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Propagation of acoustic waves through finite superlattices:
Transmission enhancement by surface resonance assistance
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We report transmission enhancement of acoustic waves through finite solid superlattices embedded in a fluid
medium. The transmission rate increases significantly when the wave Vet frequencyw satisfy the
dispersion relation of a surface excitation. We found enhancement of the transmission for both normal and
obliqgue waves. The effect is demonstrated for AI/W, Mo/W, and Pt/Mo multilayers embedded in water. Mul-
tilayers supported by solid substrates are also investigated.
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The so-calledacoustie—or phononic—crystalare artifi- There are two types of vibrational modes with surface
cial heterogeneous arrays with periodic elastic properties. Igharacter that can amplify the wave transmission.
recent years the interest in these structures has increased due(1) Surface wavesThe vibration is characterized by de-
to the potential applications, and for the expectation of new.aying displacement amplitude with an envelope exponential
fundamental phenomena, related to their main propéi8y  fynction in the perpendicular direction away from the sur-
can support frequency gaps for the acoustic Wavece The surface waves satisfy a dispersion relatign
propagation™™" In particular for the superlattice, the array of _ (w), wherek, is a real wave vector parallel to the sur-
one-dimensional periodicity, theoretical evidence of phenomfacé (wé are not xconsidering absorption effécind w is an

ena associated with the existence of a band gap, such %ﬁgular frequency of a bulk gap. The surface modes can exist

gggi(:e'[d7_sltgtes and surface waves, have been Wldelgven atk,=0. In this limit, the displacement profile remains

With respect to surface waves, a peculiarity of the wav as a surface wave in the perpendicular direction inside the

transmission in finite superlattices placed between liquids of2Yered medium but does not oscillate along the surface di-
solids was recently reported: the displacement intensity oféction- o _
the transmitted waves at frequencies in the gaps can be en- (2) Surface resonanceShese excitations are essentially
hanced due to the resonant excitation of a surface vibratiopurface waves of frequencies in the region of an allowed bulk
The enhancement was demonstrated theoretically for th@and. The coexistence of surface and bulk oscillations results
GaAs-(GaAs/AlAs)-H,O and GaAs-(GaAs/AlAs)-*He  from the symmetry and polarization differences between the
systems2 |t was concluded that the intensity of the pen- modes. A transverse bulk band can coexist with a surface
etrating wave into the transmission region,(Hor “He) is  wave (the resonangeof longitudinal polarization, and vice
amplified when the longitudinal incoming wavéom the  versa, because they do not couple. The surface resonances
GaAs mediumcouples to a vibrational mode localized at the have dispersion curve of finite, range and can also exist at
superlattice-fluid interface. The field displacement traversek,=0.
the superlattice slab as a decaying wave reaching the oppo- We are interested in the system shown in Fig. 1. A longi-
site interface with sufficient amplitude to excite the surfacetudinal wave is incident from the substratiuid or solid)
vibration. Then, vibrational motion that propagates as a wavand the transmission medium is a fluid. For oblique inci-
is transferred to the fluid(We found that thisauxiliary  dence the waves inside the multilayer acquire a mixed char-
mechanism for wave transmission is not exclusive of theacter because an additional transverse component appears.
acoustic problem. Extraordinary tunneling magnetoresistencAs we shall see, the transmittan€ge which is obtained di-
in ferromagnet-insulator-ferromagnet junctions can be ex+ectly from the boundary conditions for the stress; and
plained in terms of metal-induced gap states of surfacéhe displacement at each interface, reveals that in addition
type)®: to the nonoscillatory modes of surface character discussed
In this paper we demonstrate explicitly the connectionabove, the layered slab also supports oscillatory modes.
between the acoustic surface states and the peaks of extrad¥hen one of these modes is excited, a maximum of trans-
dinary transmission. We found that the dispersion relations ofnission appears. Thus, as a function of the frequency, the
the surface vibrations clearly define the position of the peakgransmittance oscillates. Some authors refer to this effect as
on the frequency axis. Our main purpose is to demonstratene of Fabry-Perot type. Under favorable conditi¢aspro-
that the amplification of the transmittance occurs not only forpriate structural and material paramejetfeese maxima are
normally incident wavegas was in fact already published of much minor intensity than the peaks of transmission as-
but also for oblique waves. sisted by surface vibrations.
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FIG. 1. The superlattice slab surrounded by the incidence and
transmission media. A longitudinal wave with wave vedtbcomes
in from the left side. A part of the acoustic energy is transmitted
through the slab. The reflected longitudinal wave shares the total
reflected energy with a transverse wave only when the incidence
medium is a solid. The sagittal plane is the plane and the thick-
ness of the slab ikg=nd. nis an integer number and=a-+b.

kd

We know that the dispersion relations of the surface

modes lie in the frequency gaps of bulk vibration. For a finite_ a. The dimensionless quantities on the frequency axis are written
superlattice of large enough number of cellshe oscillatory in terms of the sound velocity in Ale, . Panel(a) shows the

modes group to form such bands and the surface SOIutlontﬁspersion curves of waves traveling along the superlattice axis—

correspond to those of .the semi-infinite case. In order t? e z direction. Dotted(dashedl curves correspond to waves of
define the frequency regions where surface_modes can exig nsversglongitudina) polarization. The shaded regions in panel
and to know the characteristics of the bulk vibrations for the(b) represent the bulk bands with finite wave vedtor

possible occurrence of surface resonances, we must evaluate

the band structure of the superlattice under study. Let us As an example we present in Fig. 2 the bands of an Al/W
consider the infinite array of two alternated layers of homo-superlattice. Only wittk, =0, which means energy propaga-
geneous solid materials. The layers of thicknesse®db  tion along thez axis, the equations that describe the mixed
have the material parametgsg, Ciy, Cja andpy, Cyy, Cip, modes separate and two independent longitudinal and trans-
respectively. Thus the medium is a periodical structure of/erse modes exigsee Fig. 2a)]. We found that the modes of
mass densityp(z)=p(z+d), transverse sound velocity the second and fifth bands are longitudinal while the modes
ci(2)=ci(z+d), and longitudinal sound velocityc(z) in the first, third, and fourth bands have transverse character
=¢|(z+d). d=a+b is the period. The normal modes of (they are shear wavesHowever, in the regime ok, #0

the mass element in this infinite structure are obtained froniFig. 2(b)], where the sagittal modes are a complicated mix

FIG. 2. Bulk band structure of an Al/W superlattice with

the Newton’s second law, of displacements on theandz directions, several frequency
) gaps appeatwhite regions. Within these gaps the surface
9 _ 9Tk (1) ~Wwavescan exist once the superlattice has been truncated.

P75t Xk’ The dispersion relation of the surface excitations were

h q ts of the def i q evaluated directly for a layered slab ofcells satisfying the
whereu; and gjx are components of the deformation an boundary condition of zero stress at the surfaces. As was

stres_s tensor, _respectively. 'I_'he stress is related only to ﬂlﬁ(pected we found a series of oscillatory solutions of fre-
elastic properties of the mediu(mo external forces are con- quencies'in the regions of bulk propagation. Asvas in-
sidergd. By taking _into account the periodicity along tize creased, more and more oscillatory modes were grouped to
d|rec§|on and allowing osulla}uon In .the direction of homo- form the bands and some solutions corresponding to surface
geneity, we look for harmonlc SQIUt_'OnS for, and u, (the modes separate to lie in the gaps. More complicate was the
amplitudes m_the sagittal plaheatlsfylng the BlQCh t_heorem identification of the surface resonances. They were found
along thez axis. By a straightforward calculation, it is €asy \ e e plotted the intensities of the modes in the bands. In
to show that qul) takes the form of an ordinary eigenvalue yoorq| “the surface resonances exist for finite wave vector
problem,Au= w“u. Matrix A includes the reciprocal vectors ranges and their curve of dispersion- w(k,) does not nec-

of the one-dimensional lattic& = (271/d)Z with | integer, essarily begins at, = 0.

the wave vectok=k,X+k,z with the Bloch componerk,, In Fig. 3 we present the transmission intensity through a
and the Fourier coefficients(G), {(G), and {(G) of the  sample of six units cells of a Pt/Mo superlattice for normally
expansions fop, pC|2, andpcf, respectively(for details see incident waves. The substrate is Mo and the transmission
Refs. 1 and 8 medium is water. We show the sagittal bulk baitié$t side
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FIG. 4. Transmission enhancement at oblique incidence. The

calculations correspond to a W/Mo superlattice wath b. Panels
kd (a) and (c) show the enhanced transmission at frequencies corre-
x sponding to the surface vibrations. Pafi®l shows the frequency

band structure.
FIG. 3. Transmission enhancement assisted by surface excita-

tions. (&) band structure of the infinite superlattice Pt/Mo wih  were never described as the limit k{=0 of a curve of
=b (shaded regionsand the dispersion curves of the surface vibra- dispersion that defines the surface modes available for direct
tions occurring at the interface superlattice-vacuum when the supegxcitation. Figure 3 shows that the energy transmission can
lattice terminates with a Mo Iayédiscontinuous CUWQS(b) Trans- be also enhanced by surface resonance assistance with fre-
mission rate through the slab of 13 layers=6 plus one layer quency lying inside an allowed bulk barisee in Fig. 3 the
supported_ by a Mo sqbstrate f_rom which the waves come in. Th@asonance abd/Cy,=4.62).
last layer(in contact with wateris one of Mo. It is important to remark that the involved surface vibra-
tions that we are considering correspond to a free surface
of the figurg and the dispersion relations of the surface sagsuperlattice slab. We found the boundary conditions for the
ittal excitations at the interface superlattice-vacuihe last  superlattice-vacuum problem sufficient when a fluid substi-
layer of the superlattice is a Mo layerThe dashed curve tutes the vacuum, because the fluid medium does not pro-
corresponds to surface waves and the dash-dotted curves rahice appreciable stress at the surfattds easy to show that
resent surface resonandasirface waves of longitudinal po- between two elastic media the continuity of the normal stress
larization atk,=0 coexisting with bulk bands of transverse leads to the identity ,(A; — A;) =Zg(A;), whereZ, andZg
polarization. On the right side of the figure, we observe thatare the impedances of the media a\d A,, and A, the
the transmission rate of longitudinal waves into the wateiincident, reflected, and transmitted amplitudes, respectively.
presents resonant peaks. The frequencies of the peaks cleailhen Z,>Z5, our case if we considef, as the average
coincide with the dispersion curves of the two surface vibraimpedance of the superlattice, the solutions with finite am-
tions atk,=0. plitude inside the superlattice are obtained approximately
The most important characteristic of this assisted transfrom the solid-vacuum conditiod(A;—A;) =0.]
mission is that the peak intensities are higher than the trans- The extraordinary transmission is not restricted to normal
mittance through the single interface between the incidencincident waves. Figure 4 shows that such effect remains for
and transmission media. Thus we are treating the phenonoblique waves. The lines of incidence defined ak,
enon of transmission enhancement. In Fidp) 3the limit for ~ =c,,,/sinag for ¢g=5° anday=40° [solid lines in panel
the ordinary transmission iB=0.1. As a consequence of the (b)] cross the dispersion curves of four excitations producing
surface mode assistance, the peakdic,,=4.62 reaches transmission amplification at the respective frequencies. This
the transmission rat&€=0.68. example corresponds to a Mo/W superlattice and the sample
This type of resonant transmission was found previouslyfor transmission has six unit cells with Mo as substrate.
only for normally incident waves with frequencies in the Again the last layer is that of Mo and the transmission me-
band gapgas the transmission associated with the mode irdium is water. While the lower three peal@ne on the left
the upper tiny gap in Fig.)3"'? The involved vibrations panel and two on the right panéiave well-defined profiles,
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Transmission Rate dashed and dotted curves are the dispersion relations of the

o  Water | SL | Water | surface states in a truncated superlattice terminated with a
- Mo and Pt layer, respectively. Reference 8 shows how the
(©) { position of the dispersion curve changes when the layered

slab is terminated with one or the other one layer at the
surface. The continuum line is the line of incidence at 17°.
The two arrows indicate the point&(, ) inside the band
gap for which transmission enhancement occurs. Pdbgls
and (c) present the transmission profiles at these two fre-
a,=17° guencies in a sample of six unit cells. As can be seen, the
surface modes open a finite rangery shorj of frequencies
= within the band gap for wave transmission. The other peaks
© in these panels correspond to the oscillat@fabry-Perot
modes that the finite sample supports, as was discussed pre-
viously. They lay inside the bulk bands that delimit the gap.
In conclusion, we have demonstrated the transmission en-
> hancement of longitudinal waves traversing solid superlat-
[N tices. The phenomenon is caused by the resonant assistance
of surface excitations. In order to establish the occurrence of
S » this phenomenon even for oblique angles of incidence, we
calculated the dispersion curves of such excitations. Peaks of
transmission appear when the frequency and the parallel
wave vector of the incident wave satisfy such dispersion re-
FIG. 5. Transmission peak dependence on the superlattice telations.
mination. (8) Band structure of the same superlattice of Fig. 3 but We found that the transmission enhancement is strongly
plotted in a different range. The line of incidence from water at 17°dependent on, the number of cells in the slab. For example,
crosses the dashed and dotted curves of the surface vibrations whire peak in Fig. &) that corresponds to a symmetric Pt/Mo
the multilayer terminates with Pt and Mo, respectively. Pafigls ~multilayer terminated with Mo layers on both sides and em-
and (c) show the corresponding transmission peaks at frequenciesedded in water, changes from=0.99 toT=0.12 whenn
indicated by the black and white arrows. varies fromn=5 ton=15. The reason of this behavior is the
) exponential decay that the surface vibration suffers inside the
the peak at the upper frequency on the right panel seemgyitilayer. The larger the thickness of the slab, the smaller
almost vanished. The reason is that this peak is produced Rye tunneled vibration available to excite the surface vibra-
a weak surface resonance that lies near the right limit of thggon. The surface modes studied here have the decaying dis-
corresponding dispersion curve, where such resonances ditsmceﬁzgd and our calculations show that maximum en-
appear. All the lower three peaks correspond to well-define@gncement results for samples with=6. Thus, optimum

excitations. o enhancement is obtained for samples of thickriess2.
Sharp peaks of total transmission were found only for

superlattice slabs embedded in a fluid. Figure 5 shows the This work was supported by Consejo Nacional de Ciencia
peaks for the system water-superlattice-water. The bully Tecnologa, CONACYT Meico, Grant No. 489100-5-
bands in panela) correspond to a Pt/Mo superlattice. The 35541-E. B.M.M. is grateful to CONACYyT for support.
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