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Defect mode induced energy trapping at the bandgap frequency of a phononic crystal has been widely
explored. Unlike this extensively used mechanism, this work reports the use of nonreciprocity in the
transmission band to trap energy inside a phononic crystal cavity. Passive nonreciprocity is due to natural
viscosity of the background liquid (water) and asymmetry of aluminum scatterers. The level of non-

resonant energy trapping was compared for three cavities with different symmetry. Enhancement of
energy trapping at a frequency of 624 kHz was observed experimentally for the cavity where nonre-
ciprocity suppresses acoustic radiation into environment. Experimental results were further investigated
and confirmed using finite element numerical analysis.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Phononic crystal-based metamaterials exhibit reach dispersive
and scattering properties allowing existence of band gaps [1-3],
negative refraction [4,5], localization [6-9], resonant defect modes
[10-12] and other nontrivial effects. The phononic crystals com-
prise arrays of elastic scatterers periodically arranged in a matrix
maintaining high impedance mismatch with their surrounding
medium. Similar to their well-studied photonic crystal analogs,
wave propagation may be restricted in specific directions due to
a partial bandgap, or all directions in a full bandgap. Bandgap char-
acteristics in phononic crystals have been exploited in various
acoustic applications, including but not limited to sound insula-
tion, imaging, communication, acoustic cloaking, and sensors.

The removal or modification of lattice scatterers introduces lat-
tice defects or cavities and gives rise to localized resonant modes.
Extensive efforts have been devoted to exploring the effect of
defects on resonance modes in various types of crystals, particu-
larly as it applies to waveguides, filtering, and energy trapping
[13-17]. The phenomenon of energy trapping using resonant
modes has been explored for phononic crystals. The resonant fre-
quency arises in the bandgap region and the acoustic energy asso-
ciated with it gets confined within the cavity.

Confinement of acoustic waves inside crystalline defects using
various forms has been reported. Khelif, et al. demonstrated con-
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finement of a resonant mode inside a defect of a 2D phononic crys-
tal where the resonant mode was within a complete bandgap [10].
Other reports include micromechanical resonators operating as
Bragg mirrors for confinement [18] and acoustic energy harvesters
for energy conversion [19]. These systems, being time-reversible,
are all reciprocal, leveraging broken periodicity that gives rise to
a discrete level within a bandgap.

Recently, nonreciprocity was explored for dissipative phononic
crystals using asymmetric scatterers with results demonstrating
the potential for energy trapping [20]. Nonreciprocity is generally
defined by the breaking of time reversal symmetry of an elastic
medium where a wave propagates. For a reciprocal medium, two
stationary points serving as a source and detector will have indis-
tinguishable pressure detection when interchanged as described
by the Rayleigh reciprocity theorem [21]. Nonreciprocity violates
this convention, with detection being distinguishable, dependent
on which point serves as the source.

Various methods for generating nonreciprocal systems have
been reported in acoustic and electromagnetic systems [22,23].
Though other methods utilize active or nonlinear media to achieve
nonreciprocity, the present work utilizes the passive linear mech-
anism of loss-induced nonreciprocity as demonstrated in [20,24].
Furthermore, it is also concluded in [24] that the observed distin-
guishable detection in such system is due to the contribution of
two factors, i.e., asymmetry of scatterers, which does not break
the reciprocity of the system, and dissipation caused by the vortic-
ity mode of oscillating fluid velocity with V x v=0, which exists
only in a viscous medium. The vorticity mode reaches its
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maximum within a narrow boundary layer of thickness
d = +/2n/(wp), where 7 is the viscous coefficient and p is the fluid
density. Viscous losses break the time-reversal symmetry of the
system making it irreversible in general and nonreciprocal if mirror
symmetry (P symmetry) is broken by asymmetric scatterers. The
passive, linear, and time-invariant mechanism of nonreciprocity
presents a feasible opportunity to investigate energy trapping.

Dynamics of viscous fluid follow the Navier-Stokes equation for
velocity v. While the field of acoustic velocities in viscous fluid in
the presence of scatterers differs essentially from that in ideal fluid,
the scalar field of pressures p(r) holds the same reciprocal symme-
try p,(rs) = pg(ra) between emitter and receiver upon switch-
ing their positions at points A and B. This property follows from
the linearized continuity equation —iwp + c>pV - v = 0. The vortic-
ity mode of velocity with V x v#0 does not contribute to this
equation and pressure is defined by the potential part of velocity
field. Since the Rayleigh reciprocity theorem [21] is valid for the
potentials of velocity, pressure remains a reciprocal quantity even
in a viscous fluid. Unlike this, the velocity itself does not possess
the reciprocal symmetry even in inviscid fluid. The Linearized Euler
equation for ideal fluid gives that v = Vp/iwp. Even in a homoge-
neous ideal fluid where p(r) = const, the reciprocal symmetry of
pressure p(r) is lost for Vp if the scatterers the wave meets prop-
agating from A to B are not symmetrical. This lack of symmetry
for velocity field wva(rg)#v(rn) and acoustic intensity
I(r) = »(r)p(r) does not mean nonreciprocity since dynamics of
ideal fluid is time reversible, i.e., T symmetry is not broken.

In a viscous fluid propagation of sound becomes irreversible due
to energy losses. Moreover, asymmetry in distribution of velocities
for forward and backward propagation generates different viscous
losses, which depend on the gradients of velocities dv;/0x,. These
gradients are strongly influenced not only by the scatterer shape,
but by scatterer surface features that interact with the viscous
boundary layer. Thus, the asymmetry in distribution of intensities
existing in ideal fluid acquires truly nonreciprocal contribution
leading to different attenuation of forward (A — B) and backward
(B — A) sound wave. The necessary condition for the viscosity-
induced nonreciprocity to be manifested is broken mirror symme-
try (or P symmetry) in the distribution of scatterers. Otherwise,
propagation, being irreversible, remains reciprocal since dissipa-
tive losses are obviously equal for forward and backward
propagation.

It is worth mentioning that in a viscous fluid the amplitude of
sound tends exponentially to zero with distance between source
and receiver. Therefore, propagation along an infinite path
becomes reciprocal. In a dissipative phononic crystal the rates
the amplitudes of Bloch waves with wave vector k and -k tends
to zero becomes equal, independently of the symmetry of the
scatterer and the unit cell [24]. Thus, the nonreciprocity caused
by broken PT symmetry is a size effect which tends to zero for
very long samples. In a dissipative phononic crystal with asym-
metric scatterers viscous losses become directional-dependent
[25] that makes it not only a nonreciprocal structure but also a
metamaterial with anisotropic viscosity where in a wave propa-
gating along different crystallographic directions loses different
amount of its energy.

Energy trapping inside a phononic crystal cavity has not yet
been explored using the transmission band of a nonreciprocal crys-
tal. Here, we investigate and demonstrate the use of passive nonre-
ciprocity to enhance energy trapping in a 2D phononic crystal. The
scatterers are solid asymmetric circle sectors in water ambient as
presented in Ref. [20]. A large cavity is introduced, the orientation
of half the rods modified, and metrics concerning the average
intensity inside and out the cavity closely examined both numeri-
cally and experimentally. Nonreciprocity is confirmed in the sam-
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ples, used to increase the cavity intensity as compared with
acoustically reciprocal samples, and the findings given below.

2. Methods

A 2D phononic crystal was fabricated with aluminum rods peri-
odically arranged in a finite 14 x 9 rectangular lattice of lattice
constant 5.5 mm (Fig. 1a) in water ambient (Fig. 1b). The alu-
minum scatterers are 120° asymmetric sections of a 2.2 mm radius
cylinder (Fig. 1a). For investigation of trapped acoustic energy, a
cavity was incorporated by removing a 4 x 5 section of scatterers
from the crystal center, as depicted in Fig. 1b. Here, 0° (forward
propagation) is defined as the wave incident on the curved surface
of a scatterer, and 180° (reverse propagation) as incident on the
cone (Fig. 1a).

Three types of cavities were fabricated and used in acoustic
experiments, see Fig. 1c-d. All three cavities have identical incident
halves consisting of 7 rows of rods (from left in Fig. 1b-d). In the
latter half of the crystal, the rods are i) the same orientation
(Fig. 1c), ii) reoriented by 180" (Fig. 1d), and iii) reoriented by
90" (Fig. 1e). Incident sound comes from the left at 0°. While all
three cavities are of the same rectangular shape, they are of differ-
ent symmetry. Symmetry is of principal importance for manifesta-
tion of the effect of nonreciprocity. The cavity in Fig. 1c is an
extended defect in otherwise homogeneous crystal. It possesses
the periodicity of the original phononic crystal. The cavity in
Fig. 1d has extra mirror reflection symmetry about the central ver-
tical line. This line is a twin boundary. The cavity in Fig. le is
formed by two twin crystals rotated by 90°. The central vertical
line is a cross-twin boundary with a cavity possessing the lowest
symmetry. We will refer to these cavities as homogeneous
(Fig. 1c), symmetric (Fig. 1d), and perpendicular (Fig. 1e).

The intensity of sound waves was measured inside and outside
each cavity in a bistatic setup, as depicted in Fig. 1b. Incident ultra-
sound was generated from an unfocused, 17, 0.5 MHz Olympus
V301 sweeping from 350 kHz to 700 kHz over 90 s. A 0.5 mm
Mueller needle hydrophone served as the detector, where data
was acquired at 20 points inside the cavity and 27 points outside
the latter half, opposite the cavity (Fig. 1b). Multiple measure-
ments were done at constant temperature to ensure result
consistency.

Intensity of sound wave inside and outside the cavity was also
calculated numerically using COMSOL Multiphysics software. The
Linearized Navier-Stokes model coupled to Solid Mechanics phy-
sics was employed to calculate the frequency dependence of the
transmission intensity averaged over an area inside and outside
the cavity. The aluminum rods in water were treated as elastic,
and no-slip boundary conditions were applied at the surface of
the rods. Perfectly matched layers around the aluminum-water
system were introduced in the simulations to consider the absorp-
tion of reflections from outside the boundaries.

3. Results and discussions

For this work, enhanced energy trapping in the cavity is exam-
ined using three frequency dependent factors: the presence of non-
reciprocity, the presence of a transmission band for the 0°
(forward) direction, and the degree of energy entrapment in the
cavity. Further details are given below. The frequency range of
620-628 kHz was found to contain all conditions being satisfied.
These frequencies are included as insets to the larger spectra for
convenience. Note that the resonant frequency of the cavity lies
in the range of dozens of kHz, i.e., at least one order of magnitude
lower. All the effects of acoustic transmission studied here are of
nonresonant nature.
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Fig. 1. Schematic representation showing (a) 14x9 aluminum rods phononic crystal along with the unit cell and, (b) experimental arrangement for measuring transmission
spectra inside and outside the cavity. Image of 4x5 periods (¢) cavity in a homogeneous phononic crystal, (d) symmetric cavity between two spatially inverted crystals and, (e)
perpendicular cavity between two crystals rotated by 90" used in the experiments. Note that the scatterers in the incident half (left incidence) are identical for all

configurations while the orientations are different for each cavity in the latter half.

Ideally, nonreciprocity is signified by the clear appearance of
transmission in one direction and opaqueness in the reverse. Con-
sider the hypothetical situation where for a certain frequency, the
forward (0°) direction is a passing band while for reverse (180°)
it is a stop band where reflection becomes strong. We use the sym-
metric cavity in Fig. 1d as the example illustration. Under some
ideal conditions, the incident half of the crystal, oriented at 0° (for-
ward), is transparent for incident acoustic waves, and the latter
half, with orientation of the rods inverted by 180°, is reflective
due to nonreciprocity. At this moment we do not discuss whether
such ideal nonreciprocity is in principal possible. Here, the primary
barrier is defined as the incident side of the cavity and the sec-
ondary barrier as the post cavity half of the crystal.

After traversing the cavity, the waves encounter a crystal ori-
ented in reverse at 180, i.e., incident on the cone of the scatterer.
Reflection ensues from the secondary barrier, and the wave is sent
back towards the primary barrier. However, now the primary bar-
rier has become reflective as the incident wave is again on the 180°
side of the crystal. Under these ideal conditions, the wave is
allowed to enter the cavity, but it would become trapped between
the reflectors due to nonreciprocity.

In a passive and infinite phononic crystal with lossless con-
stituents the dispersion relation for any propagating eigenmode
is real and reciprocal, i.e., w(K) = w(—K). Viscous dissipation, while
breaking the hermiticity of the eigenvalue problem, does not lead
to nonreciprocity in the imaginary part of eigenfrequency, even
for the phononic crystals with asymmetric scatterers [24]. Thus,
the proposed scenario of energy trapping cannot be realized in a
passive and infinite structure since a mode with a given k belong-
ing to a passing band remains a propagating mode with the same

dispersion and the same decay for the reverse direction -k. If, how-
ever, the parameters of the crystal are time modulated, for exam-
ple due to rotation of asymmetric rod, the band structure may
exhibit strongly nonreciprocal bands, where a Bloch wave with
wavevector k at frequency w belongs to a passing band, and the
wave propagating in the opposite direction fits the bandgap [26].
Here we consider only passive phononic crystals. It was dis-
cussed in Introduction that nonreciprocal transmission in passive
structures appears due to broken PT symmetry and finite length
of the crystal. The proposed scenario of energy trapping can be
only partially realized since the transmission through such struc-
ture is not ideally unidirectional. The difference in forward and
backward transmission has two contributions caused by asymme-
try of scatterers and nonreciprocal dissipation. The larger this dif-
ference, the stronger the enhancement of energy trapping in the
cavity. The asymmetric part of transmission difference cannot be
measured experimentally since it is related to the transmission
through a phononic crystal with inviscid background. This part
can be evaluated only numerically. Truly nonreciprocal part of
transmission can be obtained by subtracting the asymmetric con-
tribution from the experimentally measured difference between
forward and backward transmission. The delicate difference
between asymmetry and nonreciprocity in acoustics was discussed
in detail in the review [27]. Recently the nonreciprocity caused by
dissipative losses was observed in acoustic transmission through
lossy metasurface [28], in propagation of elastic waves [29], and
light [30] in finite-size structures with broken P symmetry.
Asymmetry in transmission enhanced by natural nonreciprocal
dissipation are the basic principles we explore for the energy trap-
ping in this acoustic cavity. Fig. 2 contains both the experimental
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and numerical results of the cavity-free lattice where we examine
nonreciprocity. Measurements are shown for 590-680 kHz. Trans-
mission for the forward and reverse directions is gathered by
switching the emitter and detector without perturbing the setup.
Numerical transmission for the two opposite directions was calcu-
lated by rotating the scatterers by 180°. The passing bands for the
crystal are readily apparent both experimentally and numerically,
with one strong transmission window and another very weak
transmission window in the 590-680 kHz range (Fig. 2).

The phononic crystal samples in Fig. 1, being passive linear
devices, do not possess the property of 100% unidirectional trans-
mission. However, discrepancies between 0° and 180°, along the
direction of broken mirror symmetry, are clearly seen to varying
degrees in each transmission window in Fig. 2. These differences
mean presence of partial unidirectionality [31] that serves as the
main reason of energy trapping inside the cavity. Both factors,
asymmetry and nonreciprocity contribute to the difference. Pure
asymmetric contribution can be obtained only in numerical simu-
lation with inviscid water.

Here, we focus specifically on ranges of frequencies where
transmission in the forward (0°) direction is allowed, and the non-
reciprocity is clearly manifested. The inset of Fig. 2a focuses on the
frequency range of 620-628 kHz where transmission is apparent in
the 0° direction. Similarly, the inset of Fig. 2b focuses on the same
range for the numerically calculated spectra. This range demon-
strates nonreciprocity-enhanced energy trapping as defined within
this work and is subsequently emphasized for analysis. Discrepan-
cies in experimental and numerical transmission spectrum arise
due to a variety of factors including the complex structure and sur-
face condition of the scatterers, condition of the medium, and
slight temperature fluctuations. Nonetheless, there is good agree-
ment between numerical and experimental observations of nonre-
ciprocal transmission.

To evaluate nonreciprocity, we create a metric

_ [Tiso — To|
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based on measured transmissions along 0° and 180° directions,
where To(s0) represent the linear transmission values in the 0°
(180°) directions. Fig. 3a(b) shows the experimentally (numeri-
cally) measured nonreciprocity ¢ in the transmission band for the
0° and 180¢ direction in the frequency range of interest. In the case
of ideally unidirectional transmission, ¢ = 1, which is the maximum
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possible value. Here, frequencies where ¢ is closer to 1 indicate lar-
ger difference between 0° and 180° directions. The insets concen-
trate on the 620-628 kHz range where in addition to
nonreciprocal transmission, energy trapping inside a cavity created
in the crystal is also demonstrated (inset of Fig. 3).

To demonstrate the impact of nonreciprocity, we begin by
positing sound not be generated within the cavity, but instead
inserted into the cavity from outside where it is incident onto an
outer boundary. In our ideal consideration of nonreciprocity as
used for energy trapping, we require the primary barrier to be non-
reciprocal and transparent for incident sound, the secondary bar-
rier to be the nonreciprocal orientation of the primary barrier
and nonreciprocity to contribute to reflection. Thus, incident sound
propagates into the cavity, and under these circumstances, all
energy entering becomes trapped due to backscattering. On the
contrary, a reciprocal cavity is fed by energy through a transmit-
ting channel. Through this channel the energy leaks to the
environment.

We define the extent of energy trapping within the cavity to be
quantified using a leak coefficient (t) of the phononic crystal calcu-
lated as

ocC
t— @

where OC is the averaged linear intensity transmitted through the
entire structure and contained in the area outside the crystal oppo-
site the emitter and cavity (Fig. 1b, transmitted wave region), and IC
is the averaged linear intensity inside the cavity (Fig. 1b, cavity
region). Under ideal conditions, if all energy is trapped in the cavity,
IC — oo, while OC — 0, leading to lower t indicating relatively
increased trapping. While such cavity is theoretically impossible
due to the limitations imposed by the second law of thermodynam-
ics [32], it is clear that the frequencies where the values of 7 are clo-
ser to O correspond to larger trapping of energy inside the cavity.

The average linear intensity inside and outside the homoge-
neous (Fig. 1c) and symmetric (Fig. 1d) cavity with the associated
leak coefficients are plotted in Fig. 4 for the frequency range of
590-680 kHz. As discussed, energy trapping of sound in a cavity
requires higher intensity of sound inside the cavity (IC) with low
leakage outside the cavity (OC). Fig. 4a and 4d showcase the
average linear intensity inside the cavities for the experiment
and simulation, respectively.
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Fig. 2. (a) Experimentally measured transmission spectra for cavity free phononic crystal shown in Fig. 1c in forward direction (0°, blue curve) and reverse direction (180°, red
curve). (b) Numerically calculated transmission spectra for 14X9 aluminum rods in viscous water. Inset shows magnified transmission spectra in the frequency range where
the frequency dependent metric for nonreciprocity enhanced energy trapping are met. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 3. (a) Nonreciprocity (¢) in experimental transmission spectra defined by Eq. (1). (b) Nonreciprocity (¢) associated with numerically calculated transmission spectra. Inset
focusses on the frequency range where energy trapping conditions are met for experiment and simulations.
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Fig. 4. Experimentally measured transmission spectra for homogeneous cavity and symmetric cavity: (a) inside the cavity, (b) outside the cavity and corresponding (c) leak
coefficient 1 calculated from Eq. (2). Numerically calculated transmission spectra: (d) inside the cavity, (e) outside the cavity, and corresponding (f) leak coefficient t.

Both the homogeneous (Fig. 1c) and symmetric (Fig. 1d)
arrangements have higher sound intensity inside the cavity at var-
ious frequency ranges as compared to each other. However, to
show the trapping of energy due to the nonreciprocity, frequencies
are selected at which, in addition to higher intensity inside the cav-
ity, the minimum leakage of energy outside the cavity is also
demonstrated for the symmetric arrangement. Fig. 4b and 4e show
the intensity measured outside the cavity for experiment and sim-
ulations. The leak coefficient, 7, calculated by Eq. (2), is plotted in
Fig. 4c and 4f. The experimentally measured frequency range of
620-628 kHz (inset of Fig. 3a-c) shows higher intensity of sound
inside the homogeneous cavity and lower intensity outside the
cavity, thus having lower leak coefficient 7 (Fig. 4a-c). Maximum
difference in t between the symmetric cavity and homogeneous
cavity is observed at 624 kHz with t = 0.03 for symmetric cavity
showing very low leakage of energy outside the cavity and
enhanced energy trapping inside the cavity. Similarly, the same

frequency range of 620-628 kHz (inset of Fig. 4d-f) shows
enhanced energy trapping obtained numerically with lowest
7 =0.06 at 624 kHz.

As described prior, the three frequency dependent metrics of
the presence of a transmission band for the 0° direction (Fig. 2),
the presence of nonreciprocity (Fig. 3), and the degree of energy
entrapment in the cavity (Fig. 4) are fulfilled experimentally and
numerically for the frequency range of 620-628 kHz, all together
demonstrating the nonreciprocity derived energy trapping in the
symmetric cavity.

Although, the symmetric cavity utilizes nonreciprocity by hav-
ing two opposing orientations of asymmetric scatterers on each
side of the cavity, the homogeneous cavity also has an asymmetric
orientation of the scatterers along the direction of propagation. To
study the effect of having symmetric orientation of the scatterers
along the direction of propagation as the secondary barrier, a per-
pendicular cavity is constructed by rotating the scatterers in the



J. Dhillon, E. Walker, A. Krokhin et al.

secondary barrier along the y-axis (Fig. 1e). Experimentally mea-
sured and numerically calculated intensity of sound wave inside
and outside the perpendicular cavity compared to the symmetric
arrangement is plotted in Fig. 5. The perpendicular cavity maintains
lower average intensity inside the cavity and higher average inten-
sity outside the cavity at frequency ranges of 620-628 kHz, leading
to a higher leak coefficient 7. Higher leak coefficient indicates that
the secondary barrier has also become more transparent to the inci-
dent waves, thus allowing increased energy to escape the crystal
through transmission. Consequently, changing the orientation of
the scatterers in the latter half of the cavity can result in “dumping”
of the stored energy making the cavity tunable for various applica-
tions in which delay of sound waves in time are required.

The simulated acoustic pressure maps at 624 kHz for the three
cavities are shown in Fig. 6. These results visually demonstrate the
primary barrier of the cavity allowing the acoustic waves to pass.
This agrees with the transmission spectra, as this frequency lies
in the passing band of the phononic crystal at 0°. The impact of
the orientation of the secondary cavity barrier is also visually
apparent in Fig. 6. The symmetric cavity with the secondary barrier
oriented at 180° shows reflection of the post-primary transient
wave supported by the presence of nonreciprocal effects in the
transmission band (Fig. 6b). Comparatively, though backscattering
is observable in all orientations, both the homogeneous and per-
pendicular cavity show increased wave penetration through the
secondary barrier. These results show consistency with all the
above observations of nonreciprocity enhanced energy trapping
in the symmetric cavity.

Discrepancies in experimental and numerical results are due to
the complex structure of the scatterers along with the surface
roughness of the scatterers in the experiments. If the height of sur-
face roughness is comparable or exceeds the thickness of the
boundary layer 6, the dynamics of the vorticity mode is strongly
affected. Also, the area of the fluid-solid boundary increases. Both
these factors lead to increase of the dissipative losses and nonre-
ciprocity. Enhancement of nonreciprocity in transmission caused
by surface roughness was first mentioned in Ref. [20].
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It is worthwhile to compare the contribution of surface rough-
ness in enhancement of energy trapping for the present system.
Whereas the contributions of nonreciprocity can be distinguished
numerically, it is impossible to completely decouple contributions
of asymmetry and nonreciprocity experimentally due to surface
features. Ref. [24] investigates the contribution to nonreciprocity
of surface features in a complete cylinder with one half of the sur-
face flat and the other half rough. It was shown that increases in
surface roughness increased the local dissipation and the nonre-
ciprocity. Consequently, wave transmission was numerically calcu-
lated for the asymmetric scatterers with and without surface
roughness for the present system. Surface roughness was intro-
duced numerically by constructing square wells on the surface of
the scatterers. The size of the surface roughness was 50 pm which
was 10 times greater than the size of the viscous layer. Nonre-
ciprocity contribution (o) to the transmission through periodic
finite-length crystal (without cavity) in the frequency range of
620-628 kHz is calculated using the following metric:

_¢(R)—<(0)
&)

where ¢(0) is the nonreciprocity for system of scatterers without
surface roughness and ¢(R) is the nonreciprocity with surface
roughness. We use roughness to approximate the contributions of
viscosity to increased dissipation in accordance with [24]. From
the definition of o in Eq. (3), it can be deduced that larger o implies
larger nonreciprocal contribution in the wave transmission. Fig. 7a
shows the behavior of o with respect to frequency. It is clearly seen
from the figure that at select frequencies, surface roughness contri-
bution to nonreciprocity is more than 5 times than that of scatterers
without surface roughness with an increase of 2.5 times for
624 kHz.

To further evaluate the effect of surface roughness induced non-
reciprocity on the leak coefficient of the cavity, a metric B is created
which is defined by:

[
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Fig. 5. Experimentally measured transmission spectra for perpendicular cavity and symmetric cavity: (a) inside the cavity, (b) outside the cavity and corresponding (c) Leak
Coefficient 7 calculated from Eq. (2). Numerically calculated transmission spectra: (d) inside the cavity, (e) outside the cavity, and corresponding (f) leak coefficient 7.
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Fig. 6. Computationally simulated acoustic pressure map at 624 kHz for: (a) homogeneous cavity, (b) symmetric cavity, and (c) perpendicular cavity. Note strong reflection at
the right boundary of the symmetric cavity.
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Fig. 7. (a) Phononic crystal with rough scatterers. (b) unit cell of the crystal. Contribution of surface roughness in nonreciprocity in (c) transmission (Eq. (3)) through periodic
crystal shown in Fig. 1c with rough and smooth scatterers and in (d) leak coefficient improvement Eq. (4) in symmetric cavity.

where 1(R) is the leak coefficient of the cavity with scatterers hav- depicted in Fig. 7b. Improvement in leak coefficient up to 92% is
ing surface roughness and t(0) is leak coefficient when the scatter- observed in the given frequency range and 34% improvement is
ers surface is smooth. From Eq. (4), greater § means lower leak observed at 624 kHz. The results in Fig. 7 collectively support that
coefficient for the rough scatterers case, and correspondingly better presence of roughness on the surface of the scatterers indeed
trapping. The values of g for the frequency range of 620-628 kHz is induces nonreciprocity that enhances the energy trapping.
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4. Conclusions

Nonreciprocity in transmission through a phononic crystal with
asymmetric scatterers and naturally viscous background is utilized
to enhance energy trapping in a cavity formed inside the crystal. It
is established, comparing cavities of different symmetry, that the
optimized trapping occurs for a symmetric cavity between two
twinned crystals. For this geometry, the incoming beam freely pen-
etrates inside the cavity and due to partial unidirectionality more
energy remains inside than radiates outside at each reflection from
its boundaries. Though unidirectionality is only partial with trans-
parency in one direction and opaqueness in the reverse, the differ-
ences in transmission due to nonreciprocity results in additional
reflection from the secondary boundary in the symmetric cavity.
Subsequently, the backscattering from primary and secondary bar-
riers result in enhanced energy trapping as confirmed both numer-
ically and experimentally. Furthermore, a tunable cavity can be
made to trap energy (symmetric cavity) in one orientation of the
asymmetric scatterers and dump in another orientation of the
asymmetric scatterers (perpendicular cavity). Improvements for
efficient energy trapping through quantification of the effective
cavity length with nonreciprocal, periodic barriers provide an
opportunity for rich theoretical, numerical, and experimental
investigation.
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