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We amplified acoustic evanescent waves using metamaterial slabs with a negative effective density. For
the amplifying effect of the slab to overcome the dissipation, it is necessary that the imaginary part of the
effective density is much smaller than the real part, a condition not satisfied so far. We report the
construction of membrane-based two-dimensional negative-density metamaterials which exhibited re-
markably small dissipation. Using a slab of this metamaterial we realized a 17-fold net amplitude gain at a
remote distance from the evanescent wave source. Potential applications include acoustic superlensing.
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The amplification of electromagnetic evanescent waves
was provided by slabs of negative-permittivity materials
and eventually led to superlensing [1-11]. For acoustic
waves, Ambati et al. theoretically demonstrated that a
slab of metamaterial with a negative density (p-NG) can
amplify evanescent waves [12]. The amplification of
acoustic evanescent waves using metamaterials, however,
has not been realized so far due to the dissipation problem.

Previously reported two- or more-dimensional p-NG
materials consisted of fluid with embedded floating double
resonators, which consist of inner and outer mass coupled
by springs [Fig. 1(a)] [13-15]. When the outer mass is
subject to a sinusoidal driving force, the inner and the outer
mass move 180° out of phase in a certain frequency range.
In this case, even though the acceleration of the center of
mass of the total double resonator system is along the
direction of the applied force, the outer shell accelerates
in the opposite direction, making the effective mass nega-
tive. However, the motion of the filling fluid outside the
double resonator is along the inner mass, opposite to the
motion of the outer shell. Since the outer shell is in direct
contact with the fluid, this opposite motion inevitably
results in a heavy velocity shear in the fluid and a consid-
erable dissipation.

To eliminate this loss, it is necessary to find a method to
make the fluid move together with the double resonator. In
this Letter, we present the idea of using membranes as
shown in Fig. 1(b). Membranes block the fluid and, thus,
make the average velocity of the fluid the same as that of
the outer shell. This structure has an additional advantage
that the membrane also functions as a sustaining structure
of the double resonator in place. Some tension is needed
for the membrane to be able to hold the fluid to move with
the outer shell. This tension, however, adds an action that
was absent in the original double resonator system: The
membrane gives an extra force on the outer shell when it is
displaced from the original place. Even though this addi-
tional force alters the dispersion relation of the effective

0031-9007/11/107(19)/194301(5)

194301-1

PACS numbers: 43.90.+v, 43.40.+s

density, it does not change the occurrence of the negative
density. Since all we need is a negative density with small
dissipation, this change is acceptable.

Remarkably, it turns out that the restoring force term
from the stretched membrane alone can generate negative
density [16]. In other words, the membrane in the structure
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FIG. 1 (color online). Progress of the idea for a negative-
density metamaterial with small dissipation. (a) Lattice of
double resonators embedded in a fluid. (b) Membranes are
installed to make the fluid move together with the double
resonator. (c) Structure with the membranes that generates a
negative density.
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shown in Fig. 1(b), introduced to block the fluid, makes the
negative-density-generating action of the double resonator
redundant. That is, we can remove the double resonator in
the structure 1(b) and still get the negative density. When
the double resonators in the structure 1(b) are removed, it is
rendered to the structure shown in Fig. 1(c), which consists
only of the stretched membranes. It is the structure 1(c) we
fabricated for the amplification of acoustic evanescent
waves, even though the structure 1(b) would have also
given successful results.

We constructed 2D p-NG acoustic metamaterial as
shown in Fig. 2. The unit cell is a square-shaped compart-
ment of dimension 43 mm X 43 mm consisting of 2 mm
thick plastic walls with round openings. These openings
are of 15 mm radius and accommodate 0.01 mm thick low
density polyethylene film stretched to 65 N/m tension and
attached airtight to the rims. The top and bottom of each
compartment are covered with 5 mm thick plastic plates:
The whole assembly of 128 compartments was built on a
large bottom plate as shown in Fig. 2(a), and then a large
plate was placed on top. The resulting air-filled metama-
terial structure is a two-dimensional version of the previ-
ously reported 1D p-NG structure based on thin tight
membranes [16—18]. The top and bottom plates were larger
than the metamaterial slab and extended out to both sides
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FIG. 2 (color online). (a) The unit cell consists of four iden-
tical windows of thin elastic membranes. Photo of two-
dimensional p-NG acoustic metamaterial with the top cover
removed. (b) The equivalent circuit of the unit cell.

of the metamaterial. Beyond the left and the right ends of
the metamaterial, there was nothing but air between the
two plates. Therefore, two air-metamaterial interfaces
were formed. The p-NG metamaterial slab shown in
Fig. 2(a) turned out to have extremely small loss and
amplified acoustic evanescent waves.

The effective density of the present system, which is
clearly isotropic due to the square lattice structure, can be
obtained by considering plane waves propagating along the
[1,0] direction, which we designate as the x direction.
Since the particle velocity has only an x component, the
windows oriented parallel to the x direction do not move at
all. This structure, then, cannot be distinguished from the
previously reported 1D p-NG structure exhibiting an ef-
fective density and modulus given by [16-18],

w?

Pett = P/(l - w—Z) B = By, (D

where p’ and B, are the averaged mass density of air and
membrane and the modulus of air, respectively.

Now, we shall use the transmission line model [19-22]
to analytically demonstrate that the effective parameters of
our system are indeed as described by Eq. (1). Our acoustic
system can be represented by the two-dimensional array of
the unit circuit structure shown in Fig. 2(b). The voltage V;;
at the cross junction above the shunt capacitor C corre-
sponds to the pressure in the unit cell at the ith row (along
the x axis) and jth column (along the z axis). Also, the
current ;. ;, for example, represents the volume flow of
air from the cell (i, j) to the cell (i + 1, j). Shunt capaci-
tance C and series inductance L are proportional to the
compressibility (C < Q/B,) and mass (L < M /S?) of the
system, where (), S, B,, and M are the volume, cross
sectional area, bulk modulus, and mass of the unit cell,
respectively [21]. In this analysis, membranes can be con-
sidered as series capacitors C,, in the circuit [19]. The
currents are related to the voltages according to
Kirchoff’s laws [22]:

d 1
Vij = Vijn =L lijrp + c. /Ii,j+1/2dt,
d 1 ,
Vij=Via,; = LEIHI/Z,j + c. Livyp0,;dt, 2

Lijoipp t 1icipnj = Liviyj — Lijjy1p=C T

Since the lattice constant a is much smaller than the
wavelength A, the discrete nature of the structure can be
homogenized, and the circuit array can be regarded as a
continuous 2D transmission line with the voltage distribu-
tion V(x, z) and the current density J(x, z). The current
density in 2D space has the dimension of A/m. By using
harmonic expressions, Eq. (2) becomes
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VvV = (iwL' o )i = iwL ],

R 3)
V-J=ioCV=ioClV,

where L', C!,, and C' are “‘per-unit-area” quantities of the
series inductance, the series capacitance, and the shunt
capacitance, respectively. It can be shown that, for a square
lattice, L' = L, C!, = C,,, and C' = C/a*. From Eq. (3),

we obtain
2
w
! — ! — c
Liy=1L (1 F)

where w,. = /1/(L'C),).

The physics in the circuit maps exactly to that in the
acoustic metamaterial, and there are one-to-one corre-
spondences for all quantities. The constitutive parameters
L for the circuit corresponds to the effective mass density
of the system and the Cl; to the bulk modulus. From

Eq. (4), it is clear that p.s = p'v/1 — w2/w? and that the
effective bulk modulus B, remains the same as that of air
B,, B = B,, because the per-unit-area shunt capacitance
C' is proportional to the compressibility of air. Therefore,
from the analysis using circuit representation, we theoreti-
cally proved that the effective density and modulus of our
2D p-NG system are as given by Eq. (1).

We experimentally demonstrate net amplification of
acoustic evanescent waves provided by this metamaterial
slab as shown in Fig. 3. An acoustic evanescent wave was
generated by using an array of four identical speakers:
Each speaker is represented by the dots marked with
“+” or “—" in Fig. 3. The four speakers are connected
to a 462 Hz signal source, but the leads for those two
speakers marked with — are connected in exchanged polar-
ity so that the sound coming from them is 180° out of phase
from those marked with +. Since the spacing of the
speaker array (23 cm) is shorter than the half wavelength
(37 cm), the evanescent waves shown in Fig. 3(a) are
generated. It can be seen that there is practically no signal
left in the region z > 0. The pressure amplitude of the
evanescent wave, measured as a function of z at x of a
speaker, is shown with solid circles in Fig. 3(a): Rapid
decay of the evanescent wave is clear.

Figure 3(b) shows the experimental result of the pressure
profile when the metamaterial slab was inserted. The signal
in the region z > 0 was significantly enhanced and became
clearly visible. About 17-fold net amplification was ob-
tained. Square points are the experimental pressure ampli-
tude data along the z direction at x of a speaker.
Interestingly, the pressure amplitude was increased on the
left side of the slab as well. This indicates that, as pointed
out by Ambati et al., a resonance was taking place in the
metamaterial slab.

The net amplification is dependent on the dissipation of
metamaterial [23]. The dissipation, accounted as the
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FIG. 3 (color online). Amplification of evanescent wave with
wave vector k = 1.6k, and f = 462 Hz. Pressure amplitude was
normalized with the amplitude at the source without a metama-
terial. Color maps represent the distribution of acoustic pressure.
(a) The amplitude of the evanescent pressure field without a
metamaterial. (b) The amplitude of the evanescent pressure field
with a metamaterial.

imaginary part of the density, can be calculated from the
net amplification and thickness of the slab [8—12]. In our
system, the imaginary part was about 4% of the real part of
the density. The dissipation is remarkably small because
the membranes move together with the fluid.

As surface plasmons are excited on negative-
permittivity materials, novel acoustic surface excitations
are expected to be excited on a p-NG acoustic metamate-
rial [12]. We observed such surface waves excited by a
point source placed at a corner of the metamaterial surface
as shown in Fig. 4(a). To make the intensities of the surface
waves better detectable, we generated standing waves of
the surface waves by making the length of the interface
finite. Since the point source has Fourier components for
all possible wave vectors, standing waves with the right
dispersion for the given frequency were generated. One of
the typical standing surface waves is shown in Fig. 4(b): It
is an experimentally measured ‘“‘snapshot” of pressure
distribution in the air side at the frequency of 462 Hz.
The wavelength of this surface wave was Ay, = 0.46 m,
which was smaller than the wavelength in air Aq = 0.74 m.
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FIG. 4 (color online). (a) Schematic diagram of the experi-
mental setup to measure the dispersion relation of the acoustic
surface waves. A point source was used to excite the surface
waves. (b) Pressure distribution of the surface wave in the air
at f = 462 Hz. The interface between the air (z > 0) and the
metamaterial (z <0) is indicated by the z =0 plane.
(c) Theoretical and experimental dispersion relation of the
acoustic surface wave. Experimental results agree excellently
with the theoretical curve calculated from Eq. (5). The wave
vector diverges at the frequency where poy = —p,.

The wave vectors kg, = 27/ A, determined for the fre-
quencies that gave standing waves are shown in Fig. 4(c).
The dispersion of the surface wave is given by kg, =

kov/ Petr/(Pa + peir) [12], where kg is the wave vector in

air. The wave vector of the surface waves is explicitly
obtained by using Eq. (1):

k() = ko[l N Zt/l(zwzz):l_(lm’ 5)

W — w;

where p, is the density of air. The theoretical curve from
Eq. (1) agrees excellently with the experimental data, and
the dispersion curve has exactly the same shape as that of
the plasmon on a metal surface. We observed acoustic
surface waves theoretically predicted by Ambati et al.,
and the wave characteristics are similar to those of the
surface plasmons on the metal. The wave vector diverges
to infinity at the frequency w, = w/p'/(p’ + p,), or
w; = 0.73, w. = 534 Hz for the present system.

The amplitude ratio of two surface waves on the two air-
metamaterial interfaces is sensitively dependent on the
thickness and the dissipation of the slab [23]. The dissipa-
tion can be calculated from the amplitude ratio of surface
excitations on the metamaterial surfaces [8,12]. In our
metamaterial, the absolute value of estimated dissipation
is 0.07p, < |pesrl = 2.10 kg/m>. Reasons for this small
dissipation are as follows: (i) The surface waves were
excited at the frequencies below 0.73w,, and, thus, dis-
sipation related to local resonance was negligible. (i) In
the metamaterial consisting of membranes, the membranes
move together with the fluid so that the friction between
them is small. The small dissipation allowed us to observe
novel surface acoustic waves on the metamaterial in a wide
frequency range (w < 0.73w.) and the amplification of
evanescent waves through this surface excitation.
Therefore, our work opens the possibility for the realiza-
tion of acoustic superlensing.
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