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ABSTRACT

Acoustics is a classical field of study that has witnessed tremendous developments over the past 25 years.
Driven by the novel acoustic effects underpinned by phononic crystals with periodic modulation of elastic
building blocks in wavelength scale and acoustic metamaterials with localized resonant units in
subwavelength scale, researchers in diverse disciplines of physics, mathematics, and engineering have
pushed the boundary of possibilities beyond those long held as unbreakable limits. More recently, structure
designs guided by the physics of graphene and topological electronic states of matter have further
broadened the whole field of acoustic metamaterials by phenomena that reproduce the quantum effects
classically. Use of active energy-gain components, directed by the parity—time reversal symmetry principle,
has led to some previously unexpected wave characteristics. It is the intention of this review to trace
historically these exciting developments, substantiated by brief accounts of the salient milestones. The latter
can include, but are not limited to, zero/negative refraction, subwavelength imaging, sound cloaking, total
sound absorption, metasurface and phase engineering, Dirac physics and topology-inspired acoustic
engineering, non-Hermitian parity—time synthetic active metamaterials, and one-way propagation of sound
waves. These developments may underpin the next generation of acoustic materials and devices, and offer
new methods for sound manipulation, leading to exciting applications in noise reduction, imaging, sensing
and navigation, as well as communications.

Keywords: acoustic metamaterials, phononic crystals, topological acoustics, PT-symmetry synthetic
acoustics, sound absorption

INTRODUCTION

The study of acoustics involves the generation, prop-

transport became possible. Together with similar de-
velopments of photonic crystals and optical meta-
materials, the field of classical waves has witnessed

agation, detection and conversion of mechanical ) ) ) )
. . . . what is probably the most influential revolution over
waves, i.e., sound and elastic waves. This classical R )
the past century. However, the origin of this revolu-
tion can be traced to the quantum theory of solids,

with the advent of the theory of electronic bands.

field includes diverse sub-disciplines such as electro-
acoustics, architectural acoustics, medical ultrason-

ics, and underwater acoustics. Over the last three

. 1 lid- ials wh -
decades, the emergence of phononic crystals and Crystals are solid-state materials whose con

. . . . stituents are arranged periodically in space. In 198
acoustic metamaterials has provided us with new, ged periodically in sp 87,

. . . the concept of photonic crystals, an optical ana-
powerful materials to manipulate sound and vibra- P P RAR P
tions, owing to their anomalous acoustic dispersion

relations and unusual properties originating from

logue of electronic crystals, was proposed by Eli
Yablonovitch and Sajeev John [1,2], which opened

. L o a brand new field with great impacts for manipulat-
multiple scatterings in periodic structures, or lo- 7 " o )
. ing light. A similar concept for acoustics was also
cal resonances of subwavelength unit cells. Many

proposed in parallel to electromagnetism, known

| effect h b length imagi -
novel effects, such as subwavelength Imaging, nega as phononic crystals [3,4]. The last two decades

tive refraction, invisible cloaking and one-way sound
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have witnessed rapid developments in the field of
phononic crystals [S-9]. Photonic and phononic
crystals are both composed of periodically arranged
scatterers in a homogeneous matrix. The periodic
structures affect the propagation of optical and
acoustic waves in a similar way to the atomic lat-
tices interacting with the electronic waves. Waves
of specific frequencies and momenta are allowed
to propagate in the periodic system. These states
are referred to as Bloch states and form an energy-
band structure, which is defined in the reciprocal
space (momentum space), denoted as the Brillouin
zone. There may exist gaps separating different en-
ergy bands in the band structure. In the bandgaps,
wave propagation is prohibited along certain, or all,
directions. Early research on phononic crystals fo-
cused on the search for full band gap materials with
exceptional sound attenuation [10,11]. Within the
band gap, acoustic waves can be trapped at a point
defect, or propagate along the line defect that can
serve as a waveguide. Later, wave propagation in
the pass band was extensively studied, and exotic
properties, such as negative refraction, extraordinary
transmission and acoustic collimation [12-14],
were explored. These effects offered great poten-
tial for applications. More recently, the advent of
graphene and its Dirac cones with linear dispersions
have inspired the study and fabrication of phononic
crystals with Dirac-quasiparticle-like behaviors that
can experimentally reproduce quantum electronic
phenomena such as Zitterbewegung and pseudo-
diffusion transport of acoustic waves [15-17]. Also,
topological phases of matter [18,19] and the atten-
dant concept of geometry, i.e. topology, were trans-
ferred to the realm of photonics in 2005, and nu-
merous theoretical and experimental investigations
demonstrated the feasibility of topological photonic
states [20,21]. Subsequently, topological properties
in phonon transport were investigated, uncovering
the relationship between the geometric phase and
the phonon Hall conductivity [22-24]; topological
phases were also realized in acoustic systems, draw-
ing considerable attention [25-28].

In order for the phononic crystals to be effec-
tive in manipulating the acoustic waves, the lattice
constants need to be comparable to the relevant
wavelength. It follows that for low-frequency sound,
the huge size of the phononic crystal makes it im-
practical. In 2000, a locally resonant material was
proposed that exhibited band gaps with the lattice
constant in the deep-subwavelength scale [29]. In
contrast to the band gaps arising from Bragg scatter-
ing in phononic crystals, here the band gaps are in-
duced by the local resonances of the structured unit
cells. The building block of the locally resonant ma-
terial is a solid sphere coated with soft silicone rub-
ber and embedded into a hard matrix material. The

building block can be described by a spring-mass
model [30], with the solid sphere being the mass,
connected to the rigid matrix by the soft silicone rub-
ber, which acts like a spring. The spring allows rela-
tive motions between the mass and the rigid matrix.
Near the resonance frequency, the central mass ac-
celerates out of phase with respect to the applying
force on the rigid matrix and the dynamic mass den-
sity of the block can turn negative [31]. The intro-
duction of local resonances in a composite medium
can have far-reaching consequences. The wave vec-
tor of an acoustic wave in a homogeneous medium is
givenbyk = |n|w/c,withn® = p/k. The mass den-
sity o and bulk modulus k are the two key parame-
ters of acoustic materials. If the effective mass den-
sity p is negative and the modulus « is positive, then
the wave vector k would be imaginary and the wave
decays as it propagates, thereby giving rise to the
band gaps of the locally resonant material. This is the
first work utilizing local resonances of the subwave-
length building blocks to achieve unusual acoustic
material properties, and the field of acoustic meta-
materials was initiated with very rapid subsequent
development [32-35]. Resonance-induced negative
effective bulk modulus and double-negative acoustic
metamaterials were demonstrated theoretically and
experimentally [36,37]. Acoustic metamaterials re-
quire no periodicity and can be designed at the deep-
subwavelength scale. Hence they can be described
by the effective medium theory [38-42]. Moreover,
the concept of acoustic metamaterials is not lim-
ited only to the locally resonant materials or strictly
periodic structures. In a broader sense, assemblies
of subwavelength blocks with homogenized (over
the wavelength scale) exotic acoustic properties and
functionalities that do not exist in nature can be
termed acoustic metamaterials.

Acoustic metamaterials that can display both
positive and negative effective mass density and bulk
modulus are the basis for realizing many intriguing
functionalities. For example, reversed Doppler ef-
fects have been observed in double-negative materi-
als [43]. Super-resolution imaging can be achieved
by designing the flat lens made of double-negative
materials [44]. Transformation acoustics and invisi-
bility cloaking require anisotropic and spatially vary-
ing acoustic materials that can only be satisfied by
acoustic metamaterials [45]. More recently, under
the guidance of parity—time (PT) symmetry, acous-
tic metamaterials with adjustable loss and gain com-
ponents have extended the modulation of the re-
sponse parameter values to the complex domain,
with unexpected consequences [46,47]. The exten-
sion of the response parameter values from the pre-
viously real, positive values to the complex domain
has opened up unprecedented possibilities for wave
manipulation.
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Figure 1. The roadmap for phononic crystals. At first, researchers focused on the band gap and band structures of phononic crystals. Nowadays, the
topology of the wave functions has drawn considerable attention and the field of topological acoustics is rapidly developing. From left to right: adapted
from [33]; adapted with permission from [56], Copyright 2007, Macmillan Publishers Ltd; adapted with permission from [17], Copyright 2016, Macmillan
Publishers Ltd; adapted with permission from [25], Copyright 2015, American Physical Society.

In what follows, the first part of this review will
explore the energy-band-related concepts and phe-
nomena associated with phononic crystals (Fig. 1).
Topological acoustics, as a new emerging field, is the
latest addition to this area. In the second part, we
focus on the unconventional effective properties of
acoustic metamaterials and their diverse function-
alities, including subwavelength imaging, invisibility
cloaking, phase engineering, sound absorption and
PT-symmetric acoustics, to name just a few.

PHONONIC CRYSTALS
Negative refraction in phononic crystals

In 1968, Veselago proposed the concept of left-hand
material (LHM) with simultaneous negative elec-
tric permittivity and negative magnetic permeabil-
ity [48]. In LHMs, the vectors of the electric field
E, the magnetic field H, and wave vector k form a
left-hand relationship, and the direction of propa-
gation (the phase velocity) is opposite to the direc-
tion of energy flow (the group velocity). The refrac-
tive index of LHMs is negative and hence LHMs are
also referred to as negative index materials (NIMs).
Surprising wave propagation phenomena in LHMs,
such as negative refraction, were theoretically pre-
dicted. Negative refraction means that the obliquely
incident wave impinging on the interface will bend
to the same side of the interface normal. Negative
refraction of acoustic waves was first investigated in
phononic crystals and then in acoustic NIMs. Unlike
the NIMs, negative refraction in phononic crystals is
caused by multiple Bragg scattering and strong de-
formation of isofrequency surfaces [49-51]. There
exist two different mechanisms accounting for neg-
ative refraction in phononic crystals. The first case
occurs in the lowest band due to the intense

scattering near the Brillouin zone boundary and the
incident and refracted waves stay on the same side
of the interface normal [49,50]. However, the ef-
fective refractive index is not negative in this case
and the phononic crystal behaves like a normal right-
hand material. The other case occurs in the second
or higher bands [S1]. Due to the band-folding ef-
fect, the effective refractive index is negative and the
wave vector is opposite to the energy flow, exhibiting
a backward-wave negative refraction effect, which is
similar to the NIMs. Negative refraction in phononic
crystals can be used to focus a diverging wave into
a focal point. The imaging effects with 2D and 3D
phononic crystals were examined in several papers
[52-55]. Negative birefraction of acoustic waves has
also been reported in phononic crystals [56]. Unlike
the birefringence phenomenon in optical materials,
which is induced by the excitation of different polar-
ization states, negative birefraction in phononic crys-
tals is due to the excitation of two Bloch states simul-
taneously from the overlapping high energy bands.
Two negative refractive directions corresponding to
different states were shown in the simulation result
and double-focusing of a point source was also ex-
perimentally observed.

Dirac physics and reproduction of
quantum phenomena with classical
waves

The Dirac equation, derived by one of the great-
est physicists of the last century, Paul Dirac, suc-
cessfully combines the theory of special relativity
with quantum mechanics, and motivates the devel-
opment of quantum field theory. The Dirac equa-
tion predicts a variety of intriguing effects of relativis-
tic quantum particles, such as the Klein paradox and
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Figure 2. (a) The band structure of graphene, showing that the valence and conduction bands touch at the Dirac point. (b) The artificial surface phononic
graphene on the LiNbO5 substrate. (c) The calculated band structure of the surface phononic graphene. (d) The lower (upper) panel shows the elastic
energy densities for the band region at (away from) the Dirac point. (e) Temporal transmission spectra of the Gaussian pulse with different bandwidths.
(f) The Dirac-like cone at the center of the Brillouin zone. Two linear bands and an additional flat band intersect at the Dirac point. (a) adapted from [59];
(b)-e) adapted with permission from [17], Copyright 2016, Macmillan Publishers Ltd; (f) adapted with permission from [72], Copyright 2011, Macmillan

Publishers Ltd.

Zitterbewegung. However, these effects are ex-
tremely difficult to be directly observed in real rel-
ativistic quantum particles. In an alternative way,
researchers start seeking experimental platforms in
condensed matter physics to simulate these relativis-
tic quantum effects under the same mathematical
model [57], and the 2D material, graphene, consid-
ered as a good candidate, has been extensively stud-
ied [58-60]. Due to the honeycomb lattice sym-
metry of graphene, a conical singularity determi-
nately appears at the corner of the Brillouin zone
(Fig. 2a), referred to as a Dirac point. Near the
Dirac point, the dispersion depends linearly on the
wave vector, and the dynamics of electrons can be
described by the massless Dirac equation. The sys-
tem of classical waves can also have Dirac points,
and hence Dirac-physics-related phenomena. Dirac
points at the Brillouin zone boundary have been
found in photonic and phononic crystals with hon-
eycomb lattice [61-63] and many novel effects, such
as pseudo-diffusion transport and Zitterbewegung,
have been experimentally observed [15-17,64].
Compared with graphene, these artificial graphene
systems have great advantages in flexible design-
ing and high-fidelity measurements for quantum

simulation of the Dirac equation. Here, we briefly in-
troduce an artificial surface phononic graphene [17],
which utilizes the surface acoustic wave (SAW) sys-
tem to construct on-chip artificial graphene. SAW is
an acoustic wave traveling along the surface of solids
and decaying exponentially with depth into the sub-
strate. By incorporating a metallic micro-pillar array
of honeycomb lattice on the surface of the LINbO;
substrate (Fig. 2b), a periodic potential variation is
introduced to the SAW and Dirac cone dispersion
can be observed in the calculated band structure
(Fig. 2¢). A transmission dip appeared around the
Dirac point frequency in the measured SAW trans-
mission spectrum, indicating the pseudo-diffusion
effect, which is related to the singularity in the dis-
persion relation. The diffusion behavior of the en-
ergy flux was revealed by the simulation result at the
Dirac point frequency, showing that the SAW field
spreads outimmediately inside the phononic crystal,
which is different from the ballistic transport in band
regions away from the Dirac point (Fig. 2d). A spe-
cific characteristic of the diffusion transport is that
the product of the transmission coeflicient and the
sample thickness in the propagation direction (TL
product) is a constant, while the TL product of the
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ballistic transport grows linearly with the sample
thickness. By measuring the transmittance through
samples with growing numbers of unit cells in
the propagation direction, the nearly constant TL
product confirmed the occurrence of the pseudo-
diffusion transport. The dynamic behavior of a Gaus-
sian pulse with a center frequency at the Dirac point
was also measured. The transmitted signal exhibited
strong temporal oscillations and the beating strength
decayed exponentially with time (Fig. 2e), which can
be regarded as an acoustic analogue of the Zitter-
bewegung effect. The beating effect originates from
the interference between two Bloch states locating
at each side of the Dirac point, similar to the in-
terference between the positive and negative energy
states in relativistic quantum physics. Besides these
intriguing effects mentioned above, as a 2D system,
various surface manipulations of SAW transporta-
tion properties are enabled; for instance, an artificial
gauge field can be constructed by strain engineering
in the surface to explore topological physics [65].
This SAW platform is an ideal and low-cost candi-
date for studying Dirac physics, which in turn may
help to improve the RF signal-processing abilities of
SAW devices.

The Dirac cone dispersion can also be connected
to zero-refractive-index materials, which seems ap-
parently unrelated. Zero-refractive-index materials
were first investigated by Engheta et al. [66,67] and
then realized in acoustic systems [68-71]. The prop-
agating waves experience zero phase change inside
the zero-refractive-index materials and can squeeze
through bending or narrow channels. The phase
distribution is uniform inside such materials and
thereby the shape of the transmitted wavefront is de-
termined by the output boundary. Acoustic lenses
can be achieved by designing boundaries with con-
cave shapes. Photonic and phononic crystals with
Dirac-like cone dispersions at the center of the Bril-
louin zone can exhibit zero-refractive-index behav-
iors [72,73]. The Dirac-like cone is induced by the
accidental degeneracy of the monopolar and dipo-
lar modes in a square lattice, showing that two lin-
ear bands and an additional flat band intersect at the
Dirac point (Fig. 2f). The term ‘accidental’ means
that the degeneracy is not supported by the crys-
tal symmetry; instead, it can only be formed under
specific system parameters. By applying the effec-
tive medium theory, it is shown that the effective
permittivity €.¢ and permeability t.¢ of the pho-
tonic crystal or the effective mass density p.s and
reciprocal of bulk modulus 1/k.s of the phononic
crystal approach zero simultaneously at the Dirac
point frequency, leading to the zero refractive index.
The double-zero constitutive parameters also ensure
that the effective impedance is finite and high trans-

mission is permitted. A critical requirement for the
zero refractive index here is that the phase veloc-
ity in the periodic scatters needs to be lower than
in the host medium, which is difficult to realize in
airborne sound systems where air serves as the host
medium with ultra-low sound velocity. A feasible de-
sign was proposed by designing periodic cylindri-
cal air columns that are higher than the background
air in a 2D waveguide [74]. The sound speed in the
air columns (the scatters) for the first-order wave-
guide mode is lower than in the waveguide (the host
medium), which satisfies the requirement. Collima-
tion of sound from a point source was observed and
the Dirac-like cone dispersion was directly measured
by probing the sound field inside the waveguide.
Moreover, Dirac physics plays an important role
in the field of topological materials. Topological
transition between topologically distinctive phases
takes place when the band gap closes and reopens.
The critical transition point corresponds to a gapless
energy spectrum with a point degeneracy, which of-
ten emerges as a Dirac point. In the realm of topo-
logical photonic and phononic crystals, the common
procedure is first to obtain a Dirac degeneracy, and
then to lift the degeneracy by breaking certain sym-
metries to form topological nontrivial states [20,21].
The Dirac equation is also the key to topological
states, and, generally speaking, each topological state
is governed by a Dirac or Dirac-like equation [75].

Topological acoustics

Topology is a mathematical concept concerned with
the properties of space that are invariant under con-
tinuous perturbations. A simple example to intro-
duce topology is that a doughnut can be contin-
uously deformed and reshaped into a coffee mug
without tearing or gluing; however, a sphere cannot.
The reason is simple, as the coffee mug and dough-
nut both have a hole inside, while the sphere does
not, and the hole cannot be simply annihilated or
generated under continuous deformations. Now we
can use the number of holes to group these objects
into different categories. The number of holes, cor-
responding to the value of genus (g), can be con-
sidered as a topological invariant. Objects with the
same topological invariant are topologically equiva-
lent. The genus is defined by the Gauss—Bonnet the-
orem, as the surface integral of Gaussian curvature
(K) over the object:

2(1—g):/f KdA/(2m) (1)

It is a globally defined discrete integer and is insensi-
tive to locally continuous small perturbations.

2202 1890190 €| uo Jasn Buoy BuoH jo Ausiteaiun Aq Ly LS/ ¥/6S1L/2/S/2101e/Isu/wod dnotolwapeoe//:sdny WwoJll papeojumoq



In 1980, von Klitzing discovered that, at low tem-
perature and under strong magnetic field, the Hall
conductance of the 2D electron gas takes quantized
values as ne?/h (h is the Plank constant and e is
the electron’s charge) and is independent of sam-
ple size and unaffected by impurities [76]. More-
over, while the bulk behaves like an insulator, there
exist chiral edge states moving along the edge at
one direction without backscattering or dissipation.
This effect, known as the integer quantum Hall ef-
fect, uncovered the existence of distinctive phases
of matter, called topological phases, which cannot
be described by the theory of spontaneous symme-
try breaking. Over the last three decades, this area
has become an active field and numerous topolog-
ical phases have been discovered theoretically and
experimentally, including the quantum anomalous
Hall effect, topological insulators, Weyl semimet-
als and topological superconductors, which could
have promising applications in next-generation elec-
tronic devices and topological quantum computa-
tion. These intriguing new effects and distinctive
phases of matter are actually related to the topologi-
cal structures of the electronic wave functions in the
reciprocal space (or momentum-energy space), and
can be described and classified by a quantized topo-
logical invariant, such as the Chern number (or the
Thouless-Kohmoto-Nightingale-den Nijs (TKNN)
invariant), which is the integral of Berry curvature
over the reciprocal space. The integer n in the Hall
conductance of the quantum Hall effect actually cor-
responds to the Chern number, first revealed by
David J. Thouless et al. [77]. Similar to the genus as
a topological invariant in geometry, the Chern num-
ber characterizes the global behaviors of the elec-
tronic wave functions and cannot change when the
system varies smoothly without closing the band
gap, which explains the robust behaviors of topo-
logical materials. The Chern number only changes
discretely when phase transition occurs; meanwhile
the band gap closes and reopens, and the topological
structure of the wave functions changes. At the inter-
face between two topologically inequivalent materi-
als, the different Chern numbers need to be neutral-
ized and a phase transition must occur. As a result,
the band gap vanishes at the interface and there ex-
ist gapless conducting edge states. These edge states
are guaranteed by the topological properties of the
insulating bulk energy bands and are insensitive to
impurities and perturbations because there are no
available states for backward propagation. The chiral
edge states in the integer quantum Hall effect men-
tioned above locate at the interface between the in-
teger quantum Hall state and the vacuum. The inte-
ger quantum Hall state corresponds to a nontrivial
insulator with nonzero Chern number while the vac-

uum can be considered as a trivial insulator with zero
Chern number. The chiral edge states actually origi-
nate from the difference in topological invariants be-
tween these two systems.

The Chern number for the nth band is defined as
the total Berry flux in the Brillouin zone:

1
Qzﬂﬂm““ @)

where F (k) = V) x A(k) is the Berry curvature,
and A(k) = (u,(k)|i Vi|u, (k)) denotes the Berry
connection. The geometric phase, known as the
Berry phase, is the integral of the Berry connection
along a closed loop. |u,(k)) represents the Bloch
state with momentum k in the nth band. The integral
is carried out over the entire 2D Brillouin zone. The
Berry curvature is even under parity (P) symme-
try,as F (k) = F (—k), and odd under time-reversal
(T) symmetry, as F (k) = —F (—k). In the pres-
ence of T symmetry, the integral of Berry curvature
over the entire Brillouin zone is zero, which results in
a zero Chern number. In order to acquire a nonzero
Chern number, the T symmetry needs to be broken,
while the P symmetry is preserved.

The distinctive properties of topological phases
originate from the nontrivial band topologies, and
naturally, these concepts can be transferred to the
realm of photonic and phononic crystals. An ana-
logue of the quantum Hall effect was first real-
ized in gyromagnetic photonic crystals by applying
a magnetic field on the gyromagnetic material to
break the time-reversal symmetry at microwave fre-
quencies [78,79]. A one-way topologically protected
edge mode was observed and exhibited robust trans-
port against defects and bends. However, it is diffi-
cult to break the time-reversal symmetry in acous-
tic systems; this is usually achieved by utilizing the
magneto-acoustic effect or nonlinear materials [80].
The magneto-acoustic effect is weak for longitudi-
nal acoustic waves in fluids and the low efficiency
and instability of nonlinear material restrict its ap-
plication. A feasible method was proposed by Fleury
etal. by applying moving air flow in aring-shaped res-
onator [81]. Similar to the way that circulating elec-
trons produce a magnetic field, the circulating flow
produces an acoustic analogue of a magnetic field
for sound and splits the degeneracy of the counter-
propagating modes, which can be regarded as an
analogue of the Zeeman effect. The simplified wave
equation for sound propagating in the circulating air
flow can be expressed as [82]:

[(V —iAw) + /2 + (Vo/2p)
—V2/2p)le =0  (3)
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Figure 3. T-broken triangular (a) and honeycomb (d) lattice phononic crystals by incorporating the circulating flow. In (b) and (e), the red lines represent
the band structures without flow. After introducing the circulating flow, the degenerate points are all lifted. (c), (f) One-way edge states at the boundary
that are immune to defects and bends. (a}c) adapted with permission from [25], Copyright 2015, American Physical Society; (d}—(f) adapted from [82].

where ¢ is the velocity potential and ¢ and p are
the sound velocity and mass density of air. The
term (Vp/2p)* — V2p/(2p) denotes the scalar
potential, and Aeff = —a)|‘7|29 /c* represents the
effective vector potential, with V and ¢; being the
amplitude and azimuthal unit vector of the circu-
lating flow velocity. An effectlve ‘magnetic field’
for sound Beff =V x Aeg emerges and breaks
the time-reversal symmetry. Now we can construct
T-broken triangular (Fig. 3a) or honeycomb
(Fig. 3d) lattice phononic crystals by incorporating
the circulating flow into the ring-shaped unit cells
[25,82-84]. Due to the lattice symmetry, a pair
of Dirac points will determinately appear at the
corners of the Brillouin zone without the flow.
Besides, for the honeycomb lattice phononic crystal,
there exist two quadratic degenerate points at the
center of the Brillouin zone. When the circulating
flow is introduced, the time-reversal symmetry
is broken. The degeneracies of the Dirac points
and quadratic degenerate points will all be lifted
(Fig. 3b, e), and the neighbor energy bands acquire
nonzero Chern numbers, which means that the
phononic crystal is in a nontrivial topological
phase. The gapless edge state is demonstrated by
putting a rigid wall, considered as a topologically
trivial insulator for sound, at the boundary of the
topological phononic crystal. The number of edge
states is equal to the difference between the gap

Chern numbers of two phases, where the gap Chern
number is defined as the sum of the Chern numbers
of all the bands below the band gap, which is equal
to plus (minus) one for the triangular (honeycomb)
phononic crystal, and zero for the rigid wall here. As a
result, there exists one chiral edge state at the bound-
ary of the phononic crystal. The propagation direc-
tion of the edge state is determined by the sign of the
difference between the gap Chern numbers of two
phases. The edge state exhibits unidirectional prop-
agation along the interface and immunity to various
types of defects, showing a topologically protected
robust sound transport (Fig. 3¢, f).
Time-dependent modulation has also been in-
troduced to break the time-reversal symmetry [85]
and realize an effective magnetic field [86]. A time-
modulated hexagonal lattice phononic crystal com-
posed of coupled acoustic trimers was recently pro-
posed [87], as an acoustic analogue of the Floquet
topological insulator. Each trimer contains three
acoustic cavities connected by waveguides, and the
acoustic capacitance of each cavity is modulated by a
periodic potential AC,,(t) = 8C cos(wnt — @)
The phase @,, changes along the clockwise di-
rection inside the trimer, with a phase difference
of 27 /3 between two adjacent cavities, produc-
ing a rotating modulation effect. This spatiotempo-
ral modulation breaks the time-reversal symmetry,
and thus a topologically nontrivial phase emerges.
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Unidirectional edge states immune to structural de-
fects were also demonstrated.

Employing time-dependent modulation and cir-
culating fluids are both technically challenging. For
ease of implementation, it is more practical to ex-
plore an acoustic topological phase with preserved
time-reversal symmetry. The quantum spin Hall ef-
fect (or the topological insulator) can be induced
by the strong spin—orbit interactions and protected
by the time-reversal symmetry [18,19]. There exist
counter-propagating spin-locked edge states in the
band gap and the gapless edge dispersion is guar-
anteed by the Kramers degeneracies at the time-
reversal invariant momentum points. However, an
acoustic analogue of the quantum spin Hall effect is
not straightforward due to the difference in the time-
reversal operators between fermionic and bosonic
systems. For fermions with half-integer spin, such
as electrons, the time-reversal operator T satisfies
sz = —1, and hence enables the Kramers dou-
blet, which is critical for the quantum spin Hall ef-
tect. However, for bosons with integer spin, such
as phonons, the time-reversal operator Tj, satisfies
T,* = 1, which is quite different. It is necessary to
construct fermion-like pseudo time-reversal symme-
try and pseudo-spin states to realize the quantum
spin Hall effect and topological insulator in bosonic
systems [88]. Although photons do not possess the
same spin-1/2 characteristic as electrons, two po-
larizations of photons can be utilized to construct
polarization-based pseudo-spin states and form the
Kramers doublet [89]. For acoustic waves in flu-
ids, however, neither intrinsic spin-1/2 characteris-
tics nor extra polarizations can be utilized to realize
the acoustic analogue of the quantum spin Hall ef-
fect. It is necessary to explore new degrees of free-
dom for acoustic waves. Recently, a new scheme was
proposed by using two pairs of degenerate Bloch
modes to construct photonic pseudo-spin states in
dielectric materials [90], which paves the way for re-
alizing the acoustic analogue of the quantum spin
Hall effect [28,91-94]. For acoustic systems, dou-
ble Dirac cones (four-fold degeneracy) can be acci-
dentally formed at the Brillouin center by adjusting
the filling ratio of the honeycomb lattice [95] or the
triangular lattice with core-shell structures [96], or
formed by the zone-folding mechanism [90]. Here,
we discuss the accidentally formed case in the honey-
comb lattice. The accidental four-fold degeneracy is
composed of two degenerate dipolar modes p, /p,
and two degenerate quadrupolar modes d.>_,2 /d,,,
which are related to the 2D irreducible represen-
tations of Cg, symmetry. At higher or lower filling
ratios, these two pairs of degenerate modes will be
separated by a band gap. These two-fold degenerate
modes can be hybridized to construct the pseudo-

spins for the bulk states as py = (p. £ip,)/v/2
and dy = (dyo_pp £ idxy)/ﬁ, and the angular
momenta of wave functions play the role of pseudo-
spins [28]. The corresponding pseudo time-reversal
operator T, is constituted by the complex conju-
gate operator and the rotational operator related to
the Cg, symmetry. The T}, operator is fermion-like
(sz = —1) and thus enables the Kramers doublet.
With the filling ratio of the honeycomb lattice con-
tinuously decreasing from a large ratio, the band gap
separating the two pairs of degenerate modes closes
and reopens. During this process, band inversion
occurs (the dipolar modes and quadrupolar modes
exchange their positions) accompanied by a topo-
logical transition from a trivial phase to a nontrivial
phase near the double Dirac cone (Fig. 4a), indicat-
ing an analogue of the quantum spin Hall effect. A
pair of counter-propagating spin-locked edge states
localize at the interface between the trivial and non-
trivial phases, which are hybridized by the symmetric
modeS and antisymmetric mode A at the interface
as S +iA/S — i A. Propagation of the edge state is
immune to various defects, such as cavities, bends
and disorders (Fig. 4a), protected by the pseudo
time-reversal symmetry. However, as the Cg, sym-
metry is not preserved at the interface, the counter-
propagating pseudo-spin states will be slightly mixed
and a tiny gap exists at the center of the Brillouin
zone. This tiny gap could be reduced by optimally
modifying the structure of the interface. Utilizing a
cross-waveguide splitter, the spin-dependent trans-
port was also verified by separating different pseudo-
spin states in space (Fig. 4b).

Acoustic pseudo-spins have also been con-
structed in coupled ring resonators, corresponding
to the clockwise and anticlockwise propagation
modes. An anomalous Floquet topological in-
sulator for sound was recently demonstrated by
utilizing coupled anisotropic metamaterial rings,
and spin-locked edge states were experimentally
observed [97]. Topological engineering for un-
derwater sound based on coupled rings has also
been reported [98]. The acoustic edge states and an
acoustic anomalous Floquet topological insulator
was also experimentally demonstrated in an acoustic
waveguide network [99]. The simple structure and
high-energy throughput in the acoustic waveguide
network leads to efficient and robust topolog-
ically protected sound propagation along the
boundary.

Another type of pseudo-spin, named valley
pseudo-spin, which utilizes the valley degree of
freedom (local energy extrema of the energy
bands), was also realized in phononic crystals [100].
By introducing a mirror-symmetry breaking, the
Dirac degeneracies in the triangular lattice are
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Figure 4. (a) The band inversion effect occurs near the double Dirac cones, accompanied by a topological phase transition. The edge states at the
interface are robust against various types of defects. (b) Clockwise (anticlockwise) circulating propagation of the spin-up (-down) states in the cross-
waveguide splitter. (a) and (b) adapted with permission from [28], Copyright 2016, Macmillan Publishers Ltd.

lifted and a valley Hall phase transition occurs.
A pair of counter-propagating valley—chiral edge
states localize at the interface between topologically
distinct phases. Due to absence of inter-valley
coupling, the edge states can pass through a sharply
curved interface without backscattering. The edge
states can also be selectively excited according to
the angular selection rule. Experimental observation
of valley—chiral edge states in an elastic hexagonal
lattice has also been reported recently [101].

So far, we have mainly focused on 2D topolog-
ical acoustic systems. The geometric phase in 1D
systems, known as the Zak phase, was determined
in a 1D phononic crystal [26]. Topological transi-
tion and high-density interface states were both ex-
perimentally demonstrated. The Weyl point, a lin-
early degenerate point in 3D momentum space, can
be viewed as the monopole of the Berry flux [102].
Weyl points are robust and can only be annihilated
in pairs with opposite charges. In acoustics, Weyl

2202 1890190 €| uo Jasn Buoy BuoH jo Ausiteaiun Aq Ly LS/ ¥/6S1L/2/S/2101e/Isu/wod dnotolwapeoe//:sdny WwoJll papeojumoq



Air

Porous
material

Water

>0 k,.>0
peff< 0 Keff> O peff o

y P

' o
p ff< 0 Keff< 0

Figure 5. The parameter space for the mass density and bulk modulus. The effective density and modulus of acoustic metamaterials can display both
positive and negative values due to the local resonances of the subwavelength structured unit cells. (a) adapted from [33]; (c) adapted with permission
from [113], Copyright 2010, American Physical Society; (d) adapted with permission from [37], Copyright 2006, Macmillan Publishers Ltd.

points were first realized by incorporating chiral in-
terlayer couplings or unequal onsite couplings in the
staked honeycomb lattice [27,103]. A plane cut with
a fixed k, in the 3D Brillouin zone could acquire net
Berry flux due to the existence of the Weyl point,
resulting in a nonzero Chern number. A nonzero
Chern number implies that there exist topologically
protected chiral edge states at the interface between
the system and the hard boundary. An acoustic type-
II Weyl point was also realized by delicately stacking
1D dimerized chains and constructing a type-Il Weyl
Hamiltonian [104]. The type-Il Weyl system ex-
hibits a tilted cone-like spectrum and the existence of
acoustic Fermi arcs was demonstrated by tracing the
trajectories of the surface states at a fixed frequency.
As a new emerging field, topological acoustics are
still to be further investigated and explored. Acous-
tic analogues of the 3D topological insulators have
not been realized as yet [105]. Phonon interactions
can be introduced by utilizing nonlinear materials;
hence, acoustic topological states and quasiparticles
in correlated systems can be considered. Recently,
topological phases in non-Hermitian systems have
also attracted much attention and exhibit distinctive
behaviors [106,107]. Non-Hermitian acoustic sys-
tems have been constructed in several designs and it
is possible to introduce topological phases into these

systems. Acoustic systems provide a superior plat-
form for studying topological physics and its exten-
sive ramifications, which in turn leads to a fascinating
way to manipulate acoustic waves.

ACOUSTIC METAMATERIALS

Negative effective parameters in
acoustic metamaterials

The mass density and bulk modulus are two key
parameters of acoustic materials. Traditionally, for
composites these two parameters are both posi-
tive and restricted by their constituents’ parameters
(Fig. Sb). In acoustic metamaterials, due to local
resonances of subwavelength structured unit cells,
the dynamic mass density and bulk modulus can
exhibit strong frequency-dispersive properties and
achieve effective negative values near the resonance
frequencies. As mentioned in the introduction, the
dynamic effective mass density of the locally res-
onant building block (Fig. Sa) is negative due to
the relative out-of-phase motions between the cen-
ter mass and the host matrix material near the reso-
nance frequency. This type of resonance is defined
as a dipolar resonance, which displays asymmet-
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ric motions and modulates the mass density [36].
Similar dipolar resonances also exist in decorated
membrane resonators (DMRs) [108], where a rigid
platelet is attached to a flexible thin membrane with
a fixed boundary. The thin DMR structure can to-
tally block the low-frequency sound (which is usu-
ally difficult to be blocked according to the mass den-
sity law) at the anti-resonance frequency, between
two neighboring resonance frequencies, where the
dynamic mass density displays a strong dispersion
with large positive and negative values. An array of
thin membranes has also proved to be capable of ex-
hibiting negative mass density below a critical fre-
quency [109,110]. Another type of resonance, the
monopolar resonance, is related to symmetric com-
pressive/expansive motion, and can modulate the
effective bulk modulus. In the case of soft rubber
spheres suspended in water [36], the volume dila-
tion of the rubber sphere could be out of phase with
the applied pressure field near the monopolar reso-
nance frequency, showing that the rubber dynami-
cally expands under compression or compresses un-
der stretching; hence, the effective bulk modulus
turns out to be negative. Metamaterial with nega-
tive bulk modulus was first experimentally realized
by utilizing a waveguide channel attached with an ar-
ray of subwavelength Helmholtz resonators (HRs),
asshown in Fig. 5d [37]. The HR is arigid cavity with
a narrow neck connected to the waveguide chan-
nel. Due to the collective resonances of the attached
HRs, the volume dilation of the fluid segment in the
waveguide is out of phase with the driving pressure
field and the effective bulk modulus becomes nega-
tive. A similar design was later proposed, which con-
sists of an array of side openings on a tube [111].
The effective bulk modulus is negative for a wide fre-
quency range, extending from a certain cutoff fre-
quency down to zero frequency.

Asmentioned in the section entitled ‘Negative re-
fraction in phononic crystals’, materials with double-
negative constitutive parameters are denoted as
NIMs. NIMs have been exploited to realize acoustic
superlenses for subwavelength imaging, which will
be discussed in the next section. NIMs can be con-
structed by combining two structures having neg-
ative mass density and negative bulk modulus sep-
arately, or utilizing just one resonant structure ex-
hibiting both monopolar and dipolar resonances in
an overlapping frequency range [112-116]. For ex-
ample, a waveguide consisting of an array of inter-
spaced membranes and side openings (Fig. Sc)
can have simultaneously negative density and bulk
modulus [113]. Recently, a 3D isotropic double-
negative material was experimentally realized by uti-
lizing soft macro porous microbeads [116]. The
soft microbeads suspended in water can be consid-

ered as ultra-slow Mie resonators and exhibit strong
monopolar and dipolar resonances in an overlapping
frequency range, thus producing double negativity.
Coupled DMRs can also achieve double negativity
by adjusting the eigenfrequencies of the dipolar and
monopolar resonances independently to make them
overlap in a desired frequency range [115]. Un-
like the resonance-based approaches, space-coiling
structures can also exhibit a negative refractive in-
dexin abroad frequency range due to the geometric-

induced band-folding effect [117].

Subwavelength imaging

Subwavelength imaging could have important ap-
plications in medical ultrasonic diagnostics, nonde-
structive evaluation and photoacoustic imaging. The
resolution of conventional imaging devices is re-
stricted by the diffraction limit, which arises from
the loss of subwavelength details contained in the
evanescent waves, which decay exponentially away
from the object (or image), but carry large lateral
wave vectors. This can be seen from the dispersion in
ahomogeneous medium k* = k% + kj = (27 /1)
(see Fig. 6a); if the lateral wave vector k| exceeds
27 /A, where A denotes the wavelength, the wave
vector k| inthelongitudinal direction must be imag-
inary. Hence the wave decays exponentially away
from the source. Acoustic waves scattered from an
object comprise both propagating waves and evanes-
cent waves. To overcome the diffraction limit, the
evanescent waves need to be transmitted and col-
lected before they become too weak to be detected.
There exist two feasible approaches: one is amplify-
ing the evanescent waves and then capturing them
in the near field, while the other is through providing
extra wave vectors in the adjacent medium to sustain
the evanescent waves, or converting them into prop-
agating waves.

The first approach is the basis of the so-called su-
perlens [118-120], first explored in optics by John
Pendry, who observed that the evanescent waves can
be strongly amplified inside the NIM [118]. After
leaving the NIM, the evanescent waves decay and
reconstitute in the image plane, thereby contribut-
ing to perfect imaging. This mechanism also applies
to acoustic waves. Although resonance-induced ma-
terial loss limits the performance of acoustic su-
perlenses, promising results have been achieved
[44,121,122]. Recently, a negative index acoustic su-
perlens composed of HRs (soda cans) was exper-
imentally demonstrated [44]. Generally, the HRs
only create monopolar resonances and contribute
to a singly negative parameter that is the negative
effective bulk modulus. However, by breaking the
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Figure 6. (a) The wave vector is constrained by the dispersion relation. The modes outside of the circle correspond to the
evanescent waves. (b) The negative index acoustic superlens is composed of a honeycomb array of identical Helmholtz
resonators. An image with a 1/15 wavelength width at half-maximum can be observed in the near field. (c) The holey structure
with periodic subwavelength apertures can support Fabry—Pérot resonant modes. (d) The acoustic hyperlens is composed of
alternating air and brass layers. The evanescent waves will be gradually converted into propagating waves and then observed
in the far field. (b) adapted with permission from [44], Copyright 2015, Macmillan Publishers Ltd; (c) adapted with permission
from [125], Copyright 2010, Macmillan Publishers Ltd; (d) adapted with permission from [128], Copyright 2009, Macmillan

Publishers Ltd.

symmetry and forming a bi-period honeycomb lat-
tice with two resonators in a unit cell, a narrow band
that presents a negative refractive index emerges
in the band gap, which is induced by the multiple
scatterings between the two resonators. The sub-
wavelength imaging effect was verified in this neg-
ative index acoustic superlens, with a focal spot
that is seven times better than the diffraction limit
(Fig. 6b). Negative index is not the necessary condi-
tion for amplification of acoustic evanescent waves.
It was found that acoustic evanescent waves can be
resonantly amplified at the surface of a metamate-
rial slab with singly negative mass density [ 123,124],
due to the interaction between the evanescent
waves and the surface bound states. Subwavelength
resolution was experimentally demonstrated in a
membrane-type metamaterial with singly negative

density [122].

Fabry-Pérot resonances produce flat dispersions
over a wide range of wave vectors. Hence the wave
vectors of the resonant modes can take very large
values [125,126]. A holey structure with periodic
subwavelength apertures (Fig. 6c) was designed and
it was shown that the evanescent waves with large
lateral wave vectors emanating from the source can
be efficiently coupled to the Fabry-Pérot resonant
modes and then be conveyed to the image plane
in the vicinity of the structure [125]. These reso-
nant modes carry the high spatial frequency infor-
mation and contribute to the formation of a deep-
subwavelength image with a linewidth of . /50 at the
image plane, far below the diffraction limit. Evanes-
cent waves could also be converted to propagative
waves by exciting trapped resonances inside acoustic
waveguides [ 127]. Resolution ~S times smaller than
the operating wavelength was achieved and edge
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detection was experimentally demonstrated using
this type of metamaterial.

Resonance-based subwavelength imaging can
only occur in a narrow frequency range. In order to
achieve a broadband subwavelength imaging,
non-resonant elements need to be utilized. Li et al.
proposed a fin-shaped acoustic hyperlens (Fig. 6d)
composed of alternating air and brass layers in
the angular direction [128]. The term ‘hyperlens’
is related to its hyperbolic dispersion relation
[129,130]. The dispersion relation for an acoustic
wave in the polar coordinate system is given by
k. /p, + ko®/ps = w?/B, with k, and ky being the
wave vectors along the radial and angular directions,
respectively, and B being the bulk modulus. Here
or and py are the effective densities along the two
directions. If p, and py take opposite signs, the
dispersion relation satisfies a hyperbolic function
for a given frequency and the wave vectors can take
arbitrary values. In the fin-shaped structure, while
the effective p, and py take the same sign, they
differ greatly in magnitude. The dispersion relation
is in the shape of an elongated ellipse and large wave
vectors can be supported. By placing the sound
source in the center of the lens, evanescent waves
will be gradually converted to the propagation
modes along the radial direction, and subwave-
length features can be observed in the far field. This
fin-shaped hyperlens is efficient for a wide frequency
range due to its non-resonant characteristic. Besides
these methods mentioned above, we note that the
time-reversal technique has also been applied to
obtain deep-subwavelength focal spots inside the
acoustic resonator arrays [131].

Acoustic invisibility cloaking

Cloaking is an almost magical concept, often used
in science fiction and movies, and possesses tremen-
dous prospects for security and military applications.
An object is invisible to incoming waves if it neither
reflects nor absorbs. A feasible cloaking strategy is to
guide the wave around the object so that the wave-
front restores to its unscattered state after passing
the object [132,133]. The mathematical technique,
known as transformation optics, enables us to de-
sign a medium with a spatially varying refractive in-
dex to curve light around an object, which is based
on the form invariance of Maxwell’s equations, for
electromagnetic waves, under coordinate transfor-
mations [134]. Transformation acoustics was pro-
posed by mapping the acoustic equations to the sin-
gle polarization Maxwell’s equations in 2D space, or
the electrical conductivity equation in both 2D and
3D space [45,135-138]. The time-harmonic acous-

tic equation can be expressed as

V- [p(x)"'Vp (x)] = —[w*/x (x)]p <x>,<
4

where o (x) is the mass density tensor, k (x ) is the
bulk modulus, and p(x) denotes the pressure field.
After a coordinate transformation by mapping each
point x to x"(x) in the new space, the acoustic equa-
tion now becomes:

Vo)V p ()]
RO, O

The new equation maintains the same form

while the parameters o'(x')™! and «'(x')
are related to the original p(x)7! and k(x)
by the Jacobian transformation matrix A:

o' (x) 1= A[p(x)'JAT/det A and «'(x') =

det A x k(x), with Ay; = 0x'; /0x;. This indicates

that acoustic waves propagating in materials with
<>

complex parameters p’(x’) and «'(x") will be
guided as if they are passing through the trans-
formed space. The equivalence between the material
properties and coordinate transformations enables
us to control acoustic waves in arbitrary ways and
realize many intriguing effects, such as acoustic
cloaking.

A 3D acoustic cloaking system can be designed
by compressing the region 0 <r < b into the
smaller region a < r < b, where a and b denote
the inner and outer radii of the cloaking shell [137].
The cloaking shell will deflect the incident waves,
and objects in the concealed region 0 < r < a be-
come invisible. To realize the cloaking effect, the ra-
dial transformation is r' = a +r(b — a) /b, while
the azimuthal angle ¢ and polar angle 6 remain the

Ad
same. The material parametersp’(x’) and «’(x’) in
the cloaking shell can now be expressed as

!

b T ™
, , b—a
Py =Py =~ Po; (6)
, _ (b—a) r?
K =

Ko.
b (=)

A feasible approach to realize the desired anisotropic
mass density and isotropic modulus is by utilizing
alternating isotropic layers consisting of solid cylin-
ders embedded in the host fluid [139,140]. How-
ever, the mass density is seen to approach infinity
near the inner boundary of the cloaking shell, which
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Figure 7. (a) A 2D cloak for underwater ultrasound waves. (b) A 3D carpet cloak for airborne sound. (c) The complementary material can acoustically
cancel out the aberrating layers, such as the skull, in medical imaging applications. (a) adapted with permission from [147], Copyright 2011, American
Physical Society; (b) adapted with permission from [150], Copyright 2014, Macmillan Publishers Ltd; (c) adapted from [154].

is difficult to truly realize. Norris demonstrated that
acoustic cloaking can alternatively be achieved by
using materials with anisotropic bulk modulus and
isotropic mass density, known as pentamode mate-
rials [ 141,142 ]. Pentamode materials were first the-
oretically proposed by Milton et al. [143] and then
realized by Kadic et al. through 3D laser lithography
[144]. Pentamode materials are fluid-like solid ma-
terials with negligible shear modulus, and can pro-
vide highly anisotropic bulk modulus through inter-
connected microstructures [ 145,146].

Acoustic cloaking was first experimentally real-
ized for underwater ultrasonic waves using a pla-
nar network of subwavelength cavities connected
by narrow channels, and machined in the annular
substrate as shown in Fig. 7a [147]. The geometric
parameters of the cavities and channels were spa-
tially tailored, based on the acoustic transmission
line method. After putting the object inside the an-
nular cloaking shell, the nearly undisturbed wave-
front after passing through the object confirmed
the cloaking effect. Another cloaking strategy, car-
pet cloaking [148], was later demonstrated for air-
borne sound in both 2D and 3D space [149,150].
The linear coordinate transformation in the carpet
cloaking strategy results in homogeneous material
parameters in the cloaking shell, which are easier
to realize. The carpet cloaking hid the object under
a pyramid-like shell made of perforated rigid plates
and mimicked a flat reflecting surface (see Fig. 7b).
The perforated plates here provided the desired
anisotropic mass density. Recently, carpet cloaking

for underwater acoustic waves was achieved by uti-
lizing a structure with alternating brass and water
layers in a deep-subwavelength scale [151]. In ad-
dition to acoustic cloaking, illusion acoustics was
also proposed based on the transformation acous-
tics technique [152,153]. The illusion device con-
ceals the original object and creates the image of an-
other object instead. The illusion device, or comple-
mentary material specifically, can also open a virtual
‘hole’ in a rigid wall [152]. A type of complementary
material with negative acoustic index was proposed
(Fig. 7c) to cancel the aberrating intermediate lay-
ers between source and target and thereby allow high
transmission of ultrasound in medical imaging ap-
plications [154]. The transformation acoustics tech-
nique has also been applied to the design of bifunc-
tional lenses; for instance, in one direction one such
device can operate as a fisheye lens for focusing a
point source near the perimeter of the lens, and in
the orthogonal direction, the device can operate as
a Luneburg lens to collimate sound waves from a
point-sized emitter [155].

Phase engineering and acoustic
metasurfaces

Acoustic phased arrays can produce steerable and fo-
cused beams by dynamically modulating the phase
delay in each independent transducer. By design-
ing the phase distribution in the emitting plane,
the phased array is capable of generating com-
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plex acoustic beams, such as acoustic vortex beams
and self-bending beams with arbitrary trajectories
[156,157]. Acoustic vortex beams with different
‘topological charges’ can be utilized as orthogonal
channels to improve the data transmission rate for
underwater acoustic communication [157]. In a re-
cent work, an acoustic phased array was also em-
ployed to generate the desired field for trapping
and translating levitated particles by optimizing the
phase profile applied to the transducers [ 158]. How-
ever, the complex driving electronics and the large
number of transducers can hamper its broad appli-
cations. In contrast to dynamically adaptable phased
arrays, acoustic metasurfaces [ 159-169] are passive,
planar structures with subwavelength thicknesses
that can exhibit engineered phase distribution, with

wavefront-shaping capabilities. Each unit cell on the
metasurface is capable of generating a phase shift
by utilizing coiled structures. The coiled structure
forces acoustic waves to propagate along an inter-
nal zigzag path [68], shown in Fig. 8a, b, that pro-
vides substantial phase delays covering the whole
range of 0 to 277. Anomalous reflection and refrac-
tion behaviors have been demonstrated in metasur-
faces by introducing a transversal phase gradient on
the surface [160-162]. The refraction and reflection
angles now obey the generalized Snell’s law and take
anomalous values due to the transversal momentum
provided by the metasurface. Negative refraction
(Fig. 8d) and conversion from propagating mode
to surface mode were both experimentally verified.
Like phased arrays, metasurfaces can be used to gen-
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erate self-bending beams (Fig. 8c) and vortex beams
via designed in-plane phase profiles [164,166,167].
Unlike the coiled structure, a hybrid structure com-
prising Helmholtz cavities and a straight channel was
recently proposed to realize the target phase delay
[166]. Here the straight-channel Fabry-Pérot res-
onator serves the purpose of impedance matching to
the incident wave, while the Helmholtz resonators
modulate the effective wave vectors. However, the
thickness of such a hybrid structure can reach half-
wavelength, much larger than the coiled structures.
Besides the intriguing phase engineering capabil-
ity, acoustic metasurfaces can also realize asymmet-
ric transmission by utilizing lossy acoustic metasur-
faces [170]. Due to the lack of sufficient impedance
contrast between water and solid materials, acoustic
metasurfaces for underwater applications have yet to
be extensively studied.

A simple strategy to realize acoustic holography
was recently reported [171]. The monolithic acous-
tic hologram was fabricated by 3D printing and the
phase delay of each pixel in the hologram is propor-
tional to its thickness (see Fig. 8e). The hologram
was placed in front of a planar transducer to mod-
ify the wavefront of the transmitted ultrasound in
water. A complex image with diffraction-limited res-
olution was formed in the image plane by encod-
ing the required phase profile in the hologram. The
hologram is also capable of manipulating particles
in various ways by freely designing the amplitude
and phase distributions in the reconstructed acous-
tic field. Compared with the commercial phased ar-
ray, this technique is simple and inexpensive, and
provides much higher degrees of freedom for recon-
structing acoustic fields. An acoustic hologram based
on coiled structures was demonstrated in yet an-
other recent paper [172].

Sound absorption
The high energy density concentrated by the local

resonance of metamaterials is favorable for sound
absorption since the energy dissipation power is the
product of the local energy density and the dissipa-
tive coefficient [173]. One example is DMRs, which
are capable of highly concentrating the sound en-
ergy at the edges of the decorated rigid platelets,
as shown in Fig. 9a [174]. By means of the intrin-
sic viscosity of membrane, the incoming sound en-
ergy can be efficiently dissipated within the thick-
ness of the membranes, ~1/10 000 of the relevant
wavelengths. However, such absorption by thin film
has an intrinsic 50% limit due to the geometric con-
straint [173,175]. As the relative motion between
the two surfaces of the membrane was frozen at

low frequencies, the relevant vibration modes are
all dipolar in character, and can only couple to the
antisymmetric components from the environmental
fields. Since the sound incident from one side can
be decomposed into two equally weighted symmet-
ric (monopolar) and antisymmetric (dipolar) com-
ponents, only half of the energy can couple to the
motions of the membranes and the maximum ab-
sorption can only reach 50%. This upper bound in
absorption has been theoretically and experimen-
tally demonstrated by Yang et al. [175]. Similar lim-
its also exist for symmetric resonators. For example,
Merkel et al. showed that an HR on the sidewall of a
duct can only absorb the energy of one-way traveling
sounds in the duct maximally by 50% [176]. Leroy
et al. found a similar limit for waterborne sounds
absorbed by bubbles in a solid soft medium [177].
To overcome such limits, the coherent perfect ab-
sorption (CPA) approach has been proposed [178].
By introducing a control sound wave incident from
the opposite direction, the resulting sound field can
be purely symmetric (antisymmetric) if the control
waves are in (out of) phase and have the intensity
equal to the original sounds. Therefore, all the en-
ergy from both the original and control waves can
couple to the absorber and be completely dissipated
if the critical coupling condition is satisfied [179].
Such acoustic CPA has been theoretically predicted
and numerically demonstrated by Wei et al. [180]
and Yang et al. [181] and experimentally realized by
Meng et al. [182]. Song et al. extended the acous-
tic CPA concept into the 2D scenario with higher-
order symmetries such as quadrupole and octupole
resonances [ 183]. An alternative way to attain 100%
absorption is using a pair of degenerate resonators
(Fig. 9b) that have two different symmetries in the
same frequency [184]. In this context, no matter
what ambient sound field is applied, the energy can
always be fully coupled to the absorber and hence to-
tally dissipated.

The aforementioned limit applies only to the ab-
sorption occurring during a single scattering event.
One can expect to break such a limit by introduc-
ing multiple scatterings [173,175]. By placing a rigid
wall behind the DMR (see Fig. 9c), multiple reflec-
tions between the wall and the DMR can bring the
absorption of a sound wave incident from one side to
near unity. Ma et al. demonstrated that greater than
99% of the incoming energy can be absorbed with
a thin air gap between the DMR and the reflecting
wall that is smaller than 1/100 of the relevant wave-
length [163]. A similar mechanism works for HR as
well. Romero-Garcia et al. demonstrated such total
absorption by one HR on the sidewall of a duct with
the dead end being the reflective wall and broadband
absorption comprising four peaks from four dif-
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Figure 9. (a) The DMRs can highly concentrate the sound energy at the edges of the decorated rigid platelets. (b), (c) Total
absorption for one-side incoming waves can be achieved by utilizing a pair of degenerate resonators (b) or introducing multiple
reflections (c). (d) The optimal absorber exhibits a very flat absorption spectrum in a semi-infinite frequency range. (a) adapted
with permission from [174], Copyright 2012, Macmillan Publishers Ltd; (b) adapted with permission from [184], Copyright 2015,
AIP Publishing; (c) adapted with permission from [163], Copyright 2014, Macmillan Publishers Ltd; (d) adapted with permission

from [194], Copyright 2017, Royal Society of Chemistry.

ferent HRs [185]. By using similar HR structures,
Jimenez et al. reported quasi-omnidirectional and
total absorption of sound by a composite panel
[186]. The conventional porous materials can also
be improved by introducing resonances and achieve
total absorption with rigid backing [187-192]. In
other works, Merkel et al. [176] and Fu et al. [193]
showed that two different resonators, aligned in se-
quence, can exhibit total absorption of sound; in this

arrangement the back resonator’s anti-resonance
played the role of a reflective wall.

Due to the resonant feature, subwavelength
metamaterial absorbers are usually narrowband in
character. For example, in Ref. [163], the full width
athalf maximum of the absorption peakis only about
1/127 of the central frequency. This has recently
been understood through the causality constraint in
the sound absorption process: measuring the sound
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pressure level dropping during scatterings on an ab-
sorber by decibels (dB), its integral over all the wave-
lengths has an upper limit that is proportional to the
absorber’s thickness [173,194]:

. 1 Be
47? By

/mlnu—A(x)]dx .

Here d is the thickness of an absorber, B¢ isits effec-
tive bulk modulus at the static limit, By denotes the
air bulk modulus, and A(A) denotes the energy ab-
sorption spectrum. From equation (7), itis clear that
the absorbers with a small d, i.e., very subwavelength
thicknesses, can afford a high absorption (A—1)
only over a very narrow bandwidth.

A natural way to extend the absorption band-
width is to stack multiple resonances with fre-
quencies slightly differing from each other. Many
attempts have been made along this direction
[195-197]; however, the lack of a central integration
principle results in only limited success. Recently,
work on the causally optimal broadband absorber
(COBA) has solved the problem by integrating the
causal constraint, equation (7), into the absorbers’
design strategy [194]. A causally optimal absorber is
the one that can take the equals sign in equation (7).
This means that the possible potential allowed by the
absorbers’ thickness d has been fully utilized, and the
thickness of such an absorber is a priori knowledge
for a target absorption spectrum A(A). For the spec-
trum approaching 1 over a broadband, one should
only ensure that an absorber has the minimum thick-
ness and the resonant modes distributed in the fre-
quency range by a density that is inversely propor-
tional to the relevant oscillator strengths. Therefore,
based on an array of folded Fabry—Pérot tubes, a very
flat absorption spectrum approaching unity has been
realized in a semi-infinite frequency range starting
from alower cutoff that corresponds to a wavelength
about nine times larger than the absorber thickness

(Fig. 9d).

PT-symmetry synthetic acoustics

The inevitable presence of dissipation in acoustic
metamaterials can limit the efficiency of the devices.
It is therefore desirable to minimize the inherent
losses, which is sometimes difficult to realize. An
alternative approach is to introduce active compo-
nents as a gain medium, to compensate the losses.
The balanced loss—gain system not only supports
lossless wave transmission, but also introduces a va-
riety of intriguing phenomena in wave manipulation
that may be regarded as the result of tuning the imag-
inary part of the refractive index. Such a balanced

loss—gain system is related to the parity-time (PT)
symmetry of the Hamiltonian that describes the sys-
tem, which was first investigated in the quantum
mechanics of lossy systems. The concept was sub-
sequently explored in the realm of classical waves.
In quantum mechanics, it is stated that the Hamil-
tonian needs to be Hermitian in order to ensure
a real eigenvalue spectrum. However, Bender and
Boettcher in their seminal work demonstrated that
even a non-Hermitian system can exhibit real en-
ergy eigenspectra if the non-Hermitian Hamiltonian
possesses PT symmetry [198]. A system is PT sym-
metric if it is invariant under combined parity op-
eration p — —p, & — —x and time-reversal op-
eration p — —p,x — &,i — —i. An important
characteristic of PT-symmetric systems is the exis-
tence of spontaneous PT-symmetry breaking at the
exceptional point, where the real eigenvalues coa-
lesce and form complex conjugate pairs beyond the
exceptional point. For optical and acoustic systems,
if the refractive index satisfies the relation n(x) =
n*(—x), which corresponds to a balanced distribu-
tion of gain and loss, then these systems are PT sym-
metric and the eigenstates can have real eigenval-
ues. Engineering the imaginary part of the refrac-
tive index provides us with more degrees of freedom
to control optical and acoustic waves. The field of
PT photonics has drawn considerable attention and
numerous intriguing phenomena have been demon-
strated, such as unidirectional transparency [199],
coherent perfect absorber (CPA) lasers [200], non-
reciprocal propagation [201], and single-mode las-
ing [202].

In order to construct PT-symmetric acoustic
systems, it is crucial to introduce the gain and loss
elements for acoustic waves [46]. Several feasible
designs have been proposed. For airborne sound,
loudspeakers loaded with electronic circuits can be
utilized as tunable unit cells to meet the desired loss
and gain conditions by actively absorbing or inject-
ing energy [47,203,204]. Elastic waves propagating
in a piezoelectric semiconductor slab can be ampli-
fied or attenuated by controlling the electric bias.
By delicately stacking slabs biased in different direc-
tions, the PT-symmetric condition can be realized in
theory [205]. However, experimental realization has
yet to be achieved. For acoustic waves in a flow duct,
it is interesting to find out that the vortex-sound in-
teraction at discontinuous boundaries can give rise
to the flow-induced effective gain and loss [206].
These PT-symmetric acoustic systems mentioned
above are all 1D systems comprising a pair ofloss and
gain units, and researchers mainly focus on the scat-
tering behaviors of acoustic waves, such as unidirec-
tional transparency at the exceptional point. Higher
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dimensional or periodic systems and the intriguing
phenomena related to the PT broken phase remain
to be explored. Recently, the emergence and coa-
lescence of exceptional points in coupled acoustic
lossy cavities has been studied [207]. By introduc-
ing asymmetric losses in cavities, the system demon-
strated similar characteristics to the PT-symmetric
systems.

CONCLUSIONS AND OUTLOOK

In this article, we have focused on reviewing the
developments in the field of acoustic waves. Even
though elastic and mechanical metamaterials
have also been extensively studied in recent years
[208-210], a survey of such works is beyond the
chosen scope of this review. To conclude, we would
like to note that there remain some challenges
to overcome before real-world applications of
recently developed phenomena can be realized. In
particular, the resonance-induced narrow working
bandwidth and inherent losses are limiting factors
for the applications of acoustic metamaterials. One
possible solution could be the designed integration
of resonances as in the realization of the broadband
acoustic absorber [194]. Another possible solution
is to utilize tunable active metamaterials [211,212].
Another challenge lies in water acoustics. The low
impedance contrast between water and solid mate-
rials requires new design schemes for underwater
applications.

In the view of the fundamental sciences, the un-
usual properties of acoustic metamaterials can be
predicted by the effective medium theory. What
is the ultimate limit of the effective medium the-
ory at very low frequencies? Nonlinear acoustics
is an important branch of acoustics and we may
raise the question about what are the avenues to
harness the nonlinear effects in phononic crystals
and acoustic metamaterials. For example, how can
acoustic waves be used to manipulate condensed
matter, such as photons [213] and electrons in the
near field, or vice versa? Also, we envision that with
advanced micro/nanofabrication, the operation fre-
quency of phononic crystals could be extended to
higher-frequency regimes (hundreds of MHz to a
few THz?), so manipulation of heat flow can be pos-
sible [24,214].

We have seen that quantum phenomena in con-
densed matter can also be explored in classical acous-
tic systems. Below we speculate on the future. Can
the concept of metamaterials and phononic crys-
tals be evolved into quantum systems? For example,
can high-frequency acoustic waves, i.e., phonons,
be made to couple to superconducting circuits and

qubits [215]2 What are possible device architec-
tures to measure the properties of single or small
numbers of phonons (THz and below)? The discov-
ery of such devices would enable precision metrol-
ogy of acoustics in the quantum domain. As the
quantum-—classical analogies have motivated the de-
velopment of phononic crystals and acoustic meta-
materials, the areas of topological acoustics and
PT-symmetric acoustics, which also owe their be-
ginnings to quantum mechanics, are now growing
rapidly with promising potential applications. Topo-
logical acoustics have demonstrated one-way prop-
agation edge modes. Can these effects be turned
into useful one-way waveguides, delay lines, wave
splitters with high signal-noise ratio, and resonators
with high Q factors [216]? In addition, how can the
acoustic gain and experimental implantation in PT-
symmetric elastic systems [205] be obtained? The
above are just a few challenges facing the acoustics
community. We believe that resolution of any one
of these challenges could lead to a breakthrough in
applications.

Hopefully, this review has given readers a snap-
shot of the very rapidly evolving field of phononic
crystals and acoustic metamaterials. If there is a per-
ceptible trend, it is that the field is becoming broader
and deeper, with no end in sight.
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