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Abstract

In this work we present experimental evidence of the enlargement
of the non-transmission range in one-dimensional phononic crystal het-
erostructures. Heterostructures are composed by a tandem of differ-
ent phononic crystal lattices. The constituent phononic crystal lattices
have been properly chosen so that their band gaps overlap each other
to obtain a giant stop band. Heterostructures consisting of a periodic
arrangement of aluminum and epoxy layers were fabricated and char-
acterized. We have designed giant stop bands in the range of MHz
obtaining a good agreement between theoretical and experimental re-
sults.
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1 Introduction

The desire to control the flow of elastic waves has inspired a great deal of
interest in Phononic Crystals (PnC) [1]. PnC are artificial structures with
periodic variations in their elastic properties in one (1D), two (2D) or three
dimensions (3D). They are characterized by phononic band structures that
are result of multiple Bragg scattering of longitudinal and transverse elastic
waves. Between phononic bands there may exist phononic band gaps in which
the propagation of mechanical vibrations is inhibited. This characteristic facil-
itates the manipulation of mechanical waves for potential optoacoustic devices
[2].

The concept of PnC for elastic waves follows a similar physical principle
with the band gaps for electrons in semiconductors and electromagnetic waves
in Photonic Crystals (PtC). In this manner, semiconductors, PtC and PnC
share many analogies, one of them is that the wave propagation is described
by a second order differential equation [1]. However, the propagating wave is
different in each case. In semiconductors, electrons propagates through atoms
of materials such as the germanium (Ge) or silicon (Si) which posses lattice
constants in the range of 1 Å(Å= 10−10 m).

In PtC the elementary vibrations are the photons that propagates through
a crystalline structure composed by a periodic repetition of a certain unit cell
which has a period on the order of the photon wavelength, in the range of 0.38
∼ 0.75 µm (µm=10−6 m). In PtC, the unit cell is defined by three constitutive
parameters: dielectric function, filling fraction and geometry. PtC can be
considered as a mesoscopic crystalline lattice which obeys the laws of classical
electrodynamics.

For the case of PnC, the propagation of mechanical wave vibrations extends
from the acoustic (Hz) to hypersonic (GHz) regime, thus the wavelengths are
in the range from 100 m to nm (nm = 10−9 m) [1, 3]. In the case of PnC, the
unit cell constitutive parameters are defined by macroscopic quantities such
as the density and the longitudinal (transverse) sound speeds. The PnC obey
the laws of the mechanics of continuous medium.

The interest in PtC and PnC is to control the flow of electromagnetic and
mechanical waves, respectively. Since the discovery of PtC, a fundamental
milestone has been to find a structure with a complete band gap for all the
directions of the space [4, 5]. The limiting factor to obtain a wide photonic
band gap is the contrast of the materials, higher the contrast biggest the band
gap. However, it exist practical limitations to have high refractive indices
because the materials present optical absorption, specially in the visible range.

A strategy to enlarge the band gap in PtC is to use heterostructures [6].
A heterostructure is made of the concatenation of different PtC lattices that
are chosen to superpose the band gaps to obtain an enlarged overall band gap.
Using this technique, it has been possible to obtain a complete mirror for the
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Figure 1: Infinite one-dimensional phononic crystal. The infinite structure is
obtained by periodic repetition of a unit cell of period d. The thickness of the
aluminum and epoxy layers are dal and dep, respectively.
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Figure 2: In panel (a) we present the band structure for an infinite phononic
crystal. In panel (b) we present the transmission for a finite structure of four
periods.
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visible range using porous silicon based PtC [7].
For the case of PnC similar restrictions exist to fabricate periodical struc-

tures with a high contrast in the constitutive parameters. In particular, re-
cently has been reported the fabrication of hypersonic PnC based in porous
silicon multilayers where has been demonstrated the existence of elastic Bragg
resonances in the GHz regime [8]. However, porous silicon multilayers posses
low index contrast of density and longitudinal (transverse) sound speeds and
therefore band gaps was not detected in the experimental configuration fab-
ricated in Ref. [8]. Nonetheless, longitudinal and transverse band gaps can
be found in porous silicon multilayers for the hypersonic regime under certain
geometrical conditions [9]. Nevertheless, such band gaps are very narrow as
result of the low contrast in the unit cell constitutive parameters. In order to
enlarge the band gap in hypersonic PnC in the GHz regime some of the au-
thors have proposed the use of phononic heterostructures to enlarge the stop
band range [9].

In this paper, we present an experimental prove of the enlargement of the
phononic band gaps at the MHz regime using phononic heterostructures. We
have designed large stop bands using a heterostructure composed by aluminum
and epoxy layers. The resulting heterostructure can be considered as a me-
chanical mirror. PnC that act as mirrors in a large range of frequencies are
highly desired in some applications, for example in substrates for acoustic an-
tennas [10] or to study the interaction between sound and light in cavities
[11].

2 Theory

To study the propagation of longitudinal waves in a 1D-PnC we consider the
wave equation [1, 9]

−ω2ρ(x)ux(x) =
∂

∂x
ρ(x)c2(x)

∂

∂x
ux(x), (1)

where the density [ρ(x)], longitudinal speed [c(x)] and longitudinal dis-
placement of the amplitude [ux(x)] are functions of the x coordinate. The
1D-PnC is illustrated in Fig. 1. The infinite crystal is obtained by the peri-
odic repetition of a certain unit cell of period d, which defines the periodicity
of the material parameters ρ(x) = ρ(x+ d) and c(x) = c(x+ d). The unit cell
is filled in with two materials, aluminium and epoxy, which have the follow-
ing parameters: thickness (dal and dep), density (ρal and ρep) and longitudinal
speed of propagation (cal, cep).

The periodic density can be written in terms of a Fourier series in the form

ρ(x) =
∑
n

ρ(n)ei2nπx/d, (2)



Experimental evidence of the non-transmission range enlargement 1199

0.25 0.50 0.75 1.00
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

 

 

 (M
H

z)

d (cm)

Figure 3: Scaling of allowed (white regions) and forbidden (gray regions) fre-
quencies (γ) as a function of the period (d)

where the Fourier coefficents are

ρ(n) = [ρep + f(ρal − ρep)] δn,0 +

[
(ρal − ρep)

sin(nfπ)

nπ

]
(1− δn,0). (3)

We have introduced the filling fraction as the space filled by the aluminium
in the unit cell, f = dal/d. Now, we introduce the periodic scalar

τ(x) =
1

c2ep
ρ(x)c2(x) (4)

Figure 4: Schematic diagram of the experimental configuration.
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where cep as been choosen as an arbitrary reference velocity. This periodic
scalar can be written in terms of Fourier series as

τ(x) =
∑
n

τ(n)ei2nπx/d (5)

where the Fourier coefficients are given by

τ(n) = [τep + f(τal − τep)] δn,0 +

[
(τal − τep)

sin(nfπ)

nπ

]
(1− δn,0) (6)

with τal = ρac
2
al/c

2
ep and τep = ρep. The field displacement is also expanded

in Fourier series as

ux(x) =
∑
n

ux(n)e
i[k+2nπ/d]x (7)

where k is a wave vector parallel to the x axis. Substituting the Fourier
series in eq. (1) we obtain the eigenvalue equation

Ω2
∑
n

ρ(n− n′)ux(n
′) =

∑
n′

τ(n− n′)(K + n)(K + n′)ux(n
′), (8)

where we have introduced the reduced wavevector and reduced frequency
as

K = kd/2π (9)

and

Ω = γd/cep (10)

where γ is the frequency. Eq. (8) determines an eigenvalue problem where
Ω is a function of the material parameters (ρal, ρep, τal and τep) and the filling
fraction (f). In Fig. 2 we present in panel (a) the band structure for the
infinite structure. We have solve the eigenvalue problem using the Plane Wave
Method with 1000 plane waves [1]. The material parameters for the aluminum
are ρal = 2700 kg/m3 and cal = 6300 m/s. For the epoxy, the material
parameters are ρep = 1180 kg/m3 and cep = 2540 m/s. These values are
obtained from ref. [12]. In panel (b) we present the transmission for a finite
structure of four periods that has been obtained adapting the Transfer Matrix
Method (TMM) [13] for the case of elastic waves. The TMM consider the
transmission of a monochromatic plane wave through a finite structure. The
allowed and forbidden bands fill the white and gray regions, respectively.

Once the allowed eigenvalues Ω are determined, eq. (10) defines the scaling
of frequencies γ as a function of the period d in the form

γ(d) =
cepΩ

d
(11)
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Figure 5: Illustration of a short duration pulse. Panels (a) and (b) present the
pulse in the time and frequency domain, respectively.

Fig. 3 presents the variation of frequencies (γ) as a function of the period
(d). We observe that as d increases, the frequency γ decreases. In particular, if
two different periods d1 = 0.5 cm and d2 = 0.75 cm are considered, we observe
that the allowed and forbiden regions are in different range of frequencies.

3 Experimental details

Fig. 4 shows a schematic diagram of the experimental setup. In a Personal
Computer (a) a pulse generator software is used to send the pulse parameters
into the pulse generator (b) which produces the electrical signal that is applied
to the sending transducer (c). The sending transducer converts the input
electrical signal into a mechanical wave which propagates through the sample
(d). The transmitted mechanical waves is converted to an electrical signal
output by a receiving transducer (e). A digital oscilloscope (f) process the
signal to send it to the computer (a).

Fig. 5 presents a typical short duration pulse. In panels (a) and (b) we
present the pulse in the time and frequency domain, respectively. In the time
domain, pulse amplitude is described by the relation

ux(t) = u0e
−t2/σ2

sin(2πf0t) (12)



1202 D. Moctezuma-Enriquez et al.

Figure 6: Finite 1D-PnC heterostructure composed of two PnC lattices of
periods d1 = 5 mm and d2 = 7.5 mm, respectively. In panel (a) and (b) we
present and schematic view and a photography, respectively.

where the amplitude is u0 = 1, the pulse spread is σ = 0.61 µs and the
central frequency is f0 = 1 MHz. The Fourier Transform of the pulse is
obtained using

ux(ω) =
1√
2π

∫ +∞

−∞
ux(t)e

iωtdt (13)

Now, we consider the sample fabrication. Fig. 6 shows a finite heterostruc-
ture composed by the union of two phononic crystal lattices of four period each
one. In panel (a) we present a schematic view of the heterostructure composed
by two lattices of period d1 = 0.5 cm. and d2 = 0.75 cm., respectively. Both
lattices have a filling fraction f = 0.4. In the first lattice (from left to right) we
have four periods (4d1) and in the second we have four periods d2 (4d2) plus
and additional layer of aluminum. In panel (b) we present a photography of
the sample that we have fabricated in our laboratory. The sample was made
by a careful manual arrangement of the subsequent layers of aluminum and
epoxy. The main challenge in the fabrication process is to avoid to produce
air bubbles in the epoxy. The presence of air bubbles produces an additional
scattering of waves which increases the absorption of the heterostructure.

4 Results

In Fig. 7 we present the band structure for the cases of periods d = 0.5 cm
and d = 0.75 cm, in panels (a) and (b), respectively. The theoretical and
experimental transmission through the heterostructure is illustrated in panels
(c) and (d), respectively. The theoretical transmission is obtained using the
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Figure 7: Panels (a) and (b) present the band structure for the case of periods
d = 0.5 cm and d = 0.75 cm, respectively. In panel (c) and (d) are show the
theorethical and experimental transmission through the finite heterostructure.

TMM which at each frequency considers the propagation of a monochromatic
plane wave. In difference, for experimental transmission we measure the prop-
agation of a Gaussian pulse centered in f0 = 1 MHz and width σ = 0.61 µs
as it is illustrated in Fig. 5. We observe that in all the cases where a band
gap exists, the transmission is negligible. Therefore, each band gap acts as a
barrier to the propagation of longitudinal mechanical waves. This is an ex-
perimental proof that a large phononic stop band can be designed by using
phononic heterostructures as we have suggested in Ref. [9].

5 Conclusion

In conclusion, we have proved experimentally that a giant stop band can be ob-
tained in 1D-PnC using phononic heterostructures. We have properly chosen
the geometric and elastic parameters of the PnC constituents to obtain a large
stop band for longitudinal mechanical waves. We have presented experimental
and theoretical results for heterostructures with two PnC lattices components.
However, it is possible to design heterostructures with more phononic lattices
components if larger stop bands are required. The existence of giant band
gaps in phononic crystal heterostructures may open the possibility of distinct
technological applications.
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