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A bubble metascreen is an exceptionally effective and low frequency resonator which can be opti-
mized in order to exactly balance the energy provided by radiative process and lost under a viscous
mechanism (critical coupling). Under this condition, one can absorb 99.9% of the energy carried by
two phase-matched counter-propagating acoustic beams. This phenomenon, called coherent perfect
absorption, is here observed with bubbles 75 times smaller than the inc'(glt wavelength and is
shown to be remarkably broadband. Finally, tuning the relative phases of $he two beams turns out
to be an efficient way to control the absorption in the medium. 3

The propagation of a wave is ruled by causality. As a  viscous dissipation needs to exactly balance the radiative
direct consequence, a finite-sized support is required to damping (¢fitieal coupling condition). After fabrication,
absorb its energy [1]. Because subwavelength resonators we repor a:s;% erformances as high as 99.9%
provide a solution to confine the field in space regardless at 1.8 _}‘{z. Tore interestingly, broadband absorption
of the incident wavelength, they offer a way to push the greater than 98% is demonstrated between 1.4 and
classical causality-related limitations to their limit, open- 3.2 MHz. Fin?lly, we show that the mechanism highly
ing up the way to the super-absorption phenomenon. For ﬁ):ﬂds thé input symmetry. We can smoothly tune

fro

instance, it has been shown that, for a unidimensional
configuration, a single open resonator could by itself
absorb up to 50% of the incoming energy [2] under th

so-called critical coupling condition. The recent develop-
ments in the field of metamaterials offer new perspectives
in this regard. Indeed, the high degree of control
tunability of such structures enable a very flexible T —
of their resonant properties and yield useful appli
such as negative refraction [3-5], invisibility clo
or super-focusing [10-12]. Also, some vety,con
demonstrations of super-absorption have r M en
achieved in optics [13] as well as in Qceustics [14:-20].
For example, a design consisting of a mm of air
bubbles trapped in a visco-elastic matrix [1 i

pate up to half the incident ene ransmission over 0.2 ] '
a significantly broad range of y(;%f, despite the | - :ﬁ?ﬁy |

ifnatel hundredth of the

bubble radius being appro

incident wavelength. Bettek yetfthe absorption process OO 1 9 3 4 5 6
can be fully completed by breaking g}fe symmetry of the
Frequency [MHz]

configuration with ad n opaque barrier at one end
of the resonator. . - . .
FIG. 1: Theoretical (solid lines) and numerical (dashed lines)

The vh h ¢ foct ab . predictions for the transmission and reflection coefficients, r
¢ phenomenon Coherent perfect absorption (or and ¢, induced by a bubble metascreen with an optimized set

anti-laser effeqf), fipst jonstrated in optics [21-23] of parameters (bubble radius a = 10 um, lattice parameter
and more recen exte?.ded to acoustic waves [24-27], d = 50 pm, matrix shear viscosity n = 0.9 Pa.s and shear
iént to the discussion. Indeed, modulus p = 6 MPa). The total absorption A expected in a
the efficiengy of tlés, technique, which consists in fully CPA configuration (sample excited symmetrically from both
i carried by two oppositely directed sides) is computed via Eq. (3). The bubble layer is placed in
beams§, has been shown to rely critically on the symmetry ~ the middle of the metascreen.
stem ‘and more specifically on the phase shift
two incident beams. When undergoing acoustic excitation, a bubble os-
- cillates. For low frequencies, the oscillations remain
is letter, we experimentally demonstrate the pos- essentially monopolar and exhibit resonant behaviour
sibility %ef achieving coherent absorption of sound waves most commonly known as the Minnaert resonance [29].
using a bubble metascreen. Thanks to a previously In water, the Minnaert resonance occurs for an incident
developed model [28], we show that a meticulous design wavelength 300 times larger than the size of the bubble,
of the structure can lead to an optimized absorption over ~ thus making it a very promising candidate for the
a broad range of frequencies. For this to happen, the realization of thin locally resonant metamaterials. Our
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FIG. 2: (a) Schematic diagram showing the experimental setup. A metascreen (sc\)w isting of a layer of cylindrical air cavities

(diameter D = 24 pm, height H = 13 pm, equivalent radius a = 11 pm)
and trapped in a silicone (PDMS) matrix is immersed in a wat
can be translated thanks to a motorized stage. (b) Experiment

ergfank be

ithin a square lattice (constant d = 50 pm)

en‘a pair of identical transducers, one of which
theoretical (solid lines) and numerical (dashed

(symbols),
lines) results for the transmission and reflection coefficients of hzcdable tascreen. The reflection coefficient r (black open

triangles) is extracted from the transmission (blue open squares)
red circles) corresponds to the CPA absorption calculated f r an
A (red solid circles) corresponds to the absorption measuded, loiti

N

emitting simultaneously).

xplojting pressure continuity. The first data set for A (open
through Eq. (3). The second experimental data set for
Eq. (4), under real CPA conditions (both transducers

~

lattice constant d and trapped in a polydi
(PDMS) viscoelastic silicone rubber gslab

polymer
1anoparticles as

form o, = 0.2f!38 1 indMHz). The total
thickness of our metastructure being e = 630 pum, 24%
of the overall energy'is expectéd, to be dissipated by the

PDMS-TiO2 matrix«at MHz.

The measured intensitéft 0! oefficient has the

When several Bﬁles exist, they couple via the phe-

scattering. As a consequence, the
medium is a lot more complex
e bubble. Yet, in our particularly
has been shown [28] that one can

lly the reflection and transmission coef-

ayer with an incident plane wave of angular fre-
w and wavenumber in water k. More strikingly,
le metascreen can itself be described as an open
resonator. Introducing K = 27/(kd?), which represents
the ability of the layer to radiate in the longitudinal di-
rection, and I = 1— Kasin(kd/x), which accounts for the
coupling between neighboring cavities, one can show that

the bubbly layer resonance occurs at wy = wy/ V1, with
wm = v/(38y +4u)/(pa?) denoting the Minnaert reso-
nance of a single bubble [36]. Here 3, stands for the bulk
modulus of the gas and p is the density of the surrounding
matrix. Finally, we have the following expressions:

-1
iQ a7
— ra 1
Tbub 1—22—iQ 'z (1)
-1
iQ _x
d tpu, =1+ —crad” 2
AR hub +1f:c271Q*1:c @

where 7 = w/wy, Q7! = QL + Q. stands for the in-
verse quality factor of the bubble layer and accounts for
both the radiative damping Q;ii = Kax/I and the dis-
sipation Qgils = 4n/(pa*wol), which, in this case, essen-
tially originates from a viscous mechanism. The actual
reflection and transmission through our metascreen can
be derived from the above expressions by taking into ac-
count the effect of the longitudinal attenuation in the ma-
trix: 7 = rpup exp(—ame/2) and t = tpyp exp(—ame/2).
In a coherent perfect absorption configuration, the sam-
ple is excited from both sides. The output signal thus re-
sults from the interference between the transmitted and
reflected channels. One can then estimate the total ab-
sorption (for symmetrical inputs) as follows [25]:

A=1—|r+t2. (3)

At the metascreen resonance, i.e. for x = 1, the absorp-
tion is A =1 — |Qy. — Q4% exp(—ae)/|Q !> meaning
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peifect absorption is obtained for Qgis = Qrad-
is phenomenon, commonly referred to as critical
[2, 16, 31, 32], occurs when the viscous
damping exactly balances the radiative leaks of the
metascreen. In the present case, the critical coupling
condition is satisfied when the relationship between
bubble radius, lattice constant and viscosity satisfies
a = (2nd?/nZ)'/3, where Z is the acoustic impedance
of the matrix. Because this criterion does not explicitly
depend on frequency, the optimization is expected to be
robust over a wide range of frequencies. Considering the
characteristics of our impedance-matched PDMS and
setting the lattice constant to be d = 50 pym, one finds an
optimal bubble radius of a* = 10 pm. Figure 1 reports
theoretical and numerical (FEM simulations) predictions
for the performance of this optimized metascreen.
Besides the excellent agreement between the model and
the simulations, one observes that an overall absorption
of 100 % can be expected near 3.4 MHz, and that
the phenomenon is very broadband (A > 99% for
2.4 MHz < f < 5.9 MHz for these parameters).

Next, we explore experimentally the performance
of a nearly optimized design.
tolithographic techniques,

height H = 13 pm in the impedance-matched
The cavities were arranged in a square laftice wi
lattice constant d = 50 pm. In the regim
investigating, the incident wavelength is
of magnitude greater than the size of
As a consequence, they are expecte
spherical bubbles of equivalent volu

: with a
‘hich turns
out to be slightly larger than for the
optimal radius a*. Despite thi
simple transmission experi
the configuration of Fig. 2
and transducer 2 receiveg{ y1
of the performance o an expect here. The results
are shown in Fig. .‘Qﬁsransmission coeflicient

in ‘agreentent with the prediction

(blue open square

by adopting
nsducer 1 emits

=)

sed to estimate the reflection
triangles) by exploiting the

a reliable referencg in“reflection, which is required to

i Sieasurement of r. From these data,
orption expected under symmetrical
ia Eq.4(3) and find (open red circles) that it is
over the whole 1 MHz to 3 MHz range, with

a E@iﬁmm at 1.8 MHz.
-

The“actual coherent perfect absorption experiment is
then performed by emitting from both transducers and
receiving with transducer 2. The phase shift ¢ be-
tween both incident beams can be controlled by mount-
ing transducer 1 on a motorized translation stage. Our

N
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FIG. 3: Time-domain acquisition of the pressure fields col-
lected at transducer 2 when both transducers are emitting
the same narrowband (a) or broadband (b) pulse centered
at 1.8 MHz. We explore both symmetrical (¢ = 0 in red)
and anti-symmetrical (¢ = 7 in black) input configurations.
Signals are normalized by the same amount.

time-domain measurements, reported in Fig. 3, provide
a good picture of the absorption performance. We first
examine the case of a long pulse centered at 1.8 MHz (see
Fig. 3(a)). This kind of excitation has a relatively narrow
frequency content, meaning that we essentially measure
Su(d) = so [r + tcxp(igb)] with sg the complex ampli-
tude provided by the sources. For frequencies above wy,
r and t are intrinsically opposed in phase meaning that
an asymmetric input (¢ = ) will result in a construc-
tive interference between the two channels. The total
amplitude is then driven by the dissipation in the ma-
trix: s,(m) = sgexp(—ame/2). One can then generalize
Eq. (3) to obtain a ¢-dependent expression for the quasi
monochromatic absorption:

5.(9)

S ()

2
exp(ame).

Ay(¢)=1— (4)

For the situation of Fig. 3(a), we find a maximum
absorption as high as A,(0) = 99.9%, as shown in
Fig. 2(b). As a matter of fact, as depicted on Fig. 3(a),
the signal almost vanishes when the input becomes sym-
metrical (red line). We also demonstrate the robustness
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‘ s Io r optimization with frequency by reporting the

.case of & significantly shorter pulse [see Fig. 3(b)]. Once
PUb|l§;ﬂhﬁlg1 e amplitude reduction is considerable in the
case of a symmetrical input (¢ = 0). Furthermore, the
frequency dependence of the total absorption is in good
agreement with the evolution predicted from the single
input experiment [see Fig. 2(b)]. Note that, because of
fabrication limitations, the bubbles could not be placed
exactly at the center of the sample, which resulted in
a slight drift of the phase shift ¢ when modifying the
driving frequency. This effect is not detrimental to the
broadband nature of the phenomenon. Nonetheless,
one needs to apply the appropriate phase correction to
obtain the evolution reported in Fig. 2(b) (solid red
circles) which is consistent with the results obtained
from the transmission measurement (open red circles)
and is also well described by the trend predicted by the
analytical model (red line).

These results show very convincingly the broadband
character of coherent perfect absorption in these bubble
metascreens.  Since CPA is a resonant phenomenon,
achieving broadband absorption wvie this mechanism

due to two key features of our metamaterial.

materials are excellent candidates for coherent perfect
absorption of acoustic waves. The phenomenon, tradi-
tionally believed to be limited to narrowband inputs [37],
is here found to be robust over a broad frequency range.

1 : : : :

0.81

G. @herent control. The phase shift between both in-

cach position, we send a quasi-monochromatic excitation and

appears to be an unusual accomplishment, which xm\t beams was modified by translating transducer 1. For

n
crucial point is that the bubble layer resonance h;&\

ate the absorption via Eq. (4) (symbols). The gray

very low quality factor @ (it is overdamped) eHshaded area depicts the inherent longitudinal attenuation of
large superradiative and dissipative losses, and,therefore e PDMS-TiO2 matrix.
n

extends over a wide range of frequencies. 0

reason for the broadband absorption is that themc‘al\
coupling condition is itself broadband, si as noted
above, it yields a relation between the paramete he
metascreen that does not depend explic wue cy.

Finally, we provide an illustration of thé<coherent
control of the absorption (see &' By translating
transducer 1, we can vary t
two input beams and esti

A, (@) (symbols) via Eq.
a narrowband 1.8-MHz4centere

Ha}ior bywinjecting the analytical
esgion 1 — ||r| + |t| exp(ig)|? (solid

wer limit corresponds to the

e waveform consists of
se. Here, we were

=

rease this lower attenuation limit.
as well as the broadband aspect can

In “¢onclusion, we have shown that bubbly meta-

Also, thanks to the low frequency nature of the Minnaert
resonance, our metastructure turns out to be very effi-
cient despite being smaller than the incident wavelength.
Finally we show that the phase shift between both
incident beams provides a very efficient way to tune
the absorption. Having demonstrated the possibility
of using bubble metascreens for superabsorption [16]
or theometry [38] purposes, we propose that the phase
dependence of A and the extreme sensitivity of CPA
to the position of the metalayer can be exploited to
design interferometry-based vibrometers and switches.
In the system studied here, the sensitivity can be on
the order of 1 ym. Moreover, the broadband character
makes it possible to envisage either continuous-wave
or pulsed applications. For example, since the critical
coupling condition can also be achieved under oblique
incidence [16], our device could be used as a switch for
inputs with different incident directions and bandwidths.

The authors would like to thank Eric Lee, Fabrice
Lemoult and Valentin Leroy for their valuable inputs on
simulation and theory. We gratefully acknowledge sup-
port from the NSERC Discovery Grant program.

[1] M. Yang, S. Chen, C. Fu, and P. Sheng, Mater. Horizons
4, 673 (2017).

[2] K. Y. Bliokh, Y. P. Bliokh, V. Freilikher, S. Savelev, and


http://dx.doi.org/10.1063/1.5051341

This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record.

|
‘ s I P Nori, Rev. Mod. Phys. 80, 1201 (2008).
R. A. Shelby, D. R. Smith, and S. Schultz, Science 292,
Publlshngc 2001).

[4] J.\ alentlne S. Zhang, T. Zentgraf, E. Ulin-Avila, D. A.
Genov, G. Bartal, and X. Zhang, Nature 455, 376 (2008).

[5] M. Lanoy, J. H. Page, G. Lerosey, F. Lemoult7 A. Tourin,
and V. Leroy, Phys. Rev. B 96, 220201(R) (2017).

[6] D. Schurig, J.J. Mock, B.J. Justice, S. A. Cummer, J. B.
Pendry, A.F. Starr, and D.R. Smith, Science 314, 977
(2006).

[7] H. Chen and C.T. Chan, Appl. Phys. Lett. 91 183518
(2007).

[8] D. Torrent and J. Sdnchez-Dehesa, New J. Phys. 10,
063015 (2008).

[9] S. A. Cummer, B.-I. Popa, D. Schurig, D. R. Smith, J.
Pendry, M. Rahm, and A. Starr, Phys. Rev. Lett. 100,
024301 (2008).

[10] G. Lerosey, J. De Rosny, A. Tourin, and M. Fink, Science
15, 1120 (2007).

[11] F. Lemoult, M. Fink, and G. Lerosey, Phys. Rev. Lett.
107, 064301 (2011).

[12] M. Lanoy, R. Pierrat, F. Lemoult, M. Fink, V. Leroy,
and A. Tourin, Phys. Rev. B 91, 224202 (2015).

[13] K. Aydin, V. E. Ferry, R. M. Briggs, and H. A. Atwater,
Nat. Comm. 2, 517 (2011).

[14] Z. Yang, H.M. Dai, N.H. Chan, G.C. Ma, and P. Shen
App. Phys. Lett. 96, 041906 (2010).

[15] J. Mei, G. Ma, M. Yang, Z. Yang, W. Wen, and P. She
Nat. Comm. 3, 756 (2012).

Tourin, and J. H. Page, Phys. Rev. B 91, 020301

Groby, Sci. Rep. 7, 13595 (2017).

[20] L. Liu, H. Chang, C. Zhang, X. Hu, App. Phys. Lett.
111, 083503 (2017).

[21] Y.D. Chong, L. Ge, H. Cao, and A. D. Stone, Phys. Rev.
Lett. 105, 053901 (2010).

[22] Wan, W. and Chong, Y. and Ge, L. and Noh, H., Stone,
A. D. and Cao, H., Science 331, 889 (2011)

[23] Feng, S., Halterman, K., Phys. Rev. B 86, 165103 (2012)

[24] J. Song, P. Bai, Z. Hang, and Y. Lai, New J. Phys. 16,
033026 (2014)

[25] P. Wei, C Crer{ T. Chu, and J. Li, App. Phys.
Lett. 104, 12190

[26] V. Achllleos,
Soc. Am. 14

[27] C. Meng,
Sci. Rep. 7,

oux, d G. Theocharis, J. Acoust.
(2016).
S T. Tang, M. Yang, and Z. Yang,

E 29,123130 (2009).
s. Mag. 16, 235248 (1933).
ic, M. Lanoy, A. Strybulevych, and J. H.
sonics, in press (2018).
, R. K. Lee, and A. Yariv, Phys. Rev. E 62,

).
V. Ralnero—Garcia, G. Theocharis, O. Richoux and V.
x, J. Acous. Soc. Am. 139, 3395 (2016).

ver, K. Brendel, and K. Tamm, J. Acoust. Soc. Am.
, 1116 (1958).

. Leroy, A. Bretagne, M. Fink, H. Willaime, P. Tabel-
ing, and A. Tourin, App. Phys. Lett. 95, 171904 (2009).

Acoust. Soc. Am. 132, 1 (2012).

[16] V. Leroy, A. Strybulevych M. Lanoy, F. Lemo %\%5] D. C. Calvo, A. L. Thangawng, and C. N. Layman, J.

(2015). }
[17] M. Yang,C. Meng, C. Fu, Y. Li, Z. Zhiy nd PASlfeng*
App. Phys. Lett. 107, 104104 (2015).
[18] V. Romero-Garcia, G. Theocharj 7
A. Merkel, V. Tournat, and V. Rep
6, 19519 (2016).
[19] N. Jimenez, V. Romero-Garcia, V. Pagneu and J.-P.

.Q
NS

[36] V.N. Alekseev and S.A. Rybak, Acoust. Phys. 45, 535
(1999).

[37] S Longhl Physics 3, 61 (2010).

[38] M. Lanoy, A. Bretagne V. Leroy, and A. Tourin, Crystals
8, 195 (2018).


http://dx.doi.org/10.1063/1.5051341

Frequency |[MHz]


http://dx.doi.org/10.1063/1.5051341

AI P | This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record. |
Publishing
(a) PDMS (b 1
\ @0 0 Y === 00 90
\\ O O QQ vl ©0 C’S
\ O ® -
\\ e/, exp. theory simul.
0.8' \\ ® ,/ I:Ip Y L ‘t‘ il
meta-sereen " N IR
| X< e 0 —— ---- A
: 0.0
transduceruk =
L]
N) :
L] -
S - 0.4
L]
- transducer 2 ,
] /]
<Ll > . 0.2 [ |
motor e )
—_— | [ 1/
- | O g ~
r water tank 0 . . |
0 1 2 3 4

Frequency [MHz]


http://dx.doi.org/10.1063/1.5051341

s(t, ¢)

s(t, ¢)

0.5F

0.5t «.\H\U\_
(.;-..:__‘
RIS 1) A
T8 10 12 AANNJ6 18 20 22
15%}[#8]
Y . N
b) ﬂﬂ — o=t
0.5} )
£

8

9

10 11 12 13 14
time |us]


http://dx.doi.org/10.1063/1.5051341

0 0.2 0.4 0.6 0.8 1


http://dx.doi.org/10.1063/1.5051341

	Manuscript File
	1
	2
	3
	4

