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Abstract The work presented in this paper discusses the transmission properties of elastic waves through
multilayers of spheres which are periodically arranged in a homogeneous host material. The multilayers of
spheres can have different kinds of planar defects. These defects are formed by removing one layer of spheres
or by changing the radiuses or the material of scatterers in some layers. First, the reflection and transmission
matrices of a single layer of spheres are obtained by the multiple scattering approaches and then the reflection
and transmission matrices of multilayers of spheres are derived based on the polymerization method. Numerical
examples are presented for 15 layers of spheres with one central planar defect layer or two symmetrically
arranged planar defect layers. The influences of these planar defects on the frequency-dependent transmission
curves are discussed. It is observed that the band gap can be widened evidently by introducing the planar
defect, and the defect states appear in the band gap consequently. So the elaborately arranged planar defects
are important in designing specific acoustic filters.

1 Introduction

The elastic wave propagation problem through three-dimensional periodic composites formed by arranging
spherical scatterers periodically in a homogeneous host matrix with infinite extension has been studied in recent
years [1-5]. Compared with the elastic wave propagation through random composites with random distributed
spherical scatterers in host material [6-8], there are unique band bap effects in the frequency domain for the
periodic composites. However, the band gap structure is mainly determined by the shape and distribution of
scatterers and the material mismatch between the scatterers and the host. How to adjust the width and mid-
frequency of band gaps when these factors of components are fixed is therefore interesting. Defects that result
in the breakage of periodicity in periodic composites have attracted considerable attention due to their evident
influences on band gaps and their potential application in designing functional sound equipment such as new
acoustical filters and waveguide devices. Point, linear and planar defects are three types of defects classified
in terms of their dimensionality. Defects in a one-dimensional composite are shaped by locally changing the
periodicity of laminar periodical structures, and they can bring about resonance humps in the original band gap
areas. In other word, the introduction of defects in the perfect periodical structure leads to narrow frequency
transmission bands within the forbidden band, namely defect states [9—11]. Compared with the defects in the
periodical laminated structure, the defects in two-dimensional periodical composite material have multifarious
forms and lead to richer physical phenomena. Sigalas used the plane wave expansion method to study the
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propagation of acoustical waves through two-dimensional periodic composites with point and linear defects
[12,13]. Itis found that defects in those structures create localized states inside the band gaps, and it is suggested
that line defects can act as a waveguide for acoustical waves, while point defects can be used as acoustical
filters. Torres et al. [14] discussed also the surface states and localization phenomena in linear and point defects.
Kafesaki et al. [15,16] mainly studied the wave guides in elastic wave band gap materials by using the finite
difference time domain method. By decoupling the longitudinal and transverse vibrations in a solid host, Wu
et al. [17-19] studied the point defect states in two-dimensional arrays of water cylinders in a mercury host.
However, the influences of defects in the three-dimensional composite on the band gap of a periodic structure
have been less studied up to now. Chandra et al. [20] studied the propagation of acoustical waves along the
waveguides existing in three-dimensional composites of spherical lead inclusions. The waveguide structures
were constructed by removing a row of inclusions from the perfect crystal along some chosen crystallographic
direction. Psarobas et al. [21] studied the effect of planar defects in three-dimensional composite of spherical
scatterers on the transmission spectrum. It was found that a plane of impurity spheres introduces modes of
vibration localized in this plane at certain frequencies within a band gap of a pure phononic crystal. These
modes of vibration show up as sharp resonances in the transmittance curves of elastic waves incident on a slab
of the crystal. However, only one type of planar defect, namely the radius of spheres in one layer being smaller
than in the other, was considered.

In this paper, the transmission behavior of incident elastic waves through periodically arranged multilayers
of spheres with different kinds of planar defects is discussed. These planar defects are separately formed by
changing the radiuses and the material of spheres in one layer or by removing one layer of spheres from the
periodic composites with multiple layers of spheres. Moreover, not only one planar defect layer located in
the middle of a slab but also two planar defect layers arranged symmetrically are studied. The transmission
coefficients are calculated for one planar defect and two planar defects, respectively. The influences of planar
defects on the band gaps and the defect states appearing in the original band gap are discussed based on the
numerical results.

2 Transmission coefficient through multilayers of spheres

The reflection and transmission coefficients of a single layer of spheres have been studied in a previous work
[22]. Here, a short review is given. When an incident plane wave impinges a layer of spheres embedded in
a homogeneous isotropic medium, the incident wave and the scattered wave can be expressed in the form of
plane waves as
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where the sign + (—) indicates the propagation direction of the plane waves from left (right) to right (left); u ()
and u g (r) represent the displacement fields of the longitudinal and transverse plane elastic waves, respectively;
g is the reciprocal lattice vector; and k is the wave vector.

The expansion coefficients of the scattered waves and the incident wave can be related by
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The first terms in the right hand sides of Egs. (3a) and (3b) represent the transmission amplitude and the
reflection amplitude when the incident wave comes from the left side of the layer of spheres; the second terms
represent the reflection amplitude and the transmission amplitude when the incident wave comes from the right
side of the layer of spheres. For the explicit expressions of the matrix M qu refer to [20].
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It is noted that all plane wave expansions, including the incident waves and the scattered waves, are relative
to the central scatterer in the layer. Therefore, the total displacement amplitudes at the plane z = 0~ (side 1)
and at the plane z = 0" (side 2) are, respectively,
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If the side 1 and side 2 are used to indicate the planes at z = —a and z = +a, respectively, Egs. (8) and (9)
should be replaced by
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where
QU = LAY Brdey + ALMEL A,
Aj = diag (exp (iskf(glza) , exp (iskfc'gzza) ,...eXp (iskf(gNZa)) .
For convenience of use in the following, Egs. (10) and (11) can be rewritten as

U"(D=RTUT()+T " (HU (), (12)
UtQ)=T""U" () +R" (HU (2). (13)

Because the energy flux of the longitudinal wave and the transverse wave can be, respectively, estimated by

2
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the transmission and reflection coefficients of a single layer of spheres can be estimated by
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Now, let us formulate the reflection and transmission of multilayers of spheres by using the polymerization
method. For the sake of clarity, we use Tf 7 and Rf ? to represent the transmission and the reflection matrices
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Fig. 1 The reflection and transmission through multilayers of spheres. a Reflection and transmission by a single layer of spheres
when the incident wave is from the left; b reflection and transmission by a single layer of spheres when the incident wave is from
the right; ¢ reflection and transmission of (n 4 1) layers of spheres

of a single layer of spheres; 57 and R} to represent the transmission and the reflection matrices of n layers
of spheres; £ (&’) to represent an incident plane wave on the single layer of spheres from the left (right);
and x " ( X’) to represent the plane wave traveling from left (right) to right (left) between the single layer
of spheres and the n layers of spheres, see Fig. 1. The transmission wave and the reflection wave of the
single layer of spheres for a left (right) incident wave £ (§7) can be expressed as T{&" (T77&7) and
R1_+§ + (RT_E_), respectively. Correspondingly, the transmission and reflection waves of (n + 1) layers of
spheres can be expressed as T:[j_'lé * and R;j_rlé * for a left incident wave & . Then, the displacement field at
two sides of a slab with (n 4 1) layers of spheres can be obtained by a polymerization approach, namely

U()=R, " =R " +T7 %", (16)
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Equation (16) means that the reflection wave field of the (n 4 1) layers of spheres consists of two parts.
One is the reflection wave field of the single layer of spheres triggered by the left incident wave field £, and
the other is the transmission wave field of the single layer of spheres triggered by the right incident wave field
x . Equation (17) means that the transmission wave field of the (n 4 1) layers of spheres is triggered by the
left incident wave field x ™ impinged on the n layers of spheres. Equation (18) means that the wave field x ™
consists of two parts. One is the transmission wave field of the single layer of spheres triggered by the left
incident wave field £, and the other is the reflection wave field of the single layer of spheres triggered by the
right incident wave field x ~. Equation (19) means that the wave field x ~ is the reflection wave field of the n
layers of spheres triggered by the left incident wave field x ™. Eliminating the x ™ and x ~ of Egs. (16-19), the
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iterative formulas of the transmission and reflection matrix of (n + 1) layer of spheres are obtained:
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From Egs. (20) and (21), the transmission and reflection matrices of any multilayers of spheres can be
obtained by repeating the polymerization process when the transmission and reflection matrices of every
single layer, namely Tf 7 and Rf 4. are given. Then, inserting U (1) = R;j:lé Tand U (2) = T;:lé * into Eq.
(15), the reflection and transmission coefficients of any multilayers of spheres can be calculated.

3 Numerical results and discussion

In the numerical examples, the periodic composites are composed of 15 layers of steel spheres embedded in a
polyester host matrix. The material parameters of steel sphere are p = 7800 (kg m?), ¢; = 5940 (ms™ 1), ¢, =
3200 (ms~ 1), r = 0.25a¢, and the material parameters of polymer host are p = 1220 (kg m3), ¢ =
2490 (ms~ 1), ¢, = 1180(ms™"). The steel spheres are arranged in a hexagonal lattice in the plane paral-
lel to the plane oxy, and the lattice constant is ag, see Fig. 2. Fifteen layers of spheres are arranged parallel
and aligned to each other, and the spacing between two adjacent layers is d = ay.

Figure 3 shows the transmission coefficients of normal incident longitudinal and transverse waves. It is
observed that there is a frequency range which extends from the normalized frequency wag/co = 2.05 up to
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Fig. 2 Sphere layers parallel to the xy-plane with spherical scatterers arranged on sites of the hexagonal lattice
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Fig. 3 The transmission coefficients at different frequency of normal incident wave. a Incident longitudinal wave; b incident
transverse wave
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Fig. 4 The influences on transmission coefficients and the defect states of one planar defect layer created by changing the
radiuses of scatterers of the eighth layer of spheres (cy is the speed of the longitudinal wave in the host medium). a rg = 0.10ag;
b rg = 0.15a¢; ¢ rg = 0.35a¢; d rg = 0.40aq. The radius of spheres in other layers is 0.25a(

wagp/co = 2.65 in the transmission curves of longitudinal incident wave, and within this range, the transmission
coefficients are nearly zero. This frequency band with nearly zero transmission corresponds to the forbidden
band of an infinite periodical structure. Its width may differ for different number of layers of spheres, but 15
layers of spheres already have a good convergence which is asymptotic to the forbidden band of an infinite
periodic structure. As similar phenomenon is observed for the transmission curves of incident transverse
waves. However, there is more than one forbidden band observed in the frequency range considered. The first
forbidden band extends from the normalized frequency wag/co = 1.15 up to wag/co = 1.60, and the second
forbidden band extends from the normalized frequency wag/co = 2.85 up to wag/co = 3.15. It is known that
the forbidden band is the unique property of the periodic structure. The introduction of defects will result in
the destruction of periodicity and therefore will impose influences on the forbidden band evidently.

Figure 4 shows the influences of one planar defect on the transmission curves. The planar defect is created
by changing the radiuses of spheres in the eighth layer. Such a planar defect in the multiple layers of spheres
results in one or multiple transmission resonances that appear at a certain frequency within the band gap. These
transmission resonances signify the existence of modes of vibration of the elastic field that extend to infinity
parallel to the surface of the slab in the manner of a Bloch wave, but decay rapidly normal to the planar defect
on either side of it. Such a state of the elastic field centered on the planar defect is usually called defect state. It
is observed that there is only one defect state appearing when the radius of the identical spheres in the eighth
layer is smaller than that in other layers. But there are more than one defect states appearing when the radius
of identical spheres in the eighth layer is greater than that in other layers. Moreover, the introduction of planar
defect makes the width of the band gap evidently wider. The lower edge has no notable shift, but the upper edge
shifts evidently toward a high frequency when the radius of the spheres in the eighth layer increases gradually.
This results in the wider band gap.
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Fig. 5 The influences of one planar defect layer created by replacing steel spheres of the eighth layer by a glass spheres; b
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Fig. 6 The influences of one planar defect layer created by removing the eighth sphere layer

Figure 5 also shows the influences of one planar defect on the transmission curves. But the planar defect
is formed by replacing the steel spheres in the eighth layer with the glass spheres, aluminum spheres, copper
spheres and lead spheres, respectively. In contrast, the influences of one planar defect formed by changing
the physical property of spheres are much smaller than of one formed by changing the radius of spheres. The
only noticeable change takes place when the steel spheres in the eighth layer are replaced by the heavier lead
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Fig. 7 The influences of two symmetrical planar defect layers created by changing the radiuses of scatterers of the seventh and
the ninth layers. a r79 = 0.10a¢; b r7,0 = 0.15a¢; ¢ r7,9 = 0.35ap; d 7.9 = 0.40a¢. The radius of spheres in other layers is
0.25aq

spheres. In this situation, the lower edge of the band gap shifts toward a low frequency and thus the band gap
is widened slightly.

Figure 6 shows the influences on transmission curves by another kind of planar defect, namely when the
spheres in the eighth layer are removed. It is observed that the lower edge of band gap shifts toward a lower
frequency slightly and the width of the band gap does not change noticeably. By comparing Figs. 4, 5 and 6,
it is found that the planar defect formed by changing the radius of spheres is the most effective for creating
defect states among the three kinds of planar defects considered in this paper. Only the planar defect formed
by changing the radius of spheres can widen the band gap evidently and results in the appearance of defect
states. Such a structure can be designed elaborately to be used as narrow band-pass acoustical filters.

After the influences of one planar defect are known, we still want to know what will happen when more
than one planar defect is introduced. In order to answer this question, we further studied the influences of two
planar defects located symmetrically on two sides of the eighth layer. The two planar defects are formed by
changing the radiuses of two layers of spheres at the same time. Our main concerns focus on the change of the
transmission curves when the distance between the two planar defects increases gradually.

Figure 7 shows the transmission curves when two planar defect layers are located at the seventh and the
ninth layers, respectively. The distance between the two planar defect layers is 2ag in this situation. It is found
that there are no defect states appearing in the original band gap when the radius of identical spheres in the
defect layers is smaller than that in the other layers (the radius of spheres in the other layers is 0.25ag.). There
is one defect state appear when the radius of spheres in the defect layers increases to r7 9 = 0.35ag, while two
evident defect states appear when the radius of spheres in the defect layers increases to r7,9 = 0.4ay. Figure 8
shows the transmission curves when two planar defect layers are located at the fifth and the eleventh layers,
respectively. The distance between the two planar defect layers becomes 6ay in this situation. It is found that
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Fig. 8 The influences of two symmetrical planar defects created by changing the radiuses of scatterers of the fifth and the eleventh
layers. ars 11 = 0.10ag; b 5,11 = 0.15a0; ¢ r5.11 = 0.35a¢; d rs,11 = 0.40a¢. The radius of spheres in other layers is 0.25a¢

there is one defect state appearing in the original band gap when the radius of spheres in the defect layers is
smaller than that in the other layers. When the radius of spheres in the defect layers increases to rs 11 = 0.4ay,
there are four evident defect states appearing. This observation means that the bigger distance between two
planar defect layers can make the defect states appearing more easily. This is due to the extra interference
between two planar defect layers.

Apart from two symmetrical defect layers, the case of asymmetrical arrangement of two defect layers is
also interesting. In order to investigate the case, two defect layers are asymmetrically arranged at the seventh
and the eleventh layers instead of at the seventh and the ninth layers. Figure 9 shows the transmission curves in
this situation. By comparing Figs. 7 and 8 with Fig. 9, it is found that asymmetrically arranging planar defects
makes the defect states in Fig. 8a, b disappear and the defect states in Fig. 8d blurry. These observations signify
that arranging planar defects asymmetrically does not help to enhance defect states.

4 Conclusions

There are some forbidden transmission bands where the transmission coefficients become nearly zero when the
elastic waves propagate through periodically arranged multilayers of spheres. These forbidden transmission
bands correspond to the stop band appearing in a perfect periodic structure. The introduction of defect layers will
result in the destruction of periodicity and therefore activate the defect states (the narrow band of transmission
within the stop band). The planar defect can be created by changing the radius or the material of spheres in one
specific layer and even by removing one layer of spheres. However, it is found from the numerical simulations
that changing the radius of identical spheres in one layer is the most effective way to create the defect states.
A smaller radius of spheres in the defect layer contributes to the appearance of the lower frequency defect
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Fig. 9 The influences of two asymmetrical planar defects created by changing the radiuses of spheres in the seventh and the
eleventh layers. a r7 11 = 0.10ag; b r7,11 = 0.15a0; ¢ r7,11 = 0.35a0; d r7,11 = 0.40a¢. The radius of spheres in other layers is
0.25a¢

states, but a larger radius of spheres contributes to the appearance of the higher-frequency defect states. Two
planar defect layers with symmetrical arrangement can further enhance the number and the quality of defect
states which appear in the stop band of the perfect periodical structure. The asymmetrical arrangement of two
planar defect layers does not help the creation of defect states and the improvement in quality of the existed
defect states. The existence of defect states signifies that it should be possible to produce extremely narrow
band filters by the introduction of different kinds of planar defects in the periodical structure. The present
study provides some useful information for the design of specific acoustical filters by the use of periodically
arranged multilayers of spheres with elaborately arranged planar defects.
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