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Tunable Asymmetric Transmission via Lossy Acoustic Metasurfaces
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In this study, we show that robust and tunable acoustic asymmetric transmission can be achieved through
gradient-index metasurfaces by harnessing judiciously tailored losses. We theoretically prove that the
asymmetric wave behavior stems from loss-induced suppression of high order diffraction. We further
experimentally demonstrate this novel phenomenon. Our findings could provide new routes to broaden
applications for lossy acoustic metamaterials and metasurfaces.
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Ongoing development of acoustic metamaterials and
metasurfaces has opened up new possibilities for control-
ling the behavior of sound in different acoustic media
[1-6]. In most acoustic metamaterial or metasurface
designs, the inherent loss is either intentionally minimized
or ignored and the corresponding systems are consequently
treated as Hermitian systems [7]. Indeed, losses have been
conventionally considered to have an adverse effect on the
performance of the acoustic material under study [8].
Losses, however, are ubiquitous in the process of acoustic
wave propagation due to thermal and viscous boundary
layers [9,10] and dissipative losses [11]. Recently, there has
been a growing interest in exploring new physics by
embracing the losses in acoustic systems. For example,
parity-time symmetric acoustic materials with carefully
tailored loss and/or gain have been theoretically and
experimentally demonstrated for their ability of unidirec-
tional cloaking [12,13], nonreciprocal reflection [14,15],
unidirectional transmission [16], topological characteristics
[17], and others [18,19].

This study, for the first time, theoretically and exper-
imentally demonstrates asymmetric wave transmission in
lossy acoustic gradient-index metasurfaces (GIM). While
the theory of lossless or quasilossless GIMs is well studied
and they have shown extraordinary ability in manipulating
reflected and transmitted waves [5,20-28], lossy GIMs are
largely unexplored. This study will reveal how judiciously
tailored acoustic GIMs can give rise to robust asymmetric
wave transmission. In recent years, lossless passive systems
or active systems also have been extensively investigated to
achieve asymmetrical transmission [29-38]. However, they
are in general either bulky or based on complicated designs,
in which usually two functional devices (a wave vector or
frequency converter and a filter) or active control is needed
[29-36]. This work, in contrast, provides a new route for
achieving asymmetric sound transmission by harnessing
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losses in metasurfaces. Finally, since the asymmetrical
behavior of the proposed metasurface is highly dependent
on the angle of incidence as will be shown in this Letter, the
“asymmetry”’ of the metasurface can be conveniently tuned
via simple rotation.

First consider a classical, lossless GIM with six unit cells
per period, as depicted in Fig. 1(a), with air as the
background medium. The effective refractive index of
the ith unit cell is n; = 1+ (i — 1)g/mh, where A, is
the wavelength at the operating frequency, m = 6 is the
number of unit cells per period, / is the thickness of each
unit cell. The transmitted phase across the unit cells ®; =
whn;/cy will thus cover a complete 2z range of phase shift
within a period, with @ and ¢, being the angular frequency
and sound speed in air, respectively.

An analytical method based on mode coupling
[26,39,40] is used to calculate the transmission and
reflection coefficients. The entire domain is divided into
three regions as illustrated in Fig. 1(a). For the pth order of
diffraction mode, the x component of wave vector along the
metasurface is expressed as G, = k, + 2zp/d, with k,
being the wave vector of the incident wave in the x direction
and d = 6a being the length of one period. By expressing
the incident, reflected and transmitted waves as summation
of different modes and matching the boundary conditions,

(a) transmitted wave (b)

Region I

incident wave reflected wave

FIG. 1. (a) Schematic of wave transmitted through a gradient-
index metasurface. (b) Sketch of positive and negative incidence
of +25°
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the transmission and reflection coefficients ¢, and r, for
the pth order diffracted wave can be obtained (see
Supplemental Material [41]).

We begin with the lossless case as depicted in Fig. 1(b)
with positive and negative angles of incidence. The incident
angle is measured from the positive (negative) z axis. Six
different types of unit cells with width a = 0.24, and
various refractive indices are used for the GIM. Figure 2(a)
shows the acoustic pressure field immediately behind the
GIM for oblique incidences at +25°. It can be seen that
the overall transmission in the far field is almost the same
for these two cases in terms of the magnitude. Now we
introduce an isotropic loss in the metasurface unit cells,
such that n; = [l + (i — 1)4g/mh](1 +yj). The corre-
sponding acoustic pressure fields for a loss factor y =
0.14 are displayed in Fig. 2(b). In this case, there is a stark
difference between the transmission in the negative direc-
tion (—25°) and positive direction (25°): the transmission is
dramatically reduced in the negative direction whereas the
transmission in the positive direction is only moderately
decreased.

To understand the mechanism of this peculiar asym-
metric transmission, individual calculations for different
diffraction orders were first performed. For the Oth order
wave, the amplitude is extremely small due to the destruc-
tive interference among the unit cells [42]. We note that, at

negative
transmission

negative
transmission
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FIG. 2. Calculated acoustic pressure fields at +25° of inci-
dence. The left shows the transmitted field with negative
incidence (—25°) and the right shows the transmitted field with
positive incidence (+25°). The axes are normalized with A.
(a) Without loss in the GIM. (b) With a 0.14 loss factor in the
GIM. (c) The calculated normalized transmission of £1 propa-
gating modes when a y = 0.14 loss is introduced.

an angle of incidence of 4+25°, the dominant propagating
modes are of the +1 and —1 diffraction orders, respectively,

as k, , = y/k§ — G2 has to be a real value for propagating

waves, or equivalently, k§ — G% > 0. Other modes, such as
the +2 orders, are evanescent and do not contribute to the
far field transmission except at very large angles of
incidence. These results, therefore, are not shown here.
The corresponding acoustic pressure field for each dif-
fraction order is presented in Fig. 2(c). The propagating
mode (—1 order) is greatly suppressed for the negative
direction whereas it (41 order) is not significantly affected
in the positive direction case. We further analyze why this
has occurred. The generalized Snell’s law of gradient-index
metasurfaces with phase gradient and periodic gratings
reads [20,24]

(sinf, —sin0;)ky = &+ nG, (1)

where 6, and 6; are angles of refraction and incidence,
respectively. & = d®/dx is the phase gradient of the
metasurface, n is the order of diffraction associated with
the grating [not to be confused with the diffraction order p in
Eqgs. S(4)-S(7) in the Supplemental Material [41]], and G =
2x/d is the reciprocal lattice vector. Equation (1) implies
that the overall diffraction (the one associated with p) is a
result of the interplay of the phase gradient and periodic
grating. Since for the current configuration of the metasur-
face, we have £ = G, the diffraction orders can be related by
n = p — 1. The diffraction orders associated with the
gratings thus take values as n =0 and n = —2 for the
positive and negative directions, respectively (because p =
1 for the positive direction and p = —1 for the negative
direction), which implies that the diffraction caused by the
periodic gratings only takes place for the negative direction
since n = 0 indicates that the grating term in Eq. (1)
vanishes. Transient simulations of the transmitted fields
through the GIM with or without loss are also performed to
help reveal the underlying physics (see Supplemental
Material [41]). Remarkably, it is found that multiple reflec-
tions are enforced within the GIM for the negative direction
case and are absent or negligible in the positive direction
case. Since diffraction produced by the grating only takes
place in the negative direction, it is believed that the multiple
reflections are associated with grating-induced high order
(p = —1) diffractions. The multiple reflection process
accumulates the energy density inside the unit cells and
increases the time that wave travels therein; thus, loss-
induced suppression of the diffraction can be strongly
enhanced and in turn gives rise to asymmetric transmission.
While the above statement is true for the angle of incidence
we tested in Fig. 2, at smaller angles [those smaller than a
critical angle, 6. = sin™! (1 — &/k;), which is 9.6° in this
case], the Oth order diffraction (n = 0) dominates for both
positive and negative directions [24] and therefore the
multiple reflections become negligible for negative incident
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waves [43]. It should also be pointed out that 8., which is the
critical angle for asymmetric transmission, can be tuned by
the phase gradient . Although the impedance matching
condition of the unit cells is imposed thus far, asymmetric
acoustic transmission can also be observed with impedance
mismatched metasurfaces (see Supplemental Material [41]).

To shed light on the optimal loss and angle dependence
of the asymmetric sound transmission, a series of numerical
simulations have been carried out [41]. The results indicate
that the optimal loss for the specific gradient index under
study is around 0.12-0.15, and appreciable asymmetric
transmission occurs for angles of incidence greater
than 15°.

A majority of acoustic GIM designs consist of sub-
wavelength channels and conventionally their sizes are
designed to be as large as possible in order to reduce the
loss and to possess high transmitted energy. However, since
loss is essential here for asymmetric transmission, the GIM
is intentionally designed to introduce optimal losses. Our
selected unit cell, comprised of four Helmholtz resonators
(HRs) in parallel connection and a straight channel on the
top [27,28], is shown in Fig. 3(a). The advantage of this
type of structure is that the loss effect can be effectively
tuned by the size of the HR neck, /,, and the width of the
channel, w; [44]. The loss from viscous friction and
thermal dissipation can significantly be enhanced by
reducing wy and h,, since the ratio between the thickness
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FIG. 3. (a) The schematic of the proposed metasurface unit cell
consisting of four Helmholtz resonators in series connection
and a straight channel. The transmission (b) amplitude and
(c) phase shift of the proposed unit cell at 3430 Hz. The
solid lines represent amplitude and phase shift in the non-
dissipative case while the open circles refer to the case with
dissipation. The fluctuating peaks and dips (black arrows) stem
from the resonant elastic response of the solid materials. The
geometrical parameters for the simulations are h =4 cm,
W:1Cm, W2:h1:h2:1mm, h3:(h—5hl)/4, and
W3 =W —w; _W2_hl'

of the viscous boundary layer and the width of the channel
will increase and, consequently, more energy will be
dissipated inside the channel and neck. The choice of
the GIM structure is not restricted; other existing metasur-
face unit cells in principle can also be adopted here [24,45].

The corresponding transmission spectra (amplitude,
|p./pil, and phase shift, ¢,/27z) of the unit cell is shown
in Fig. 3(b) and they are computed using the commercial
finite element package COMSOL Multiphysics [41]. The phase
shift (red line) covers a 2z range when 0.15 < w;/w < 0.6.
Compared with the amplitude profile (blue line) in the
nondissipative case, the transmitted amplitude (open
circles) drops with the decrease of w;, providing solid
proof of the existence of dissipation.

According to the phase profile [cf. Fig. 3(c)], 6 units are
selected with a step size of z/3 to construct the GIM. The
average effective loss factor of these unit cells is estimated
to be around 0.14 [41]. The phase gradient is selected as
& = /6w (each unit repeats once within a period, so that
12 units form a period) and, subsequently, the GIM can be
established based on the desired phase profile. The spatial
resolution of each element is w = a/2 = 1,/10, which is
sufficiently fine to ensure accurate phase modulation. Full
wave simulations with and without losses were performed
to validate the proposed GIM. The asymmetric pressure
fields of the GIM under the positive and negative incidence
directions can be found in the Supplemental Material [41].

Measurements of the 3D printed GIM were conducted in
a 2D waveguide. The experimental setup is shown in Fig. 4
and @ is the rotation angle of the GIM relative to the original
position (normal to the wave front). The acoustic field is
scanned using a moving microphone with a step size of
2 cm behind the GIM. The measured acoustic fields are
depicted in Fig. 4 at the angle of incidence of +25°. Good
agreement is found between the simulations (see Fig. S5 in
the Supplemental Material [41]) and the measurements,
which are both consistent with the theory. For the negative
direction case, most of the acoustic energy is concentrated
on the surface of the GIM, confirming the strong attenu-
ation of the propagating wave through the GIM.

To quantify the performance of the prototype, we further
examine the transmitted energy contrast (the ratio between
the transmitted energy from the positive direction and the
negative direction) by integrating the acoustic intensity
along a line parallel to the GIM with distance two wave-
lengths away. The corresponding results are presented in
Fig. 5. The experimental result shows good agreement with
the simulation result. The peak contrast is greater than
10 times (10 dB) at an incident angle of 25°. The strongly
asymmetric incidence angles, defined by their contrast
being greater than 6, range approximately from 15° to
40° as observed from experiments. At small angles of
incidence (e.g., 0°-5°), the energy contrast is close to unity
and the sound transmission is symmetrical. Consequently,
tunable sound transmission contrast ratio (transmission
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FIG. 4. Measured transmitted acoustic fields at @ = 25°. The le
direction (—25°) and positive direction (425°), respectively. The
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ft and right panels show the measured acoustic fields of the negative
middle panel shows the experiment setup. The left (right) incidence

corresponds to the positive (negative) direction case. A photo of the fabricated prototype is shown in the bottom panel. Axes unit: cm.
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e at 3430 Hz (red curve, simulation; black circles, measurement).

(b) Simulated and (c) experimentally obtained energy contrast as a function of frequency f and the angle of incidence ;. The black
curves represent the region in which contrast is greater than 6 (7.8 dB).

asymmetry) can be realized by mechanically or electroni-
cally rotating the GIM in order to adjust the angle of
incidence. To investigate the frequency dependence of the
asymmetrical transmission behavior, 2D maps of the
energy contrast (energy contrast vs angle of incidence vs
frequency) are generated from both the simulation and
experiment, where reasonable agreements are observed.
The area of high energy contrast is confined to a region
with frequencies ranging approximately from 3.4-3.6 kHz
and angles ranging from 15°-40°. The contrast ratio is
around 1 at small angles of incidence and gradually
increases with the incident angle. At large angles of
incidence (>45°), the contrast ratio drops because the
transmission for the positive direction decreases due to
impedance mismatch [46].

To conclude, we have theoretically and experimentally
demonstrated asymmetric transmission through lossy
GIMs with tailored internal losses. We show that the
asymmetric wave behavior is due to loss-induced suppres-
sion of high order diffractions. In both theoretical predic-
tion and measurements, asymmetric transmission can be
clearly observed within a range of incident angles and
frequencies. The asymmetrical behavior is also tunable by
adjusting the orientation of the metasurface since it is
highly dependent on the angles of incidence. The useful-
ness of losses in acoustic metamaterials or metasurfaces for

sound transmission manipulation is largely unexplored, and
it is shown here that losses can be harnessed to create robust
asymmetric transmission. It is hoped that this study could
open up new possibilities in the family of lossy acoustic
metamaterials and metasurfaces as it adds another degree of
freedom to the control of sound transmission. The theory
presented here can be possibly extended to benefit other
areas of lossy physical systems, such as electromag-
netic waves.
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