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Scanning phononic lattices with ultrasound
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A method for probing the elastic properties of newly developed periodic structures using acoustic waves is
introduced. Highly anisotropic transmission of surface acoustic waves is observed by continuously scanning
the wave vector angle. Preliminary models of wave propagation through multilayers and two-dimensional
lattices explain some of the experimental features, while other features can be attributed to the resonant
excitation of interface waves.@S0163-1829~99!04834-1#
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Electromagnetic wave propagation in periodic structu
has similarities to the propagation of electrons through
crystal lattice. Light scattering from periodic dielectr
structures—so-called photonic lattices—exhibits forbidd
energy gaps and has potential for modifying the radiat
strength of optical transitions and for manipulating micr
waves and light beams.1,2 Analogous to these photonic stru
tures arephononic lattices–media with periodically modu
lated elastic properties.3–5 Acoustic waves propagating i
such structures should exhibit a variety of interesting pr
erties such as forbidden frequency gaps and wide variat
in wave velocities. Band-gap engineering of this sort m
yield vibrationless structures for the study of localized vib
tions and the guiding of ultrasound.

In this study we have constructed and examined the
brational properties of two types of phononic structure
multilayers and two-dimensional~2D! hexagonal lattices
Surface acoustic waves are employed to probe the b
structure of these media. In the light of preliminary mod
calculations, the experiments reveal frequency gaps~ranges
of forbidden frequencies! and channeling of acoustic wave
due to total internal reflections. Unexpected wave structu
are discovered and are tentatively accounted for on the b
of the resonant excitation of Scholte-like waves. Such os
lations exist at the interface of the periodic solid and
surrounding liquid medium.

The experimental technique is conceptually simple: O
observes the transmission of megahertz surface aco
waves across a solid surface that has periodically modul
elastic properties. The sample is immersed in a water b
which serves as a transmission medium for the ultrasou
An ultrasonic transducer produces a pressure wave th
cylindrically focused to a line on the surface of the samp
labeled T in Fig. 1~a!. This excitation creates a surface wa
that, after propagating a distanced, is detected by a secon
transducer focused to the line labeled R in the figure. T
velocity and attenuation of the wave will depend on the
rection of the wave vectork with respect to the multilaye
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planes. To measure the angular dependence of the ampl
of the transmitted wave, the sample is rotated about an
normal to the excitation surface. A similar angle-scann
technique~primarily using point source and point detectio!
was used to study the anisotropy of surface waves on crys
and composite materials.6–8

Consider first the multilayer structure depicted in F
1~a!. Slots cut in an aluminum substrate are filled with
polymer,9 and the surface is polished flat. The slot width
0.5 mm and the periodD is 1.0 mm. The published densityr,
measured surface-wave velocityv, and acoustic impedanc
Z5rv for each material are listed in the table. Alone, ea
medium exhibits elastic isotropy, but the composite struct
is anisotropic.

A useful theoretical approach was developed earlier
high-frequency phonon propagation through semicondu
superlattices.10 In the present experiments the line excitati
indicated in Fig. 1~a! launches a superposition of plan
waves directly into the bounded periodic structure. A d
tailed treatment of the evolution of this disturbance by line
response theory is beyond the scope of the present pape11 It
is known, however, that for isotropic media a surface wa
~or Rayleigh wave! has polarization and velocity close to th
of the bulk transverse mode.12,13Therefore, the experimenta
results are compared to the propagation of transverse
waves across a bulk periodic structure. The predicted dis
sion curves, assuming propagation normal to the plane
plotted in the reduced-zone scheme in Fig. 1~b!. Frequency
gaps occur for wave vectorsk5np/D, with n50,1,2,3,... .

Experimentally a short input pulse with bandwidth e
tending between approximately 1 and 6 MHz is applied, a
the transmitted signal for a series of propagation angle
recorded. Figure 2~a! is the resulting angle-time image
where the light and dark regions correspond to positive
negative amplitudes. The source-to-detector distance@d in
Fig. 1~a!# is 5 mm. It is immediately apparent that both th
time of flight and the transmittance of various frequen
components vary strongly with propagation angle. Althou
11 871 ©1999 The American Physical Society
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the broadband incident pulse is relatively short—roughly t
oscillations extending over a 0.5ms pulse length—the trans
mitted wave forms last for several microseconds. These
show that ultrasonic waves in this periodic structure hav
pronounced dispersion and frequency-dependent attenua
The possible origins of three prominent features—labeled
B, and C in the image—are discussed below.

Figure 2~b! is a theoretical simulation of the transver
wave propagation through the multilayer structure for
transverse mode polarized in the plane of the layers.
wave amplitude for a propagation distanced is determined
from

u~d,t !5( A~d,v!ei „k~v!d2vt…, ~1!

where the wave numberk(v) is obtained from the calculate
dispersion relation for this lattice, Fig. 1~b!. The sum is com-

FIG. 1. ~a! Sketch of a multilayer structure consisting of alte
nating layers of aluminum and polymer~9! composite. Slot depth is
5 mm. The lines marked ‘‘I’’ and ‘‘R’’ represent the focal region
of the transmitting and receiving transducers.~b! The calculated
dispersion curves for ultrasound propagating perpendicular to
layer interfaces, assumingD51.0 mm and the parameters given
the table.
o
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puted for a uniform distribution of angular frequenciesv.
The assumed form of the frequency spectrum isA(d,v)
5A(v)exp(2avd)exp(d/vt), where a59.931022 ms/mm
is calculated for fluid loading of an averaged Al/polym
surface,14 and A(v) is the frequency distribution when
source and detector are overlapped (d50). The timet ac-
counts for attenuation of the wave due to various mec
nisms. A Fourier transform of the experimental time trac
shows a rapid decrease in transmission with frequency, so
empirically adopt the formula for Rayleigh scattering fro
defects,t215Av4, with A/v chosen to approximate the ob
served attenuation at high frequency.

Our elementary calculation separately treats line-wa
segments introduced into the Al and polymer layers. Wa
introduced at any incident angle into the Al layer refract in
the adjoining polymer, etc., and eventually propagate to
detector. An example of this case is the low-frequency wa
between245° and145°, corresponding to the experiment
feature labeled B. In contrast, waves introduced into

e

FIG. 2. ~a! Experimental angle-time image showing the tran
mitted signal for a source-to-detector distanced55.0 mm. ~b! The
calculated image for the multilayer sample andd55.0 mm. The
bright wave fronts near690° correspond to channeled waves th
undergo total internal reflection in the polymer layers.
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polymerat an incident angle between about 45° and 135°
predicted to undergo total internal reflection at the Al int
faces. This effect results in a channeling of acoustic ene
along the polymer layers and corresponds to the bright
in the simulation. The shape of these wave fronts is given
the time of flight,t5d/(v sinu), wherev is the surface-wave
velocity in the polymer andd/sinu represents the total pat
length of the channeling wave.

This channeling effect appears to explain the feature
beled C in the experimental image, although the obser
wave exhibits a much longer train of oscillations and a
has additional structure near690°. Our elementary calcula
tion of the channeling effect assumes that the wavelengt
the wave is much smaller than the period of the lattice a
neglects coupling to acoustic waves in nearby layers, wh
are gross approximations. A quantitative explanation of
data awaits a comprehensive theory of the surface wave
the bounded periodic medium.

The prominent feature labeled A in Fig. 2~a! has a quite
different origin. The average velocity of this wave is abo
1.5 mm/ms, which is close to that of water (v
51.48 mm/ms), and it seems to be associated with a disti
resonance of the system at a frequencyf 05v0/2p
'4 MHz. The velocity, minimal dispersion, and low atten
ation of this wave suggest that its energy flux is loca
mainly in the water, but its anisotropy implies that the mo
of excitation resides in the periodic solid. A sharply peak
frequency response of the lattice is expected at frequen
corresponding to certain critical points~turning values! in the
dispersion relation of the superlattice. At the critical poin
there is a concentration of mode frequencies and vanishi
small group velocities, precluding a rapid migration
acoustic energy from the surface. Furthermore, the varia
of elasticity associated with the lattice relaxes pha
matching constraints governing mode conversion at the
terface.

We are able to account well for feature A and its variati
with u andd by assuming resonant scattering of the incid
pulse into a wave located mainly in the liquid and traveli
along the surface of the solid. This is the characteristic
Scholte interface waves.11,15The proposed model invokes a
umklapp process that changes the surface component o
wave vector of each incident bulk partial wave fromki to
ki1g, whereg52p/D, thereby allowing coupling betwee
bulk and surface waves. For small angles, the model pred
an angular variation in the phase-velocity time delay,

DtA5au2 ~2!

with a5(gd/2v0)(12gv/v0), which accounts well for the
mean arrival time of feature A for variousu andd. A fuller
description of this model will be presented elsewhere.

Now consider a two-dimensional hexagonal lattice
holes drilled in an Al substrate and filled with the same po
mer, as shown in Fig. 3~a!. The lattice parametera is 1.0
mm. Our calculation follows earlier work3 for transverse
bulk waves propagating in a plane normal to the polym
cylinders. Constant-frequency curves in wave vector sp
for a polymer filling fraction of 26% are plotted in Fig. 3~b!.
Using these dispersion curves and a broad distribution
wavesA(d,v)5A(v) peaked at 2.25 MHz, we calculate th
transmitted intensity as a function of angle. A Fourier tra
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form of the transmitted amplitude is plotted in Fig. 3~c!. The
dark region between 1.4 and 1.7 MHz corresponds to
frequency gap between the first and second Brillouin zo
The gaps between higher zones are also seen. No com
gap for all frequencies is predicted for this lattice, althou
the inverse lattice does show a complete gap.16

The experimental angle-time image for this lattice
shown in Fig. 4~a!, and its Fourier transform is given in Fig
4~b!. The latter images display obvious similarities to t
simulation, but striking differences are also observed.
sharp cutoff in the experimental intensity is seen at about
MHz, and the angular variation of this cutoff has the sa
symmetry as the lowest band edge in Fig. 3~b!. On the other
hand, the data show no significant increase in amplitude

FIG. 3. ~a! Sketch of the two-dimensional hexagonal lattice.~b!
The dispersion surface for the first three Brillouin zones calcula
for a lattice parametera51.0 mm and a filling fraction of 26%.~c!
The transmitted signal, indicated by brightness, as a function
frequency and angle of propagation with respect to thex axis.
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FIG. 4. ~a! Experimental angle-time image for the hexagonal lattice andd510.0 mm. ~b! Fourier transform of part~a!, showing the
frequency dependence of the transmitted surface-wave intensity.
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the higher Brillouin zones@bright regions above 1.7 MHz in
Fig. 3~b!#. Instead, a pattern of dim lines is observed wh
nearly coincide with the predicted frequency gaps betw
the second and third zones.

The angle-time image of Fig. 4~a! contains high-
frequency components between 6.5 and 8.5 MHz which
similar to the A waves in the multilayer sample. They ha
an average velocity approximately equal to the sound ve
ity in water and reveal a resonance in the response of
solid at f 0'4.5 MHz. Here again Eq.~2! for Scholte-like
interface waves accounts accurately for the angular varia
of this feature, the reciprocal lattice spacing in this case
ing g54p/)a.

In conclusion, our experiments have introduced new c
figurations of acoustically modulated materials and a pow
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ful technique for examining their anisotropy and spect
scopic properties. The ease with which waves generated
line excitation can be scanned on a surface~compared to
plane waves in bulk matter! suggests that this approach ma
yield broad insights into phononic and photonic lattices. Th
oretical challenges remain in modeling actual surface aco
tic waves on these periodic media, taking fluid loading in
account. The observation of strong wave-channeling effe
and excitation of Schlolte-like modes provide impetus
future studies.
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