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Suzuki phase in two-dimensional sonic crystals
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In analogy with the structures discovered by Suzuki in alkali halides, in this article we introduce a two-
dimensional acoustic system consisting of a periodic distribution of impufit@sanciesin a host array. A
triangular lattice of cylindrical sound scatterers is chosen as the host. The sonic crystal, called the Suzuki
phase, shows extraordinary sound transmission properties: it holds the attenuation bands of the host structure
and it also presents additional ones associated to the periodicity of the missing cylinders. The experiments
agree with predictions based on the calculated acoustic band structure and they are explained by an analysis of
eigenstates.
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It is known that in periodic composite media multiple twice the one of triangular lattice aritd) sound transmission
scattered waves interfere to open frequency gaps whemxperiments show attenuation bands around frequencies as-
propagation is forbidden. This behavior is typical of any kindsociated to the vacancies that were not observed in the start-
of wave: acoustic, elastic, electromagnetic, and even eledng triangular lattice.
trons inside crystalline materials. Although it is quite an old ~ The Suzuki phase defines a SC that can be described as a
topic! nowadays we have the appropriate tools to face théectangular lattice with a basis of three cylinders in the
problem. In the field of acoustics, a periodic structure madérimitive cell. In Fig. 1a) the primitive vectors of the Bra-
of materials with different acoustic properties is called sonicvais lattice area; =2ax and a,=a\/3y, wherea is the dis-
crystal(SO). tance between nearest neighbor cylinders. The positions of

The acoustic bands of infinite SC’s are currently obtainedhe three cylinders on the basis ah=a(1,0), d,
by several Fheoretical approacﬁég.Erom the experimental =ga(2 ,/3/2), andd;=a(3,/3/2). Notice that the structure
side, experiments of sound transmission have been reported the basis holds the triangular symmetry. To characterize
that confirm prediction3~ The works focussed on the hjs system we also need the radius of the cylindecs the
search of mechanisms for band gap control are specially infaction of the unit cell occupied by the cylindefs (filling
teresting. Thus, Kuswaha and Hafé\proposed the fabrica-  fraction). As long as the cylinders do not overlap each other,
tion of multlperlodu_: struptures _to open stop bands at desire¢he three parameters are related by the expression
ranges of frequencies with gl)lreﬁxed quth. On the other hand,__(m/glz) (R/a)2. The reciprocal space and its correspond-
the work of Caballercet al.” was carried out in order 0 o4 Brillouin Zone(BZ), which is rectangular, are plot in Fig.

understand the role of symmetry in determining the bandga&(b) The four special points in the BZ arE=(0,0)
width. It is clear that if we could control acoustic gaps we ™ e

would be able to make a true engineering of the band gap
and, consequently, to design simple structures that suit our (a) (b)
necessities: acoustic screens, filters, or wave guides.
When looking for mechanisms of sound control, solid .
state physics is a very good source of ideas to export to the
field of acoustics. Thus, Suzuki discovered that some alkali &y
halide can be doped with divalent cations to produce a new d, °
ionic compound with periodically distributed vacancies and
lattice parameter roughly twice the original offélhe com- >
pound was called the Suzuki phase. It retained properties of g ' y
the initial compound and new properties arosed as a conse- L4 1 et
guence of the translational symmetry imposed by the vacan-

cies. FIG. 1. (a) Schematic plot of the Suzuki phase structure under
Following Suzuki’s idea, we started with a triangular lat- study in this work. The circles represent the cylinders, the dotted

tice of rigid cylinders in air and we made a rectangular arrayrectangle defines the unit cell, and the hollow circles are the basis in

of vacancies taking out cylinders to arrive at the structure othe cell. The parameters are explained in the té).lts corre-

Fig. (a). This new structure is called Suzuki phase becauseponding reciprocal space. The area inside the dotted rectangle is

of the following features(a) its lattice parameter is roughly the Brillouin Zone. The letters define the high symmetry points.

>
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FIG. 2. (right pane] Sound at-
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phase(Fig. 1) and the triangular
lattice. The cylinder radiuR is 2
4 1500 cm, and the parametex is 6.35
cm (left pane). Acoustic bands of
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sents the acoustic gap associated

Suzuki phase ] with the lattice of vacancies.
4 500

2000 - 2000

1500

Frequency (Hz)

1000

_________ Triangular lattice

1 I il 1 L 1 1 1 1 1 L 0
-10 -5 0 5 10 15 20
r X,

Attenuation (dB)

X1=(7/2a)(1,0), X,=(m/a)(0,1N3), and M=(m/a) x103 gcm 3c,=340 ms?) and rigid cylinders made
X(%,11/3). of aluminum (paum=2.73 gcm3,cyum=6800 ms?t).

With regards to experiments, they were performed insideS0, we are dealing with a composite having a huge density
an echo free chamber. The samples were made of aluminuand sound velocity contrastgigum/pair=2000, Cqum/Cair
cylinders 1 m long and 2 cm radius. They were hanged on &= 20.
frame, which can rotate around the vertical axis in order to Since we are using the acoustic equation, the shear waves
easily explore different directions of sound propagation. Thenside the cylinders are ignored. This approximation is good
lattice parameter of the triangular lattice were 6.35 @m ( enough because the density contrast between air and alumi-
=6.35 cm). The Suzuki phase structlisee Fig. 1a)] was  num is so high that the penetration of acoustic waves inside
composed of 246 cylinders and its filling fraction is 0.27 the cylinders can be neglectBdEquation(1) is solved by a
(R/a=0.31). The triangular lattice was made with 311 cyl- variational method in which the pressure was expanded in a
inders and its corresponding filling fraction id¢ linear combination of Bloch functions built from spline-
=(2m/\/3)(R/a)?=0.36. Zero-order transmission experi- based polynomial3. Satisfactory results are obtained
ments were performed to characterize both samples. Brieflyyith 100 functions in the linear combination, but we can
in the experiment the sound produced by a omnidirectionagasily go as far as 1500 function in order to ensure accurate
source was recorded by two microphones: the first @e results.
rect microphong received the signal straight from the Figures 2 and 3 show the comparison between theory and
source, while the secon@nterfered microphonerecorded experiment for the systems studied. The left panels display
the signal that crossed the sample. Both signals weréhe dispersion relations along th&; andI'X, directions for
compared in order to obtain the attenuation spectrumthe sample parameters. The right panels plot the measured
Details of the experimental set up can be found in Refs. Bttenuation spectra. In the Suzuki phase casmtinuous
and 9. lines), the agreement between predicted gaps and attenuation

To calculate the acoustic dispersion relations infinitepeaks is remarkable in the low frequency region
long cylinders are considered. The mathematical problenfr<2400 Hz) in both directions. The attenuation bands ob-
consists of solving the acoustic differential equation with pe-served at higher frequencigsshere bands existare pro-
riodic boundary condition in the two-dimensional space duced by other mechanisms, such as the existence of deaf

=(x,y): bands and/or by and energy transfer to higher Bragg orders
when the sound leaves the sample. For the full triangular

Vp(r) ? array (dotted lineg the acoustic bands are plotted in the BZ
( (1) (1T p(r)=0, (1) defined by the Bravais lattice of the Suzuki phase for an easy

comparison. In this case, alodtX, (Fig. 3) the attenuation
wherep is the pressure and is the angular frequency of the band observed in frequencies 2200—-3400 Hz agrees fairly
steady state. In additiop, andc are the mass density and the well with the gap predicted at the very same frequency re-
velocity of sound, respectively. They are functions of thegion. On the other hand, alodgX, the attenuation measured
position and contain the symmetry of the systems. Our strucat frequencies higher than 2400 Hz are originated by the
tures are composed of air as background matepigl)€1.3  mechanisms mentioned above.
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Let us stress that the attenuation spectra of both latticemverlap as this parameter increases. What is more,
triangular and Suzuki phase, practically coincide in the highpseudogaps are opened between every band at the special
frequency region. That is also true for the acoustic bangoints of the first BZ, no matter how lovy is. This property
structure; though gaps are opened in the low frequency ras characteristic of the rectangular symmetry and it can be
gion, at high frequencies similar dispersion relation is ob-predicted by group theory: none of the point groups of the
tained. This result shows the dual behavior of the SC definedpecial points of the BZ have got irreducible representations
by the Suzuki phase. Since the Suzuki phase presents atteraf-dimension greater than'#.So we expected that all acci-
ations not shown in the triangular array, we can assign thosdental degeneracies at the boundary of the BZ split up, even
features to the rectangular lattice of vacancies. This assigtwith very thin cylinders.
ment is further supported by the Bragg peaks of a rectangular Finally, in what follows theoretical arguments are used
array of scatterers in air placed at the vacancy positionan order to understand the dual behavior of the Suzuki
Their values alongI’'X; and I'X, directions [w(X;) phase. They are based on the analysis of the eigenstates of
~Caikx ] are, respectively, 1339 and 1546 Hz, whichthe SC.

agree with the experimentsee the shadowed stripes in Figs.
3, 4).

The discussion above permits to obtain the following con-
clusion regarding the sound transmission properties of the
Suzuki phase. At wavelengths larger than, or comparable to
the periodicity of this SC, the vacancies behave as if they~ 20
were a true lattice of sound scatterers in a background. Ort\uﬁ
the other hand, at lower wavelengtilarge frequencies 8
the sound transmission properties are controlled by the symc
metry of the basis in the unit cell, which in our case is B
triangular. This result is the key point of this work, and it

2.4
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can be generalized to any structure based on similar pring 12 |ZZZA T,
ciples. i I, Experimental
The behavior of the gaps in the Suzuki phase as a functior (T ™ system \
of the ratioR/a has also been theoretically analyzed. The 08 . . _ . . .
dispersion relations were calculated fgyranging from 0 to 00 04 o2 0.3 0.4

55 % (almost touching cylindejsi.e., 0<R/a<0.45. Figure
4 depicts the map for the gaps between the first and seconu

bands. A full band gap exists fét/a=0.36, which, in com- FIG. 4. Gap magin reduced unitsfor the Suzuki phase struc-
parison with that of the triangular lattice, is completely newyre (see Fig. 1 Only pseudogaps between the first and second
and appears at frequencies half of the gap found in the triamyands are plotted as a function of the ratio between cylinder radius
gular symmetry. On the other hand, it is worthy to note that(R) and nearest neighbor distance)( A full gap develops for
pseudogaps exist for very low ratia and they spread and R/a=0.36

Radius (R/a)
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Let us recast Eq(1) in the following operator form:
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wherew? is the eigenvalue anpthe eigenstate. It is easy to

demonstrate that operatén's definite positive andl is Her-
mitian.

A variational principle can be extracted from the Eg)
as it was done in electromagnetism for photonic crystalf.
eigenstate9(r) are normalized, it can be stated that the
eigenfrequencies of the system are the stationary values of
the functional
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p(r) p(DI"dr.

This functional establishes that lower frequency eigenstates
have got maximum variation of pressure inside high density
regions. In our system it means that variation of pressure
must be confined inside the cylinders. This feature will help
to understand the pressure pattern of eigenstates if2Eq.
and their dominant symmetry characters.

Figures. 5 show the contour lines of two eigenstates of the
Suzuki phase: Fig. (8) presents the one at thé, point
which belongs to the second bafick., at the end of the first
attenuation pegkwhile Fig. 5b) is the one also in the sec-
ond band, but at th€ point. In this kind of plot the density
of lines is a measure of the gradient’s modulus: the denser
the lines, the higher the gradient. So that, in accordance with
the variational picture, contour lines tend to be localized in-
side the cylinders, and so it is the pressure gradient. This
feature is present on both patterns.

Now, with the help of the variational principle, let us
discuss why the eigenstate in Figabhas the character of
the rectangular symmetry imposed by the vacancies while
the one in Fig. ) has a predominant triangular character.
Since the frequency associated with the state in Fig). i5
lower than the one of Fig.(b), we expect pressure’s gradient (b)
to be more localized inside the cylinders than outside. This is
clear at vacancy places because the contour lines are more
separated in Fig. B (the low frequency stajethan in
Fig. 5b), where the contour lines approach each other. |
other words, the pressure lines in Figbpbehave as if there
were an increase of density in the vacancy positions. Thi
last feature let us conclude that eigenstate in Fip) Bas
a triangular character because it has a pressure pattern
similar to the one expected in arrays of sound scattererkttice still remain in the spectra at higher frequencies. An
with such symmetry. Also notice that above this state attenuituitive picture derived from the fundamental properties of

rPand structure of Fig. 3a) At the X, point of the second bandb)

ﬁonal to the pressure’s gradient.

FIG. 5. Surface line plot of two band-edge states in the acoustic

At theI" point of the second band. The white circumferences define
the cylinder positions. Notice that the density of lines is propor-

ation of both structures, Suzuki phase and triangular, cointhe wave equation for sound propagation has helped us to
cides. understand the inner processes responsible for this unex-

In summary, we have reported astonishing sound trangsected result. We conclude that lattices of vacancies embed-
mission properties of a new SC consisting of a rectangulaged in a SC can be used as a smart mechanism of sound

lattice of vacancies embedded in a triangular array of soungontrol in these materials.

scatterers in air. This SC, which has been called Suzuki )

phase, presents stop gaps for sound transmission at frequen-This work was partially supported by the Comisinter-
cies related with the symmetry imposed by the vacancies. Aministerial de Ciencia y Tecnologiof Spain, Contract No.
the same time, attenuation bands of the underlying trianguldvlAT97-0698-C04.
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