

, energy source to be efficient, it needs to be in phase with the

> wave. Since the wave is periodic, the source should be peri-
,' N

v L \ odic, and its Fourier series should match that of the wave.

: When the PSAW is excited by a source located on the sur-
face of the piezoelectric substrate, then the net power flux
through the surface vanishes, and if the source is adapted to
the PSAW, then the equilibrium equation is

-
w
_—‘/’
[
w

—_

e e

Slowness s, (1 o* s/m)
o

Locus of PSAW f',’lown: ss/ ©source” Ppsan="0, (12)
1 i) l"'
N T where ¢ is the flux of the Poynting vector through the sur-
................. J face.
2 ™ Let us consider the analogy with the problem of total
. 2 internal reflection of an incident bulk acoustic wave when
) N S - S the slowness, lies between the two shear slowness curves.
3 2 1 0 1 2 3

In this region, only two partial waves are homogene@re
incident and one reflect¢dand the remaining six partial
FIG. 1. Slowness curves for slow she&S, fast sheafFS), and longitu- Waves_ are "?ho_mOgeneous' Then, the '_nCldent bulk.aco.us.tlc
dinal (L) bulk acoustic waves in ¥42 lithium tantalate, in the saggital Wave is the incident homogeneous partial wave, which is in
plane. The slowness of the PSAW is between the slowness of the FS and tirinciple reflected into a combination of the four reflected
S8 bulk acoustic waves propagating along the surface. partial waves. For the following computations, the three re-
flected inhomogeneous partial waves are numbered 1-3; the

cur when friction-type terms are added to the wave equatior_rleﬂ_eCtecj homogeneous paf“a' wave 1S numbered 4; and the

(see, e.g., Refs. 11 and )LHowever, the leakage phenom- !nc!dent homogeneous part|allwave is numbered 5. The three

enon of PSAWSs cannot directly be accounted for by frictionIrlCIdent mhomogenepus partial waves, numbered 6_8’. are

terms, as the materials considered are not themselves los ot cop3|dered in this problem since t.he.y do not_ rgdlate

To avoid this possible issue, we propose in the next sectio coustic power through the Sl".rfa.%”fce's linked to inci-

an alternative solution to the problem of the determination o ent partial waves, whilepsay is I.mked to reflepted partial

the slowness and the attenuation of a PSAW. waves. We postulate that an optimal source is one that cre-
ates generalized surface constraints that mimic that of the
incident partial wave, while minimizing the dissipated

R/égsgwébvi\E/EERATION OF PSEUDO SURFACE power. We next discuss how this_ postulate can be used to
obtain the slowness and attenuation of the PSAW.

A PSAW is not a true surface mode but needs to be In the case of a mechanically free surface, the normal
sustained by an external energy source, e.g., an interdigitabnstraints ak,=0 must vanish, which results in three lin-
transduce(IDT).! An optimal source is one that will use as ear boundary conditions. We then distinguish between the

Slowness s, (1 04 s/m)

TABLE |. Comparison of PSAW slowness and attenuation estimations obtained using complex poles of the
effective permittivity, either by fit from the real axis of slownels®e Ref. # or by a direct search in the
complex plangsee Ref. B and using the least action princiglleAP) in this work, for several cuts of lithium
tantalate(LT), lithium niobate(LN), and quart2QTZ2).

Method of Ref. 4 Method of Ref. 3 LAP
Slowness att. Slowness att. Slowness att.
Cut (10* s/m) (mdB/\) (10* s/m) (mdB/\) (10* s/m) (mdB/\)

Y+36 LT
free  2.36573959 0.20495301 2.36573942 0.20493505 2.36573942  0.05101240
shorted 2.43358423 0.26339244 243358423 0.26339077 2.43358425  0.009 268 54
Y+42 LT
free 236582233 0.75435078 2.36582095 0.75427302 2.36582094  0.18827877
shorted 2.42998652 12.37169642 2.42998525 12.36773726 2.42998624  1.38539198
Y+41 LN
free 210393130 0.24361671 2.10393124 0.24355098 2.10393123  0.061051 85
shorted 2.28369405 14.16390353 2.28369330 14.14582132 2.28369709  1.905401 67
Y+64 LN
free 213083086 52.29236733 2.13079633 52.04385654 2.13094813  3.890 276 50
shorted 2.24652166 3.71020185 224652161 3.70921983 2.24652136  0.301 390 06
Y+42.75 QTZ
free  1.96779457 78.39257260 1.96757014 78.29719510 1.96767776 16.16278022
shorted 1.96811859 78.87569228 1.96789653 78.76604619 1.96800304 16.307 023 91
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cases of an electrically free or shorted surface. For a shorter 1000 " tes |
surface, the surface potential vanishes; for an electrically free 100 shorted --------
surface, surface charges are not allowed to exist. Summariz
ing both cases, we can write the boundary conditions giving 10
the reflected partial wave amplitudess, througha,, as a 1
function of the incident partial wave amplitudgy in the 0 /
~ : ¥
form & \
001
a;
2, 0.001 I NE
M| as | =0, (12) 0.0001
ay 0.00001 -
as 0.000001
23 24 25 26 27 28 29 3

whereM is the 4x5 matrix constructed, foy=1,...,5, as

M(i,j)=F(i+4)), i=12,3, (13

M(4,))=F(4)) (14
for a shorted surface, and

M(4,))=F(8,)—jws eF(4)) (15

for an electrically free surface. From the linear EtR), the

Sy (10'4 s/m)

FIG. 2. Plot of attenuation functioi(s,) defined by Eq.27) for Y +42
lithium tantalate, as a function of slowness The PSAW is located by the
two minima for free surfacéabel B and shorted surfadgabel S boundary
conditions. Another minimunglabel NO appears simultaneously for both
free and shorted boundary conditions, indicating the presence of a nonpi-
ezoelectrically coupled PSAW.

reflected partial wave amplitudes can be computed as a func- _ f 2ml (‘”51) _2m * (2)
tion of ag, according to ¢2(N) dxaP2(n)= R 2 UinTin
a (22)
1
a, We choose to normalize, respectively, propagative partial
M, a; | = —agMms, (16)  waves(numbered 4 and 5 herey ¢,(n), and inhomoge-
a neous reflected partial wavediumbered 1-3 hejeby
A

whereM;, is the matrix composed of the first four columns of

M, andms is the vector equal to the fifth column ™.

Je1(n). With this normalization, Eq(11) implies that

|a|?=|as|? (23

The Poynting vector of thath partial wave can be com- which states the equilibrium of power loss by radiation into

puted as
4
Pi<n)=Re{jZl uf(n)Ti,«n)] 17
or using Eqs(1)—(4),
4
Pi(n)= Re{ 2 UfnTE‘n’A:n<x2>Ann<x2>] . (18)
=
Writing
So(N)=By(n)+jay(n) (19
we have
AF(X2) Apn(X2) =exp2was(N)Xy). (20)

Inhomogeneous reflected partial waves(n) <0) transport

power along the surface; the total power flux crossing an

arbitrary section normal to the surface is

Z Uj‘nTJ(ﬁ)] .
(21)

o -1
ey(n)= fo dx;P4(n)= 2(n)

Propagative partial waves have a nonvanishing power flux

the substrate to the power brought by the source. Further-
more, the total power transported by the surface wave along
the surface iga,|2+]|a,|?2+]|as/?, and the attenuation per
wavelength is given by

(0= gt (24)
YV Jag)?+ |ag]?+|ag]?
Using Eq.(16) we have
|y |2+ |ag|?+ |ag|?+ |al=|as|2 M *mg||? (25
with
IM;*mg][?= (M *ms)'(M [ *ms) (26)

and t stands for transpose and conjugate of a complex vector
or matrix. The final expression for the attenuation per wave-
length then becomes

{(s))= (27)

1M mgf|*—1
and the criterion for locating the PSAW slowness is to fpd
that minimizes {(s;), or equivalently that maximizes
M, *mg||. This constitutes the least action princigleAP)
referred to by the title of this article.

As an illustration of this procedure, Fig. 2 shows func-

through the surface; the total power flux crossing a section afions {(s;) for Y +42 lithium tantalate and electrically free

the surface one wavelength long is

and shorted boundary conditions. Minima can clearly be ob-
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served, indicating the location of the classical PSAW of Y for the slowness are very close to those given by other meth-
+42 lithium tantalate, plus an additional nonelectrically 0ds based on a search in the complex plane. However, the
coupled PSAW which cannot be revealed by an EP searchattenuations we obtain are substantially smaller.

Table | shows a comparison of PSAW slowness and at-
tenuation estimations obtained by searching for the compleRCKNOWLEDGMENTS
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