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Controlling the lineshape of Fano resonance has great potential applications. Here we propose a type of acoustic
Fano resonator, which is composed of a multi-layer zigzag line defects (ZLDs) sandwiched by double-layer zigzag
steel rods in two-dimensional sonic crystals (SCs). We have theoretically and experimentally observed the
asymmetric Fano resonances caused by the interference between the resonant and propagating self-collimated

acoustic waves. It is demonstrated that the resonance dip frequency and Fano profile can be modulated by
adjusting the structure parameters of the SC-based resonator. Our finding provides an efficient approach to
manipulate sound propagation for future acoustic devices.

1. Introduction

The Fano resonance is caused by the destructive and constructive
interference between a discrete energy state (the resonant process) and
a continuum energy state (the background process). Its asymmetric
lineshape and ultra-narrow linewidth are distinctively different from
that of the conventional symmetric Lorentzian-like resonance [1]. Over
the recent past, optical Fano resonance has attracted much attention
due to numerous applications such as switching [2,3], lasing [4], bio-
sensing [5-7], and slow-light technologies [9,10], which require com-
parable high frequency sensitivity or strong resonant and radiated
mode. The system that supports Fano-like resonance usually requires
complex unit cell with symmetry-breaking structures such as dipole
quadrupole coupled metamaterials or metasurfaces [4,5], waveguide-
Plasmon coupled systems [7], asymmetric split ring resonators [8] and
so on. However, very few efforts [11-14] has been devoted to the
modulation of the Fano resonance lineshape, e.g. linewidth, resonance
frequency, spectral contrast, which in fact largely determines the
overall performance of the Fano-resonance-based devices, such as the
detection limit of biosensor. By selectively altering the particle shape of
either subgroup of plasmonic nanoclusters, Rahmani et al realized a
lineshape tunable and designable Fano resonance, and employed a
deconstruction method to explain the superposition of a subradiant and
a superradiant state of the system [12]. Recently, Li et al and Deng et al

proposed independently of semi-independently tunable Fano resonance
in two kinds of optical systems by changing the parameters of the re-
sonance structures [13].

Fano resonance is a general phenomenon, which is ubiquitous in
many areas of physics and engineering. Note that the Q-factor of Fano
resonance is much higher than that of the Lorentzian resonance, which
directly determine the sensitivity of the sensor [5,6]. In addition, due to
the distinct physical properties such as wavelength and propagation
medium, the manipulation of acoustic waves is of more importance
than optic waves under certain circumstances. Specially, the optic sig-
nals exhibit high attenuation and short transmission distance in un-
derwater and medical applications. Thus, the Fano resonance of
acoustic waves has attracted increasing attention recently [15-22].
Excepting for the analytically investigation of the Fano resonance in
one- or two-dimensional waveguides with obstacles or localized re-
sonator, a series of acoustic devices based on Fano resonance have been
proposed and demonstrated. Wang et al [18] and Amin et al [19] both
realized acoustically induced transparency (AIT) devices based on Fano
resonance by coupling a small concentric shell (pipe) with a bigger one.
Yang et al realized a broadband acoustic superlens using Helmholtz-
resonator-based metamaterials, and point out that the corresponding
mechanism is the Fano resonance rather than the conventional Fabry-
Pérot resonance [20]. Oudich et al [21,22] investigated the Fano re-
sonance of acoustic surface waves in phononic crystals based on pillars
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distributed on the substrate surface, which presents novel approach to
accurate surface acoustic wave control for sensing applications. How-
ever, most of acoustic Fano resonances were results of interference of
two near states, i.e., one with a high Q-factor and the other with a low
Q-factor. Moreover, the Fano resonances have similar lineshape because
the energy ratio between the two states cannot be arbitrarily adjusted.
Thus, manipulating both the discrete and the continuum modes in
acoustic Fano resonances is remained as a significant challenge.

On the other hand, artificial sonic crystals (SCs) and metamaterials
have been widely investigated due to their plenty of non-natural oc-
curring properties, such as negative refraction, near-zero index, extra-
ordinary transmission, self-collimation and so on [23-27]. The self-
collimation effect provides an effective approach to inhibit the propa-
gating diffraction of sound waves in two-dimensional (2D) SCs. The
self-collimation phenomenon of acoustic beam in a SC has attracted
considerable attention due to the resulting wave-guiding properties
such as diffractionless propagation along a definite direction and easy
crossing without cross talk. Based on the interference of the self-colli-
mated sound waves, a series of acoustic devices, such as acoustic
switches, acoustic sensing and acoustic logic gates have been proposed
and demonstrated [26,28,29]. The realization of the Fano resonance of
self-collimated beams in a SC is a high-potential research field because
it could increase the possibility of application of self-collimated beams.
Here, we proposed a SC-based structure that can supports evident
asymmetric Fano resonance of self-collimated sound beams. Since the
self-collimation effect occurs due to the complex dispersion properties
of the propagation modes instead of bandgap in a SC, the resonant
cavity should locate on the propagating path of the self-collimated
beams. The Fano resonator is composed of zigzag line defects (ZLDs)
sandwiched by two columns of zigzag steel rods. Due to the interference
between the radiated sound beams from the resonator and the directly
propagated self-collimated sound beams, the transmission spectrum
shows an evident asymmetric Fano lineshape. Moreover, the dip posi-
tion and the lineshape (usually described by the Fano factor q) can be
continuously and semi-independently adjusted in a wide frequency
range by adjusting the structure parameters, such as the radii of the ZLD
rods and the steel rods of the resonator in 2D SCs. The Fano resonance
of the self-collimated sound beams with high quality factor Q and
designable lineshape may be used in integrated acoustic devices, such
as filters, sensors and acoustic switches.

2. Simulation and experiment

In order to investigate the Fano resonance, a nearly flat background
mode could be valuable for understanding and controlling the perfor-
mance of the Fano resonance. Here we consider the self-collimation
effect of sound beams in 2D SCs as the background mode. The simu-
lations are performed by the Acoustic-Structure Interaction in COMSOL
Multiphysics, which characterize the effect of acoustic-structure inter-
action by including the shear modulus of the solid materials. A square
lattice of 2D SCs composed of epoxy resin rods immersed in water with
a filling ratio of 0.196 is constructed. The density and acoustic long-
itudinal speed are p,, = 998kg/m® and c,, = 1483 m/s for water; the
density, Young’s modulus and Poisson’s ratio are p. = 1180 kg/m?,
E.=535GPa and o0.=0.35 for epoxy; ps=7800kg/m>
Es = 20.6 GPa and o5 = 0.28 for steel, respectively. The unit lattice of
the employed SC and the equifrequency contours (EFCs) corresponding
to the first band in the first Brillouin zone are shown in Fig. 1(a). For
convenience, the frequency is normalized by cy,/a. Here, a is the lattice
constant. As shown by the arrow in Fig. 1(a), the EFC is flat and normal
to the I'-M direction at the normalized frequency f = 0.58. Thus, the
acoustic waves at f = 0.58 should propagate along the I''M direction
without diffraction. The insert of Fig. 1(b) shows the sound field dis-
tribution of the propagating self-collimated beam at f = 0.58 in a SC
with a size 204/2a x 13+/2a. Note that the incident monochromatic
acoustic beam propagates along the I'-M direction without beam
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spreading in the SC and its flat wavefront is perpendicular to the pro-
pagation direction. We also investigate the transmittance of sound
beams from f = 0.553 to 0.58 and find that more than 96% of the in-
cident power is transmitted through the SC, which is suitable as a
background mode, as shown in Fig. 1(b).

Fig. 2(a) shows the schematic of the Fano resonator which is com-
posed of a ZLD sandwiched by double-layer steel rods in a
14+/2a x 20~/2a 2D SC block. In order to generate a strong trapped
mode, we set the radius of steel rods larger than the rods in the SC while
the radius of the line defect rods smaller than the rods in the SC. The
propagation direction and effective speed of the acoustic beams in the
SC are determined by the gradient of the band structure [30]: v, = Vif
(k). Here the radius of the surrounding resin rods is ro = 0.25a, while
the radii of the ZLDs rods and steel rods are ry < r, and r, > ry, re-
spectively. The length and width of the resonator are 14+/2a in the y-
direction and 4+/2a in the x-direction, respectively. The self-collimated
sound beams can be strongly reflected by the zigzag shaped boundary
due to the index difference and wavefront mismatch. The incident self-
collimated beam broken by one side of the resonator should be re-
constructed by another one. When the self-collimated sound beam
propagates into the resonator, a part of the incident beam should be
trapped by the resonator and reradiated again. Consequently, the in-
terference between the radiated sound beam S, (trapped mode) and the
self-collimated beam S; which passes through the resonator (back-
ground mode) gives rise to the Fano resonance, as shown in Fig. 2(a).

The classic Fano lineshape can be described as the following [11]

lq + 2(f—fy)/AP
1+ [2(f—fp)/AP (¢

Here A is a constant, q is the Fano factor, f, is the resonant frequency
and A is the resonance bandwidth. In order to demonstrate the Fano
resonance, the transmission spectra in the self-collimation frequency
range of the proposed resonator are investigated. Here we first keep the
steel rods radius 7 = 0.35a and inspect the transmission spectra with
varying ZLD radius ry. Fig. 2(b) shows the transmission spectra of the
self-collimated beams passing through the ZLDs resonator. The rod radii
are ry = 0.02a, 0.08a and 0.12a, respectively. From Fig. 2(b), the evident
asymmetric Fano lineshape is observed in the transmission spectra, and
the dip position moves from f = 0.559 to 0.595 as the radius of the ZLD
rods increases. The blue shift of the dip position and the observable
bandwidth shrinking of the transmission spectra are caused by the in-
crease of effective sound speed as the radius of the ZLD rods increases
[30]. It is noticed that as ry is closer to ry, the resonance dip becomes
shallower, indicating that the resonant mode becomes weaker as ry
increases. We further depict the sound field distributions of the re-
sonator with rg = 0.02a at f = 0.559 [see Fig. 2(c)] and 0.563 [see
Fig. 2(d)]. As shown in Fig. 2(c) and (d), the self-collimated sound
beams at f = 0.559 barely transmits through the resonator due to the
destructive interference between the trapped mode and the background
mode, while most of (~91%) the self-collimated beams at f = 0.563
propagates through the resonator due to the constructive interference.

To verify above conceptual design and simulation results, we have
achieved the Fano resonance in experiments. The measurement set-up
and the prototype are shown in Fig. 3(a) and (b), respectively. In order
to eliminate the influence of the reflected waves, the tank was covered
with sound-absorbing wedges. One unfocused transducers centered at a
frequency of 0.1 MHz were employed as the sound source, and one
unfocused transducers centered at a frequency of 0.1 MHz as the re-
ceiver. The acoustic signal launched by the transducer through the SC
sample was detected by the detective transducer. The acquired signals
were sent to a low noise preamplifier, and then processed by the Lab-
VIEW application. Time domain data was finally analyzed after aver-
aging 30 measurements. In the experiment, we detected the transmitted
acoustic signals passed through two prototypes with different para-
meters, e.g. iy = 0.35a, 1y = 0; r; = 0.35a, 13 = 0.1a. For convenience, we
only measured the point sound pressure from the output side but not

T(f) = A
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Fig. 1. Acoustic self-collimation effect: (a) The unit lattice of the employed 2D SC and the EFCs of the first band structure in the first Brillouin zone. The EFC at
f = 0.58 is nearly flat and normal to the I'-M direction. (b) The simulated power transmittance of the self-collimated sound beams in the frequency ranging from
0.553 to 0.58. Insert shows the sound field distribution of a propagating self-collimated beam at f = 0.58.

Fig. 2. Schematic of the Fano resonator and
the simulation results for the two-layer ZLD
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the interference between the radiated sound
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rq = 0.02a, 0.08a and 0.12a. Sound field

Normalized frequency f'(cy/a)

T 1
2ry 010
O 0.563
\ b (oo
< \r)oooo
. . [}
2505 Q
31010 =1
120% s
. 20% E
010
1010 =
190% 4
010 =
. 25959 ]
Incident 7% =
01010
oo ls ° 0.0 ~Steel rod
1010 ONONC 4 N
y %0 0 e e e - S &
- 700 @ @0 o OlOC &7
CRCOSOSCIONOSORCICRONCN SR 2 7
. MO0 olororororoioic - xéls
X [070707070 0 0 0 0 0 0 O
210J010X0X 010101010 0L0KC

rq=0.02a |

.

the transmission coefficient.

For each frequency, we made 30 measurements, and the finally
analyzed transmission spectra together with the simulation results are
shown in Fig. 4: (a) r, = 0.35a, 1y = 0 and (b) r, = 0.35a, ry = 0.1a. The
evident Fano lineshapes are found for the experiment and simulation
transmission spectra, as shown in Fig. 4. In Fig. 4(a), the dip and the
peak positions of the two transmission spectra are coincide with each
other, but the amplitudes show some bias at the frequencies away from
the resonant frequency. In Fig. 4(b), the measured sound pressure
amplitude is relatively lower than that of the simulation result, and the
bandwidth is slightly broader than that of the simulation spectrum. We
further calculated the quality factor Q = Jo for the transmission

(peak —Jfdip)
spectra, where f,, is the peak frequency, I}"dip is tphe dip frequency, f, is
the center frequency. The Q values are both 153 for experiment and
simulation in Fig. 4(a), while Q is 188 for experiment but 249 for si-
mulation in Fig. 4(b). These deviations may be caused by the manu-
facturing deviation of the prototype, inevitable bias during the ex-
periment, and the sound speed of the water. Thus, we have theoretically
and experimentally achieved the Fano resonance of the self-collimated

sound beams in two dimensional sonic crystals.
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distributions of the self-collimated beams at
() f=0.559 and (d) f=0.563 when
rqg = 0.02a.
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3. Discussion

The Fano factor g is the most important factor to identify the Fano
lineshape. The value of the Fano factor q is correlated to the energy
ratio between the trapped mode and the background mode. Thus, it is
reasonable to expect that the energy of background mode can be con-
trolled by adjusting the radius of the steel rods r;.

Fig. 5(a) shows the evolution of the transmission spectra with r.
Here, r; varies from 0.31a to 0.38a while rq = 0. It is found that the
energy of the propagation mode gradually decreases with the increase
of r;, while the resonance lineshape shows a dramatically evolution
from a reversed Lorentzian lineshape to an evident asymmetric Fano
lineshape, as shown in Fig. 5(a). The Fano factors g of the curves in
Fig. 5(a) can be achieved by fitting them to the Eq. (1). The results show
that the Fano factor q increases from 0.1 to 6.7 as r, varying from 0.31a
to 0.38a, which is coordinate with the evolution of the lineshape. A blue
shift of the resonance position is also observed in Fig. 5(a), which can
be ascribed to the reduction of the resonator’s width and the increase of
r;. In Fig. 5(b), the evolution of the transmission spectrum with the
radius of the ZLD rods ry is further investigated. Here, ry varies from
0.02a to 0.16a while ry = 0.35a. It is found that the position of the
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Fig. 3. Experimental demonstration of the Fano resonance: (a) Schematic of the experimental setup. (b) The photograph of the prototype of the Fano resonator

fabricated by using epoxy resin rods.
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Fig. 4. The experimental and simulation transmission amplitudes of the acoustic beams with (a) r; = 0.35a, rq = 0 and (b) s = 0.35a, rq = 0.1a.

a b
1 —— r,=0.31a 1 —o— rg=0.02a
= —=— r,=0.32q —=— ry4=0.04qa’
0.8 —— r,=0.33a 0.8 —— r4=0.06a
o 7 r=034a —— rg=0.08a
e ——r=0350| © . —o— 14=0.10a
=06 r=036a] = 0.6 r=0.12a
é ——r=037a| = —— ry=0.14a
7] | ——r=038 & | —— r=0.16a
§ 0.4 ~. é 0.4
= =
0.2 0.2r
070555 0.56 0565 0.57 00555 0.56 0.565 0.57 0.575

Normalized frequency f(c./a)

Normalized frequency f (cy/a)

Fig. 5. The evolution of the power transmission spectra with respect to the radii of the steel rods rs and the ZLD rods rq: (a) The evolution of the power transmission
spectrum at ry = 0 with r varying from 0.31a to 0.38a. (b) The evolution of the power transmission spectrum at ry = 0.35a with rq varying from 0.02a to 0.16a.

trapped mode shows a blue shift with the increase of 7, but the back-
ground mode is almost unchanged, resulting that the lineshape main-
tains the asymmetric Fano resonance profile with a Fano factor g = 1.
We also observe that the resonant mode becomes weaker as ry increases,
which is consistent with that in Fig. 2. Therefore, the lineshape of the
transmission spectrum profile can be changed by adjusting the radius of
the steel rods r;. And then the Fano resonant frequency can be adjusted
by altering the radius of the ZLDs of the resonator. These behaviors
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provide us a convenient approach to control both the trapped and
background modes independently or simultaneously. Therefore, by
properly choosing the structure parameters of the resonator, the
transmission spectra of the Fano resonance can be arbitrarily designed.

4. Conclusion

In summary, by introducing a trapped mode into propagation mode,
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the asymmetric Fano resonance of self-collimated acoustic beams can
be achieved in 2D SCs. The Fano resonator is composed of a two-layer
of ZLDs sandwiched by two columns of zigzag steel rods. We find that
the asymmetric of the Fano lineshape can be continuously tuned by the
radius of the steel rods, while the resonance frequency can be adjusted
by the radius of the ZLD rods. The designable Fano resonance of self-
collimated sound beams in 2D SCs could provide an efficient approach
to manipulate sound propagation, which may lead to convenient and
flexible applications such as acoustic sensing and switching.
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