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Abstract

We propose a tunable acoustic filter using superlattices constructed by random stacking of solid
and fluid layers. Acoustic waves are localized in the random superlattices and the transmission
rates substantially decay to 0 except for the resonance transmissions where the acoustic waves are
delocalized. The transmission rates become unity for the resonance transmissions. The resonance
frequencies depend on the layer thicknesses, and we can modulate the transmission spectra from
transparent to opaque, and vice versa, modifying the layer thicknesses. We numerically illustrate
the changes in the transport properties for the aluminum/water random superlattices, and suggest

to exploit the random superlattices for the tunable acoustic filters.

I. INTRODUCTION

Artificial materials containing a variety of periodic arrays of scatterers for optical and
acoustic waves referred to as photonic[1-7] and phononic crystals[8-24] have attracted much
attention for decades. They can prohibit and allow the wave propagations and also confine
the waves, which is expected to lead to a wide range of applications. The primary interests
are the states of waves in the periodic structures, i.e. the band structures and corresponding
eigenvectors, and transmission properties. A key property of the band structures is the
width of the band gaps. Wide band gaps are useful for insulating and/or confining waves
and also helpful for manipulating propagations of wave packets. In particular, the very wide
band gaps are helpful for blocking noises of various frequencies in the environment. Another
important property is the pass band width of waves. Very narrow pass bands will be helpful
for selective transmission of waves with high resolution. If we could tune the band gaps and
the pass bands, the system will be a very useful device for controlling waves.

The band gaps are owing to the Bragg diffraction. A suitable choice of structural param-
eters will realize some wide band gaps, but the band gaps and pass bands appear alternately
with increasing frequency for the periodic structures. Inevitably the performance of the
periodic systems will be limited as for the blocking the environmental noises. If the device
could let waves with only a particular frequency pass and reflect waves of other frequencies,

the device will exhibit the substantial performance as a filter without suffering from the
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noises. As a candidate of such a system, we think of disordered systems.

It is known that the interference among waves scattered in disordered media causes weak
localization phenomena referred to as Anderson localization[25, 26]. The phenomena occur
not only for quantum waves but also for classical waves like optical and acoustic waves[27—
38]. The localization phenomena are apt to occur for low dimensions, and all the states
are localized in the one and two-dimensional systems[26]. One of the simplest disordered
structures is a random superlattice(RSL) which is constructed by stacking two layers of
dissimilar materials at random. In the previous works[34, 35], we theoretically examined
phonon propagations in the RSL’s composed of GaAs and AlAs layers. The average trans-
mission rates (T) of the GaAs/AlAs RSL’s show approximately exponential decays with
respect to propagating distance in the wide frequency region owing to Anderson localization
except for resonance transmissions. The resonance transmissions occur when the thicknesses
of layers are equal to an integer multiple of half wavelength of phonons. Phonons of the
wavelength are not scattered at the interfaces, so that phonons are delocalized and then the
transmission rates become unity or almost unity, depending on the materials of the substrate
and detector. Since the delocalization takes place at around the resonance frequencies, the
transmission rates show sharp peaks with respect to frequency. The resonance frequencies
are tunable since they are related to the layer thickness. Hence, taking advantage of An-
derson localization and delocalization of phonons, we will be able to control the phonon
propagations.

Although the GaAs/AlAs RSL’s show the transmission decays in the wide frequency
regions, the characteristic decay lengths come to 300 layers or more. Then the system size
becomes large in order to get transmission decays enough to suppress the wave propagations.
It is necessary to increase the scattering intensities of waves at the interfaces in order to
make the decay lengths short. The scattering intensities depend on the difference in acoustic

impedances of the constituent materials. The ratio of acoustic impedances of GaAs and AlAs

2
ZGaAs—ZAIAs

= 0.088. As a combination
ZGaAstZA1As

Zaans/Zaias = 1.20 and the reflectance is R =

of composing materials having substantially different acoustic impedances, we think of a
combination of light metal and fluid, e.g. aluminum and water which has the reflectance
R = 0.842 at the Al/water interfaces. Then the characteristic decay length is expected to be
much shorter than GaAs/AlAs RSL’s and then the compact devices for controlling acoustic

waves will be feasible. Considering the Al layers are moveable in water, the Al/water RSL’s
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will be a tunable device for acoustic waves. In this work, we investigate the transmission
properties of acoustic waves in the Al/water RSL’s, and suggest the feasible device structures
to control acoustic wave propagations without suffering from noises in the environment.
The plan of this work is as follows; we model the RSL’s consisting of solid and fluid layers
in § II and formulate the transmission rates using a transfer matrix theory. We illustrate the
average transmission rates and transmission fluctuations relevant to Anderson localization
for Al/water RSL’s in § III. We also examine anomalous transmission fluctuations indepen-
dent of Anderson localization. In § IV, we discuss methods to tune the frequency widows
for wave transmissions and to reflect waves in the entire frequency region. A conclusion is

given in § V.

II. MODEL AND FORMALISM
A. Model

We consider a RSL which is constructed by stacking solid and fluid layers at random
with prescribed probabilities as shown in Fig. 1. The total number of layers is N, and the
thickness of k th layer is designated by dj. The RSL is put between solid substrate (S) and
detector (D). We take the = axis to be normal to the interface between the substrate and

RSL, and the put the origin at the interface.

B. Elastic wave propagation in solid layers

The equation of motion of displacement vector u in an isotropic material of mass density

ps is given by[39]
82

Pspal = A+ u)VV -u+ puViu, (1)

where A\ and p are the Lamé parameters. The displacement vector u is composed of lon-

gitudinal and transverse waves. Considering that the waves impinge normally on the RSL

surface from the substrate, the transverse waves are perfectly reflected at the first interface

between the solid and fluid layers, and only the longitudinal acoustic waves are transmitted

in the RSL’s. Devoting ourselves to the longitudinal waves, we have the following equation
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FIG. 1. A random superlattice is modeled by random stacking of solid(shaded regions) and
fluid(open regions) layers. dj is the thickness of k th layer, and the total number of layers is
N. L is the size of the random superlattice. a and b (o and ) mean the amplitude of longitudinal
waves (pressure waves) traveling forward and backward in solid (fluid) layers. S and D mean the

substrate and detector, and r and ¢ are the amplitudes of reflected and transmitted waves.

of motion
1 0? 0?
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where ug is the displacement of longitudinal waves traveling in the x direction and cg is its

sound velocity cs = v/ (A + 2u)/ps. Assuming a plane wave, the displacement ug yields
ug = (ae'ls* — e~ 15T )T (3)

where ¢gg and w are the wavenumber and angular frequency. The coefficients a and b are
the amplitudes of waves traveling forward and backward in the z direction. Putting Eq. (3)

into (2), we have the linear dispersion relation
w = Csqs. (4)
Using Eq. (3), we obtain the stress tensor element o,y for the = direction on the X surface
Oox = (A + 2p)igs(aes® + be 5% )e =", (5)

For convenience, we introduce the following vector Vg composed of the particle velocity

vg = —iwug and the stress tensor
Vs a )
Vs(z) = = —iwAgFEg(x) e Wt (6)
__0zX b
Zp



where

1 -1
Ag = (7)

Zs Zs

Zr Zp

and
eiqs:c
Es(x) = A : (8)
e~ iqsx

Zs and Zp are the acoustic impedance of solid Zg = (A + 2u)/cs = pscs and that of fluid
Zr = prcp where pr and cp are the mass density of fluid and the sound velocity in fluid.

It is found from Eq. (6) that Vg’s separated by Az are related using a transfer matrix S as
Vs(x + Az) = S(Ax)Vg(z). 9)
The transfer matrix S is defined by

cos (qgs A x) zg—g sin (gs A x)

= , (10)
zg—i sin (gs Ax) cos(gs Ax)
which has the following properties;
S| =1 (11)
S(x)S(y) = Sz +y) (12)
S(Az)" = S(nAx). (13)

C. Pressure waves in fluid

Considering an ideal fluid under an adiabatic approximation, the velocity of fluid particle
vp and the pressure P measured from the static pressure Py can be expressed using a

potential function ¥[40] as

vy =—-VVU (14)
and
P = 2\I/ (15)
~PEa



The potential ¥ obeys a wave equation that is derived from the continuity equation and the

Navier-Stokes equations for fluid as

19w,
—— = VU = 0. 16
2 ot? v (16)

Supposing that the waves travel in the x direction, we have

U = cp(ae'® 4 e ' r*)e ™, (17)

where qr is the wavenumber, and a and [ are the amplitudes of potential waves traveling
forward and backward. Putting Eq. (17) into Eqs. (14), (15) and(16), we obtain the velocity

of fluid particle and pressure
vp = —iw(qe' T — BelarT)e it (18)
P = —iwZp(ae'F® 4 Be r)e it (19)
and the linear dispersion relation of waves in fluid
W = Cpqp. (20)
Here we introduce the vector Vr composed of vr and P as the counterpart of Vg

VfF «

Vie(z) = = —iwApEp(z) et (21)
Z p
where

1 -1
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eiqu
Ep(x) = . (23)

67iqpm

Vi's separated by Ax are related by a transfer matrix F(Ax)
Vie(z+ Az) = F(Az)Ve(z). (24)
The transfer matrix F(Axz) is defined by
F(Az) = ApEr(Ax)AL
cos (qpAx) isin (qgpAx)

i sin (qpAz) cos (qrAz)



which exhibits the relations corresponding to Egs. (11), (12) and (13) about S as follows;

[Fl=1 (26)
F(@)Fy) = Fr+y) (27)
F(Az)" = F(nAx). (28)

D. Transmission rates

The transfer matrices S and F express the propagation of Vg and Vg in solid and fluid
layers. Considering that Vg and Vg coincide at the interfaces between the solid and fluid
layers, the vector V(L) at the interface between the RSL and detector is given by the
successive products of S or F corresponding to the materials of each layer and V5(0) at the

interface between the RSL and substrate

V(L) = [[ Ur(de)V5(0) (29)
Rll R12
= Vis(0), (30)
R21 R22
where U, means
Uk(dk) = S(dk) or f(dk), (31)

and {R;;} is the 2 x 2 matrix that arises from the products of matrices U.
Puttinga = 1and b = rin Vg(0) and a = t and b = 0 in Vg(L), we obtain the amplitudes

r and ¢ as

- Ry — Ros + (Zs/Zp)Ria — (Zr/Zs) Ry
Ry + Ros — (Zs/Zp)Ria — (Zr/Zs)Ra

2 e sk

" Ru+ Ry — (Zs/Zp)Ris — (Zr/Zs) Rot

(32)

t

(33)
Here we use det R = [[, |Ux| = 1 from Egs. (11) and (26) for derivation of the amplitudes.
The resultant transmission rate T' yields

9 2
Ry1 + Ros — (Zs/Zp)Ria — (Zp/Zs) R

T=|tf = (34)
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III. TRANSMISSION PROPERTIES
A. Average Transmission rates

We first examine the transmission rates of RSL’s consisting of Al and water layers whose
thicknesses are dg = dp = 1 mm. The sound velocity in water cp = 1479.9m/s at 20°C and
the sound velocity in Al ¢cg = 3.197 x 10°m/s. The layers are randomly stacked with the
same probabilities 1/2. Since the transmission rates depend on the configurations of layers,

we investigate the average transmission rates (T') over 1000 different configurations of layers.
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FIG. 2. Average transmission rate (T') versus frequency v of acoustic waves in Al/water RSL’s
with IV = 30. Transmission properties of data points referred to as A, B and C at v4 = 0.001MHz,
vg = 3.194MHz and vo = 3.197MHz will be examined in detail. The dashed line indicates the

average transmission rates derived analytically by means of Green’s function[34].

Figure 2 plots (T') versus frequency v of the Al/water RSL’s with NV = 30. The transmis-
sion rates are averaged over 1000 different configurations of layers. There are present two
kinds of sharp peaks with (T') = 1 and (T") ~ 0.3. The full width at half maximum (FWHM)
of the primary peaks with (7') = 1 is Av = 0.015MNz. On the other hand, (T') oscillates
rapidly between (B) 0.28 and (C) 0.09 with respect to frequency around the secondary peak
labeled B although it is not clearly shown in Fig. 2. Aside from the peaks, (1) decays and
almost vanishes owing to Anderson localization.

Before proceeding the discussions, we note the difference in the localized states between

Anderson localization and the forbidden bands in the periodic superlattice (PSL). Figure 3
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exhibits the spatial distribution of amplitudes /(pv?) of acoustic waves at 2MHz averaged
over 1000 RSL’s with N = 30 as well as the amplitudes of acoustic waves at the same
frequency in the Al/water PSL with N = 30. The thicknesses of constituent layers of the
PSL are the same as those of the RSL’s. The frequency is contained within one of the
band gaps in the PSL, and then both the amplitudes decay exponentially with respect to
the distance from the substrate. The decay length [ defined by 7! = —%log \/W is
lpsr, = 2.09mm for the PSL and [rs; = 4.36mm for the RSL’s. [rgy, is larger than twice as
large as lpgy, indicating that Anderson localization is weak localization in contrast to the
localized states in the forbidden band in the PSL.

Using the decay length, the transmission rates of RSL’s with /V layers are approximately
estimated by e 2N4/lrst ~ ¢=046N The magnitude becomes e '3 ~ 1 x 107¢ for N = 30,
indicating the transmission rate small enough to reflect the acoustic waves. For N = 20,
it becomes approximately 1 x 107*. As for the RSL’s smaller than N = 20, the average
transmission rates increase in the entire frequency region. These approximated values agree
with the numerical data of (T"). Thus the decrease in size of the RSL’s increases the average
transmission rates. The increase in the transmission rates simultaneously gives rise to the
increase in the FWHM of the transmission peaks. For example, the FWHM of the trans-
mission peaks becomes Av = 0.02MNz for N = 20. Considering the sharp pass bands and
blocking the acoustic waves of other frequencies, we investigate the transmission properties
in the RSL’s with N = 30 in the rest of this work.

The transmission peaks are owing to the respective resonance transmissions in the Al and
water layers. When the phase development of waves traveling in a water layer is equivalent
to m multiplied by an integer n, ie. qpdrp = % = nm, the transfer matrix F(dg)
becomes the 2 x 2 identity matrix multiplied by the phase factor ¢ = (—1)", and then
the matrix R depends only on the products of S(d)’s. In other words, the RSL is regarded
as composed effectively of only the Al layers. Because the water layers are regarded as
absent in the system, the amplitudes of reflection r and transmission ¢ become r = 0

and t = €, where ¢ is the phase factor which depends on the number of Al layers, so

that 7" = 1. The resonance frequencies vp, are derived from the phase development as

Vipn = £ = 0.740 x nMHz(n = 1,2,...), which coincide with the transmission peak
, 2
frequencies.

On the other hand, the secondary peak labeled B is owing to the resonance transmissions
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FIG. 3. Amplitudes of velocity in the Al/water periodic superlattice(PSL) with N = 30 at v =
2MHz in the band gap versus the distance from the substrate together with the averaged amplitudes
in the Al/water RSL’s with the same size. The decay length [ is Ips;, = 2.09mm for the Al/water
PSL and lgs;, = 4.36mm for the Al/water RSL’s.

in Al layers. The resonance frequencies vg, are evaluated to be vg, = 3.197 x n MHz(n =
1,2,...), and vg, agrees with the frequency of the secondary peak. At the resonance fre-
quencies, S(dg) becomes the 2 x 2 identity matrix multiplied by ¢™". Since the Al layers
between water layers are regarded as absent, the RSL can be treated as a large single water
layer. Considering the acoustic waves are reflected only at the surfaces of the substrate and

the detector, we obtain the transmission rate through the single water layer as

Ta(npdp) = L | (35)

1+ i (g—l‘j — g—lg) SiHQ(anFdF)

In Eq. (35), nr is the total number of water layers which depends on the RSL’s. Introducing
the following probability Py(ng) that a RSL made of N layers contains ng water layers

C

NYn
Pn(np) = 2—NF7 (36)
the average transmission rate (Tg) yields
N
(Tr) = > Pn(np)Tr(npdp). (37)
np=0

At vg 1, we have (Tg) = 0.09, which agrees with (7") labeled C at the center of the secondary

peak in Fig. 2. (Tg) oscillates in the narrow frequency region around the resonance frequency
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and reaches to (T') labeled B. Thus the width of oscillating (Tx) is comparable to that of
(T'). This accounts for the oscillations of (T') around the secondary peak of (T').

The dashed line in Fig. 2 shows (T') versus v based on the theory that assumes weak
scattering at the interfaces[34, 35]. Although the frequency dependence of the theory agrees
with the numerical data, the theory overestimates (T"). The theory will need to incorporate
the back-scattering processes beyond the weak scattering approximation for the Al/water
RSL’s. Then in the rest of this work, we will investigate the transmission properties, relying

on the numerical data.

B. Transmission fluctuations

As mentioned above, the wave propagations in the RSL’s are affected by the interference
among waves scattered from the random structures, causing the transmission fluctuations
intrinsic to Anderson localization. The fluctuations defined by AT = \/m depend
only on (T'), and the relation between AT and (T) is analytically proved to be a universal
relation between them, independent of types of randomness[34, 35, 41].

Figure 4 shows AT versus (1), where the open circles denote the numerical results and
the thick solid line like an arc is the theoretical curve[34] intrinsic to Anderson localization.
Most the data points agree with the theoretical curve. However, some data points obviously
look unrelated to the theoretical curve. A remarkable deviation of AT from the theoretical
curve is seen for 0.1 < (T') < 1 where AT distribute in a loop below the theoretical curve.
Another noticeable behavior is found in the region 0.1 < (T) < 0.2 where AT distribute
across the theoretical curve. Three data points that represent the anomalous behaviors of
AT are labeled A, B and C in Fig. 4, and the corresponding (T') are labeled with the same
letters in Fig. 2. The data point A is very close to v = 0 and then the matrix S becomes
approximately the identity matrix like the data points B and C, indicating the anomalous
transmission fluctuations are related to the resonance transmission in Al layers.

Because the anomalous behavior of transmission fluctuations have not been observed in
the GaAs/AlAs RSL’s, the phenomena are peculiar to the Al/water RSL’s under study.
It is necessary to clarify the mechanism of the phenomena for full understanding of the
transmission properties in the Al/water RSL’s. As discussed above, the total water layer

thickness npdp is variant, which affects (T") for the resonance transmissions in Al layers as
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AT

FIG. 4. The transmission fluctuations AT versus (T') for the Al/water RSL’s examined in Fig. 2.
The open circles are the numerical data and the solid line indicates the theoretical relationship[34]

between AT versus (T'). A, B, and C indicate AT at the points designated in Fig. 2.

shown in Eq. (37). The transmission fluctuations ATx caused by the varying total water

layer thickness are obtained using the probability (36) as

ATp = | Py(ns) [Tr(nsds)* = (Tr)*| . (38)

ng=0

Varying frequency in the regions 0 < v < 0.02MHz and vg; —0.02MHz < v < vg;+0.02MHz,
we plot AT versus (Tg) in Fig. 5 together with the numerical data (gray open circles) shown
in Fig. 4. The dashed line starting from AT = 0 at (T') = 1 is obtained for the frequency
region 0 < v < 0.02MHz, showing excellent agreement with the numerical data containing
the point A. In contrast to the actual data, the dashed line does neither distribute in loop nor
merge into the theoretical curve because the phase development in the Al layers is ignored in
Eq. (38). The numerical data crossing the theoretical curves at AT & 0.23 and (T") ~ 0.2 are
also reproduced by Eq. (38) for the frequency region containing vg;, showing quantitative
agreement with the numerical data. From the agreement of AT with AT, we confirm that
the anomalous transmission fluctuations arise from the uncertain total thickness of water

layers for the resonance transmissions in Al layers.
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0.4

FIG. 5. The transmission fluctuations AT versus (T') for the resonance transmissions in the
Al/water RSL’s together with the numerical data ( gray open circles ) shown in Fig. 4. The
dashed lines indicate ATg obtained from Eq. (38), showing excellent agreement with the numerical

data AT.

IV. TUNING TRANSMISSION RATES

The average transmission rates are (I') = 1 for the resonance transmissions in water
layers and the corresponding fluctuations are AT = 0. Thanks to AT = 0, all the RSL’s
exhibit T' = 1 at the resonance frequencies v, regardless of the layer configurations. This
is the case for (T') = 0. Since AT = 0, all the RSL’s exhibit 7" = 0. In contrast, (") = 0.3
for the resonance transmissions in Al layers and AT = (T') as shown in Fig. 4. The relation
AT =~ (T) leads to substantial sample dependence of the transmission rates. Considering
that the devices should be free from the sample-dependent characteristics, we will suppress
the resonance transmissions in Al layers.

Here we introduce obstacles for wave propagations working at the resonance frequencies
Vsy. The obstacles are the Al layers whose thickness is the original thickness multiplied by
an irrational number. Because of the difference in layer thicknesses, the original and new Al
layers do not have common resonance frequencies. As a result, the resonance transmissions
in Al layers will vanish and only the resonance transmissions in the water layers will take
place in the RSL’s.

Fugue 6 shows (T") versus v for the Al/water RSL’s consisting of the water and two kinds

of Al layers. The thicknesses of the water layers are dp = 1Imm, and those of the two kinds
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of Al layers are dg, = Imm and dg, = v/2mm. The probabilities of appearance of the two
Al layers are 1/4 for each kind of layers and that for the water layers is 1/2. The total
number of layers is N = 30 and the transmission rates are averaged over 1000 ensembles.

The resonance transmissions in Al layers are obviously suppressed as expected, and then we

1.0

0.8

0.6

<T>

0.4+

0.24
ol L L L

0 1 2 3 4 5

FIG. 6. Average transmission rate (1) versus frequency v for the Al/water RSL’s consisting of the
water layer of dp = lmm thick and two kinds of Al layers of dg, = lmm and dg, = v/2mm thick.
The appearance probabilities of the two Al layers are 1/4 and that for the water layers is 1/2. The

total number of layers is NV = 30 and the transmission rates are averaged over 1000 ensembles.

have only the primary peaks due to the resonance transmissions in water layers.

Using the same method, it is possible to select a transmission channel out of the primary
peaks. We further introduce the water layers whose thickness dp, is the original thickness
dr, multiplied by a rational number. The resonance frequencies are vg,, = ncp/2dp, for the
original water layers, and those of new layers are vy, = n'cp/2dp,. These frequencies do
not match except when vp,, and v}, ,, are a common multiple of c¢r/2dr, and cr/2dF,. Then
the resonance transmissions through both the water layers will occur only at the frequencies
Vpn = Vi, Figure 7 shows (T') versus v of the RSL’s which consist of the Al layers with
dg, = Imm and dg, = v/2mm thick and the water layers with dp, = lmm and dp, = 1.4mm
thick. The four layers are randomly stacked at the same probabilities 1/4. The least common
multiple of vg,, and I/};’n, is vps = 1/};77 = 3.TMHz. Figure 7 exhibits only the transmission
peak at the frequency and other transmission peaks disappear as expected.

When all the layers do not have a common frequency for resonance transmissions, all

the waves will be localized and exhibit substantial decays of transmission rates. Figure 8
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FIG. 7. Average transmission rate (T') versus frequency v for random superlattices made of a
solid layer of dg = 1mm thick and two fluid layers of dp, = lmm, dp, = 1.4mm thick. The
number of layers is N = 30 and the transmission rates are averaged over 1000 ensembles. Only
the transmission peak at v = 3.7MHz appears and other peaks due to resonance transmissions are

dismissed.

shows (T') versus v for the RSL’s consisting of three different fluid layers with dp, = 1mm,
dp, = v/2mm and dp, = v/3mm thick, and two different solid unit layers with ds, = 1mm
and dg, = v/2mm thick. The layers are stacked randomly at equal probabilities 1/6 for
water layers and 1/4 for Al layers. The average transmission rates are very close to 0 in the
entire frequency region except for the very low frequency region since the acoustic waves are

extended in the frequency region for the finite system size.

V. CONCLUSION

In the present work, we suggest the tunable acoustic filters using the Al/water RSL’s.
The acoustic waves are intrinsically localized in the RSL’s in the entire frequency region
due to Anderson localization, and the transmission rates vanish except for the resonance
transmissions. The resonance transmissions occur when the thicknesses of layers are equal
to an integer multiple of half wavelength of waves, and the acoustic waves are extended and
the transmission rates are unity. Paying special attention to that the resonance transmissions
depend on the layer thickness, we investigated tuning the resonance frequencies as well as

designing the transmission spectra from transparent to opaque via changes in the thicknesses
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FIG. 8. Average transmission rate (I') versus frequency v for random superlattices made of two
solid layer of dg, = Imm, dg, = v/2mm thick and three fluid layers of dr, = 1mm, dp, = v/2mm
and dp, = v/3mm thick. Because there is no resonance frequency in both solid and water layers,

there is no prominent transmission peaks.

of constituent layers. We numerically illustrated the changes in the transmission spectra for
the Al/water RSL’s for four different cases of constituent layers as shown in Figs. 2, 6, 7 and
8. The water layer thickness can be adjusted by moving the Al layers, and the transmission
spectra shown in Figs. 6, 7 and 8 appear in the same device. The findings of the present
work will lead to the tunable acoustic filters having the wide band gaps and sharp pass

bands.
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