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Line-focus probe excitation of Scholte acoustic waves
at the liquid-loaded surfaces of periodic structures

A. G. Every
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R. E. Vines and J. P. Wolfe
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~Received 24 March 1999!

A model is introduced to explain our observation of Scholte-like ultrasonic waves traveling at the water-
loaded surfaces of solids with periodically varying properties. The observations pertain to two two-dimensional
superlattices: a laminated solid of alternating 0.5-mm-thick layers of aluminum and a polymer, and a hexagonal
array of polymer rods of lattice spacing 1 mm in an aluminum matrix. The surface waves are generated and
detected by line focus acoustic lenses aligned parallel to each other, and separated by varying distances. The
acoustic fields of these lenses may be considered a superposition of plain bulk waves with wave normals
contained within the angular apertures of the lenses. For homogeneous solids, phase matching constraints do
not allow the Scholte wave to be coupled into with an experimental configuration of this type. This is not true
for a spatially periodic solid, where coupling between bulk waves and the Scholte surface wave takes place
through Umklapp processes involving a change in the wave-vector component parallel to the surface by a
reciprocal lattice vector. In the experiments, the source pulse is broadband, extending up to about 6 MHz,
whereas the spectrum of the observed Scholte wave is peaked at around 4 and 4.5 MHz for the layered solid
and hexagonal lattice, respectively. We attribute this to a resonance in the surface response of the solid,
possibly associated with a critical point in the dispersion relation of the superlattice. On rotating the solid about
its surface normal, the Scholte wave displays dramatic variation in phase arrival time and, to a lesser extent,
also group arrival time. This variation is well accounted for by our model.@S0163-1829~99!00539-1#
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I. INTRODUCTION

Acoustic-wave propagation in periodically modulat
structures has been studied for many years, and yet ther
still interesting and challenging problems coming to lig
The anomalous~supermodulus! elastic properties displaye
by certain superlattices,1 phonon transport through semico
ductor superlattices in the high GHz frequency range2 and
sound attenuation by two-dimensional arrays of cylinde3

are just a few of the areas attracting attention at the pre
time. Recently, there has been considerable interest in
optical properties of spatially periodic structures known
photonic crystals,4 and this has led to questions being ask
about analogous acoustic effects in phononic crystals.5

Wave propagation in infinite superlattices has be
widely studied,6,7 and a lot has been learned about surfa
waves on layered superlattices with the boundary paralle
the layers.8 Only a beginning has, however, been made in
study of the surface wave properties of solids in which
periodic modulation occurs along, rather than perpendicu
to the bounding surface. On the theoretical front, Tanaka
Tamura9 have recently reported illuminating calculations f
surface waves on a square GaAs/AlAs superlattice.

The experimental investigations of Vineset al.10,11 have
brought to light the complex angular and frequency dep
dence of surface waves generated by a line-focus aco
lens at the water-loaded surfaces of a number of tw
dimensional~2D! superlattices that intersect the surface n
mally. The systems studied include a laminated solid of
ternating layers of aluminum and a polymer,12 and a
PRB 600163-1829/99/60~16!/11755~6!/$15.00
are
.
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hexagonal array of polymer rods in an aluminum matr
Some of the effects observed in these experiments cle
display the dispersive effects of wave propagation throu
the superlattices, with lower frequency components in
region of 1 MHz predominating in the detected signals, ev
though the source spectrum extends up to about 6 MHz
calculation of transverse wave propagation through an i
nite superlattice is able to account partially for these featu
as reported in Refs. 10 and 11.

The subject of the present paper is another type of
served feature, which is quite distinct in its behavior from t
first two features. It is narrow band, peaked at 4 and 4.5 M
for the layered solid and hexagonal lattice respectively, a
its mean arrival time identifies it as being associated wit
wave traveling along the surface at near to the speed
sound in water (v51.48 mm/ms). This, and the fact tha
there is minimal attenuation of this wave with distance,
dicates that the wave’s energy flux is located predomina
in the water, and along the surface, suggesting a Scholte
interfacial wave. The mechanism for the generation of t
wave must, however, lie in the periodic modulation of t
solid, firstly because of the frequency selectivity, and s
ondly to allow the incident bulk wave in the water to mod
convert to a surface skimming wave~phase matching con
straints prevent this for incidence on a homogeneous lin
elastic solid!. The most striking aspect of the feature is
angular dependence, observed when the sample is ro
about its surface normal. In this paper, we introduce a sim
heuristic model that is successful in correlating the measu
characteristics of the feature. The model highlights what
11 755 ©1999 The American Physical Society
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11 756 PRB 60A. G. EVERY, R. E. VINES, AND J. P. WOLFE
probably the more important physical factors involved, a
indicates the direction that a more fundamental theory of
observations might take. There is only one parameter in
model, which is the resonance frequency, and this we
equal to the observed frequency for each solid. Without f
ther adjustment, the model gives a good account of the
gular dependence of the feature for both superlattices,
also its dependence on the source receiver distance.

In Sec. II we briefly describe our experimental techniq
and the observed signals, with emphasis on the Scholte w
structure. In Sec. III we discuss a possible scenario for
origin of the resonant characteristic of the feature, and in
duce a response function model that describes the mean
which the acoustic signal can travel from the source len
the receiver lens via a Scholte-like interfacial wave loca
mainly in the water. Sec. IV contains the comparison
tween theory and measurement.

II. EXPERIMENTAL SETUP AND MEASURED DATA

Full details of our method and measured data are p
lished elsewhere11,13–15or are in press,10 and so only a brief
outline is given here. We discuss principally our obser
tions of the Scholte-like waves at the water-loaded surfa
of two periodically modulated structures.

The first of these structures is a mutilayered solid of
ternating 0.5 mm-thick layers of Al and a polymer,12 giving
a lattice period ofD51.0 mm. The surface of the sample o
which the measurements are done is normal to these la
The second sample is a 2D lattice of holes drilled in an
substrate and filled with the same polymer. The lattice sp
ing, i.e., distance between neighbouring holes, isa
51.0 mm, and the polymer rods’ filling fraction is 26%.

Our observations are carried out using a technique de
oped by some of us13–15 to study the anisotropy of surfac
wave propagation in crystals and fiber composites. It e
ploys a pair of cylindrical line focus acoustic lenses align
parallel to each other and with their foci located on the s
face of the solid a distanced apart@indicated by the linesT
and R in Fig. 1~a!#. The one lens is the source of an ultr
sonic pulse (T), and the other lens is the receiver (R). The
incident pulse is of fairly short duration and consists of ab
two oscillations extending over;0.5 ms, and with a band-
width ranging between approximately 1 and 6 MHz. T
lenses are tilted with their foci towards each other, to fa
the generation and detection of partial waves whose wa
vector components in the surface point from source to de
tor. To measure the angular dependence of the amplitud
the transmitted wave, the sample is rotated about an
normal to the excitation surface.

Figure 2~a! shows the angle-time image that is obtain
on the layered solid for a source to detector distanced
55 mm. The rotation angleu is measured from the norma
to the layers. Light and dark regions correspond to posi
and negative amplitudes respectively. It is clear from
image that the time of flight and the transmittance of
various frequency components vary strongly with propa
tion angle. Our primary concern here is with the feature
beledA. The other two main features in this image, labeledB
andC, are associated with wave transmission predomina
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through the superlattice, and have been dealt w
elsewhere.10

FeatureA has some striking characteristics that dist
guish it from the other features in the image. At least
complete, equally-spaced cycles can be discerned, co
sponding to a narrow bandwidth peaked at a frequencf
;4 MHz, and with aQ;6. When the higher frequenc
components of the source pulse are filtered out, featurA
disappears, indicating that there is a resonance or reson
like transmission mediated in some way by the perio
modulation of the solid.

The average propagation time of featureA is 3.3ms in
Fig. 2~a!, and it increases proportionally as the source
ceiver separationd is increased~we have done measuremen
at d55, 10, and 15 mm!. This indicates a disturbance trav
eling along the surface with an average velocity of ab
1.5 mm/ms, which is close to the speed of sound in wa
(v51.48 mm/ms). Figure 2~b! shows the angle time imag
for d510 mm. The mean arrival time for featureA is
;6.6 ms, which is double the value for thed55-mm image.
There is an additional featureD in this image, which is also
associated with a resonance of some sort, but at a slig
lower frequency. The mean arrival time of this latter featu
does not change significantly whend is varied, and we pre-

FIG. 1. ~a! Experimental configuration and coordinate system
~b! composition of wave vector in Umklapp process.
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PRB 60 11 757LINE-FOCUS PROBE EXCITATION OF SCHOLTE . . .
sume it to be associated with a reflection of some sort, p
sibly from the back surface of the sample. We will not d
cuss featureD further in this paper.

The phase arrival times of the ripples are at a minim
for u50° ~and6180°), i.e., for wave propagation along th
surface in a direction perpendicular to the layers. W
change inu, the phase arrival timet for each arc-shaped
ripple increases quadratically withu, as accurately as can b
determined, and the ripples gradually decrease in amplit
eventually disappearing by aboutu545°. We find that the
phase delay time data for all the values ofd we have carried
out measurements at, can be fitted to the empirical Eq.~1!,
with coefficientsa(d) given in the second column of th
table below

t~d,u!5a~d!u2, ~1!

d(mm) a(d) ms/rad2 a theory(d) ms/rad2

5 0.26 0.39
10 0.74 0.78
15 1.19 1.17

Between 10 and 15 mm, the variation of the coefficie
a(d) is almost proportional tod, but the value ofa(5) lies
somewhat below its interpolated value. This may have to
with the fact that for smalld, the focal regions of the two
lenses begin to overlap. The third column in the table ab
lists the theoretical values ofa(d) to be discussed later.

FIG. 2. Angle-time image showing the detected signal obtai
on the layered solid for source to detector distance~a! d55 mm,
~b! d510 mm. Our concern here is only with the features mark
A.
s-
-

e,

t

o

e

Examination of Fig. 2~b! reveals that there is need to di
tinguish between the phase arrival time discussed above,
the group arrival time of the wavepacket of ripples. The l
ter has a somewhat weaker angular dependence than th
the phase arrival time, which is evident from the fact that
late arriving ripples fade somewhat sooner with increasingu,
and in their place some early arrival ripples begin to bu
up. It is difficult to measure the group arrival time variatio
accurately; we estimate it to be about a factor of two sma
than that of the phase arrival time.

The experimental angle-time image for the hexagonal
tice with d510 mm is shown in Fig. 3. Again, it is only the
featureA ~the set of fine intersecting arced lines between
and 9.5ms! that is of concern to us here, the other featu
being associated with wave propagation through the su
lattice as reported elsewhere. In contrast to the other feat
in this image, theA waves are much higher in frequency,
the region of 4.5 MHz, and they have an average veloc
close to the sound speed in water. For this system, the a
lar dependence of the waves can be followed out to alm
90° on either side of the minimum arrival time direction
which lie midway between adjacent nearest neighbor dir
tions. The pattern repeats itself after 60°, which is to
expected in view of the six-fold rotational symmetry of th
lattice, and as a consequence each set of arced ripples i
sects with its neighboring sets of ripples at an angular d
tance of 30°, with its next neighboring sets of ripples at 6
and even perceptibly with the following set at 90°.

For smallu, the angular dependence of the phase de
time of the ripples is given quite accurately by

t5au2, a50.77 ms/rad2, ~2!

but for largeru the variation departs from simple quadrat
dependence onu. Figure 4 shows the measured variation
t compared with the quadratic fit to the small angle data a
with the theoretical prediction to be described later. The d
tinction between phase and group arrival time is mo
marked for the hexagonal lattice, in the way that, with
creasingu, new early arrival ripples grow and late arrivin
ripples disappear. An estimate puts the variation of the gr
arrival time withu at about half of that of the phase arriv
time.

d

d

FIG. 3. Angle-time image obtained on the hexagonal super
tice with source to detector distanced510 mm.
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III. RESPONSE FUNCTION MODEL

A. Resonance response of solid

The first question we address here is why theA feature is
so much sharper in frequency than the source pulse. Pro
ing a definitive answer to that question will probably requ
an accurate calculation of the surface dynamic respo
function of the water-loaded periodic solid.16 This is a wor-
thy goal, but lies outside the scope of the present stu
Rather we suggest here a plausible scenario for the origi
the observed resonance.

Well away from the bounding surface, the vibration
modes of the superlattice are Floquet waves that can be
cribed a wave vectork confined to the first Brillouin zone
and whose frequencies are given by a dispersion rela
vn(k), wheren is the band index. In the case of the layer
solid, taking the X direction normal to the layers
kXP$2g/2,g/2%, whereg52p/D is the recriprocal lattice
‘‘vector,’’ and kY andkZ are unbounded. For the hexagon
lattice, with theZ-direction along the rods, the reciproc
lattice is hexagonal with lattice spacingg54p/A3a and ro-
tated by 30° with respect to the real lattice, and (kX ,kY) is
contained within the first Brillouin zone, whilekZ is un-
bounded. We will also make use of a coordinate syst
(x,y,z) obtained from (X,Y,Z) by rotation through angleu
about theZ(z) axis @see Fig. 1~a!#.

For both types of lattices there are critical pointsk5k0
wherevn(k) is stationary.17 These generically occur at th
center of the Brillouin zone (k50), and at the centers of th
zone boundaries. If we assume the source and detector
infinitely long and aligned along they direction, which is
inclined at an angleu to the structuralY axis of the sample,
@see Fig. 1~a!#, we are dealing essentially with two dimen
sional waves with no componentky . A critical point may
thus be a maximum or a minimum in the frequency, in wh
case the frequency distribution functionr(v) has a discon-
tinuity at v05vn(k0), or it could be a saddle point, in whic
caser(v); ln uv2v0u, diverging logarithmically atv0.17

Further, the modes withk’s in the vicinity of a critical
point have vanishingly small group velocities,V5]v/]k,
and so energy injected into these modes moves only slo
away from the source. With the superlattice terminated b

FIG. 4. Comparison between measured and calculated varia
of the phase delay timet for the hexagonal lattice andd510 mm.
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surface normal to thez direction,kz is no longer a conserved
quantity. Nevertheless, the existence of a critical point in
bulk wave dispersion relation will have a profound effect
the surface dynamical response of the solid. A force dist
uted uniformly along they axis and with frequency nearv0
for a saddle point, will have a high density of modes in t
bulk that it can couple to, and since these modes can
readily remove their vibrational energy from the surfac
there will be a buildup of energy near the surface. Thus,
surface will be observed to respond with large amplitu
when excited at or near that frequency.

Consider now the water in contact with the surface of
solid. It will certainly have a damping effect on the resona
surface response, but this will be small if the acoustic m
match between the liquid and the solid is large and the s
and liquid are only weakly coupled. The more important ro
of the liquid, in the first instance, is that it is the transmissi
medium through which the force is delivered to the surfa
The incident pressure field in the focal plane of the sou
lens is, on the basis of the angular spectrum method, re
sented by the superposition of plane waves

p0~x,t !5E dkxdvF~kx ,v!exp$ i ~kxx2vt !% ~3!

where the spectrumF(kx ,v) extends over a fairly broad
range of spatial and temporal frequencies. The spread
however, confined to positive values ofkx /v because of the
tilting of the lens, and there is not much loss of generality
considering only positivekx andv. Each partial wave gives
rise to a spatially and temporally periodic normal force
the solid’s surface and, in response to this force, there a
set of surface displacements~we consider only the norma
components! G(kx ,kx1g,v). The surface responds at th
same frequencyv, but because of the periodic modulation
the elastic properties of the solid, there are surface displa
ments with wave vectorskx1g, (kx5kxx̂) for all reciprocal
lattice vectorsg, including 0. For a homogeneous solid, the
is no periodicity or dispersion, andG collapses toG(kx /v)
for a particular direction.

Bearing in mind the flatness of the bulk wave dispers
relation near a critical point, and the resonant form expec
for the response, we will suppose thatG for a reciprocal
lattice vectorg of interest, has the simple harmonic oscillat
form coresponding to a frequencyv0. Restricting attention
to positive frequencies not far removed fromv0, where the
influence of the negative frequency resonance is smal
follows that

G~kx ,kx1g,v!;
1

v02v2 i01
. ~4!

B. Response of the water

Our experiments are conducted with an acoustic bar
strategically placed so that specularly reflected waves, w
out considerable lateral displacement, are not detected by
receiver lens. We seek the interpretation of featureA, there-
fore, in a pressure wave in the water, which travels along
solid’s surface. Were the solid perfectly rigid, then a pla
sound wave in the liquid traveling parallel to the surfa

on
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would satisfy the boundary conditions~ignoring the effects
of viscosity!. The finite compliance of the solid reduces t
velocity of this wave, and causes it thereby to separate f
the continuum of bulk sound waves in the liquid and beco
a true interfacial wave, falling off exponentially with dis
tance from the interface. This is the Stoneley-Scholte in
facial wave. The wave also extends into the solid, but
amplitude of this latter part and the energy flux associa
with it, will be minimal if the acoustic mismatch is large. I
that case the speed of this wave will also not differ mu
from the sound speed in water,v. In this marginal situation,
it is difficult to resolve the true Scholte wave from a peak
the density of bulk mode slownessessx5kx /v at the limit-
ing slownesssx51/v. See Refs. 16 and 18 for more exte
sive discussions of this point. From an experimental poin
view, faced with limited velocity resolution, we are ther
fore, for our particular system, justified in talking of a som
what loosely defined Scholte-like wave traveling in the wa
along the surface of the solid at speedv.

Backtracking a moment, we arrived in the last section
the idea of the surface of the solid vibrating with wave vec
kx1g and frequencyv. This will give rise to an externa
pressure disturbance on the liquid with those spatial and t
poral frequencies. Ifukx1gu,v/v, then phase matching in
the surface is achieved with a wave in the liquid having r
kz5Av2/v22ukx1gu2 @see Fig. 1~b!#, which is a bulk wave
that radiates energy away from the surface. Forukx1gu
@v/v, on the other hand,kz is large and imaginary and ther
is no radiation at all. The condition for radiation of ener
into a Scholte-like surface mode is

ukx
01gu'v/v. ~5!

For g inclined at an angleu to thex direction,

ukx
01gu25~kx

01g cosu!21g2 sin2 u. ~6!

Taking kx and v both to be positive and not too far from
satisfying the resonance condition, the response function
the liquid pertaining to surface wave excitation is

G8~kx1g,v!;
1

kx
02kx1 i01

, ~7!

where, from Eqs.~5! and ~6!,

kx
0~v,u!5Av2

v2
2g2 sin2 u2g cosu. ~8!

C. The propagating disturbance

Now, combining the original source field, the solid’s r
sponse and the response of the liquid, we have a wave
p(x,t) propagating in the liquid along the surface given b

p~x,t !5E dkxdvF~kx ,v!exp$ i ~kxx2vt !%

3G~kx ,kx1g,v!G8~kx1g,v!. ~9!

The field is able to be detected by the receiver lens
cause the periodic modulation of the solid provides also
m
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mechanism for the reradiation of the surface wave into t
lens. Taking the spectrumF(kx ,v) to be constant, and the
forms postulated for the response functions above, we h
that

p~x,t !5E dkxdv exp$ i ~kxx2vt !%

3
1

v02v2 i01

1

kx
02kx1 i01

. ~10!

On integrating with respect tokx and then tov, this yields
the result

p~x,t !;Q$x%QH t2
]kx

0

]v
U

v0

xJ expi @kx
0~v0 ,u!x2v0t#,

~11!

whereQ is the Heaviside step function.
The essential features of this derivation are the existe

of a well-defined resonance and an Umklapp process
allows an incidentk vector to couple to a largerki surface
wave. In the final analysis, it is Eq.~11! that we regard as
containing the essence of our model. It gives a good acco
of our experimental results, and can stand alone as a
nomenological description of those results.

IV. COMPARISON BETWEEN THEORY
AND EXPERIMENT

Equation ~11! can be interpreted physically as follow
The factorQ$x% pertains to the forward propagation of th
disturbance, in the positivex direction, and has arisen from
the restriction ofkx and v to both being positive. This, a
mentioned earlier, is tied up with the tilting of the sour
lens in the experiments. The second factorQ$t
2]kx

0/]vuv0
x% describes the delay of the wavepacket

reaching the detector. To encompass also the subsequen
off in the signal amplitude with time, the damping in E
~10! would need to be finite. The phase fact
expi@kx

0(v0,u)x2v0t# describes the ripples and how they a
time shifted asu is changed.

The variation in the phase delay time of the ripples w
u, settingx5d, is given by

t5@kx
0~v0 ,u!2kx

0~v0,0!#d/v0 ,

5
d

v
$A12b2 sin2 u2b cosu1b21%, ~12!

whereb5gv/v0. For smallu, this approximates to

t5a theoryu
2, ~13!

a theory5
db~12b!

2v
. ~14!

Similarly, the group arrival time and its variation withu is
given by

tgroup5
]kx

0

]v
U

v0

d, ~15!
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11 760 PRB 60A. G. EVERY, R. E. VINES, AND J. P. WOLFE
which, for smallu, approximates to

tgroup5
d

v H 11
1

2
b2u2J . ~16!

For u50, tgroup5d/v, the time it takes the wavepacket
travel directly from the source to the detector at the sou
speed in water. ForuÞ0, the energy flux direction is tilted
away from the forward direction, and the group arrival tim
is extended.

In fitting the angular dependences, the only adjustable
rameter there is in the above expressions isv0 ~or equiva-
lently b). We will not treat this as a free parameter, b
rather set it equal to the observed frequency of featureA in
the angle-time images, which is 4 MHz for the layered so
and 4.5 MHz for the hexagonal lattice.

Thus, for the layered solid, takingg52p/D
52p mm21, v058p ms21, andv51.5 mm/ms, we arrive
at the theoretical values for the coefficientsa theory(d) listed
below Eq.~1!. The values ofa for d510 and 15 mm are in
very good agreement with measurement, but the meas
value ofa for d55 mm lies somewhat below the calculate
value, possibly because the focal regions of the two len
begin to overlap at short distances and there is a specu
reflected component to the detected signal which does
vary with u. The coefficents ofu2 in the group arrival times,
db2/2v, are 60% of the values ofa theory(d), which is con-
sistent with observation.

For the hexagonal lattice, taking g54p/A3a
54p/A3 mm21, v059p ms21, andd510 mm, the calcu-
lated value ofa comes out to be 0.79ms/rad2, which is
close to the measured value of 0.77ms/rad2. For the full
range ofu up to 90°, in which the deviation from quadrat
dependence does become noticeable, the variation oft is
shown graphically in Fig. 4. As can be seen, the agreem
between theory and measurement is good. The coefficien
the quadratic dependence of the group arrival time is ca
lated to be 0.40ms/rad2, which is about 50% of the value o
a theory, and is consistent with observation.
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V. SUMMARY AND CONCLUSIONS

We have shown how a Scholte-like wave can be gen
ated by the use of a line focus acoustic lens to insonify
surface of a solid whose properties are periodically mo
lated along the surface. This modulation relaxes the nor
phase matching constraints that prevent mode conversio
bulk waves to surface waves. The heuristic model we h
invoked accounts well for our data measured on a laye
solid and an hexagonal array of polymer rods in an Al m
trix. Our model consists essentially in an ansatz about
response of the system pertaining to the generation
Scholte-like waves. The periodicity of the solid is presum
to be the origin of the resonant frequency that is observ
and it is also the means by which an incident bulk wave
the liquid mode converts to a surface wave via an Umkla
process involving a change in the wave-vector compon
parallel to the surface. The model is able to account qua
tatively for the angular dependence of our measured Sch
wave data and its variation with source receiver separati

A more fundamental theory for the systems we have b
describing is desirable. It would presumably be an extens
of the type of analysis carried out by Tanaka and Tamu9

with liquid loading included, and the reflectivity or respon
function calculated.

There are potential applications of bounded superlatti
in acoustic beam manipulation, filtering, sound abatem
and other areas.
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