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An intriguing property of double-zero-index metamaterials (DZIMs) is that waves propagate through
them without phase variation, which has received significant attention in wave-front and dispersion engi-
neering. Recently, Dirac-like cone dispersion has been successfully exploited to realize a DZIM that
operates only at a fixed frequency, while realizing DZIMs with multiple separated Dirac-like cones
remains challenging. Here, we propose the first realization of a multiplexed acoustic double-zero-index
metamaterial (MADM) capable of realizing three separated Dirac-like points at the Brillouin zone center
for airborne sound. The resulting device is formed by introducing a series of blind holes with different
heights, which are periodically arranged on the upper and lower parts of the waveguide. The underly-
ing mechanism is that the proposed MADM possesses three Dirac-like cones derived from an accidental
degeneracy of monopolar and dipolar resonances, which can be mapped to a DZIM with zero effective
compressibility and mass density. We present an experimental realization of the designed MADM with
three separated Dirac-like points, and demonstrate the functionality of the resulting device by means of
extraordinary wave tunneling and acoustic focusing. We anticipate that our mechanism will offer the poten-
tial for designing multiplexed acoustic double-zero-index devices and may have substantial and profound

applications in a variety of fields, such as ultrasonic therapy and acoustic communication.
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I. INTRODUCTION

Metamaterials, with unprecedented effective parame-
ters in electromagnetic, elastic, and acoustic wave sys-
tems, have been studied extensively in recent years to
yield novel functionalities that are not easily achievable
with natural materials [1-20]. Material parameters such
as bulk modulus and mass density play an essential role
in the behavior of acoustic waves as they propagate in
a medium. Previous studies have shown that materials
with single-negative dynamic mass density or the recip-
rocal of bulk modulus, which are called single-negative
metamaterials, can be achieved with membrane-type meta-
materials [21] and Helmholtz resonators [22]. A double-
negative medium characterized by negative dynamic mass
density and reciprocal of bulk modulus has been demon-
strated utilizing coiling-up structures [23] and waveg-
uides decorated with side holes and membranes [24].
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The zero-index metamaterial has been of particular inter-
est in the exploration of zero effective compressibility
and mass density due to its great potential for realizing
wave tunneling [25-28], cloaking of objects [29,30], and
acoustic doping [31,32]. The single-zero-index metama-
terial featuring only one dynamic parameter approach-
ing zero can be realized by membrane-type structures
[33] and anisotropic phononic crystals [34]; however,
these are unsuitable for real applications because of the
impedance mismatch. Double-zero-index metamaterials
(DZIMs) possess higher transmission than single-zero-
index metamaterials due to their finite effective impedance
[35], which can be realized by doping the single-zero-
index medium [36], coupling two Helmholtz resonators
[37], and using parity-time symmetry [38]. Recently, the
Dirac-like cone derived from an accidental degeneracy has
been successfully leveraged to achieve DZIMs in wave
systems [20,39—45]. The Dirac-like cone obtained from
phononic crystals appears on two linearly dispersing bands
accompanied by a dispersionless flat band, which is due
to the accidental degeneracy of dipolar and monopolar
resonances [46]. There is an intimate connection between
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the Dirac-like linear dispersion and double-zero index
when the effective compressibility and mass density of
a double-zero-index metamaterial are equal to zero [47].
However, most of the reported DZIMs have only one
Dirac-like cone obtained from the presented individual
unit, leading to a fixed operating frequency. Although
efforts have been made to achieve DZIMs with two Dirac-
like cones in elastic [48] and electromagnetic [49] systems,
almost no research has been performed on DZIMs with
three separated Dirac-like cones for airborne sound. Con-
sidering the diversity of practical problems such as ultra-
sonic therapy or acoustic communication that could call
for a multiplexed acoustic double-zero-index metamate-
rial (MADM) to operate at different frequencies without
reconfiguring the device shape, the realization of a highly
efficient MADM is a fundamental and interesting area of
research.

In this paper, we propose a MADM capable of realiz-
ing unusual wave transport properties at the frequencies of
the three separated Dirac-like points. The resulting device
is composed of a series of air blind holes of different
heights arranged in a square lattice on the upper and lower
parts of the air waveguide. The three separated Dirac-
like cones with conical dispersion are demonstrated at the
I' point, which is derived from the degeneracy of dipo-
lar and monopolar resonances. By employing the effective
medium theory, the dynamic compressibility and mass
density of the three Dirac-like points are verified to be
close to zero at the same time. We demonstrate wave tun-
neling without phase variation inside the proposed DZIM
and the convergence of acoustic energy without using
gradient index metamaterials at three separated Dirac-
like point frequencies, which directly reflect the DZIM’s
double-zero-index property. In the experimental verifica-
tions, a basic agreement between the measured acoustic
intensity and pressure field distributions and the simulated
results proves that the phase inside the resulting device
remains constant.

I1. DESIGN OF THE MADM AND MODEL
ANALYSIS

Figure 1(a) schematically shows our designed MADM,
which is composed of a series of air blind holes of dif-
ferent heights arranged in a square lattice on the upper and
lower parts of the air waveguide. The meta unit with lattice
constant a is outlined by the blue dotted box, and the yel-
low region represents the background medium, air. Figure
1(b) shows the individual unit cell containing a three-layer
structure, where the top and bottom layers are composed
of five blind holes and the middle layer is a cuboid air
domain. In the current study, the height of the central blind
hole is set at 16.65 mm for the top layer and 45.7 mm for
the bottom layer, while the heights of surrounding blind
holes are chosen as /#; =16.8 mm for the top layer and

h3; =44.6 mm for the bottom layer, respectively. The sin-
gle blind hole radius R and the cuboid air domain thickness
hy are chosen to be 13.5mm and 23.85 mm, and the dis-
tance between the centers of the central blind hole and
surrounding blind holes is set at w =29 mm. Throughout
this article, we employ the commercial software COMSOL
Multiphysics for calculating the band structure of the meta
unit and in the following simulations. The periodic bound-
ary conditions are used on the meta-unit boundaries in the
x-y plane to compute the band structure and eigenfields.
With these geometrical parameters, the band structure of
this unit cell is characterized by the existence of three sep-
arated Dirac-like points at three different frequencies, rep-
resented by the black points in Fig. 1(c). The square lattice
system is fourfold rotationally symmetric, and the irre-
ducible Brillouin zone of our proposed MADM is marked
by triangle ' XM . There are three accidental degeneracies
marked by the green dashed boxes at frequencies of f; =
0.4284c/a, f, = 0.8568c/a, and f3 = 1.9876¢/a, where ¢
is the sound speed of air. The Dirac-like point I demon-
strates accidental degeneracy at the Brillouin zone center
for the third, fourth, and fifth branches; Dirac-like point IT
shows accidental degeneracy at the Brillouin zone center
for the eighth, ninth, and tenth branches; and the Dirac-
like point III displays the accidental degeneracy for the
twenty-fifth, twenty-sixth, and twenty-seventh branches at
the Brillouin zone center. Figures 1(d)—1(f) show the dis-
persion surfaces in three dimensions to visualize Dirac-like
cones I, II, and III in the £, - k, plane. The dispersion sur-
faces above and below the Dirac-like cones I, II, and III
have positive and negative group velocities that intersect
with flat bands marked in magenta at the same frequencies.
Dirac-like points derived from the accidental degeneracy
are theoretically analyzed by employing the multiple scat-
tering theory. The Dirac-like cone at the Brillouin zone
center requires linear dispersion accompanied by a flat
band, which originates from the accidental degeneracy of
the dipolar and monopolar modes. For the system under
discussion, the angular momentum number m is equal to 0
and %1, corresponding to the monopolar and dipolar terms,
respectively. The multiple scattering theory equations must
satisfy the following matrix form [47]:

So — l/D_l —Sl S2 b_l
-5 So—1/Dy =S b | =o0.
S, —S_,  Sy—1/D by

(1)

Here, D,, is the T matrix, S,, represents the lattice sum
with S_,, = — S, and b,, is the Mie scattering coeffi-
cient. The term D; equals D_; because of the cylindrical
symmetry of air blind holes, and the terms Si; and Si,
equal to zero simultaneously at k = 0 because of the lattice
symmetry of the square lattice, where k is the wave vec-

tor. By solving Eq. (1), the monopolar mode and dipolar

034020-2



SYSTEMATIC DESIGN AND EXPERIMENTAL ...

PHYS. REV. APPLIED 21, 034020 (2024)

(a)

(e) ()
| L
\ 10
5 PG g |
E t B I3
3 3 0860] 3
¢ o g :
; |
9w 9 | 9
?{ o % 0850‘ %‘ !
0 o 20 0521 %05
N N
2, 2, )
FS R > &S
> 3 "2, s
4 QS’ s CN
FIG. 1.

()

Ihl 2.0-.-'.'::;;".::::" |":m|||||”;:uuul“l'”“....m
uc":u :.I" : !

Dirac-like point II1

S

"
TN
e

Dirac-lik

Frequency (wa/2rc)

."lllllIIINIIIODI"".'I

"N "u N

w.mIHIIIMm,mulllI!!!:{::'m:::lul::mw.
'

<
~

“*Dirac-like point Jue
0.2r ", o

(a) Schematic of our proposed MADM composed of periodically repeating primitive unit cells. The individual unit cell is

shown by the blue dotted box, and the yellow region represents the background medium air. (b) An isometric view of an individual
meta unit of the MADM containing ten blind holes. (c¢) Calculated band structure of the MADM. Three Dirac-like points are formed at
the T" point marked with black dots at frequencies f; = 0.4284c/a, f, = 0.8568c/a, and f3 = 1.9876c¢/a. Inset: The first Brillouin zone
of the square lattice. The enlarged view of 3D dispersion surfaces in the k, - k, plane near (d) the Dirac-like point I, (e) the Dirac-like

point II, and (f) the Dirac-like point III.

modes at frequencie wy, and wyq where Sy — 1/Dy and
So — 1/D< are equal to zero. Perturbation methods can be
employed to analyze the dispersion near k = 0. Generally,
the term Dy does not equal D4 . The dispersion usually has
three branches with quadratic dispersion, one of which is
a monopolar mode and the other two are dipolar modes.
When Sy = 1/Dy = 1/D4; or wy, = wg = w*, accidental
degeneracy occurs, leading to the change of the disper-
sion near k = 0. We find that the dispersion w; — w* = 0 +
O(8k?) correlates with a flat band near the I" point, and the
two dispersions wy3 — w* = £v,8k + O(3k*) have two
bands of linear dispersions where the group velocities +v,
are opposite and nonzero. Thus, the theory that accidental
degeneracy leads to two linear dispersions accompanied
by a flat band is established. It should be noted that we
design the meta unit capable of realizing three separated
Dirac-like points at the I' point, where the Dirac-like point
II frequency is exactly twice that of the Dirac-like point
1. By appropriately modulating the geometrical parameters
of the meta unit, the double-zero-index property of our pro-
posed MADM can be configured to different frequencies
accordingly.

To clarify the fundamental physics underlying the three-
fold degenerate state, we compute the eigenfields of dipo-
lar and monopolar modes near Dirac-like points I, II, and

III, as demonstrated in Figs. 2(a)-2(i). It can be observed
that each Dirac-like point consists of a threefold degener-
acy with one monopolar mode and two orthogonal dipolar
modes. It is worth noting that the symmetry of the square
lattice, rather than the geometric parameters of the meta
unit, affects the degeneracy of the dipolar modes. By
changing the height of the air blind holes, the three sepa-
rated Dirac-like cones at the I" point created by accidental
degeneracy of dipolar and monopolar states can be real-
ized. For the monopolar mode of Dirac-like point I in
Fig. 2(a), the central blind hole of the top layer has a
relatively high pressure distribution at the frequency of
f1 = 0.4284c/a, which is caused by the local resonance.
The bottom-layer blind holes show a relatively low pres-
sure distribution, serving as off-resonance elements. For
the two dipolar modes, Fig. 2(b) illustrates the longitudi-
nal dipole whose pressure field is symmetrical along the x
direction, while the pressure field of the transverse dipole
is symmetrical along the y direction, as shown in Fig. 2(c).
Next, we rotate the unit cell 180° along the x direction to
get a better view. For the monopolar mode of the Dirac-
like point II, the pressure field of the lower blind holes at
f>» = 0.8568c/a manifests strong coupling in the cavities
in Fig 2(d), while the ones with taller blind holes are neg-
ligibly influenced by the local resonance. Figures 2(e) and
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FIG. 2. The pressure field distributions of the monopolar mode and dipolar modes at (a)—(c) the Dirac-like point I, (d)—f) the Dirac-
like point II, and (g)—(i) the Dirac-like point III at frequencies of /i = 0.4284c/a, f, = 0.8568c/a, and f; = 1.9876¢/a, respectively.
The real and imaginary parts of the dynamic (j) mass density per and (k) compressibility B.s calculated in the vicinity of the frequency
of the Dirac-like point I. The real and imaginary parts of the dynamic (1) mass density p. and (m) compressibility Beg calculated near

the Dirac-like point II frequency.

2(f) display the longitudinal dipole and transverse dipole
whose pressure fields are symmetrical along the x direc-
tion and y direction, respectively. Figure 2(g) demonstrates
the monopolar mode pressure field distribution of Dirac-
like point III, which is the first-order waveguide mode.

The first-order waveguide mode has an effective phase
—1

velocity of v(w, hy) = (,/l/c% — nz/w2h§> , where h,

is the thickness of the air waveguide, and ¢y and w are the
speed of sound in air and angular frequency, respectively.
It can be recognized that the taller blind holes exhibit a
faster phase velocity than the air waveguide around it.
Figure 2(h) demonstrates the dipolar mode pressure field
distribution is orthogonal to the one shown in Fig. 2(i) at
the frequency 3 = 1.9876c¢/a. The eigenmodes of the flat
bands of the three Dirac-like points relevant to the trans-
verse waves are illustrated in Figs. 2(c), 2(f), and 2(i), and
these are deaf bands. We employ an effective parameter
retrieval method to describe the physics of the resulting

device [50]. The monopolar state influences the recipro-
cal of the dynamic bulk modulus, while the dipolar state
manipulates the dynamic mass density [51]. In previous
studies, the thermal and viscous losses were very important
[52—54]; therefore, we employ the narrow-region acous-
tics module to calculate the thermal and viscous losses of
our proposed MADM. By introducing the narrow-region
acoustics module, we calculate the real and imaginary parts
of the effective compressibility and mass density near the
frequencies of the Dirac-like points I and II. At the Dirac-
like point I frequency f; = 0.4284c¢/a, it can be observed
that both the dynamic compressibility B.s and mass density
Pefr are close to zero at the same time, as shown in Figs.
2(j) and 2(k). At the Dirac-like point II frequency f, =
0.8568c/a, the dynamic mass density ps and compress-
ibility B are indeed approaching zero simultaneously, as
illustrated in Figs. 2(1) and 2(m). It is worth emphasizing
that the imaginary parts of the effective compressibility and
mass density near the frequency of the Dirac-like point I

034020-4



SYSTEMATIC DESIGN AND EXPERIMENTAL ...

PHYS. REV. APPLIED 21, 034020 (2024)

m -
A |
ul L
(@) o _om
%
MADM "%,
o <:”‘\\ A\ \
/= AJ“‘(f \,.‘,—’ )
_ gl s ’ /
b i Ji'ﬂ“‘ ‘ N
\ iy o R N\
N o Acrylic plates §§\ \
&\&\ Scanning region \ Sound-absorbing foams
Speaker array Scanning region
FIG. 3. (a) Photographs of the top and bottom 3D-printed samples of our proposed MADM with a size of 180 x 280 x 33.725 mm®

and 180 x 280 x 62.625 mm?, respectively. (b) Photograph of an experimental sample for achieving wave tunneling with a length of

180 mm in the x direction, a width of 280 mm in the y direction,
bottom layers of the proposed MADM with a size of 270 x 550
printed sample for achieving acoustic focusing with dimensions
(e),(f) Schematic diagrams of the 3D experimental systems to rea
are placed in the middle of two rectangular waveguides.

are larger than those near the frequency of the Dirac-like
point II.

III. EXPERIMENTAL SETUP

For the purpose of verifying the validity of our designed
MADM, we carry out experiments to check the double-
zero-index property at the frequencies of three separated
Dirac-like points. Figure 3(a) depicts the schematic of
the top and bottom layers of the MADM for achieving
wave tunneling. The structure is made of acrylonitrile-
butadiene-styrene plastic using the three-dimensional (3D)
printing technique. The density of and speed of sound in
acrylonitrile-butadiene-styrene plastic are 1230 kg/m? and
2230 m/s, and the acoustic impedance of the acrylonitrile-
butadiene-styrene plastic is significantly larger than that
of air. The wall thickness of the cylindrical blind holes
and rectangular waveguide is 5 mm. The characteristic
acoustic impedance of the acrylonitrile-butadiene-styrene

and a height of 96.35 mm in the z direction. (c) Photos of the top and
x 33.725 mm3 and 270 x 550 x 62.625 mm?. (d) Photograph of 3D-
of 270, 550, and 96.35 mm in the x, y, and z directions, respectively.
lize wave tunneling and acoustic focusing. The experimental samples

plastic is approximately 4 orders of magnitude larger than
that of air, and the huge impedance mismatch between
the acrylonitrile-butadiene-styrene plastic and air makes
it possible for us to regard it as rigid. Figure 3(b) illus-
trates the experimental sample to demonstrate unusual
wave tunneling functionality. The device consists of 2 x 3
unit cells with a size of 180 x 280 x 96.35 mm?. The top
and bottom layers of the proposed MADM for achiev-
ing acoustic focusing are illustrated in Fig. 3(c); the
MADM is built from 14 units by periodically repeating
the meta unit to form a concave interface at the output
side. The experimental sample of the proposed MADM
to demonstrate the acoustic focusing effect with the size
of 270 x 550 x 96.35 mm? is shown in Fig. 3(d). Figures
3(e) and 3(f) are schematic illustrations of the 3D exper-
imental systems for achieving wave tunneling and acous-
tic focusing, where the pressure field is measured in the
scanning regions. Two arrays of loudspeakers are located
180 mm away from the experimental samples to generate

034020-5



TANG, LIANG, ZHU, and LIN

PHYS. REV. APPLIED 21, 034020 (2024)

(@)

\
'i

Experiment

Pressure (arb. units)

—
«Q
~

S
o

4
n

o
=

—— Experiment
—— Simulation

e
o

Transmission coefficient
o =)
= &

0.424 0.426 0.428 0.430
Frequency (wa/2mc)

(h) 1o

=

.2

2

b=

[

8 0.6

g —o— Experiment
2041 —o— Simulation

E

17}

<02

£

[—

0.0 . . . .
0.8512 0.8540 0.8568 0.8596
. Frequency (wa/2mc)
(O

% 4

508t

L=

8

S o6t

8 —— Experiment
B804 —— Simulation

g

173

< 0.2

£

[am

e
=)

1.977 1.980 1.983 1.986
Frequency (wal2nc)

FIG. 4. The normalized pressure field distributions in the waveguide for the proposed MADM at frequencies of (a) f; = 0.4284¢/a,
(b) 2 = 0.8568¢/a, and (c) fs = 1.9876¢/a. Insets: The corresponding experimentally measured results in the scanning regions labeled
by black rectangles. The numerically simulated field distributions at the frequencies of (c¢) f4 = 0.4169¢/a, (d) f5s = 0.8192¢/a, and
Jfo = 1.5077¢c/a, respectively. The direction of the incident waves is shown by the green arrows. The simulated and experimental
transmission coefficients near the frequencies of (g) the Dirac-like point I, (h) the Dirac-like point I, and (i) the Dirac-like point III.

plane waves. The proposed MADMs for realizing wave
tunneling and acoustic focusing are placed in the middle
of two rectangular waveguides, which are composed of
acrylic plates. A series of small holes in the x-y plane are
drilled into the top acrylic plates to form the measurement
area, which is a 130 x 90 mm? rectangular region. Two
Bruel & Kjer type-4961 microphones with a 1/4-in. diam-
eter are inserted into the rectangular waveguide through
the holes to detect the sound field. One is installed on a
3D stepping motor that scans the measurement area point
by point, while the other is placed near the loudspeakers
as the reference signal. The phase and amplitude of the
sound can be acquired from the cross spectrum of exper-
imentally measured signals via the commercial software
PULSE Labshop. Wedge-shaped pieces of foam are placed
at three edges to absorb sound and mimic an anechoic
environment.

IV. WAVE TUNNELING

As mentioned previously, the phase velocity is
infinite in our designed MADM at the frequencies of three

separated Dirac-like points, which has significant practi-
cal applications in wave tunneling. In the vicinity of the
three separated Dirac-like points, the Bloch wave vector
has a relatively small magnitude, suggesting that the phase
value in our proposed MADM remains almost constant,
although it passes over a long distance. The normalized
pressure field distributions of the MADM slab at the Dirac-
like point I frequency (f; = 0.4284c¢/a), Dirac-like point II
frequency (f, = 0.8568c/a), and Dirac-like point III fre-
quency (f3 = 1.9876¢/a) are illustrated in Figs. 4(a)4(c).
Longitudinal plane waves of three different frequencies are
generated from the input side at normal incidence, and
plane-wave radiation boundary conditions are applied to
the input and output sides of the waveguide. It is observed
that the plane wave originating from the input side appears
on the output side with no phase change after going
through the MADM slab. The phase value of the wave is
not accumulated in our proposed MADM slab since the
phase velocity is almost infinite. As a consequence, there
is no phase change in our proposed design, which is a clear
indication of its double-zero-index characteristic. The

034020-6



SYSTEMATIC DESIGN AND EXPERIMENTAL ...

PHYS. REV. APPLIED 21, 034020 (2024)

(a)

0

Experiment

1.0

0.8 0.8 0.8
«_ 0.6 0.6 0.6
L & &

0.4 0.4 0.4

0.2 0.2 0.2

0.0 0.0

0.846 0.849 0.852 0.855 0.858

0.424 0.426 0.428 0.430 0.432
Frequency (wal2mc)

Frequency (wa/2rc)

0
1.980 1.983 1.986 1.989 1.992
Frequency (wa/2rc)

Intensity (arb. units)

FIG. 5.

The normalized intensity field distributions in the waveguide for the proposed MADM at frequencies of (a) f; = 0.4284c¢/a,

(b) f2 = 0.8568¢/a, and (¢) f3 = 1.9876¢/a. Insets: The corresponding experimentally measured results in the scanning regions labeled
by black rectangles. The normalized sound intensity transmission property of the resulting device near the frequencies of (d) the Dirac-
like point I, (e) the Dirac-like point II, and (f) the Dirac-like point III. The numerically simulated spatial distributions of the normalized
intensity field at the frequencies of (g) 4 = 0.4169¢/a, (h) fs = 0.8192¢/a, and (i) fg¢ = 1.5077¢/a. The direction of the incident waves

is shown by the green arrows.

insets show the experimentally measured pressure field
distributions, which are basically in accord with the numer-
ically simulated results. The thermal and viscous losses
and inevitable manufacturing and assembly faults are the
major causes of experimental errors. It is confirmed that
the plane wave front keeps its initial pattern as anticipated
after traversing our proposed MADM at the frequencies
of three separated Dirac-like cones. The phenomenon of
wave tunneling realized by the resulting device reflects
our proposed zero-index medium with the dynamic com-
pressibility Be.g and mass density peg approaching zero
simultaneously. In contrast, when the operating frequen-
cies are modulated with a subtle deviation, i.e., fi =
0.4169¢/a, fs = 0.8192¢/a, and fs = 1.5077¢/a, the com-
parative simulations show a noticeable increase of reflec-
tion, as illustrated in Figs 4(d)4(f). The pressure field
is mainly focused on the top-layer blind holes, as illus-
trated in Fig. 4(d), while the bottom-layer blind holes of
our resulting device are not excited into resonant states.
Figure 4(e) demonstrates that the pressure field is mainly

concentrated in the top-layer blind holes, while the bottom-
layer blind holes manifest a near-zero pressure field. The
majority of incident waves return to the input side after
being reflected, as illustrated in Fig. 4(f), which results
from the constructive interference of backscattered waves.
It is worth emphasizing that the transmission effect of
the DZIMs can be significantly modulated by changing
the incident frequency. Figures 4(g)—4(i) demonstrate the
transmission coefficients near the frequencies of the Dirac-
like points I, II, and IIT under the narrow-region acoustics
module, which are basically consistent with the experi-
mental results. The transmission coefficients near the fre-
quency of Dirac-like point I are smaller than those near the
frequencies of Dirac-like points II and III.

V. ACOUSTIC FOCUSING

Finally, we examine the possibility of using our
proposed MADM to mimic a concave lens by shaping the
interface between the acoustic DZIM and air to control the
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wave front of the transmitted wave. The transmitted wave
is forced to propagate along its surface normal because
of the concave interface at the metamaterial-air interface,
which results in a focal point behind the MADM slab.
Figures 5(a)-5(c) demonstrate the spatial distributions of
the normalized intensity fields of our proposed MADM at
the Dirac-like point I frequency (f; = 0.4284c/a), Dirac-
like point II frequency (f, = 0.8568¢/a), and Dirac-like
point III frequency (3 = 1.9876c/a), where the focal
points marked by the yellow dots are located 115, 210,
and 255 mm away from our proposed MADM. The cor-
responding measured intensity field distributions at the
frequencies of the three separated Dirac-like points are
given in the insets. Owing to the size limitation of our
translation platform, we measure the intensity fields in
the regions marked by the black boxes. The reasonable
agreement between the experimental data and the simu-
lated results provides evidence that a remarkable acoustic
focusing effect can be achieved with our designed MADM.
To quantify the effectiveness of our concave lens, we
calculate the intensity of the aforementioned three focus
points corresponding to the frequencies of f; = 0.4284c¢/a,
f> = 0.8568¢c/a, and f; = 1.9876¢/a. The pressure inten-
sity at the focus point of the wave is approximately 1.52
times stronger than that of the incident waves at the fre-
quency of the Dirac-like point I, which directly reflects its
acoustic focusing property. The pressure intensity at the
focus point is around 2.87 times larger than that of the
incident waves at the frequency of the Dirac-like point II,
while at the frequency of the Dirac-like point 111, the pres-
sure intensity at the focus point is about 2.63 times the
size of the incident waves. Figures 5(d)-5(f) demonstrate
the normalized sound intensity transmission property as a
function of frequency in the vicinity of the frequencies of
the Dirac-like points I, II, and III, respectively. It can be
observed that our proposed MADM can realize the con-
vergence of acoustic energy at three separated Dirac-like
points. When the frequencies of the incident waves deviate
slightly from the frequencies of three separated Dirac-like
points, it can be clearly observed that there is a significant
accumulation of phase during propagation in the MADM.
The spatial distributions of the normalized intensity fields
at the frequencies of f4 = 0.4169¢/a, fs = 0.8192¢/a, and
f6 = 1.5077c/a are demonstrated in Figs. 5(g)-5(i). The
incident waves are almost reflected into the entrance chan-
nel, and the air blind holes with different heights are not
excited into resonant states, leading to an increase in reflec-
tion. Notably, unlike in the previous studies where acoustic
focusing was realized by gradient index metamaterials, we
accomplish acoustic energy convergence by shaping the
interface of the MADM.

VI. CONCLUSIONS

In conclusion, we theoretically design and
experimentally demonstrate a MADM with three separated

Dirac-like cones at the I" point for airborne sound, which
is able to realize a double-zero-index property at three dif-
ferent frequencies without reconfiguring the device shape.
Our proposed MADM consists of a series of air blind
holes with different heights periodically arranged on the
upper and lower parts of the air waveguide. Our proposed
MADM exhibits three separated Dirac-like cones owing to
the accidental degeneracy of two linear dispersion bands
accompanied by a dispersionless flat band. We investi-
gate some possible applications that are closely linked to
the double-zero-index features of our designed DZIM. The
effectiveness of the proposed DZIM is shown by gener-
ating remarkable effects at different frequencies, such as
wave tunneling and acoustic focusing. By experimentally
measuring the acoustic intensity and pressure fields in the
scanning region, we demonstrate the reasonable agreement
between the experimental data and the simulated results,
which provides evidence of the realization of no phase
accumulation in the proposed DZIM at three different fre-
quencies. Our approach offers the potential for designing
and applying MADM devices, which would possess a sig-
nificant and far-reaching influence on a variety of practical
application fields, such as medical ultrasonic therapy and
acoustic communication.
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