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Omnidirectional elastic band gap in finite lamellar structures
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This paper presents a comprehensive theoretical analysis of the occurrence of omnidirectional reflection in
one-dimensional phononic crystal structures. We discuss the conditions for a one-dimensional layered struc-
ture, made of elastic materials, to exhibit total reflection of acoustic incident waves in a given frequency range,
for all incident angles and all polarizations. The property of omnidirectional reflection can be fulfilled with a
simple finite superlattice if the substrate from which the incident waves are launched is made of a material with
high acoustic velocitiegthis is very similar to the case of omnidirectional optical mirror where the incident
light is generated in vacuumHowever, if the substrate is made of a material with low acoustic velocities, we
propose two solutions to obtain an omnidirectional band gap, namely, the cladding of a superlattice with a layer
of high acoustic velocities, which acts like a barrier for the propagation of phonons, or the association in
tandem of two different superlattices in such a way that the superposition of their band structures exhibits an
absolute acoustic band gap. We discuss the appropriate choices of the material and geometrical properties to
realize such structures. The behavior of the transmission coefficients are discussed in relation with the disper-
sion curves of the finite structure embedded between two substrates. Both transmission coefficients and den-
sities of stategfrom which we derive the dispersion curyesme calculated in the framework of a Green'’s
function method.
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[. INTRODUCTION The object of this paper is to examine the possibility of
realizing one-dimensional structures that exhibit the property
During the last few years, much attention has been deef omnidirectional reflection for acoustic waves. In the fre-
voted to the study of two- and three-dimensiof2D and quency range of the omnidirectional reflection, the structure
3D) periodic phononic crystald—7]. In analogy to the more will behave analogously to the case of 2D and 3D phononic
familiar photonic crystal$8], the essential property of these crystals, i.e., it reflects any acoustic wave independent of its
structures is the existence of forbidden frequency bandgolarization and incidence angle. We shall show that a
where the propagation of sound and ultrasonic vibrations isimple superlattice can fulfill this property, provided the sub-
inhibited in any direction of space. Such phononic band gatrate from which the incident waves are launched is made of
materials can have practical applications such as acoust& material with relatively high acoustic velocities of sound.
filters [9], ultrasonic silent blockE10], acoustic mirrors, and However, the substrate may have relatively low acoustic ve-
improvements in the design of piezoelectric ultrasonic transtocities, according to the large varieties in the elastic proper-
ducers[11]. The contrast in elastic properties and densitiegies of materials. Then, we propose two alternative solutions
between the constituents of the composite system is a criticab overcome the difficulty related to the choice of the sub-
parameter in determining the existence and the width of abstrate, in order to obtain a frequency domain in which the
solute band gaps. transmission of sound waves is inhibited even for a substrate
In the field of photonic band gap materials, it has beerwith low velocities of sound. As mentioned in the case of
argued during the last few yeargl2—-14 that one- photonic band gap materials, one solution would be to asso-
dimensional structures such as superlattices can also exhilwitate the superlattice with a cladding layer having high ve-
the property of omnidirectional reflection, i.e., the existencdocities of sound in order to create a barrier for the propaga-
of a band gap for any incident wave independent of the intion of acoustic waves. Another solution will consist of
cidence angle and polarization. However, because the photassociating two superlattices chosen appropriately in such a
nic band structure of a superlattice does not display any abway that the superposition of their band structures displays a
solute band gafi.e., a gap for any value of the wave vegtor complete acoustic band gap. These ideas have been proposed
the property of omnidirectional reflection holds in generalvery recently in two short communicatiof6,17. In this
when the incident light is launched from vacuum, or from apaper, we present a comprehensive investigation of the con-
medium with relatively low index of refractiofor high ve-  ditions necessary for obtaining this acoustic gap and its evo-
locity of light). To overcome this difficulty, when the inci- lution according to the physical parameters defining the one-
dent light is generated in a high refraction index medium, wedimensional structure. More precisely, the transmission
have recently proposdd5] to associate with the superlattice spectra for different polarizations of the incident waves are
a cladding layer with a low index of refraction, which acts calculated and analyzed in relation with the dispersion
like a barrier for the propagation of light. curves of the modes associated with the finite structure em-
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layer of materialC. Let us notice that in our calculation, the
Finite lamellar TR me_lteriaIC; can be embedded inside the superlattice instead of
composite (L) ) (@ being at its boundary. In the second geoméfig. 1(c)], two
finite superlattices made, respectively, of materidls,(B,)
and (A,, B,) are associated together in tandem.
All the interfaces are taken to be parallel tq ( x,) plane
of a Cartesian coordinates system. All the media are assumed
to be isotropic elastic media characterized by their mass den-
® sities, their transverse velocity;, and longitudinal velocity
P C, of sound. Due to the isotropy within the(, x,) plane,
‘ the transverse elastior shear horizontalwaves, polarized

Homogeneous
medium (S;)

B, B,

A;[By Bi| A A,|Az2[ By B,| A Ay

‘ > x3

perpendicular to the sagittal plan&,( X3), are decoupled
Cello  Celll Cell N from sagittal waves polarized within this plane, for any value
of the propagation vectdy;, (parallel to the interfaces
© The study of acoustic wave propagation in such a com-
Bl}h_«l B, Bzr--i B posite lamellar system is performed by using a Green'’s func-
tion formalism based on the method of interface response
theory[18]. In this theory, we calculate the Green’s function
' ‘ ‘l ‘ l ‘l \ ‘ ll ‘ } ll of a composite system containing a large humber of inter-
— s> > faces that separate different homogenous media. The density
cello CellN Cell0 cetiv of states, the dispersion curves as well as the transmittance
FIG. 1. Geometries of the omnidirectional band gap structurethrough finite substructures are obtained from the knowledge
(@ A finite lamellar composite systerh embedded between two Of the corresponding Green's functignthat can be written
homogenous medig; andsS, . (b) The systent is constituted by a  in the composite materigll9] as
superlattice cladded with a materi@l (c) The systeni is consti-
tuted by a combination in tandem of two different superlattices. g(DD)=G(DD)+G(DM){[G(MM)] lg(MM)
X[G(MM)]™*=[G(MM)]"}G(MD). (1)

bedded between the two substrates. When a maximum
threshold for transmittance is imposed, we investigate the
contributions of the different modes induced by the finiteD andM denote, respectively, the whole space and the inter-
structure(bulk phonons of the superlattices, modes of theface space in the composite materialis a block diagonal
caldding layer, and interface modet the transmission matrix in which each sub-blocs; corresponds to the bulk
spectra, thus revealing the limitations on the existence of afpreen’s function of the subsystemOne can notice that all
absolute band gap. We discuss the dependence of the trarige matrix elementg(DD) of the final Green’s function can
mission coefficients upon the thickness of the clad layer an@€ obtained once we know the matrix elemeg¥ M) of g
the number of cells in the superlattices, as well as upon th# the interface spacél. The latter are obtainefl3] by
choice of the layers in the superlattice, which are in contacriting the matrixg™*(MM) as a sum of the submatrices
with the substrates and with the clad. Specific illustrationsg; *(MM) in each sub-block considered separately. All de-
are given for a finite AI/W superlattice cladded by a Si layer,tails about the semianalytical calculation of the Green’s func-
and a combination in tandem of finite AI/W and Fe/epoxytion for infinite or semi-infinite superlattices as well as for a
superlattices. The transmission coefficients as well as thénite superlattice in contact with a substrate can be found in
density of states, from which one can derive the dispersiofRef.[20].
curves, are calculated in the framework of a Green’s function The transmission coefficients through the lamellar struc-
method. ture depicted in Fig. () can be calculated in the following
A brief presentation of the model and method of calcula-way. An incident propagating vectd#(D) of the reference

tion is presented in Sec. Il. Section Il contains the numericabystem depicted by the abo@& DD) generates in the com-
illustrations as well as the discussion of the transmissionposite system the following vectpt9] u(D) representing all
coefficients for the occurrence of an omnidirectional bandhe scatteredreflected and transmittedvaves:
gap. Conclusions are given in Sec. IV.

u(D)=U(D)+G(DM){[G(MM)] *g(MM)[G(MM)]~*

I. MODEL AND METHOD OF CALCULATION —[G(M M)]_l}U(M). 2

The geometries studied in this paper are schematically
depicted in Fig. 1. We consider a finite lamellar structure On the other hand, one can also calculate the density of
sandwiched between two substra®sand S, [Fig. 1(a@)]. states of the final system. More precisely, the difference in
The details about the composition of the finite structure arghe density of state€DOS) between the present composite
sketched in Figs. (b) and Xc). In one caségFig. 1(b)], the  system and a reference system formed out of three indepen-
lamellar structure is composed of a finite superlattice condent partqthe substrateS; andS, and the finite composite
taining alternating layers of materiafs and B, and a clad mediumL) is given by[21]
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g(MM)
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1

Here gsl(M M), 932(|V| M), and g, (MM) are, respec-
tively, the Green’s functions associated with the separatec
semi-infinite substrateS; andS,, and the finite composite
mediumL.

The dispersion curves are obtained from the peaks in the
density of states which are associated with the modes of the
medium L interacting with the continuum of substrate
modes. We shall focus our attention on transmitted waves
through the lamellar composite system, in relation with the © l l ' '
dispersion curves. The existence of an omnidirectonal 5 4 & 2 1 0 1 2 3 4 5
acoustic gap requires that the transmission coefficients fall
below a threshold value for all polarizations and any inci-
dence angle of the incoming waves. Let us notice that the FIG. 2. Projected band structure of sagitteight pane] and
incident wave, generated in the substr@te can have three transversegleft pane) elastic waves in a W/AL superlattice. The
different polarizations; namely, transverse horizontat  reduced frequenci2 = wD/C,(Al) is presented as a function of the
shear horizontd) transverse vertical, and longitudinal. reduced wave vectdqD. The shaded and white areas, respectively,

correspond to the minibands and minigaps of the superlattice. The
heavy and thin straight lines correspond, respectively, to sound ve-
I1l. NUMERICAL RESULTS AND DISCUSSIONS locities equal to 5543 and 1160 nikspoxy).

4_

Reduced frequency

Reduced wave vector

acg&;}f \f’vz(\:/t;n'cgvﬁ 52o;\(l:;?:ig(;n\?vli?rl]reocrﬂonfllDriﬂ2?2212 ?I]\_/erse velocity of sound in the substr&ig(s) is greater than
y y ._'5543 m/s,(the heavy line in Fig. 2 indicates the sound line

. : . AN Svith the velocity 5543 m/s For any wave launched from

that a single superlattice can display an omnidirectional "his substrate, the frequency will be situated above the sound

flection band, provided the substrate is made of a materia}[;}e w=C (s)I; i.e., above the heavy line in Fig. 2. When
- t H y . . . .

with relatively high velocities of sound. Then, in order to . )
remove the limitation about the choice of the substrate, wéhe frequency falls in the range 2.95%)<4.585 (corre

consider the geometries described in Fig. 1 where either gpondlng to the mlnlgap'of.the superlathcelqtzO), thg

. : : Wave cannot propagate inside the superlattice and will be
clad layer is added to the superlattice, or two different super-
) . X -~ reflected back. Thus, the frequency range 2:9852<4.585
lattices with appropriately chosen parameters are combine o .
in tandem corresponds to an omnidirectional reflection band for the

Let us first examine the so-called projected band structurghosen substrate. Generally speaking, the above condition

of a superlattice, i.e., the frequenawersus the wave vector eéxpresses that the cone defined by the transverse velocity of

k. Figure 2 displays the phononic band structure of an in_sound in the substrate contains a minigap of the superlattice.

finite superlattice composed of Al and W materials with Wit.h thg Al superlatti(_:e, this candition is, for i”Staﬂce’
thicknessesl, andd,, such asd,—d,—0.5D, D being the fulfilled if the substrate is made of $il1]. Of course, in

period of the superlattice. We have used a dimensionless frg_ractice, due to the finiteness of the omnidirectional mirror,
quencyQ = wD/C,(Al), where C,(Al) is the transverse ve- one can only impose that the transmittance remains below a

- - 3 2
locity of sound in Al(the elastic parameters of the materials 2'VE" thresholdfor instance, 10° or 10°).

are listed in Table)l The left and right panels, respectively, On the contrary, if the incident wave is initiated in a sub-

, ; strate made of a material with low velocities of sound such
give the band structure for transverse and sagittal acoustic

waves. For every value df, the shaded and white areas in ds epoxyfwith Ct(s) = 1160 m/s, see the thin straight line in

the projected band structure, respectively, correspond to thFelg' 2], the wave is not prohibited from propagation inside

minibands and to the minigaps of the superlattice, where the TABLE . Elasti ; f th terials involved in th
propagation of acoustic waves is allowed or forbidden. DueC Iculations. astic parameters of the matenals involved in the
to the large contrast between the elastic parameters of Al ang. '

W, the minigaps of the superlattice are rather large in con-

trast to the case of other systems such as GaAs-AlAs SUpelgjaterials '\?iislf gd;pg)lty (in rils—l) (in r(;‘s—l)
lattices. Nevertheless, it can be easily noticed that the ban

structure shown in Fig. 2 does not display any absolute gapl 2700 6422 3110

this means a gap existing for every value of the wave vectow 19300 5231 2860
k,. However, the superlattice can display an omnidirectionaki 2330 8440 5845
reflection band in the frequency range of the minigapre 8133 4757 2669
(2.952<()<4.585) if the velocities of sound in the substrate Epoxy 1200 2830 1160

are high enough. More precisely, let us assume that the trans
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above structure, together with the frequency domains in
which the transmission power exceeds a threshold 6f10
(shaded areasln this example, the thickness of the Si layer
is d5;=8D, and the superlattice contains four bilayers of Al
and W, the clad layer is in contact with either an Al layer
[Fig. 3(@] or a W layer[Fig. 3(b)] in the superlatticdsee
Fig. 1(b)]. The branches that fall outside the minibands of the
superlattice are essentially associated either with the guided
modes of the Si layer or with the interface modes localized at
the Si-superlattice boundafthe latter are located below the
sound lines of Si

As compared to the superlattice minigap, the omnidirec-
tional reflection band(delimited by the two horizontal
dashed lines in Fig.)3can be significantly reduced. In the
case of Fig. &) where the omnidirectional gap almost dis-
appears, the main limitation is due to transmission through
the modes belonging to a narrow miniband of the superlat-
tice; this corresponds to a narrow range of the incidence
angle in the substrat@round 14y. Therefore, with the geo-
metrical parameters chosen in this example, the clad layer is

FIG. 3. Dispersion curves of the cladded finite superlattice em0t efficient to bring the transmission below the threshold of
bedded between two substrates. The shaded area correspond to #& * in a broad frequency range, for all incidence angles and
frequency domain in which the transmission power can exceed all polarizations. Actually, increasing the threshold to 10
threshold of 10°. The thickness of the clad layerds=8D, and  does not significantly improve the omnidirectional gap in
the superlattice contains four bilayers of Al and W. The clad is inthjs case. In the example of Figi@ where an Al layer in the
contact either with an Al layefa) or with a W layer(b). The left  syperlattice is in contact with the Si clad, the omnidirectional
and rlght panels, respectlv_ely, refer to she_ar horlzgnt_al and sagitt ap extends fronf) = 3.176 toQ = 4. Here the upper edge of
acoustps .mod.es. The hor!zontal dashed lines delimit thg edge.s e gap is decreased as compared to the superiattice minigap,
the omnidirectional acoustic band gap. The heavy and thin straigh .
lines, respectively, show the transverse sound lines of the substra LIé to transmission f':lround the fr_equencfkes4—4.5(uppe_r
(epoxy and the cladSi). rl_ght corner of the figure From right to left, thel transmis-

sion occurs through bulk modes of the superlattice belonging

the superlattice, whatever the frequency. Thus, the wave wif® @ narrow miniband, through an interface mode at the
oundary between the superlattice and the Si-clad layer, and

be partially transmitted through the superlattice, and onl ) .
partially reflected back, depending upon the incidence anglffough a guided mode of the Si layer. Although the trans-

(or equivalently, upon the wave vecti) mittance through the latter modes exceeds the chosen thresh-
] . 3 . . . .
Therefore the occurrence of an omnidirectional band ga9!d of 10 °, still it remains very smallsee Fig. 5 below

introduces a limitation regarding the choice of the substrate One can notice that the presence of the_ clad Ia_yer has two
material, namely, this material should have relatively highopposne effects. It decreases the transmittance in some fre-

acoustic velocities as compared to the typical velocities oflUeNcy domaingessentially below the sound line defined by

the materials constituting the superlattice. In order to remov%he transverse dvelock:llty of sound_tl)n thehc)IaUutI also intro- .
this limitation or at least facilitate the existence of an omni-4uces New modes that can contribute themselves to transmis-

directional reflection band, we, respectively, present in theOn: The transmission by the latter modes is prevented by
next two sections the solutions mentioned above. The fir

Stt{:e superlattice when the corresponding branches fall inside
one consists of cladding the superlatti&.) with a layer of t

e minigaps.
high acoustic velocities, which can act like a barrier for the

To give a better insight into the behaviors of the transmis-
propagation of phonons. The second solution consists of corlon coefficients, we pr_esent n Figs. 4 and 5, for two values
sidering a combination of two different superlattices, pro_of k.HD, the transmitted mtensme; through the cladde(_j super-
vided their band structures do not overlap over the frequenc{Attice: For the sake of comparison, we have also given the
range of the omnidirectional band gap. e_nS|t!es of states. The _res_ults are presented for dlfferer_1t po-

larizations, namely, the incident wave can be shear horizon-
tal, transverse in the sagittal plane, or longitudinal, and the
DOS is given for either shear horizontal or sagittal modes.
This section contains results of the transmission spectralhe thickness of the Si layer is agalg;=8D, the superlat-
density of states, and dispersion curves for acoustic modes iite is composed di=4 bilayers of Al and W, and the clad
a finite AI/W SL cladded on one side by a Si layer of thick- layer is in contact with an Al layer.
nessds;, and embedded between two substrates made of At k,D=0 (Fig. 4), corresponding to a normal incidence,
epoxy (Fig. 1). there is a decoupling between waves of transverse and lon-
Figure 3 gives an example of the dispersion curves for thgitudinal polarizations. One can observe that the presence of

Reduced frequency

(b)

T
3 2 1 0 1 2 3

Reduced wave vector

A. Cladded superlattice structure
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8 40 b-s
a 20 0
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[72]
Reduced frequency g 80
40
FIG. 4. Transmission coefficients and densities of states for the

cladded superlattice structure of FigaB atk,D=0. The panelsa) 0 j > 3 ) s .
and (b) are plotted for acoustic waves of transverse polarization.

Panels(c) and(d) refer to waves of longitudinal polarization. Reduced frequency

FIG. 5. Same as in Fig. 3 but f&;D=2. Panelga), (c), and
the clad layer does not affect the band gap that is almogt), respectively, give the transmission power for an incident wave
identical to the minigap of the superlattice (298 of the following polarization: shear horizontal, transverse in the
<4.58). The clad layer induces additional modese the sagittal plane, and longitudinal in the sagittal pldoee can notice
peaks in the DOB which are the guided modes of the Si the small scales on the vertical axes of parteJsand (d)). Panels
layer, but these modes do not contribute to transmissiofP) and (e) present the densities of states, respectively, associated
when they fall inside the minigap of the superlattisee, for ~ With shear horizontal and sagittal waves.
instance, the peaks in DOS around the frequendies
=3-4). Atk,D=2 (Fig. 5), the presence of the clad layer of ~ We can now briefly discuss the existence and behavior of
Si prevents the propagation of sound in the frequency rangthe omnidirectional reflection band as a function of the geo-
that lies below the transverse sound line of Sibelow 3.5. metrical parameters involved in our structure, namely, the
Hence, in this range of frequency, the clad layer plays théhicknesdlg; of the Si layer and the numbétof unit cells in
role of a barrier between phonons in the substrate and thine superlattice. The maximum tolerance for transmission is
superlattice, leading to a decrease in the transmitted intensitshosen to be either 16 or 10 2. A detailed investigation of
[please notice the very small scales in the vertical axes dhe transmission coefficients shows that the gap stabilizes for
Figs. 5c) and 3d)]. On the other hand, the modes induceddg; exceeding a thickness of ®5and N greater than 4. In
by the Si layer, which fall in the superlattice minigegound  Fig. 6, we present the variation of the gap as a functiodigpf
() =4.5) contribute very weakly to the transmission processfor three values oN; namely,N=5, 8, and 10. In each case,
as mentioned in connection with the discussion of Fig).3 the omnidirectional gap is sketched for both choices of the

To investigate the effect of superlattice termination on theransmittance threshold.

existence of the omnidirectional gap, we have also consid- First, let us notice that the limitation about the width of
ered, besides the examples of Fig. 3, two other caseshe absolute gap comes from the waves of sagittal polariza-
namely, the case of a superlattice containiig1=5 layers tion, since the gap in the shear horizontal polarization is
of Aland N=4 layers of W(AI termination on both sides of relatively broad and already exists for valuesdgfandN of
the superlatticeand the case of a superlattice containing fivethe order of 1.B and 2, respectively. The sagittal gap shown
layers of W and four layers of AlW termination on both in Fig. 6 widens with increasing the thickness of the Si layer,
sideg. These cases are less favorable than those presentedalthough some irregular behaviors can be noticed at the
Fig. 3 and, more especially, the absolute acoustic gap disagdges of the gap. It is even worth mentioning that for
pears in the latter case. below or equal to 4, the gap may close when going to in-

056609-5



D. BRIAAND B. DJAFARI-ROUHANI PHYSICAL REVIEW E 66, 056609 (2002

5

4

3

2
1
1

14 12 10 12 14
Number of (Al/W) cells
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H
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w
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w

FIG. 7. Dependence of the omnidirectional gap with the number
15 12 9 6 3 0 3 6 9 12 15 N of unit cells in the AI/W superlattice. The Si clad is in contact
with an Al layer and has a thickness @§=8D. The transmission
threshold is fixed to 10° (a) and 10°? (b).

We have investigated several possibilities of elastic and
geometrical parameters for the coupled superlattice structure.
Among a few possibilities that give rise to the occurrence of
an omnidirectional band gap, one interesting solution con-
sists of combining the AlI/W superlattice with a Fe/epoxy
1 e e R I e b superlattice of the same peridd but with d;=0.8D and

B 42 9 € 3 06 3 B @ BB d,=0.2D. The superposition of the band structures for these

Clad layer thickness d; superlattices is presented in Fig. 8 and clearly displays a
broad absolute acoustic gap in the frequency range 2.54
< <5.29 (delimited by the dashed horizontal line©ne
can expect that in this frequency domain, any wave gener-

dark areas, respectively, correspond to the frequency domain@ted in any Substrate will be to_tally r_ef!ecte_d. In practice, the
where the transmission exceeds $r 102 The left and right coupled superlattice structure is of finite width, and one can

panels, respectively, refer to shear horizontal and sagittal acoustRNly impose a maximum tolerance on the transmission coef-
modes. ficients.

In the following, we assume that the substrates are made
creasing value ofdg;; this means that the transmission of a low-velocity material such as epoxy. Figure 9 displays
through the guided modes of the clad layer are not efficientlythe dispersion curves of the coupled superlattice structure
prevented by the superlattice. From Fig. 6, one can conclude
that the acoustic gap almost reaches its maximum value for s
N=6 anddg=11D. For the sake of completeness, we also
present in Fig. 7 the variation of the gaps as a function of the
number of unit cells in the superlattice, fdg;=8D. o

Finally, we have compared the behavior of the transmis- &
sion coefficients when an additional Si layer is inserted at§,
different places inside the superlattice. It turns out that the& , &
best solution is obtained when the Si layer is added as a clac‘°
i.e., at the boundary of the superlattice. More precisely, with :
N=4 anddg=8D, there is no absolute gap when the Si
layer is inserted inside the superlattice.

FIG. 6. Dependence of the omnidirectional gap with the thick-
nessdg; of the clad layer for different numbers of Al/W bilayers in
the superlattice(a) N=5, (b) N=8, and(c) N=10. The gray and

8

n
Reduced frequency

B. Coupled multilayer structures ol

In this section, we study the transmission of acoustic
waves through a layered structure composed of two couplea
superlatticegFig. 1(d)] chosen in such a way that the super-  FiG. 8. Projected band structures of two different superlattices,
position of their band structure displays an absolute ban@amely, Al/W (bright gray and Fe/epoxydark gray. The overlap
gap. This means, in some frequency range, the minibands ®etween both band structures is presented as black areas. The right
one superlattice overlap with the minigaps of the other, andnd left panels represent the sagittal and the transverse band struc-
vice versa. tures, respectively.

Reduced wave vector
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FIG. 9. Dispersion curves of two finite superlattices combined 00010
in tandem and embedded between two substrates. The shaded areg @
corresponds to the frequency domain in which the transmissiong= 0.0005
power can exceed a threshold of £0 The Al/W superlattice con- 00006 4 J
tainsN+1=9 layers of Al andN=8 layers of W. The epoxy/Fe 60 —
superlattice containd’ +1=6 layers of epoxy antll’ =5 layers of
Fe. g Y1 @©
. . . . Q 20 -
together with the frequency domains in which the power
transmission does not exceed a threshold of*1@ he finite 04

system is composed of an Al/W superlattice containing nine
layers of Al and eight layers of W, and an epoxy/Fe super-
lattice with six layers of epoxy and five layers of Fe. The Reduced frequency
gnmdmg;;ec?é%“;l Cr;frl]ifggsn Vsl?r? ?heex(t;%r:g; g:gn; C%)jsilct:ogg pgif FIG. 10. Transmission coefficients an_d density of states for the
Fig. 8. Let us natice that there is an interface mode at thgoupled (AVW) and (epoxy/Fé superlattices, akD=2.5. The
boundary between epoxy and the Al/W superlattisee the Other descriptions are the same as in Fig. 5.
branch in the upper right corner of Fig. 9, arouk¢D
=4-5 and() around 5.5-8 however, this mode does not
contribute noticeably to transmission. It is worth mentioning
that the choice of the materials that are the terminal layers in
each superlattice is important for the omnidirectional gap to
exist and to have a relatively large bandwidth. Another illus-
tration for the occurrence of the omnidirectional gap is pre-
sented in Fig. 10 where we give, lafD =2.5, the transmis-
sion coefficients for different polarizations of the incident

1098765432I0 2 3 4 5 6 7 8 9 1

wave, together with the density of states of transverse ancs,
sagittal modes. It can be seen that the modes of each supe§ 5_ 5
lattice that fall inside a gap of the other superlattice contrib- § , | .
ute only a negligible amount to the transmission power. 3 s
Finally, in Fig. 11, we sketch the effect of the numbars 2 2
andN’ of unit cells in each superlattice on the transmission g
10987 65643210123 4 65 6 7 8 9 10

power. The absolute gap is presented by assuming that th
transmission remains below the threshold of 10The ab- 5 AR I I i
olute gap starts to open f&f and N’ respectively higher ©

5
S 4 4
than 4 and 7, respective[frig. 11(a)]. However, it is neces- 34 3
sary to take values such &=8 andN'=6 to obtain a 2 ' 2

0 1 2 3 4 5 ]

(a)

N W sw
N W s~ o

Reduced fr:

relatively broad reflection band. Going to higher valuefof 08 87 6543210123 4656789 10
andN’ stabilizes the gap width without a noticeable modifi-
cation. N'

V. SUMMARY FIG. 11. Dependence of the omnidirectional gap with the num-

berN’ of unit cells in the epoxy/Fe superlattice, for different num-
In this paper, we have developed the idea that 1D lamellabers of unit cells in the Al/W superlatticéa) N=3, (b) N=4, and
structures can exhibit an omnidirectional reflection band{c) N=8. The transmission threshold is fixed to™£0
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anologous to the case of 2D and 3D phononic crystals. Thishoice of the material and geometrical properties is made.
property can be fulfilled with a superlattice when the veloci-With the former solution, the contribution of the guided

ties of sound in the substrate are higher than the characteriglodes induced by the clad layer to power transmission
tic velocities of the superlattice constituents. In the moreShould be more carefully taken into account. The thickness

general case when the substrate is made of a soft materiQf the clad layer, the number of unit cells in the superlattices,

we have proposed two solutions to realize the omnidirecds well as the nature of the terminal layers in the superlat-

tional mirror, namely, the cladding of a superlattice with aices involved in the structure are also important parameters

h ial th lik or for th , or determining the maximum tolerance for power transmis-
ard material that acts like a barrier for the propagation 0kjon The results presented in this paper, namely, transmis-

phonons, or a combination in tandem of two different supersjon coefficients, densities of states, and dispersion curves,
lattices in such a way that their band structures do not ovefare based on analytical calculations of the Green’s functions
lap over a given frequency range. The latter solution givesor acoustic waves of shear horizontal and sagittal polariza-
rise to a relatively broad band gap, provided an appropriatéons in composite lamellar structures.
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