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Dopant-modulated sound transmission with zero index acoustic

metamaterials
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ABSTRACT:

Zero index metamaterials have shown the ability to achieve total transmission or reflection by embedding particular
defects with various effective parameters. Here, we present that tunable sound transmission can be realized by
configuring a subwavelength-sized dopant inside zero index acoustic metamaterials. Despite its small spatial signa-
ture, the dopant is able to strongly interact with the acoustic waves inside the whole zero index metamaterials. It is
due to the essence of the zero effective index that can homogenize the pressure field within the metamaterials. Sound
transmission can thus be fully switched on and off by adjusting the dopant’s surface impedance. A simple rectangu-
lar cavity with varied lengths is proposed to provide the required impedance boundary. Our model of correlating the
dopant design with sound transmission performance is validated theoretically and numerically. We further demon-
strate the utilization of the proposed design to effectively modulate the sound focusing effect. Such a dopant-
modulated sound transmission scheme, with its simplicity and capability, has potential applications in fields like
noise control and ultrasonography. © 2020 Acoustical Society of America. https://doi.org/10.1121/10.0001962

(Received 10 June 2020; revised 25 August 2020; accepted 27 August 2020; published online 22 September 2020)

[Editor: Badreddine Assouar]

I. INTRODUCTION

Zero index metamaterials (ZIM) have been studied vig-
orously in the scientific community owing to their intriguing
properties, which are not available in nature. They have
been intensively investigated in wave systems ranging from
optics to acoustics.'™"* Their near zero effective refractive
indices indicate extremely large wavelengths that can effec-
tively decouple the spatial and temporal fields, which means
that waves propagating in the ZIM undergo no phase varia-
tion,!>1# Besides, according to Snell’s law, the critical
angle at the interface of the ZIM declines to 0°, which only
allows the vertical incident waves to pass through.'®?°
Similarly, the transmitted waves are enforced to leave the
ZIM along the surface normal. Inspired by these properties,
many extraordinary wave phenomena and functionalities,
such as cloaking, asymmetric transmission, super coupling,
antennas, and so 011,21*25 have been realized. Some recent
progress demonstrated that transmission through ZIM can
be modulated by doping inclusion with tailored parame-
ters.>®%7 In this case, the transmission can be described as a
function of the inclusion and its geometrical and material
parameters.”'""'® Nguyen et al. and Wei et al. utilized the
ideal material parameter model to study the transmission
properties of doped ZIM in microwaves and acoustics,
respectively.”'” However, restricted by the long wavelength
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approximation, artificial structures with subwavelength size
often involve complex design or resonant units to acquire
the predesigned material parameters. Liberal ef al. experi-
mentally observed the high transmission within the epsilon-
near-zero medium by doping a dielectric particle, but the
tunable transmission still can hardly be achieved in practical
realization.?® Thus, the pursuit of modulating transmission
through ZIM by a simple structure remains continuous.

To this end, we present a new insight into the transmis-
sion properties of doped ZIM. It is shown that transmitted
waves passing through large size ZIM can be modulated by
adjusting the boundary impedance of subwavelength dopant.
For an acoustic wave, as the pressure keeps unanimous
within the ZIM, wave interference at the ZIM-dopant inter-
face can dominate the whole field. We propose a subwave-
length rectangular dopant, which has one opening side and
three rigid boundaries. The variable transfer impedance at
the opening is done by changing the dopant depth. Our ana-
lytical model, which correlates the transmission coefficient
and the transfer impedance, shows an excellent agreement
with the numerical simulations using effective parameters.
For full wave simulations, the air cylinders embedded in the
water matrix scheme was employed among several
approaches to achieve the zero refractive index.”****2° In
addition, we take the acoustic focusing as an example. By
adjusting the depth of the dopant, the ZIM with a well-
designed concave surface enables tunable focusing inten-
sity. Here we only consider the impedance matched ZIM,
but the conclusion can be extended to the density near zero
medium similarly.'” Such a doping strategy simplifies the

© 2020 Acoustical Society of America
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practical realization of acoustic transmission control with
doped ZIM, providing new freedoms and flexibilities in the
design of acoustic devices for focusing, cloaking, sensing,
and so on.>' 7

The paper is organized as follows. In Sec. II, we pro-
pose the effective medium model and validate it in numeri-
cal simulation. In Sec. III, we discuss the implementation of
the impedance matched ZIM and reveal the ability of dopant
in transmission modulation. In Sec. IV, modulated acoustic
focusing utilizing the designed doped ZIM is presented.
Section V is the conclusion.

Il. THEORETICAL MODEL

For an ideal impedance matched ZIM arranged in an
acoustic waveguide with width /4 as illustrated in Fig. 1(a),
the host medium has relative refractive index n,; = 1 and
relative impedance Z,; = 1, and ideal ZIM has relative
refractive index n,, = 0 and relative impedance Z;, = 1. A
dopant located inside the ZIM can provide impedance
boundary, as marked by the red line in Fig. 1(a). The relative
impedance of the dopant to the host medium at the boundary
Zr can be modulated by many schemes. In this study, we
use a rectangular cavity filled with the host medium. The
width and length of the cavity are ¢ and /. Considering an
incident acoustic wave p; = p,e~'® propagating along the x
axis inside the waveguide, it interacts with the ZIM and gen-
erates the reflected wave p, =rp; and transmitted wave
p: = tp;, where k is the wave number in host medium,  and
t are the reflection and transmission coefficients, respec-
tively. The acoustic pressure pz in the ZIM is a constant
owing to the zero refractive index. Applying the pressure
continuity condition on both sides of the ZIM, we have®®

pi +pr = pz, (D
Pz = p:. 2

Hence, it is easy to find the underlying relation

The volume flow continuity condition can be applied to the
boundaries of the ZIM to solve the transmission coefficient.
As neither loss nor gain has been employed in the model,
the expression can be described as

ilpvj_dl’ =0, 4)
2

where dI' denotes the contour of the ZIM and v, is the nor-
mal component of the particle velocity directing to the
boundary of the ZIM. Since the particle velocity is forced to
be zero at the rigid boundary, and the dopant embedded in
the ZIM consists of one impedance boundary and three rigid
boundaries, Eq. (4) can be rewritten as

2 2
Py Pz
4 h+==a. 5
Z:1 +ZRa ©)

2 2
Di Dy
——h= h

Zr,l Zr‘l N
Then, by substituting Eq. (3) into Eq. (5), the transmission
coefficient through the doped ZIM can be obtained as
t=2/(2+ 1/Zga/h), and the power transmission takes the
form

T4/2 1“>2 6
- (*z—Rz' ©

It can be found that when the dopant’s transfer impedance
Zg is extremely large compared to that of the host medium,
transmission approaches 1 regardless of the value of a/h.
On the contrary, when the transfer impedance Zg approaches
0, transmission also declines to O accordingly. When the
value of Zg is well between, sound transmission changes
with Zgr smoothly. Here Zg is pure acoustic reactance since
neither radiation loss nor absorption in the dopant is consid-
ered.*® Using Eq. (6), we calculate the sound transmission
versus the absolute value of Zg at different a/h. Simulation
based on finite element method (FEM) and effective
medium is also conducted with COMSOL Multiphysics.
The effective material properties of the designed structures
can be extracted from their reflection and transmission coef-

r=1+r. (3)  ficients.**** As shown in Fig. 1(b), the theoretical
(a) Host Medium ZIM Host Medium (b)
1.0 : :
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FIG. 1. (Color online) Effective medium model. (a) Zero index acoustic metamaterials inside a waveguide embedded with a rectangular dopant. The red and
black lines represent the opening and hard boundaries provided by the dopant. (b) Power transmission changes with the absolute value of dopant’s transfer
impedance. 4 is fixed to be 30 cm, and « is chosen to be 10, 20, and 30 cm, respectively.
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calculation agrees well with the simulation results. They
clearly show the effect of doping ZIM to the sound transmis-
sion, which is decided by both the transfer impedance and
the filling ratio of the dopant. For example, to totally block
the incident waves with subwavelength dopant when a/h is
small, the transfer impedance needs to be rather soft (get
closer to 0).

The transfer impedance provided by the proposed dop-
ant can also be modulated by changing the structure depth,
which provides more possibilities that a quarter-wavelength
resonator. As the dopant is surrounded by rigid walls, the
transfer impedance is pure acoustic reactance and can be
described as Zg ~ —jp,ccot(kl),>® where p; and c; are the
mass density and sound speed of the host medium, respec-
tively. As shown in Fig. 2(a), it is obvious that the transfer
impedance Zg is 0 when /= 0.251 and /= 0.75/ while
reaching maximum at / = 0.5/4. Different Zg can lead to
completely different pressure field responses within the
ZIM. While zero transfer impedance causes a soft boundary
that forces zero pressure, an extremely large transfer imped-
ance acts as a hard boundary so the particle velocity is close
to 0. For a perfectly impedance-matched ZIM, full transmis-
sion can be guaranteed. However, with a dopant, the trans-
mission spectrum is instead governed by its transfer
impedance Zg, as given in Fig. 2(b). Two deep transmission
dips can be observed to be around / = 0.254 and [ = 0.754,
corresponding to the cases of zero dopant transfer imped-
ance. The intensity fields within the doped cavity for the
cases of [ =0.254, 0.54, and 0.754 are presented in Fig.
2(b). Standing waves can be observed due to the superposi-
tions of incident and reflected sound. The wave node can be
produced at the interface of the “off” state, and the wave
antinode can be produced in the “on” state. As the pressure
must be consistent inside a ZIM and also continuous at the
interface between the ZIM and the dopant, the signal at the
dopant opening can denote the sound field inside the ZIM.
In this scenario, dopant with / = 0.54 keeps the ZIM at “on”

(a) 1.0 . 10

0.5 45
S
~z 0.0
& /

-0.5 4 4-5
e — —t—r——r—— 10
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

/A

("2)w|

state with total transmission. When the depth / of dopants
turns to [ = 0.254 or 0.754, the ZIM will be switched to the
“off” state, which prohibits any transmission. Such transmis-
sion variation with / confirms the sound transmission tun-
ability exerted by a small structure to a large ZIM.

lll. SOUND TRANSMISSION MODULATED BY DOPED
ZIM

As illustrated in Fig. 3(a), the practical implementation

of ZIM is realized by embedding air cylinders (density
. = 1.25kg/m* and sound speed ¢, = 343 m/s) in water
matrix (density p,, = 1000kg/m’® and sound speed c,
= 1500m/s). The lattice constant and radius of the cylin-
ders are d = 10cm and R = 0.1488d, respectively. The
band structure is simulated using the eigenfrequency solver
(COMSOL Multiphysics), in which two flat bands degener-
ate with another curved band at T’ point.”*** The curved
band is related to the monopolar resonance, and the flat
bands are related to the dipolar resonances, respectively.
From the viewpoint of effective medium theory, for the
degenerate modes induced by the phononic crystal system
with local resonances, the effective infinite bulk modulus is
associated with the monopolar resonance with well-tuned
intercell coupling, while the effective zero mass density is
associated with the dipolar resonance that leads to the
in-phase response with the incident plane waves. Thus, this
triple degeneracy corresponds to infinite effective bulk mod-
ulus and zero effective mass density simultaneously at
6758.28 Hz. Based on the effective medium approach,®® the
effective refractive index n, and impedance Z are retrieved
from the transmission and reflection properties, as presented
in Figs. 3(b) and 3(c), respectively. Within the sweeping fre-
quency range, both the real and imaginary parts of the rela-
tive refractive index approach O at the degenerate frequency.
Meanwhile, the real part of the impedance related to that of

(b) 1.0
8 0.8 :I] max
‘O VW
@ I,
€ 0.6+
(2]
c
4
=g, “off” “off”
o
[e]
o 0.2 4
0.0 — ——T—T T
0.1 0.2 0.3 04 0.6 0.7 0.8

0.5
/A

FIG. 2. (Color online) Modulation of the transfer impedance of dopant. (a) The transfer impedance versus /1. Two zero points happen at / = 0.252 and
1 =0.75/, respectively. (b) The power transmission versus //. The two dips, related to the zero points of the transfer impedance, can be regarded as “off”
switch; the point where the transfer impedance is mismatched compared to the host medium can be regarded as “on” switch. The insets are the sound distri-

butions within the dopant at corresponding states.
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FIG. 3. (Color online) Structure of zero index acoustic metamaterial. (a) Band structure for the ZIM consisting of the air cylinders array embedded in the water.
The inset is the implementation of the ZIM. The lattice constant is d, and the radius of the air cylinder R = 0.1488d. Two flat bands are degenerated with
curved band at I' point, associated with the Dirac-like point, signifying the existence of zero refractive index. (b) Real part (blue line) and imaginary part (red
line) of the relative refractive index of the ZIM n, versus the frequency. At the degenerate frequency, both parts are 0. (c) Real part (blue line) and imaginary
part (red line) of the relative impedance of the ZIM versus the frequency. At the degenerate frequency, the real part is 1 and the imaginary part is 0.

water approaches 1 whereas its imaginary part keeps 0, giv-
ing rise to the impedance-matched full transmission.

The scenario of adding small rectangular dopant to
the abovementioned ZIM is depicted in Fig. 4(a). The
length and width of the dopant are set as 2d and d to avoid
breaking the periodicity of ZIM. The vacant space
enclosed by the rigid boundary can be regarded as a rigid
scatterer. Although the dopant itself only occupies the
space of two unit cells at most, it can efficiently determine
the transmission performance of the entire ZIM, without
disturbing the zero-index property. We conducted numeri-
cal simulation on a ZIM with a 5 X 6 array of unit cells
and dopant embedded at the center. Figures 4(c) and 4(d)
show the simulated pressure fields when the dopant is set
to work as “on” switch and “off” switch, respectively.
When the transfer impedance at the opening of the dopant
is tuned to be mismatched compared to that of the host
medium water, the dopant can be regarded as a hard scat-
terer. The incident wave will bypass it due to the
extremely large effective wavelength within the ZIM. The
intact wavefront and high transmission at the output side
indicate the invisibility of dopant to the incident waves.
Yet, when the transfer impedance drops to zero, the dop-
ant becomes a soft scatterer that results in a vanished pres-
sure field within the ZIM as well as a total sound
reflection. By changing the depth of the dopant, the power
transmission can be modulated between these two states.
We calculate the transmission spectrum of the doped ZIM
as a function of the dopant depth. As shown in Fig. 4(b),
such an “on/off” switch mechanism is clearly supported
by the split of bright band, which is associated with high
transmission, and by the dark dips that are associated to
the high energy reflection. Note that there is a slight dif-
ference of the position of the dip between the simulation
(I =0.732) and theory (I = 0.754), which is caused by the

J. Acoust. Soc. Am. 148 (3), September 2020

imperfect incident plane wave in the case of physical real-
ization. In physical measurement, the introduction of loss
may attenuate the transmission and shift the operating fre-
quency, however, the property of zero index still can
establish.” 124

IV. ACOUSTIC WAVE FOCUSING MODULATION

Acoustic wave transmission control with doped ZIM
can be utilized on flexible sound focusing. For ZIM, as the
transmitted waves are forced to leave along the surface
normal, a concave interface at the output side will natu-
rally provide a focused sound field. Embedding dopant, in
such a case, provides a new degree of freedom targeting
the sound strength at the focal point to create either weak
or strong focusing effect. When the dopant’s transfer
impedance Zg approaches 0, most of the incident sound
energy is reflected by the ZIM, and the focusing is there-
fore rather weak, as demonstrated in Fig. 5(a). Conversely,
when the dopant’s transfer impedance Zy is tuned to maxi-
mize the acoustic wave transmission through the ZIM, a
strongly focused sound field with high intensity can be
generated. It is worth mentioning that the strength of
focused sound field varies in accordance with the dopant’s
depth. We extract acoustic wave pressure changes along
the focal point area for different dopants’ depths and nor-
malize them according to the incident wave. From the plot
shown in Fig. 5(c), within a small span of 0.68 to 0.74 for
1/ 4, the strength of the sound field around the focal point
can be observed to undergo dramatic rise and fall. The
ratio between the maximum and minimum amplitude at
the focal can approach 2. It suggests our scheme as an
effective way to tune sound focusing performance without
modulating the incident signal or reshaping the concave
geometry of the normal lens.

Gu et al. 1639
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FIG. 4. (Color online) Transmission modulation. (a) Schematic diagram of the impedance matched ZIM with dopant. The dopant has length 2d and width d.
By changing the depth of cavity /, the effective transfer impedance can be modulated at the opening. (b) Power transmission spectrum for the intact ZIM
with/without dopant. (c) Numerical simulation of the acoustic pressure distribution when the dopant is set to work as “on” switch with depth / = 0.5/. (d)
Numerical simulation of the acoustic pressure distribution when the dopant is set to work as “off” switch with depth / = 0.73 4.

V. CONCLUSION

In conclusion, we have proposed and numerically dem-
onstrated that tunable sound transmission through ZIM can
be accomplished by adjusting an embedded dopant. Due to
the field uniformity inside ZIM, their performance can be
determined by the boundary impedance provided by dopant
with a very small footprint. A 2D array of air cylinders
immersed in water has been utilized to realize the
impedance-matched ZIM, in which a rectangular cavity acts
as the dopant. At the degenerate frequency, the sound trans-
mission can be modulated by suitably changing the depth of

(a)

9d

weak focusing radiation boundary

1.5A+10d 4.50:+10d

strong focusing radiation boundary

1.50+10d

4.55+10d

the dopant, which is inconsistent with our theoretical predic-
tions. Unlike previous approaches, our proposed doped ZIM
offer an effective scheme to achieve tunable transmission
without the need of structure deformation or extreme param-
eter distribution. A tunable sound-focusing effect is there-
fore demonstrated. Our study hints at the great flexibility
potential of doped ZIM for complex acoustic wave modula-
tion, which may be extended to optical and electromagnetic
systems. It may open the avenue to design versatile novel
devices in a variety of fields where transmission control is
indispensable, such as acoustic imaging, sensing, or ultra-
sonic therapy.
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FIG. 5. (Color online) Sound focusing. (a) Simulated acoustic pressure field when the dopant is modulated to have weak sound focusing. (b) Simulated
acoustic pressure field when the dopant is modulated to have strong sound focusing. (c) Acoustic pressure variation along the dashed line in (a) as a function
of the dopant depth. The results are normalized to the pressure of incident wave.
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