
     

REVIEW

Non-local and non-Hermitian acoustic
metasurfaces
To cite this article: Xu Wang et al 2023 Rep. Prog. Phys. 86 116501

 

View the article online for updates and enhancements.

You may also like
Ultrathin broadband acoustic reflection
metasurface based on meta-molecule
clusters
Y B Wang, C R Luo, Y B Dong et al.

-

Ultrathin acoustic absorbing metasurface
based on deep learning approach
Krupali Donda, Yifan Zhu, Aurélien Merkel
et al.

-

Localization and amplification of Rayleigh
waves by topological elastic metasurfaces
Weijian Zhou and Zheng Fan

-

This content was downloaded from IP address 208.127.66.230 on 12/07/2024 at 14:42

https://doi.org/10.1088/1361-6633/acfbeb
https://iopscience.iop.org/article/10.1088/1361-6463/aaf694
https://iopscience.iop.org/article/10.1088/1361-6463/aaf694
https://iopscience.iop.org/article/10.1088/1361-6463/aaf694
https://iopscience.iop.org/article/10.1088/1361-665X/ac0675
https://iopscience.iop.org/article/10.1088/1361-665X/ac0675
https://iopscience.iop.org/article/10.1088/1361-665X/ac0b4b
https://iopscience.iop.org/article/10.1088/1361-665X/ac0b4b
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjssoEmgFtTxvjVmZaKsiRGrAQwXeiONUtlJ0wequDeQ03B0kzrV19icq4dLbZ6Wis90imwtBMu8x7Rftdas1xux5t9qnf_FH5g98sjN-otzqvOh3BVmV2hFLFVU9xSrFHiEFleW8TE-Tfl6ihQDIolu4c7TE_LKjVU6hLkT08H8MRR-k4Vw9uLbszwqnkZNjcTvjb32Nm6gTkLH-8-HVl6ew2-U4MxeHf1nleBjR64o1KxQ2PPxfL4piSCaUW9V4q-XGofAi_3AjOFFNk0WS0a9_8j_GNOk1UICW1PpkPbopK5Knx2FH89fXGqyZPXnD5YORjraATYJERdytvhxYH_U-9w&sig=Cg0ArKJSzJGtluh4Bo2E&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.hidenanalytical.com/


Reports on Progress in Physics

Rep. Prog. Phys. 86 (2023) 116501 (29pp) https://doi.org/10.1088/1361-6633/acfbeb

Review

Non-local and non-Hermitian acoustic
metasurfaces

Xu Wang1,3, Ruizhi Dong1,3, Yong Li1,∗ and Yun Jing2,∗

1 Institute of Acoustics, School of Physics Science and Engineering, Tongji University, Shanghai 200092,
People’s Republic of China
2 Graduate Program in Acoustics, The Pennsylvania State University, University Park, PA 16802, United
States of America

E-mail: yongli@tongji.edu.cn and yqj5201@psu.edu

Received 30 March 2023, revised 3 August 2023
Accepted for publication 21 September 2023
Published 10 October 2023

Corresponding editor: Dr Masud Mansuripur

Abstract
Acoustic metasurfaces are at the frontier of acoustic functional material research owing to their
advanced capabilities of wave manipulation at an acoustically vanishing size. Despite significant
progress in the last decade, conventional acoustic metasurfaces are still fundamentally limited
by their underlying physics and design principles. First, conventional metasurfaces assume that
unit cells are decoupled and therefore treat them individually during the design process. Owing
to diffraction, however, the non-locality of the wave field could strongly affect the efficiency
and even alter the behavior of acoustic metasurfaces. Additionally, conventional acoustic
metasurfaces operate by modulating the phase and are typically treated as lossless systems. Due
to the narrow regions in acoustic metasurfaces’ subwavelength unit cells, however, losses are
naturally present and could compromise the performance of acoustic metasurfaces. While the
conventional wisdom is to minimize these effects, a counter-intuitive way of thinking has
emerged, which is to harness the non-locality as well as loss for enhanced acoustic metasurface
functionality. This has led to a new generation of acoustic metasurface design paradigm that is
empowered by non-locality and non-Hermicity, providing new routes for controlling sound
using the acoustic version of 2D materials. This review details the progress of non-local and
non-Hermitian acoustic metasurfaces, providing an overview of the recent acoustic metasurface
designs and discussing the critical role of non-locality and loss in acoustic metasurfaces. We
further outline the synergy between non-locality and non-Hermiticity, and delineate the
potential of using non-local and non-Hermitian acoustic metasurfaces as a new platform for
investigating exceptional points, the hallmark of non-Hermitian physics. Finally, the current
challenges and future outlook for this burgeoning field are discussed.

Keywords: acoustic metasurfaces, metagratings, non-locality, non-Hermiticity,
topological systems, exceptional points, asymmetric response
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1. Introduction

Sound, along with light, is a classical wave that plays a crucial
role in our perception of the world. As a result, the ability to
manipulate sound at will has long been a sought-after goal. For
centuries, various natural materials have been utilized to con-
trol the propagation of sound. For those natural materials, the
underlying wave-matter interactions usually become promin-
ent only when thematerial thickness is comparable to the oper-
atingwavelength. Thus, controlling sound presents a challenge
due to its characteristics in wavelength. To better understand
this, we can compare audible sound with visible light. The
wavelength of visible light is typically hundreds of nanomet-
ers, whereas for a typical audible sound at 1 kHz, it is measured
in decimeters. This dramatic difference in wavelength means
that materials that shield us from the Sun can be manifested as
a film, while materials that offer noise-proofing require a wall.
Additionally, the visible light spectrum (ranging from 400 nm
to 760 nm) is relatively narrow, covering less than an octave. In
contrast, audible sound (ranging from 20 Hz to 20 kHz) spans
up to ten octaves, with wavelengths ranging from decamet-
ers to centimeters. Consequently, it is inherently challenging
to develop a mechanism for consistent sound control across
such a wide range. This has led to acoustics, the study of the
propagation of sound and vibrational waves, becoming an old
yet still fast-growing discipline in physics.

For sound, a general picture of wave-matter interaction
entails sound striking a surface, where transmission, absorp-
tion, and reflection occur. The coefficients relevant to this
process (transmittance, absorptance, and reflectance) indicate
the amount of energy going into transmission, absorption, or
reflection, and are heavily dependent on the surface’s acoustic
properties. These metrics illustrate the effectiveness of sound
absorption (by high absorptance) and/or sound insulation (by
high reflectance and low transmittance), which are the most
crucial means in noise control. However, these typical wave-
matter interactions rely solely on the manipulation of the amp-
litude of sound. Conversely, the manipulation of phase is a
less commonly used technique in traditional acoustics for con-
trolling sound.

The utility of phase control in sound can be exemplified
by the use of an acoustic diffusor. Sound can be reflected in
two different ways, specular reflection by a large flat surface
or scattering by a rough or non-flat surface. Diffuse reflec-
tion, a special type of scattering where the acoustic energy
is scattered in a uniform manner, plays a vital role in room
acoustics. In the 1970s, Schroeder proposed an acoustic dif-
fusor that is a period structure, where each period comprises a
number of wells (grooves) with carefully chosen depths [1, 2].
When sound is reflected by the diffusor, the local phase shifts
provided by the wells collectively change the wavefront of the
reflection in a predictable and desired manner and thus produ-
cing the so-called optimum diffuse reflection. While the idea
of Schroeder diffusers does not originate from the quantum
mechanical band theory of solids, they essentially function as
‘reflection phase gratings’ that scatter sound in a manner sim-
ilar to how crystal lattices scatter electromagnetic waves. In

this sense, Schroeder diffusers can be considered as an arche-
type in the rapidly growing fields of acoustic metamaterials
and metasurfaces (which we will elaborate on), due to their
intriguing capability of manipulating the phase of sound and
its periodic nature.

Although the manipulation of sound is an endeavor that
dates back centuries, the use of natural materials has been
extremely limited in its effectiveness. However, around three
decades ago, inspired by the quantum mechanical band the-
ory of solids in which electronic waves interact with a lattice
of periodically arranged atomics to form energy bands separ-
ated by bandgaps, man-made crystals for electromagnetic and
acoustics waves, i.e. photonic [3] and phononic [4] crystals,
were proposed to control light and sound utilizing scattering
from rationally designed periodic structures. However, the lat-
tice constants of these artificial crystals must be on the order
of the wavelength being manipulated. As a result, phononic
crystals designed for the audible regime remain too bulky due
to the large wavelength of acoustic waves [5].

The emergence of acoustic metamaterials addressed the
sample size issue [6]. Local resonance can greatly enhance the
wave-matter interaction, allowing for much smaller materials
to control sound waves with large wavelengths. Metamaterials
are a specific category of artificial materials whose wave func-
tionalities arise from the combined effects of their locally
resonant constituent units (meta-units). These macroscopic
composites possess a three-dimensional (3D) cellular archi-
tecture, often period in nature (though not required), that is
designed to produce an optimized response to a specific excit-
ation. Acoustic metamaterials commonly incorporate sub-
wavelength meta-units, resulting in a significantly smaller
material size than phononic crystals.

The capabilities of metamaterials to control waves at the
macroscopic scale arise from the methodologically designed
and arranged meta-units with a mesoscopic size. Since the
meta-units are typically in a deeply subwavelength scale, the
overall structure can be considered an effective medium pos-
sessing homogeneous material properties. In this way, the
acoustic metamaterial (designed for sound in gas and fluid)
behaves like a continuous (homogeneous) material that can
be primarily characterized by two acoustical properties: the
mass density ρ and the bulk modulus κ. Furthermore, in wave
theory, the characteristics of a medium can be described by
its effective wave speed. The speed of sound and light are
respectively given by

√
κ/ρ and

√
1/ϵµ, and there is a map-

ping of ρ→ ϵ and κ→ µ−1, where ϵ and µ are the dielec-
tric constant and magnetic permeability [7]. In an acoustic
metamaterial, the two constitutive parameters (ρ,κ) can take
unusual values (for example, negative, zero, close to diver-
gent, or strongly anisotropic). The related intriguing phenom-
ena include negative refraction [8, 9], subwavelength imaging
[10], and cloaking [11, 12], which cannot be attained by nat-
ural materials. For a detailed review on acoustic metamateri-
als, the readers are referred to [7, 13–17].

Despite the achievements of acoustic metamaterials, they
remain bulky materials that typically possess periodicity in
3D. As a result, tremendous efforts have been made to
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manipulate waves using only one or a few layers of man-made
composites, resulting in the emergence of two-dimensional
(2D) metamaterials known as metasurfaces. These structures
are particularly appealing due to their significantly reduced
size (thickness) compared to metamaterials. The first inter-
nationally recognized metasurface is known as the gradient-
phase (or gradient-index) metasurface (GPM), which is a peri-
odic flat surface providing linearly-varying local phase shift
to the incident wave to redirect the reflection (refraction) in a
way beyond what is allowed by the traditional law of reflec-
tion (refraction) [18]. Although proposed long before the term
‘metasurfaces’ was coined, the aforementioned Schroeder dif-
fusors share many similarities with GPMs. For example, they
are both acoustic engineered surfaces functioned as phase grat-
ings. However, they are also designed based on vastly dif-
ferent principles: a ‘randomly’ arranged local phase modu-
lation (for Schroder diffusors) causes a dispersed wave field,
whereas an orderly arranged one (for GPMs) leads to a direc-
tional wave field. Over the last decade, acoustic metasurfaces
have emerged as a highly researched area, capturing significant
attention due to their remarkable ability to manipulate wave-
matter interactions at the subwavelength level [19]. These
metasurfaces now come in various designs, tailored to specific
application scenarios, and are being increasingly explored in
diverse fields. Among the wide range of applications, acous-
tic metasurfaces have demonstrated exceptional performance
in anomalous transmission and reflection [20–22], hologram
rendering [23, 24], acoustic absorption [25, 26], and isolation
[27] for effective noise reduction [16]. They have also shown
promise in real-time acoustic communication using vortex
beams [28, 29], beam focusing and directional transmission
for high-precision particle manipulation [30], sound diffus-
ing techniques for manipulating scattering fields [31], as well
as controlling reverberating sound in architectural acoustics
[32]. Detailed reviews for classical acoustic metasurfaces can
be found in [15, 17, 19].

In the following sections, we will introduce the recent
advances in acoustic metasurfaces, covering works related to
sound waves in air (gases), liquids, and solid bodies (includ-
ing mechanical vibrations). To make this article accessible to
a wider scientific community, we have structured and written
the paper in a manner that can be understood not only by spe-
cialists in metasurfaces, but also those who are new to this
field and may not have expert knowledge of the subject. To
this end, we begin by introducing the basic principles of tra-
ditional metasurfaces (i.e. GPMs) in section 2. We then move
on to discuss their limitations and the efforts to address these
issues, which have led to the development of non-local and
non-Hermitian metasurfaces. These novel structures embrace
the previously perceived limitations and offer brand-new func-
tionalities to acoustic metasurfaces. We have also included
topics that may not directly fall into the category of non-local
and non-Hermitian acoustic metasurfaces, but are necessary
to cover in order to provide fundamental background know-
ledge highly relevant to the past, present, and future of non-
local and non-Hermitian acoustic metasurfaces. These top-
ics include bianisotropic acoustic metasurfaces, power-flow-
conformal acoustic metasurfaces, non-Hermitian acoustics in

zero-dimensional (0D) and one-dimensional (1D) systems,
and non-Hermitian acoustics in topological systems.

2. Traditional acoustic metasurfaces

To provide a self-contained review on a topic related to acous-
tic metasurfaces, we start with the basic physics underpinning
the traditional acoustic metasurface, which also provides fun-
damental knowledge needed to understand non-local and non-
Hermitian acoustic metasurfaces. Classic wave theory informs
that the reflection (refraction) of plane waves impinging upon
a planar boundary separating twomedia obey the law of reflec-
tion (refraction). These physical laws predict equal angles of
incidence and reflection, as well as the relationship between
the angles of incidence and refraction depending on the dif-
ference between the refractive indices of the two media. The
concept of metasurfaces generalize these physical laws, lead-
ing to reflection (refraction) by a flat interface that can be redir-
ected in a controllable manner [18]. To provide an intuitive
picture of the theory, we take reflection as an example by dis-
cussing reflection-type acoustic metasurfaces, which can be
readily extended to refraction following the same principle.

An incident plane wave is directed towards a flat interface
located on the z= 0 plane (figure 1). Consider the surface to be
no longer homogenous so that sound reflected at two adjacent
pointsA(x,0) andC(x+ dx,0) on the surface undergo different
phase shifts, denoted as φ and φ+ dφ, respectively. A wave-
front is a plane consisting of points that move in phase. Thus,
between the incident and reflected wavefronts (indicated as AB
and B ′C) as shown in figure 1, the phase accumulated along
these two nearby paths must be identical, so that

kAB ′ +φ = kBC+φ+ dφ, (1)

where k is the wavenumber of sound in the background
medium. Using simple geometrical relationship yields

ksin(θr)dx+φ = ksin(θi)dx+φ+ dφ. (2)

Equation (2) can be simplified as

k [sin(θr)− sin(θi)] =
dφ
dx
. (3)

This equation governs the relationship between the angles of
incidence and reflection, which is determined by the gradient
of phase shift along the surface. This is well known as the
generalized law of reflection [18]. For a homogenous surface
(i.e. dφ/dx= 0), equation (3) reduces to a simple form, i.e.
θr = θi, indicating a specular reflection. Crucially, equation (3)
suggests that the reflection from a flat surface can be arbitrar-
ily tuned, and such an anomalous reflection arises from the
inhomogeneity of the surface featuring a linearly varying pro-
file, which constitutes the simplest form of metasurfaces. The
meta-units of the metasurface are the key to realizing the flex-
ible control of reflection (refraction), as they can be designed
to provide the desired gradient phase shifts (covering a 2π shift
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Figure 1. Schematic diagram of sound reflection and refraction
occurring at an inhomogeneous surface.

in a period). Separating the derivatives (dφ and dx) and integ-
rating both sides of equation (3) further yield

φ(x) = kδx+C, (4)

where φ(x) is the phase-shift profile along the surface,
δ = sin(θr)− sin(θi), and C ∈ R is an integral constant.
Equations (3) and (4) suggest that a desired anomalous reflec-
tion (i.e. a desired δ) hinges on the gradient of phase shift
imparted by the metasurface, rather than the phase shift itself,
since C can be arbitrarily chosen to give rise to multiple dif-
ferent φ(x) given a fixed δ.

This early version of the generalized law of reflectionworks
in most cases for redirecting the wave. However, under some
special conditions (especially with large incident angles),
sound will be redirected to a direction that cannot be pre-
dicted by equation (3) [33]. To understand this, let us consider
another intrinsic property of metasurfaces: periodicity. Now
consider the two points A and C in figure 1 not being adjacent
but rather spaced with a distance that is exactly one period (D).
Consequently, equation (3) should be rewritten as

kD [sin(θr)− sin(θi)] = D
dφ
dx

+ 2mπ, (5)

where m ∈ N. Equation (5) is obtained by multiplying D on
both sides of equation (3), while the additional term (2mπ)
indicates that reflections from A and B should be in phase.
Equation (5) can be further simplified by dividing D on both
sides, yielding [34, 35]

k [sin(θr)− sin(θi)] =
dφ
dx

+mG, (6)

where G= 2π
D is the amplitude of reciprocal lattice vector

for such a periodic structure. Notice that the phase shift φ
provided by a GPM covers a 2π range in a period so that
dφ
dx = 2π

D . Therefore, equation (6) can be rewritten as

k [sin(θr)− sin(θi)] = m ′G, (7)

which is the grating equation, where m ′ = m+ 1 represents
the diffraction order. This reveals that a GPM, in essence, is a
diffraction grating. The number of allowable diffraction chan-
nels, associated with different diffraction orders, is determ-
ined by the period, D, while the energy distributed among
these channels is dictated by the specific phase-shift profile
in a period. GPMs are a special type of diffraction grating
whose phase-shift profile features a linear gradient. As a res-
ult, the anomalous reflection governed by equation (3) dir-
ects the energy into the diffraction of order 1 (m ′ = 1), rather
than the normal one (m ′ = 0) for specular reflection. However,
such a diffraction order (m ′ = 1) may no longer be allowed
to propagate for some large-angle incidence, since the reflec-
tion term, i.e. sin(θr), in equation (3) may become complex.
Physically, this means that, when the angle of incidence is
greater than a critical angle, the anomalous diffraction corres-
ponding to m ′ = 1 is an evanescent wave, which travels along
the interface [33].

The same physical principle discussed above can be also
applied to other types of acoustic metasurfaces. For example,
the GPMs provide a phase shift that yields a gradient in
the Cartesian coordinates, while a phase-shift gradient in the
azimuthal direction enables a metasurface to generate vor-
tex sound carrying orbital angular momentum (OAM) [36,
37]. Moreover, a linear phase-shift metasurface (i.e. GPM)
redirects sound but preserves its wavefront, while a nonlin-
ear phase-shift metasurface is able to reshape the wavefront,
leading to beam focusing [38], beam bending [39], and dif-
fuse reflection [40]. It should also be pointed out that sound-
absorbing metasurfaces do not share the same working prin-
ciples as the sound scattering (reflection-type or transmission-
type) metasurfaces. They typically do not act as a phase-
control structure, but instead aim to effectively absorb sound
by dramatically reducing the thickness of the structure. The
progress of these sound absorbing metasurfaces will be elab-
orated on in section 5.2. Note that, in this set of tradi-
tional metasurfaces, the dissipation, radiation coupling, and
acoustic-structure interaction, which all can be classified as
non-Hermitian effects [41–43] and non-local effects [44], have
already been partly considered. As we will see in the follow-
ing, these effects are in fact the key for a new generation of
acoustic metasurfaces.

3. Non-local acoustic metasurfaces

3.1. Limitation of traditional metasurfaces

For conventional acoustic metasurfaces, exemplified by the
GPMs, the capabilities to mold the flow of sound hinge on
their carefully designed and arranged meta-units at the sub-
wavelength scale along the surface. These meta-units are
tailored to provide a precise local response to external excit-
ations. Importantly, these building blocks are designed indi-
vidually, and then assembled in a particular pattern to form
themetasurface. This design strategy naturally only takes local
acoustic effects into account, whereas the waves under manip-
ulation experience non-local effects, owing to diffraction—
an intrinsic property underpinning wave propagation. These
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Figure 2. (a) Efficiency of the GPM as a function of the angle of reflection under normal incidence. (b)–(d) Schematics of the reflected
fields of a normal incident wave when (b) θr = 10◦, (c) θr = 30◦ and (d) θr = 60◦. The efficiency can be seen to drop as the angle of
reflection increases.

subwavelength meta-units inevitably affect the radiation emit-
ted by neighboring units, leading to the radiation coupling
between densely-placed units. Traditional acoustic metasur-
faces do not account for this non-local effect, which is expec-
ted to impact the overall response of the metasurface. This
impact is typically demonstrated by a rapid decrease in beam
redirecting efficiency that occurs as the steering angle devi-
ates from the specular reflection angle. In the first part of this
section, we provide a historical account of the efforts made
towards this issue, which ultimately resulted in the break-
through on non-local acoustic metasurfaces. As will be shown,
non-local acoustic metasurfaces deliberately utilize coupling
and engineered non-locality to achieve ultra-high efficiency
wave field manipulations, in contrast to the common approach
that would minimize non-local effects. For a detailed review
of the development of non-local metasurfaces in electromag-
netics, interested readers can refer to [45]. Besides non-local
metasurfaces, other solutions to address the efficiency issue
are also discussed in sections 3.2 and 3.3 for completeness.

To better illustrate the limitations of traditional GPMs,
we revisit the generalized law of reflection, i.e. equation (3).
While this equation predicts the angle of reflection resulted
from the GPM, it does not provide information about the effi-
ciency of reflection. In the following, we will attempt to cal-
culate the efficiency as a function of the angle of reflection.
For an inhomogeneous surface possessing a phase-shift pro-
file described by equation (4), the local reflection coefficient
r (the ratio between the reflected wave pressure and incident
wave pressure) can be written as

r= eiφ(x), (8)

where i is the imaginary unit. Equation (8) suggests a com-
plete reflection (manifested by the amplitude of r being one)
since we assume the surface provides only phase shift to the
incident wave, without changing its amplitude. The reflection
coefficient is related to the surface impedance as

r=
Zs−Zi
Zs+Zi

, (9)

where Zi = ρ0c0/cosθi is the specific acoustic impedance of
the incident wave at the metasurface, with ρ0 and c0 being the

density and sound speed of the background media, respect-
ively. Combing equations (8) and (9), the impedance of the
metasurface can be written as [46]

Zs (x) = i
ρ0c0
cosθi

cot
φ(x)
2

. (10)

Such a reactive impedance (purely imaginary) indicates that
a GMP depicted by equation (3) is a passive (without amp-
lification) and lossless (without dissipation) boundary. We
then calculate the efficiency of the anomalous reflection from
a boundary with the impedance described by equation (10)
under different angles of reflection, following the approach in
[46]. The reflected wave fields are computed using COMSOL
Multiphysics. The angle of incidence is assumed to be a con-
stant (θi = 0◦). It can be found from figure 2 that the efficiency
of the metasurface governed by the generalized law of reflec-
tion decreases as the angle of reflection increases , owing to
the fact that parasitic diffraction modes are generated, which
take the energy away. In fact, to ensure perfect reflection for
the order m ′ = 1, such a metasurface should be characterized
by the following impedance [46]

Zs (x) = ρ0c0
1+

√
cosθi
cosθr

eiφ(x)

cosθi−
√
cosθr cosθieiφ(x)

, (11)

which now turns out to be no longer imaginary, but complex,
of which the positive (negative) real part implies that such a
metasurface yields local loss (gain).

Such a fundamental limitation of traditional passive metas-
urfaces was first discovered in optics, showing that local phase
compensation is essentially insufficient to realize perfect con-
trol of reflection and refraction [47, 48]. It was also shown that
the optimal phase distribution that maximizes the transforma-
tion efficiency, in the case of passive reflection-type metasur-
faces, largely deviates from the linear phase distribution under-
pinning the GPM design [47, 48]. For acoustics, the drawback
in the efficiency of manipulations of reflection and refraction
by conventional local metasurfaces has also been observed
[46]. It was found that ideal anomalous refraction is possible
only if the metasurface is bianisotropic, while ideal anomalous
reflection requires a strongly non-local response, which allows
energy channeling along the metasurface [46].
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Figure 3. (a) Schematics of a transmission-type bianisotropic metasurface for perfect anomalous sound refraction. Each bianisotropic
meta-unit consists of a straight channel equipped with four side-loaded resonators. (b) Simulated and experimental results of the pressure
fields of the bianisotropic metasurface with θi = 0◦ and θt = 80◦. (c) Schematics of a power-flow-conformal metasurface, which is a curved
metasurface for perfect anomalous sound reflection. (d) Distribution of the sound intensity vector (left) and the potential function of sound
intensity (right) for the case with θi = 0◦ and θr = 70◦. White lines (right panel) represent the level curves of potentials, i.e. the curves
parallel to the intensity vector (left panel) at every point. (e) The realized power-flow-conformal metasurface using rigidly-ended grooves.
Red lines indicate surfaces modeled as hard boundaries following the shape of a contour line marked by the white dashed line in the right
panel of (d). Panels (a) and (b) are reproduced from [55]. CC BY 4.0. Panels (c)–(e) are reprinted from [58]. © The Authors, some rights
reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 Reprinted with permission from AAAS.

3.2. Bianisotropic acoustic metasurfaces

Bianisotropic meta-units were first used for simultaneous con-
trol of reflection and refraction [49] before they were put for-
ward as a solution to increase the metasurface efficiency [46,
48]. In electromagnetic metamaterials, bianisotropy, or mag-
netoelectric coupling, enables the coupling of magnetic and
electric phenomena at the subwavelength scale [50]. As an
analogy, Willis coupling has been explored in elastodynam-
ics, which states that, in some inhomogeneous media, stress
not only relates to strain but also couples to velocity, while
momentum density is not only determinated by velocity but
also coupled to strain [51, 52]. Willis coupling can be exten-
ded to describe the interaction between acoustic pressure and
particle velocity, which leads to bianisotropic responses where
the scattered fields are different depending on the direction of
incident waves [53, 54].

To achieve a perfect refraction without parasitic diffrac-
tions using lossless acoustic metasurfaces, it is necessary for
the metasurface to be bianisotropic. This requirement can be
fulfilled by implementing a multi-layer design strategy. As a
proof of concept, a bianisotropic acoustic metasurface com-
posed of three layers of membranes featuring perfect refrac-
tion was numerically demonstrated [46]. Besides using mem-
branes, bianisotropic metasurfaces can be also realized by
meta-units consisting of straight channels with multiple side-
loaded resonators [55–57]. For example, Li et al showed
numerically and experimentally that bianisotropic acoustic
metasurfaces can fully redirect normally incident waves with
angles of refraction of 60◦, 70◦, and 80◦ on the transmis-
sion side [55] (figures 3(a) and (b)). Significantly improved

energy efficiencies (93%, 96%, and 91%) over those of the
conventional GPM-based design (89%, 58%, and 35%), were
demonstrated at these large angles.

3.3. Power-flow-conformal acoustic metasurfaces

Bianisotropy was proposed as a key factor for high effi-
ciency refraction control, while the requirements for achiev-
ing high efficiency reflections are more complicated [46, 48].
To achieve a perfect anomalous reflection, the impedance
of a flat metasurface should be complex, as indicated by
equation (11). Díaz-Rubio et al [58], however, found that such
a constraint of complex impedance can be relaxed, as long
as the metasurface is non-flat (figures 3(c)–(e)). By analyz-
ing the power flow distribution of the desired incident and
reflected wave fields, it was revealed that the level curve of
power-flow potential [58] implies a purely imaginary (react-
ive) impedance when it acts as a boundary. In this way,
losslessmetasurfaces can be constructed by conventional pass-
ive groove-type meta-units, where the specific spatial pro-
file of the metasurface follows the level curve of power-
flow potential . This curved-surface metasurface is therefore
called the power-flow-conformal metasurface. Such a groove-
type power-flow-conformal metasurface, by adding a metal-
lic grid in the groove, can be further used to achieve a dual-
physics device that can simultaneously route electromagnetic
and acoustic waves with high efficiency, where the acoustic
impedance is controlled by the groove depth, while the electro-
magnetic wave impedance is controlled by the metal grid [59].
In addition to showing the capability of high efficiency wave
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Figure 4. (a) Schematics of a non-local reflection-type metasurface utilizing physical coupling. Only the air domain inside the meta-units is
shown. (b) Simulated reflection fields from a metasurface consisting of four meta-units in each unit cell , without (left panel) and with (right
panel) physical coupling. (c) Schematics of a non-local transmission-type metasurface utilizing radiation coupling. (d) Local sound intensity
in the vicinity of the metasurface. The arrows are strongly distorted in the area very close to the metasurface, showing a significant non-local
effect. (e) Simulated (top panel) and measured (bottom panel) transmitted pressure fields from the metasurface with θi = 0◦ and θt = 72◦.
The white arrows show the directions of the refracted waves. Panels (a) and (b) are reprinted (figure) with permission from [62], Copyright
(2019) by the American Physical Society. Panels (c)–(e) are reprinted (figure) with permission from [64], Copyright (2019) by the American
Physical Society.

reflection control, power-flow-conformal metasurfaces have
also found applications for high efficiency acoustic focusing
[60] and beam splitting [61].

3.4. Non-local effects from physical coupling

As shown earlier, achieving perfect anomalous reflection
requires a non-local metasurface with a complex impedance,
where the real part of the impedance indicates local gain (neg-
ative) or loss (positive). An important scientific question to
consider is whether it is possible to achieve perfect reflec-
tion control using a metasurface without any gain and/or loss.
Power-flow-conformal metasurfaces [58–61] have been iden-
tified to be a solution, but they require a curved surface pro-
file according to the desired energy flow distribution , which
comes at a cost: since the power flow distribution varies with
different incident and reflected wave fields, such a solution
may only work exclusively for some specific angles of incid-
ence and reflection. On the other hand, it has been suggested
that one may not need real gain and/or loss to achieve a bound-
ary with complex impedance. The local gain and loss associ-
ated with the negative and positive real part of the impedance
can be in fact fulfilled by allowing coupling between adjacent
meta-units. Specifically, coupling provides a means for the
acoustic energy to tunnel from one meta-unit to another. The
energy outflowing from the meta-unit represents local loss,
while the energy inflowing into the meta-unit can be regarded
as local gain.

Following this concept, Quan and Alù [62] showed that
coupling can be introduced by a physical channel connect-
ing neighboring meta-units on a metasurface, and therefore
such a design is characterized by its intrinsic non-locality
(figures 4(a) and (b)). Such a non-local metasurface, where the
non-locality is dominantly contributed by physical coupling,

enables unitary efficiency for extreme beam steering unattain-
able by conventional GPMs. The non-locality can be readily
engineered by the geometry of the physical connecting chan-
nels. The authors further extended the 1D design [62] to a
2D case and created different physical connecting channels in
different directions along the surface. In this way, anisotropy
can be induced through detuned non-locality in different dir-
ections. This enables extreme anisotropic responses for sound
traveling tangential to the metasurface [63].

3.5. Non-local effects from radiation coupling

Adding physical channels to connect neighboring meta-units
is a rather intuitive and straightforward way to induce a
non-local effect. However, a metasurface is usually made up
of densely packed meta-units, and creating small channels
between these meta-units appears to be a daunting task and
can lead to an intricate structure that is difficult to fabricate
and fraught with thermoviscous dissipation.

Recall that in section 3.1, it is pointed out that the radiation
coupling betweenmeta-units compromise the overall perform-
ance of a GPM in terms of the efficiency. While radiation
coupling presents a challenge for conventional metasurface
designs, it can be harnessed to achieve the necessary complex
impedance (equation (11)) for non-local metasurfaces. In this
case, rather than attempting to minimize the radiation coup-
ling, we instead embrace radiation coupling as a powerful tool
to tune energy exchange among meta-units. These non-local
metasurfaces utilizing radiation coupling hence do not require
the use of connecting physical channels.

The first type of non-local metasurfaces based on radiation
coupling can be regarded as a modification from the conven-
tional GPMs [46, 65]. The design follows a two-step scheme.
In the first step, an array of lossless meta-units are designed
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Figure 5. (a) Schematics of an acoustic reflection-type metagrating composed of a surface with periodically etched grooves having two
units in a period. (b) A retroreflective metagrating functioning as a carpet cloak. The two figures on the right show the scattering fields
without and with metagrating-based carpet cloak under normal incidence. (c) A transmission-type metagrating splits an incident wave into
different desired directions with arbitrary power flow partition. (d) and (e) Sound focusing from (d) a local metasurface and (e) a
metagrating integrating the power-flow-conformal concept. The latter shows a stronger focus indicated by the color bar. Panel (a) is
reprinted (figure) with permission from [69], Copyright (2019) by the American Physical Society. Panel (b) is reprinted (figure) with
permission from [75], Copyright (2019) by the American Physical Society. Panel (c) is reprinted (figure) with permission from [79],
Copyright (2019) by the American Physical Society. Panels (d) and (e) are reprinted (figure) with permission from [81], Copyright (2021)
by the American Physical Society.

individually following the local design strategy, which pro-
duces a gradient-phase shift. Since mutual radiation coupling
naturally arises when the meta-units are assembled together,
the second step is to further finetune the geometry of meta-
units, by which the non-locality from radiation coupling is
considered to enhance the global performance of the metasur-
face. Such a non-local metasurface features the same number
of meta-units per period as GPMs (i.e. dense units, in contrast
to the other type with sparse units to be introduced below),
while the geometry of the meta-unit slightly deviates from
those determined by the first step of the design scheme fol-
lowing the generalized law of reflection/refraction [46, 65].

Another type of metasurfaces that fully consider the
non-local effect from radiation coupling are metagratings.
Although metasurfaces can be studied from a diffraction-
grating perspective [66], metasurfaces and gratings are still
distinct from each other. Compared to the wave scatterers in
conventional gratings, meta-units in metasurfaces are far more
complicated, manifested by their microstructures having more
tunable geometrical parameters. Metasurfaces also typically
have more than one meta-units in a period, in comparison
with conventional gratings which only have one unit cell in
a period. The field of electromagnetics first saw the fusion
of metasurface and grating that leveraged their individual
benefits, leading to the introduction of the term ‘metagrat-
ing’ [67]. Metagratings enrich the physics of gratings: these
elaborately engineered scatters (meta-units) provide another
degree of freedom to suppress parasitic diffraction modes.
On the other hand, metagratings reform the metasurfaces:
metagratings no longer consider the individual response but
the collective behavior of all constituent units, taking full

use of the non-locality from coupling effect. Compared to
GPMs, a metagrating manifests itself as a sparse-unit design
(figure 5(a)). Acoustic reflection-type metagrating can be real-
ized by using just a few grooves (or curling grooves), which
shows their capabilities to redirect reflection in a highly effi-
cient manner [68–70]. It is found that only one or two grooves
are required for the most typical applications of anomalous
reflectors, while a moderate number (e.g. five) of grooves are
required for more sophisticated applications [68]. In addition,
using such metagratings as boundaries forms an open wave-
guide. By suppressing all diffraction modes and completely
reflecting incident waves without leakage, acoustic waves can
be guided along an arbitrary path [71].

Retroreflection is a form of anomalous reflection in which
the reflected wave travels in the same path as the incident
wave. Carpet cloaking is an application that can be facilitated
by retroreflection. Specifically, metagratings can be designed
to restore the wave scattering of the object beneath them to
render the object ‘invisible’ from detection [72]. Compared
to GPM-based strategies [73, 74], metagratings offer a sig-
nificantly simplified approach to designing carpet cloaks. For
example, it is possible to use ametagratingwith only onemeta-
unit per period to efficiently cloak an object below [75–77]
(figure 5(b)). Additionally, a metagrating supporting retrore-
flections can also be utilized for levitation and contactless
movement of particles [78].

Besides the reflection-typemetagratings, transmission-type
metagrating can be realized by using a meta-unit possess-
ing one straight channel as well as several grooves etched on
both sides of a plate [64] (figures 4(c)–(e)). Sound passes the
metagrating through the straight channel, which serves as a
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secondary source for the transmission side, while the grooves
on the top and bottom surfaces are responsible for modulating
the reflected and transmitted wave fields, respectively. By har-
nessing the coupling between the channel and grooves, such
a metagrating further enables an asymmetric behavior on the
reflection side, giving rise to perfect transmission or retrore-
flection, depending on the sign of the angle of incidence (±θi)
[79]. For metagratings, non-locality plays a vital role in their
unparalleled wavefront capabilities, which stem from the lat-
eral energy exchange along the surface caused by the evanes-
cent wave modes inside the meta-units [64, 80].

In addition to beam deflection, metagratings have also
shown promises in wavefront reshaping, including splitting
[69, 79], focusing [81–83], and even a combination of dif-
ferent functions [84, 85]. High efficiency wave splitting was
demonstrated by metagratings containing only two or four
grooves per period [69], which can split an incident wave into
beams with different desired directions and arbitrary power
flow partition (figure 5(c)). On the other hand, by combing
the power-flow-conformal concept and non-local metagrating
[81], or by combining multiple metagratings with different
periodicities [82, 83], megrating-based meta-lens engender
increased focusing effect, overcoming the limited efficiency
for a traditional lens (figures 5(d) and (e)). In addition, tak-
ing advantage of their simpler configurations (compared to
GPMs), metagratings operating at ultrasound frequencies [78,
82, 83] (even MHz frequencies [86]) are also more com-
patible with current fabrication techniques than conventional
metasurfaces.

Compared to traditional gratings, the engineeredmeta-units
provide additional degrees of freedom to suppress parasitic
diffraction modes. A representative example is metagratings
constructed by using bianisotropic meta-units. This type of
metagrating effectively combines the strengths of metagrat-
ings, which feature sparse units and non-locality, and that of
the bianisotropic microstructure, which provides an asymmet-
ric response. Note that the term bianisotropy used here is dif-
ferent from that mentioned in section 3.2, where binanisotropy
is used to describe a feature in transmission-type metasufaces
(with dense units) which support asymmetric responses on
opposite surfaces of the metasurfaces (i.e. above and below the
metasurface) [45, 53]. Whereas the bianisotropic reflection-
type metagrating introduced here is concerned with asymmet-
ric responses on opposite sides of the same surface normal
(e.g. two incident waves that come from +θi and −θi). Quan
et al [87] showcased such an anisotropic metagrating com-
posed of a single-layer identical scatterers placed above a rigid
surface, in which bianisotropy is realized by breaking the spa-
tial symmetry of meta-units (figures 6(a) and (b)). Their design
reroutes a normally incident wave to extreme angles with unit-
ary efficiency in reflection. It was further shown that such a
metagrating can be reconfigured (by varying the orientation of
meta-units and the distance above the rigid surface) to cater
to a wide range of angles and frequencies [88, 89]. Without
the rigid surface, a bianisotropic metagrating using a single-
layer of identical meta-units with broken spatial symmetry
can realize both asymmetric wave transmission and reflection
[90], while a multi-layer bianisotropic metagrating gives rise

Figure 6. (a) Schematics of a reflection-type bianisotropic
metagrating composed of identical asymmetric acoustic scatterers
(i.e. one unit in a period). (b) Reflection spectrum for different
diffraction-order channels. At 2404 Hz, all energy is reflected into
the order −1 channel and unitary reflection is achieved.
(c) Schematics of a transmission-type metagrating as an acoustic
vortex generator. The metagrating is composed of a small hole at the
center and the surrounding grooves on both surfaces. (d) Simulated
results for generating acoustic vortices with topological charges of 2
(upper panel) and 3 (lower panel). For each row, the left panel
shows the distribution of the real part of the scattered pressure field
along the axial direction; the middle and right panels show the
distribution of the phase (normalized by π) and amplitude on the
cross-section, respectively. (e) Schematics of the non-local design
for a underwater acoustic metagrating. The metagrating is
composed of periodic meta-units and supports 0th, ±1st, . . . , ±Nth
order diffraction (left panel). Driven by the objective function of
reflection efficiency, a parameter optimization procedure with
genetic algorithm is applied for the inverse design of the
metasurface, by which the non-local interaction between the
meta-units induced by fluid-structure interaction is considered (right
panel). (f) A case for perfect anomalous reflection with θi = 0◦ and
θr = 81◦ utilizing the optimal design method, where the white
arrows indicate the local power intensity vector of the reflected
acoustic pressure fields. Panels (a) and (b) are reprinted (figure) with
permission from [87], Copyright (2018) by the American Physical
Society. Panels (c) and (d) are reprinted (figure) with permission
from [93], Copyright (2021) by the American Physical Society.
Panels (e) and (f) are reprinted (figure) with permission from [94],
Copyright (2021) by the American Physical Society.

to asymmetric beam splitting [91]. In addition to the above-
mentioned 1D cases for wave control, bianisotropic meta-units
can be periodically arranged in 2D, providing a powerful tool
to manipulate waves in higher dimensions, such as to achieve
asymmetric lateral sound beaming [92].

In contrast to plane waves, vortex beams carry OAM and
therefore enrich the wave-matter interaction physics, which
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have shown great potential applications [95–97].While metas-
urfaces have been largely used to redirect plane (or quasi-
plane) waves in the linear space (Cartesian coordinates), the
same concept can be introduced into the angular space (polar
coordinates) to generate and control acoustic vortices. For
example, sound vortices can be realized in a cylindrical wave-
guide with angular-GPMmade of fanlike resonators [96]. The
incident vortex can be either transmitted or reflected depend-
ing on the integer parity of the meta-units according to the
integer parity theory [98]. Besides the gradient-phase-based
design, a vortex beam generator can also be realized via acous-
tic metagratings [93]. One such a metagrating has a small cyl-
indrical hole in the center, as well as sparse fanlike grooves
etched on both sides of the metagraing (figures 6(c) and (d)).
By harnessing the non-locality, one can fully control the topo-
logical charge of OAM carried by the acoustic vortex with a
high efficiency [93].

The emerging non-local metasurfaces also have a particu-
lar meaning for underwater acoustics. Because of the consid-
erably higher characteristic impedance of water than air, thin
walls of meta-units can no longer be considered acoustically
rigid in water. Therefore, fluid-structure interaction becomes
far more important than for airborne sound and it could res-
ult in strong non-local interaction between the meta-units in
water. This has made underwater metasurfaces a new play-
ground for exploiting the physics and applications of non-local
effects [76, 78, 83, 89, 94, 99–102]. For non-local underwater
metagratings, the non-local interaction between the meta-units
induced by fluid-structure interaction can be carefully engin-
eered via an optimization method (e.g. genetic algorithm)
(figures 6(e) and (f)). In this way, by using meta-units such
as cylindrical scatterers [99, 100], cylinders with slits [89],
side-branched Helmholtz resonators (HRs) [94], and grooves
[76, 78, 101, 102], various functions including anomalous
reflection and transmission, retroreflection, beam splitting, and
highly asymmetric transmission can be realized for underwa-
ter sound with desired efficiency.

It should be pointed out that a non-local metasurface may
share both types of coupling. Consider the example shown in
figures 4(c)–(e). The grooves on each side of the metasurface
facilitate radiation coupling among themselves, whereas the
straight channel serves as a physical coupling that connects
the reflection and transmission sides. The same is true for the
one shown in figures 6(e) and (f), as such a metagrating in fact
embraces both the radiation coupling among the meta-units
as well as the physical coupling induced by wave-structure
interaction.

4. Non-Hermitian acoustic metasurfaces

4.1. Introduction of non-Hermitian acoustics

Conventional acoustic metasurfaces operate by modulating
the phase and are typically treated as lossless systems.
However, thermoviscous losses in acoustic metasurfaces are
inevitable due to their subwavelength microstructures (nar-
row regions such as channels or grooves) [41] and these
losses could become a dominating factor once amplified by

acoustic resonances. Such naturally occurring losses cannot
be ignored in acoustic metasurfaces, and if left unchecked,
they could undercut the performance of acoustic metasurfaces.
Furthermore, efforts on addressing the efficiency of conven-
tional metasurfaces have pointed out the importance of com-
plex surface impedances [46]. Taken together, these observa-
tions imply that acoustic metasurfaces should be regarded as
inherently lossy systems, a characterization that places them
within the rapidly expanding field of non-Hermitian physics.

The concept of non-Hermitian physics was originated
from quantum mechanics, in which the Hermiticity of a
Hamiltonian that describes the conservation of energy in a
closed system plays a fundamental role. However, actual phys-
ical systems are not always conservative since they can interact
with the surrounding environment, leading to non-Hermitian
systems. Non-HermitianHamiltonians are applicable to awide
range of systems such as (but not limited to) systems with
open boundaries, as well as systems with gain and/or loss. It
had been a well-accepted notion that a quantum-mechanical
system (more precisely, its Schrödinger operator) must be
Hermitian in order for the system to possess entirely real-
valued energy spectra. In 1998, Bender and Boettcher [103]
discovered something quite counter-intuitive. They theoretic-
ally showed that, for a non-Hermitian system, such as one that
can be described by the 1D Schrödinger equation with a com-
plex potential V(x)

i
∂

∂t
ψ (x, t) =− ∂2

∂x2
ψ (x, t)+V(x)ψ (x, t) , (12)

its spectrum of the Schrödinger operator −∂xx+V(x) can
be entirely real-valued if the system is parity-time (PT )-
symmetric. In other words, if this equation is invariant under
the combined action of parity P(x→−x) and time-reversal
T (t→−t, i →−i), the energy level E of the eigenstates
ψ(x, t) = u(x)eiEt, where u(x) is the stationary wavefunction,
can in principle be real-valued under a certain threshold. In
this case, one can show that a necessary (albeit not sufficient)
condition for this complex potential to be PT -symmetric is

V(x) = V∗ (−x) , (13)

where ∗ represents complex conjugate. While the explora-
tion of PT -symmetry in actual quantum systems presents a
challenge, electromagnetic and acoustic wave systems have
emerged as fertile ground for fruitful investigation of PT -
symmetry concepts, leading to the discovery of new mech-
anisms and opportunities to control classical waves. To have
a PT -symmetric quantum-mechanical system, it is necessary
to have complex potentials with even real and odd imaginary
parts as functions of position. The same is true in electromag-
netics and acoustics, leading to the requirement of complex
indices of refraction, and the imaginary part of the index can
be induced by gain or loss. In other words, the complex refract-
ive index function n(x) = nR(x)+ inI(x) (or, correspondingly,
the effective dielectric permittivity function in electromagnet-
ics, and effective sound speed function in acoustics) now plays
the role of a complex potential V(x), where nR(x) represents
the refractive index distribution while nI(x) characterizes the
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gain and loss profiles within the medium. In this case, PT -
symmetry implies that

nR (x) = nR (−x) , (14)

and

nI (x) =−nI (−x) . (15)

Hence, the refractive index function must be even, whereas
the gain (loss) profile should be an odd function of posi-
tion. These equations hold for acoustic waves in fluids [104],
and solids [105], where the refractive index is determined by
n= c/c0 (c and c0 being wave speed in the meta-unit and
background medium). More explicitly, since c are determ-
ined by the two constitutive terms, i.e. the density and mod-
ulus of elasticity (for example c=

√
κ/ρ for waves in flu-

ids, and c=
√
E/ρ for longitudinal waves in solids with

E being the Young’s modulus), such a designated reflective
index can be realized by building a meta-unit with the cor-
responding effective modulus or/and effective density, follow-
ing the effective medium theory. What makes electromagnet-
ics and acoustics an ideal platform for PT -symmetry is that
all these three ingredients (refractive index, gain, and loss)
can be readily engineered to achieve the needed balance. For
those interested in non-Hermitian acoustics, detailed reviews
are available [106, 107]. In this review, we specifically focus
on non-Hermitian physics in scattering (2D) systems, while
brieflymentioning other systems (0D, 1D, and topological sys-
tems) for a self-contained presentation.

Materials possessing gain and loss play a vital role in build-
ing an acoustic PT -symmetric system. However, in contrast
to lossy materials, acoustic gain media are absent in nature. It
is therefore the most challenge part to realize PT -symmetric
acoustics involving a gain material that can be precisely tuned.
One of the most common solutions is to utilize loudspeakers
with elaborately designed feedback circuits to artificially amp-
lify the acoustic signal [108–111]. Another common approach
is to induce feed-back controlled piezoelectric elements (PZT
for example) based on the electromechanical coupling effect
[112–118], which is more practical for manipulating elastic
waves where speaker are not suitable [113, 114, 116–119].
Besides these active sound generating units with feedback con-
trol, acoustic gain can also be realized by leveraging flow-
induced sound [120], based on the hydrodynamic instability
theory. Other solutions include utilizing electromagnets [121],
optomechanical effect [122–128], and electro-thermoacoustic
coupling [129].

4.2. The minimal model

To offer an intuitive understanding of non-Hermitian acous-
tics, we begin by introducing aminimal model. This model can
aid readers in comprehending several fundamental concepts
that underlie non-Hermitian acoustics. The minimal model is
a two-level system, which in acoustics, can be physically real-
ized by two identical resonant cavities coupled by a connect-
ing tube (figure 7). The tube can be also used to adjust the
coupling strength. By leveraging the temporal coupled mode

Figure 7. Schematics and the eigenfrequencies of (a) a Hermitian
and (b) a non-Hermitian acoustic system comprising two coupled
cavities, where κ represents the coupling, γ1 and γ2 represent local
loss/gain in the left and right cavities, respectively. The splitting of
the eigenfrequencies grows as κ increases in the Hermitian system.
For the non-Hermitian system, the eigenfrequencies experience a
transition point (EP, marked by the star) from the PT -symmetric
phase (real-valued eigenfrequencies) to the PT -broken phase
(complex-valued eigenfrequencies). Insets feature the eigenmodes
of the coupled cavities for (a) the Hermitian case from non-coupling
to strong coupling conditions, and (b) the non-Hermitian case from
PT -symmetric regime, EP, to PT -broken regime. In the lower
panels, the eigenfrequencies (the curves) and the eigenmodes (the
insets) of two-cavity systems are calculated using the
eigenfrequency analysis module of COMSOL Multiphysics. The
degeneracy at EP results in only one eigenmode. In the PT -broken
regime, one of the eigenmodes exists in the cavity with gain and
experiences amplification, while the other one exists in the cavity
with loss and experiences attenuation.

theory [130], such a coupled-cavity acoustic system can be
described by

da1
dt

= iω0a1 + γ1a1 + iκ12a2, (16)

and

da2
dt

= iω0a2 + γ2a2 + iκ21a1, (17)

whereω0 is the resonant frequency of the two identical cavities
(denoted as A and B), a1 and a2 are the mode amplitudes in
the two cavities, κ12 (κ21) is the coupling representing hopping
from cavity B (A) to cavity A (B), and γ1 and γ2 are the onsite
potential (local gain/loss) in cavities A and B. The equations
above can be rewritten in a matrix form, as

−i d
dt
ψ =Hψ, (18)

where ψ =
[
a1 a2

]T
(the superscript T being transpos-

ition). This equation is in direct analog with the temporal
Schrödinger equation, and the effective Hamiltonian for the
coupled-cavity acoustic system is

H=

[
ω0 − iγ1 κ12
κ21 ω0 − iγ2

]
, (19)
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whose eigenvalues take the form

ω± = ω0 − i
γ1 + γ2

2
±

√
κ12κ21 −

(γ1 − γ2)
2

4
. (20)

First consider a Hermitian case where the two cavities are
passive and lossless, i.e. γ1,2 = 0, as well as reciprocal, i.e.
κ12 = κ21. The eigenvalues are then simplified to ω± = ω0 ±
κ(κ= κ12 = κ21), indicating that the eigenfrequencies are
real values and the splitting of the two eigenvalues are determ-
ined by the coupling strength, i.e. ∆ω = 2κ. Generally, the
separation of the eigenfrequencies increases as the coupling
strength grows (figure 7(a)).

Once the system becomes non-Hermitian (γ1,2 ̸= 0),
equation (20) indicates that the eigenfrequencies, in general,
are no longer real, but complex. However, when γ1,2 =±γ, a
special set of solutions emerge where the Hamiltonian yields

H=

[
ω0 − iγ κ
κ ω0 + iγ

]
, (21)

with the eigenvalues

ω± = ω0 ±
√
κ2 − γ2, (22)

where γ is positive real. Interestingly, this Hamiltonian’s
eigenvalues can be real even though the system is non-
Hermitian. In this case, the onsite potentials γ1,2 in the two
cavities have the same amplitude but opposite signs, where
the positive one represents a local gain while the negative one
indicates a local loss. This refers to a particular acoustic system
with balanced gain and loss: a PT -symmetric configuration.

With this particular configuration, whether the spectrum
is real still depends on the relative strength of the coupling
(κ) in regard to the gain/loss (γ). To illustrate this more
clearly, let us gradually increase the gain/loss amplitude γ.
When γ < κ, the square root term in equation (22) is real,
so does the eigenfrequencies ω±: real(ω±) = ω0 ±

√
κ2 − γ2

and Im(ω±) = 0. This is known as the PT -symmetric phase.
When the gain/loss continuous to increase so that γ > κ,
the eigenvalues would show a distinct picture: the square
root term in equation (22) now becomes imaginary, lead-
ing to a complex eigen-spectrum with a degenerate real
part, i.e. real(ω±) = ω0, and a bifurcated imaginary part, i.e.
Im(ω±) =±i

√
γ2 −κ2 (figure 7(b)). Now the system trans-

itions to a so-called PT -broken phase. Between the PT -
symmetric and PT -broken phases, there is a critical point
where phase transition happens, i.e. γ = κ. In this case,
ω± = ω0, indicating a simultaneous degenerate real part and
imaginary part of eigenfrequencies. This pinpoints the PT -
symmetry breaking threshold, which is the phase transition
point known as the exception points (EPs). In general, EPs are
singularities in parameter space characterized by the defect-
ive Hamiltonian and uniquely supported by non-Hermitian
systems, where both the eigenvalues (λ1 = λ2 = ω0) and

eigenvectors
(
v1 = v2 =

[
−iγ/k 1

]T)
of the system’s

Hamiltonian simultaneously coalesce [131, 132].

Building upon the minimal model, we further identify the
difference between non-Hermitian acoustics and quantum sys-
tems. In quantummechanics, thePT -symmetry was proposed
under the premise that the observable of any quantum mech-
anical operator should be real. For the Schrödinger operator
(the Hamiltonian), the observable is energy. Therefore, it is
only physically meaningful for a quantum mechanical sys-
tem to operate in a PT -symmetric phase, which ensure a real
spectrum. However, for acoustics (and electromagnetics), the
eigenvalues of the effective Hamiltonian can be complex, in
which the real part refers to the resonant frequency and the
imaginary part comes from the loss or gain depending on
its sign. This innate difference, therefore, renders the non-
Hermitian concept even more intriguing in the acoustic plat-
form. Mathematically, for any non-Hermitian system, the EP
(of order n) exists as long as the Hamiltonian matrix, under
a similarity transformation, can be shown to contain an n× n
Jordan block J [133, 134]

J=


ω0 1

ω0
. . .
. . . 1

ω0

 , (23)

and the PT -symmetric Hamiltonian described by
equation (21) is a similar matrix of a 2× 2 Jordan block.
This requirement can be typically satisfied for a general
effective Hamiltonian depicted by equation (19) in two
ways: one is with unbalanced local loss/gain (γ1 ̸=−γ2)
[135], while the other is with unidirectional (non-reciprocal)
coupling (κ12 = 0 , or κ21 = 0) [136].These are the two
main approaches applied to non-Hermitian acoustic sys-
tems approaching an EP. This more relaxed requirement for
effective Hamiltonians in contrast to that in quantum sys-
tems enables EP-related features to be fruitfully explored
by classical acoustic systems considering only loss or non-
reciprocity. A simple example is given here to illustrate
this point. Assuming the same coupled-cavity system with
(detuned) losses of γ1 and γ2 = γ1 +∆γ. The system is also
assumed to be gainless and reciprocal. The Hamiltonian can
be written as [135]

H=

[
ω0 − iγ1 κ

κ ω0 − iγ2

]
, (24)

whose eigenvalues yield

ω± = ω0 − i
γ1 + γ2

2
±
√
κ2 − ∆γ2

4
. (25)

It can be shown that an EP arises when ∆γ = 2|κ|, at which
point ω± = ω0 − i γ1+γ2

2 . This is a clear evidence that EPs can
be realized in an acoustic system with only loss.

4.3. Non-Hermitian acoustics in closed systems (0D)

As shown by theminimal model, the physics of non-Hermitian
acoustics can be demonstrated in a coupled-cavity system,
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which is isolated from the surrounding environment while
the non-Hermiticity comes from onsite gain and loss. In this
case, acoustic gain and loss can be achieved by utilizing loud-
speakers and various energy dissipation mechanisms, while
the coupling can be fine-tuned predominately by the width and
position of the tube connecting the cavities [137].

Within the field of non-Hermitian physics, there are numer-
ous intriguing phenomena that can be attributed to the exist-
ence of EPs. As shown by the minimal model, the collapse of
the 2× 2 effective Hamiltonian matrix (equation (19)) from
a two-cavity system leads to a 2nd-order EP [123, 138]. It is
thus reasonable to expect that coupling more cavities can lead
to the attainment of multiple EPs, or even higher-order EPs.
Indeed, Ding et al [135] built a passive non-Hermitian sys-
tem, which is a four-state system by using four coupled cav-
ities with detuned losses (figure 8(a)). They found that mul-
tiple EPs can emerge, and as the system parameters vary, these
EPs can collide and merge, leading to higher-order EP singu-
larities whose topological characteristics are much richer than
those observed in a two-state system (figure 8(b)). It was also
found that, the coalescence of multiple 2nd-order EPs having
the same chirality can lead to higher-order EPs [135], while
the coalescence of two EPs with opposite chiralities results
in a diabolic point [139]. Furthermore, in some cases, non-
Hermitian systems can also carry anisotropic EPs [135, 140,
141]. In this case, different singular behaviors are observed
when the EP is approached from different directions in the
parameter space [141], a behavior that is different from those
observed in common (isotropic) EPs.

The abundance of system parameters in a coupled-cavity
system provides a sufficient degree of freedom for continu-
ously varying EPs in a higher-dimensional parameter space,
leading to the emergence of exceptional arcs [143], excep-
tional rings [144], and exceptional surfaces [145]. The poten-
tial offered by the coupled-cavity system to achieve these
outcomes could bring about a significant advancement in
our fundamental understanding of non-Hermitian physics. For
example, by using a three-coupled-cavity system character-
ized by a 3rd-order non-Hermitian Hamiltonian, Tang et al
showed a peculiar EP, which is not only of higher order, but
is also an exceptional nexus acting as the cusp singularity of
multiple exceptional arcs (figures 8(c) and (d)) [142].

4.4. Non-Hermitian acoustics in waveguides (1D)

A typical 1D non-Hermitian acoustic system can be achieved
by periodically repeating theminimalmodel (two coupled cav-
ities with gain and/or loss), resulting in a 1D acoustic chain
with two sublattices in a period. In fact, such an acoustic chain
can be viewed as either a closed system (with periodic bound-
ary conditions) or an open system (with open boundary condi-
tions). The latter case is more practical for experimental val-
idation and has the potential for real-world applications. It can
be essentially considered as a 1D chain of a finite number of
periodic cells having two opposite ends that can be both con-
nected to 1D waveguides. We are particularly interested in the
exotic scattering behavior associated with the underlying non-
Hermiticity in such open systems.

Figure 8. (a) A four-coupled-cavity system. The system can be
regarded as combing two pairs of the minimal models of figure 7.
The four cavities are labeled A–D in the inset, where A and B (C
and (D) form a pair with resonant frequency ω2 (ω1) with κ (t)
being the intra-(inter-) pair coupling. (b) The phase diagram of the
four-coupled-cavity system by varying the difference of resonant
frequencies (∆ω = ω1 −ω2) and the coupling t. The solid red curve
marks the coalescence of three EPs, while the solid yellow line
marks the coalescence of two EPs. These lines separate the (∆ω, t)
parameter space into three regions marked by gray, blue, and green,
each with a unique EP formation pattern. The white dashed line
marks the state inversion line that further separates subclasses ‘a’
and ‘b’. (c) A three-coupled-cavity system hosting a 3rd-order EP ,
where δA and δB are the detuning in the respective sites, and δg and
δf are the on-site loss or gain. (d) The evolution EPs in the 3D
parameter space of δg, δA and δB. The 3rd-order EP acts as a cusp
where multiple arcs of 2nd-order EPs merge. Panels (a) and (b) are
reproduced from [135]. CC BY 3.0. Panels (c) and (d) are from
[142]. Reprinted with permission from AAAS.

Prior to delving into the 1D acoustic systems, it is worth
noting that non-Hermitian representations are classified under
two distinct terminologies (H-matrix and S-matrix repres-
entations). Non-Hermiticity can be described by effective
Hamiltonian exemplified by equation (19), and hence is
referred to as the H-matrix representation hereafter. H-matrix
gives an intuitive picture of the resonant frequencies (eigen-
values) and the wavefunctions (eigenvectors) of a system. On
the other hand, the non-Hermicity in open systems are usu-
ally encoded in the scattering matrices (S-matrix representa-
tion). The eigenvalues in the S-matrix, to the best of our know-
ledge, have not been defined with clear physical meaning,
while the eigenvectors are associated with particular inputs.
For example, for a 1D waveguide system, the eigenvector
respresents a particular combination of inputs from left and
right ends [65, 146]. At the EP where the matrix is defect-
ive, the H-matrix representation indicates a degeneracy of the
resonant modes, while the S-matrix representation, as will be
shown in the following, leads to extremely asymmetric scatter-
ing behaviors (distinct responses from different inputs). These
two representations can be adopted in the same system, and
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the relationship between the H- and S- matrices has been dis-
cussed in some works [147–149]. However, in general, these
two representations are distinct. For example, for a 1D cav-
ity chain with N periods of two-coupled cavities connected
to waveguides at both ends, the size of the H-matrix depends
on the number of the modes in the chain (when considering
only the fundamental resonance of each cavity, H-matrix size
is 2N× 2N), while the size of the S-matrix is determined by
the number of propagating modes in the waveguide (only the
right- and left-going plane waves are permitted below the cut-
off frequency of a 1D waveguide; S-matrix size is 2× 2). One
can clearly see the fundamental difference between the S- and
H- matrices by the size, since the number of resonant modes
(in the chain) has no direct correlation with the number of scat-
tering modes allowed (in the waveguides).

In general, a PT -symmetric 1D system features an asym-
metric response from opposite sides, and such asymmet-
ric behavior reaches an extreme at the EP, where unidirec-
tional transparency or unidirectional reflectionlessness can be
observed [104, 108, 150]. Beyond EPs, in the PT -broken
phase, all bulk modes can be localized at a given boundary,
which is known as the non-Hermitian skin effects (NHSEs)
derived from the unconventional bulk-boundary correspond-
ence in non-Hermitian systems [114, 118, 151–155]. As will
be discussed in section 4.6, NHSE is another important feature
of the non-Hermitian system. Moreover, in the PT -broken
phase, a pair of particular points, referring to as the coherent
perfect absorber (CPA) and laser points have been observed
[156–160]. The CPA-laser points occur when a pole and a
zero of the eigenvalues of the Hamiltonian coexist at a specific
frequency, which offers a promising route for wave modula-
tion with capabilities of dramatical amplification and perfect
absorption.

Many early works exploring non-Hermitian acoustics are
carried out in 1D waveguide systems. Zhu et al [104] first
introduced the non-Hermitian concept to acoustics by study-
ing a finite 1D periodic acoustic medium, with complex
parameters featuring balanced and alternative loss and gain,
where unidirectional reflectionlessness (also known as uni-
directional transparency) are numerically demonstrated at the
EP (figure 9(a)). This unique scattering behavior was then
observed in experiments, by utilizing feed-back-controlled
loudspeakers [108] or piezoelectric elements [112] as the gain
medium.

Although EP-related phenomena have been demonstrated
in PT -symmetric acoustic systems [104, 108] , PT -
symmetry is not a necessary condition for realizing the EP,
as we have demonstrated at the end of section 4.2. A pass-
ive scattering system with only loss, which does not respect
the PT -symmetry, can still yield EPs associated with the
coalescence of eigenvalues and eigenvectors of the S-matrix
(figures 9(b)–(e)). There are different ways to realize a pass-
ive non-Hermitian system with EPs. One is a modification
from the PT -symmetric framework by eliminating the gain.
In this case, PT -symmetry can be reestablished through
the gauge transformation [161], where the average loss bias
can be regarded as the loss of the background medium
while the lossless part now behaves a relative ‘gain’. Such

Figure 9. PT -symmetric and passive PT symmetric 1D
non-Hermitian acoustic systems at EPs. (a) A PT -symmetric
system possessing alternative loss and gain regions and an
asymmetric wave behavior of unidirectional transparency. (b) A
passive PT-symmetric system realized through the following
four-step refractive index modulations: I. PT -symmetry with
complex exponential modulation; II. Approximated PT -symmetry
with square-wave modulation; III. Passive PT -symmetry with
truncated complex square-wave modulation; IV. Modified passive
PT -symmetric configuration with separated real and imaginary part
of refractive index modulations. The red (blue) curves denote the
modulation of real (imaginary) part of the refractive index. (c) A
passive PT -symmetric system with the real (red) and imaginary
(blue) parts of the refractive index modulated following IV in (b),
which gives rise to unidirectional reflectionlessness. (d) Eigenvalues
and (e) eigenvectors of the S-matrix, where lines and circles
correspond to PT - and passive PT -symmetric configurations (II
and IV in (b)). Panel (a) is reproduced from [104]. CC BY 3.0.
Panels (b)–(e) are reprinted (figure) with permission from [146],
Copyright (2018) by the American Physical Society.

a configuration is therefore also defined to be passive PT -
symmetric [161]. Following this idea, Liu et al [146] showed
that a passive system consisting of four periods, with loss
modulation in each, can achieve unidirectional reflectionless
wave propagation (figure 9(c)), though unidirectional transpar-
ency is absent in this system because of the lack of true gain
(see the details of constructing a passive-PT -symmetric con-
figuration through refractive index modulations following the
four steps shown in figure 9(b): PT -symmetry with complex
exponential modulation, approximated PT -symmetry with
square-wave modulation; passive PT -symmetry with trun-
cated complex square-wave modulation; and modified passive
PT -symmetric configuration with separated real and imagin-
ary part of refractive index modulations).

Another approach for realizing EPs in passive systems is
by leveraging the Willis coupling, as asymmetric response is a
key feature manifested by the non-Hermitian system at the EP.
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Indeed, Willis coupling media have shown their bianisotropic
(i.e. asymmetric) responses in the context of metasurfaces
[87–91]. The majority ofWillis coupling media that have been
studied to date are lossless and do not provide access to EPs.
Once loss is induced, EPs can be systematically synthesized
in lossy Willis coupling media, giving rise to unidirectional
reflectionless wave propagation of sound [162, 163], elastic
waves [164], and water waves [165].

It should be reiterated that, mathematically, EPs just require
the S-matrix (similar to equation (19)) to follow a certain form
(equation (23)). This requirement can be readily satisfied for a
coupled system with unbalanced local loss/gain in sublattices
(detuning γ1 and γ2) or unbalanced (nonreciprocal) coupling
among sublattices (κ12 = 0, or κ21 = 0). Such a mathematical
condition suggests the universality of non-Hermiticity in an
unbalanced system that is not built from the special techniques
described in the above two paragraphs (see a simple model
using a pair of forks with different losses [166]).

Non-Hermitian acoustics, including the PT -symmetric
and passive PT -symmetric systems, provide a rich source of
opportunities for the development of impactful applications.
For example, the unique characteristics of non-Hermitian sys-
tems at EPs may find promising applications in acoustic sens-
ing. Traditional sensors inevitably perturb the wave field, by
its own physical presence (absorbing part of signal energy)
or creating a shadow. By taking advantage of unidirectional
transparency, a PT -invisible acoustic sensor can be realized.
As shown by Fleury et al [109], such an invisible sensor
can be formed by a pair of loudspeakers loaded with prop-
erly tailored electrical circuits, in which one loudspeaker is
operated as a sensor by loading it with an absorptive circuit,
while the other forms an acoustic gain element. On the other
hand, the ultra-high sensitivity of a system at EP essentially
amplifies any small parametric variations, a useful property
for sensor applications [167]. It has been shown that a non-
Hermitian system operating in close vicinity of an EP, with the
eigenfrequencies of the relevant non-Hermitian modes being
highly sensitive to perturbations to the system [117, 118, 126,
168], has potential applications in ultrasonic inspection, noise
detection, and vibration accelerometer. Moreover, unidirec-
tional transparency stemming from non-Hermitian acoustic
systems can also be utilized to realize an acoustic direc-
tional cloak [104, 110]. In a similar way, such unidirec-
tional transparency can be utilized to suppress the scattering
from impurity, realized by a design combing zero-index and
PT -symmetry [111, 169, 170].

Another application of particular interest based on non-
Hermitian acoustics is directional absorption. Directional
absorption in the waveguide can be realized at EPs
[156, 171–173], which features extremely asymmetric
response showcased by perfect absorption and strong reflec-
tion from opposite incidences for both sound [171] and elastic
waves [173]. In addition, the non-Hermicity also helps tune
the absorption spectrum, leading to an acoustic filter where
undesired frequencies are absorbed and the desired ones are
reflected [174].

Besides those applications achieved at EPs, in the PT -
broken phase, the CPA-laser points also brings about

intriguing functionalities. In particular, CPA satisfies the
boundary condition of a particular scattering problem with no
outgoing waves, giving rise to perfect absorption when sound
incidents form both sides [156, 159]. On the other hand, its
time reversal counterpart, i.e. laser point, engenders an uni-
directional wave amplifier (acoustic lasing) [122, 124]. At
the CPA-laser point, Lan et al further realized acoustic logic
gates and amplifier [158]. In this way, CPA-laser point has
been exploited as a novel way to control sound amplification,
absorption and signal gating.

4.5. Non-Hermitian acoustics in metasurfaces (2D)

As has been demonstrated, incorporating non-Hermitian phys-
ics into 1D scattering systems (such as waveguides) offers
significant potential for manipulating waves in a unique
and unprecedented way. Nevertheless, this unconventional
approach for controlling waves primarily emphasizes the
modulation of amplitude, as evidenced by the manipula-
tion of transmission, reflection, and absorption coefficients.
Introducing non-Hermiticity to higher-dimensional scattering
systems could markedly expands the scope for shaping wave
fields. Acoustic metasurfaces, as a higher-dimensional scatter-
ing system, constitute an ideal platform for leveraging the rich
physics of non-Hermiticity, thanks to their open characterist-
ics (radiation loss) and the thermoviscous effect in meta-units
(dissipation loss).

To begin, we note that conventional lossless GPMs exhibit
angular-symmetric scattering behavior under opposite oblique
incidences (±θi) to the surface normal, though the two incid-
ent waves experience fundamentally different physics [98].
Compared to a certain incidence (θi), the scattering from
the opposite one (−θi) is a higher-order diffraction involving
multiple reflections within the metasurface. As a result, it
can be expected that there will be a stark contrast in the
scattering behavior under opposite incidences once loss is
induced, since multiple reflections in meta-units significantly
enhance sound absorption. This was shown by a transmission-
type GPM with tailored losses in all meta-units, where the
anomalous refraction is dramatically reduced under oblique
incidence while that under opposite incidence is only moder-
ately decreased [175] (figure 10(a)). This indicates a signific-
ant asymmetric scattering brought about by non-Hermiticity,
which can be observed in a wide range of angles [177,
178]. By leveraging loss modulations, non-Hermitian metas-
urfaces show not only asymmetric refraction with respect to
the surface normal [175, 177, 178], but also with respect to
the surface tangential (space above and below the metasur-
face) [179, 180]. Moreover, transmission-type non-Hermitian
metasurfaces show intriguing capabilities including, but not
limited to reflection immunity (significantly enhanced trans-
mission efficiency by suppressing the back scattering through
impurity-embedded [181] or impedance-mismatched lossy
[169] media) as well as negative refractions [160, 182].

Non-Hermiticity also empowers reflection-type acous-
tic metasurfaces, giving rise to anomalous reflection and
strong absorption for opposite incident angles [65, 183–185].
Building upon earlier studies on lossy transmission-type
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Figure 10. (a) A non-Hermitian transmission-type metasurface with
the non-Hermiticity induced by loss in the meta-units. The upper
panel shows the asymmetric transmission behavior when waves
obliquely come from left and right. The anomalous refraction is
dramatically reduced under right-side incidence while that under
left-side incidence is only moderately decreased. The lower panel
shows the sample of the metasurface. (b) Asymmetric reflection
from a non-Hermitian metasurface at the EP. The upper panels show
the sample of metasurface constructed by five rigid-end grooves and
a leaky groove in a period (left) and the experimental setup (right).
The lower panels show the numerical and experimental results of
scattering fields. Left-side incidence causes strong retroreflection
(left) while right-side incidence results in near-perfect absorption.
(c) A sound-absorbing non-Hermitian metasurface which utilizes
the mechanism of multiple-reflection-enhanced absorption. Panel
(a) is reprinted (figure) with permission from [175], Copyright
(2017) by the American Physical Society. Panel (b) is reprinted
(figure) with permission from [65], Copyright (2019) by the
American Physical Society. Panel (c) is reprinted (figure) with
permission from [176], Copyright (2018) by the American Physical
Society.

acoustic metasurfaces [175], Wang et al further demonstrated
a reflection-type non-Hermitian acoustic metasurface and
observed its extreme behavior at the EP [65] (figure 10(b)).
Compared to previous non-Hermitian works where all meta-
units are designed to be lossy [175, 183–185], only one meta-
unit is induced with a small amount of loss in this work. It
is found that such a tiny loss is negligible for positive-angle
incidence, leading to a highly efficient (r→ 1) retroreflec-
tion, while it dramatically changes the system behavior when
sound comes from the opposite side of the surface normal

(negative-angle incidence), resulting in a near-perfect absorp-
tion (r→ 0) [65].

Since non-Hermitian reflection-type metasurfaces
engender strong absorption under certain incidence
[65, 183–185], they can serve as 2D angle-dependent acoustic
absorbers [179]. As shown by [65], perfect absorption can be
achieved with a small amount of loss in only one meta-unit,
when the wave incidents from a certain angle. In this way, non-
resonant yet highly-efficient sound absorbers can be achieved
based on non-Hermitian metasurfaces [186], which leverage
the strongly enhanced wave-matter interaction arising from
multiple internal reflections during the higher-order diffrac-
tion process [176, 187] (figure 10(c)). Several works have also
attempted to broaden the bandwidth of sound absorption using
this mechanism [187, 188].

Non-Hermitian metasurfaces not only demonstrate their
advantageous properties in extreme wave redirecting, but
also facilitate wave front shaping. Compared to those tradi-
tional lossless metasurfaces (even those non-local ones) whose
meta-units provide only phase modulations, losses encoded
in the non-Hermitian metasurfaces intrinsically offer a new
dimension to control waves with both phase and amplitude.
Typically, the phase and amplitude modulations supported by
a meta-unit are interdependent and can therefore impede the
overall performance. Zhu et al [189] showed that it is possible
to control the reflected wave field with independent and arbit-
rary reflection amplitude and phase, and they demonstrated
multi-plane hologram using non-Hermitian acoustic metasur-
faces outperforming the ones based on conventional phase-
controlled methods (figure 11(a)). Such non-Hermitian metas-
urfaces further enable acoustic holograms via simultaneous
amplitude-phase control at multiple planes [190] or multiple
frequencies [191, 192].

Non-Hermitian metasurfaces are also capable of focusing
and splitting with either direction-selectivity [146, 179, 194,
195] or enhanced focus intensity [181, 196]. Given that a 1D
non-Hermitian lattice supports unidirectional reflectionless-
ness at the EP, the unidirectional focusing can be achieved
by curving the original planar profile of a 1D structure
[146] (figure 11(b)). The authors from the same group fur-
ther showed a directional acoustic beam splitter, which splits
obliquely incident sound from a specific side but is totally
transparent for sound incident from the opposite side [193]
(figure 11(c)).

4.6. Non-Hermitian acoustics in topological systems

In this section, we briefly discuss non-Hermitian acoustics
in topological systems, as this topic could lead to future
development of acoustic metasurfaces. There is a close tie
between non-Hermitian physics with another emerging field,
topological physics. Both concepts were originated from
quantum mechanics and are now being extensively studied
in classical wave systems. Topological systems are charac-
terized by the topological phase and often associated with
topological protection against disorders [197–202]. A typical
1D non-Hermitian chain can be constructed by periodically
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Figure 11. (a) Acoustic hologram based on non-Hermitian
metasurfaces. Schematic diagram of a metasurface where leaky loss
is used to introduce the non-Hermiticity and to modulate the
amplitude (left panel) and the 3D illustration of a meta-unit (middle
panel). The simulated and experimentally measured holographic
images based on the non-Hermitian metasurface (right panel).
(b) Schematics of directional wave focusing based on passive
PT-symmetric metasurfaces (left panel), and the simulated and
measured acoustic energy density fields for the forward and
backward incidences at 3000Hz, demonstrating unidirectional
sound reflection and focusing (right panel). (c) Schematic of the PT
-symmetric multilayered metasurface (left panel). The single-sided
acoustic beam splitting effect is illustrated by the simulated acoustic
pressure and energy density fields (middle panel), as well as the
pressure amplitude distributions at the input and output ports when
waves incident from top and left (right panel). The metasurface is
transparent to incident acoustic waves from port I2 (blue and white
arrows) but works as a beam splitter for those from port I1 (red
arrows). Panel (a) is reproduced from [189]. CC BY 4.0. Panel (b) is
reprinted (figure) with permission from [146], Copyright (2018) by
the American Physical Society. Panel (c) is reprinted (figure) with
permission from [193], Copyright (2020) by the American Physical
Society.

repeating the minimal model, which is similar to the clas-
sical 1D Su–Schrieffer–Heeger (SSH) model used to study
topological physics in 1D lattices [203, 204]. Both 1D mod-
els can be treated as two-level systems with unbalanced
modulation on the two sublattices (noted as A and B). For
example, for non-Hermitian systems, this unbalanced mod-
ulation can be detuned loss/gain on A and B (γA ̸= γB) or
detuned forward and backward coupling (κAB ̸= κBA), while
for the SSH model, this unbalanced modulation is the detuned
intercell and intracell coupling (κAnBn ̸= κBnAn+1 , n referring
to the nth cell in the lattice). Non-Hermiticity, thus, in this
regard, can find its connection with topological physics, and
topological modes (TMs) and EPs can be simultaneously

observed in the same system (but under different boundary
conditions) [205].

Despite the similarity between non-Hermitian and topo-
logical systems, fundamental differences exist. Traditional
topological systems are commonly assumed to be Hermitian,
featuring a real-valued spectrum, which is in stark con-
trast to the non-Hermitian ones. Non-Hermitian systems thus
have unique topological properties not attainable in their
Hermitian counterpart, owing to their complex-valued spectra
[140, 207–209]. Non-Hermiticity, therefore, challenges the
conventional wisdom of bulk-boundary correspondence, a
fundamental principle of topological physics established for
Hermitian systems [151, 152, 208–211], while bringing about
new perspectives on topological physics and new ways to
control waves. We briefly introduce the works on acoustic
non-Hermitian topological systems. For those who are inter-
ested, there are comprehensive reviews available on non-
Hermitian topological physics [133, 167, 212] and topological
acoustics [200–202].

Acoustic non-Hermitian topological systems can be mainly
classified into two categories. The first category involves the
inclusion of non-Hermitian features in existing acoustic topo-
logical systems, which modifies the topological states in the
presence of non-Hermiticity. For example, for an acoustic
Weyl semimetal, the Weyl points will spread to Weyl excep-
tional rings in the presence of non-Hermiticity introduced by
gain and loss [144, 213]. Incorporating non-Hermiticity also
modifies the bulk-boundary correspondence for topological
insulators, leading to the so-called non-Hermitian skin effect
(NHSE) which has been actively researched in the follow-
ing areas of acoustics: (1) NHSE modifies the wave func-
tions of TMs by adding directional responses, leading to
chiral transportation [214] and directional amplification/decay
of TMs [129, 215]; (2) NHSE endows the topological edge
modes with further spatial confinement, where directional
transport owing to NHSEs results in wave accumulated at
certain corners and hence forming a higher-order topolo-
gical insulators supporting corner states [153, 216, 217]
(figures 12(a) and (b)); (3) NHSE can modify the wave
functions of TMs by delocalization, which leads to a topo-
logical state spreading in the bulk and hence is called
the Extended State in a Localized Continuum [218]; (4)
More generally, there is a competition between NHSEs and
TMs, and thus NHSE can be used to arbitrarily morph the
wavefunctions [154].

The second category encompasses topological systems
build by non-Hermiticity alone. Non-Hermicity not only can
modify an existing topological system, but also can be used to
build a topological system [206, 219–221]. Gao et al showed
that topological edge states can be induced solely by non-
Hermiticity in a passive 1D acoustic crystal, which is a chain of
coupled resonators with tunable loss [219]. By extending this
concept into 2D, they further showed a non-Hermitian higher-
order topological insulator, where the unequal loss opens a
topological bulk bandgap that is populated with gapped edge
states and in-gap corner states (figures 12(c)–(e)) [206].
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Figure 12. (a), (b) A non-Hermitian topological system where
NHSE endows the topological edge modes with further spatial
confinement. (a) Calculated eigen-spectrum for an acoustic
topological insulator (without loss induced) with open boundary
conditions in both the x and y directions (left panel). There are
eight corner states (dark red), sixteen edge states (dark blue), and
eight bulk states (gray). The corresponding acoustic wavefunctions
for the bulk, edge, and corner states (marked by arrows) are
presented (right panel) . (b) The same as (a), but with acoustic
loss induced. The higher-order non-Hermitian skin effect is
manifested by the emergence of spin-polarized, corner-like
skin-modes. (c)–(e) Topological edge states induced solely by
non-Hermiticity in 2D acoustic crystals. (c) Photo of a 3D printed
lattice with 12× 12 resonators. (d) Measured acoustic intensity
spectra for the sample in (c). Red, yellow, and blue curves represent
the corner, edge, bulk spectra measured at the resonators labeled as
‘1’, ‘2’, and ‘3’ in (c). The energy of the corner state is significantly
higher than the edge state and the bulk state. (e) Measured intensity
profiles at the peaks of the corner, edge, bulk spectra, denoted by the
red (2142 Hz), yellow (2164 Hz), and blue (2170 Hz) dashed lines
in (b), respectively. Both the height and color of each bar indicate
the power strength. Panels (a) and (b) are reproduced from [153].
CC BY 4.0. Panels (c)–(e) are reproduced from [206]. CC BY 4.0.

5. Non-local and non-Hermitian acoustic
metasurfaces

Acoustic metasurfaces incorporating both non-local and
non-Hermitian effects, similar to their counterparts in
electromagnetics [222], have surpassed those with only one
type of effect, opening up new avenues for manipulating
sound. For 1D cases, a non-Hermitian acoustic system usu-
ally features onsite modulations, i.e. local gain and/or loss.
The cases where such modulation is non-local have also been
investigated. For a non-Hermitian elastic waveguide with
piezoelectric feedback actuation, the voltage applied to each
PZT actuator is proportional to the voltage detected by a

sensor a few units away. This is referred to as a non-local
feedback scheme [223]. The induced non-locality splits the
Bloch bands into multiple bands with interchanging wave
attenuation or amplification behavior that is tunable by the
non-locality of the feedback scheme [224].

In the following, we conduct a systematic review of
the efforts made in combining non-local and non-Hermitian
effects for sound manipulations. We categorize these acous-
tic metasurfaces based on their primary functionalities, which
are either sound scattering or sound absorption, depending on
whether they are designed for sound field shaping (through
tailored reflection, refraction, focus, etc) or sound energy elim-
ination, respectively. However, it is essential to acknowledge
that a strict differentiation between scattering and absorbing
metasurfaces may not always be feasible. This is because
introducing non-Hermiticity in the form of loss may inherently
provide a scattering metasurface (e.g. GPM) with the abil-
ity to absorb sound. Nevertheless, the classification approach
employed here offers an intuitive interpretation of the underly-
ing working mechanisms, which is applicable to the majority
of non-local and non-Hermitian acoustic metasurface.

5.1. Non-local and non-Hermitian scattering metasurfaces

The synergy between non-locality and non-Hermicity in
higher-dimensional acoustic systems creates even more
intriguing opportunities for wave manipulation. An example
of this is a non-Hermitian (lossy) metasurface with fluid-
structure coupling among its meta-units, which is a non-local
effect. This metasurface allows for simultaneous phase and
amplitude modulation of its meta-units, resulting in precise
manipulation of waterborne sound [225]. Another example
is the non-local and non-Hermitian acoustic metasurfaces
enabling high-efficiency negative refraction [226].

A 1D PT -symmetric acoustic lattice is typically built by
periodically assigned gain and loss units. When such a bipart-
ite lattice is subject to incident waves, it in fact resembles an
acoustic grating, giving rise to asymmetric diffractions (dis-
tinct responses for opposite angles of incidence ±θi) based
on the specific PT -symmetric configuration involved, includ-
ing passive PT -symmetry [227]. Following the same ana-
logue, asymmetric diffractions can also arise from an acous-
tic grating with unbalanced loss/gain modulation, and hence
they can be observed in a general non-Hermitian metagrat-
ing without PT -symmetry [228]. A particular case is a
transmission-type lossless metagrating that allows sound com-
ing from two opposite angles to be either perfectly transmitted
or retroreflected [79]. This metagrating can be also viewed as
a reflection-type surface by considering only the plane on the
incident wave side and the transmitted wave as a form of leaky
loss from which non-Hermicity is introduced.

An acoustic metasurface can host multiple diffraction
orders. Such a metasurface can be intrinsically characterized
by an S-matrix whose size is dependent on the number of dif-
fraction orders. An S-matrix whose size is higher than 2× 2
serves as a versatile platform for exploiting higher-order EPs
that have attracted increased attention in recent years due
to their enhanced sensitivity and distinct topological features
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Figure 13. (a) Schematic diagram of a non-local and non-Hermitian
acoustic metagrating at the higher-order EP (upper panel). The
metagrating supports the left, normal and right channels. At the
higher-order EP, the metagrating retro-reflects the wave incident
from left, but almost completely absorbs those from the other two
directions. Experimental demonstration of the non-local and
non-Hermitian acoustic metagrating exhibiting a higher-order EP
(lower panel). (b) Non-reciprocal metagratings (upper left) without
and (upper right) with bias flow induced. (Lower panels) Without
the flow, the reflected power is steered symmetrical towards left and
right channels for a normally incident wave, whereas when the flow
velocity is 3m s−1, the reflection shows a non-reciprocal behavior.
Panel (a) is reproduced from [134]. CC BY 4.0. Panel (b) is
reproduced from [230]. CC BY 4.0.

[135, 229]. However, to achieve higher-order EPs using GPMs
is very challenging, if possible at all [65]. This is due to the
fact that GPMs do not offer the flexibility to distribute the
energy arbitrarily among different diffraction orders, because
fundamentally, the diffraction order is exclusively determined
by a single degree of freedom , i.e. the phase-gradient term
dφ/dx (see equation (3) as an example for the reflection-type
GPM). Hence, they lack precise and simultaneous control over
the multiple diffraction modes depicted by the correspond-
ing S-matrices, which is instrumental for achieving higher-
order EPs. In contrast, metagratings are much better equipped
to provide a full control of multiple diffraction modes. For
example, Fang et al showed that lossy acoustic metagratings
can be used to engineer the S-matrix as a way to explore
higher-order EPs in free space [134] (figure 13(a)).

We have pointed out that the synergy between non-locality
and non-Hermiticity could endow the metasurface with
extreme wave manipulation capabilities such as ultra-high-
contrast directional wave anomalous diffraction, i.e. perfect
reflection/refraction under certain inputs while near-perfect
absorption for other inputs. This type of behaviors are

characterized by an exotic EP, named perfect EP [134, 231].
In stark contrast to a conventional EP which mathem-
atically requires a zero response from one input and a
nonzero response from another input, the perfect EP has
an extreme nonzero response, reaching 100% output in effi-
ciency. This behavior is extraordinary since for conventional
non-Hermitian metasurfaces, it is extremely challenging to
have near-perfect reflectivity/transmission owing to the inev-
itable absorption from the induced loss. Therefore, for a sys-
tem with a perfect EP (2nd-order EP for example), the induced
loss should be so insignificant that nearly no absorption can
be observed under a certain input; whereas, perfect absorp-
tion under the opposite input should be realized merely rely-
ing on such tiny loss, which resorts to dramatically enhanced
wave-matter interaction arising from, for example, multiple
reflections [65] or bound states in the continua (BICs) [231].

Non-Hermiticity characterized by equation (19) can be con-
structed in different ways. Besides unbalanced gain and loss
(detuned γ1 and γ2), nonreciprocal hopping (detuned κ12 and
κ21) is another means, though less studied, that has been
explored by researchers [154]. The acoustic wave equation
for a linear and time-invariant medium exhibits a funda-
mental property known as reciprocity, which states that the
pressure remains the same if the source and receiver simply
exchange their locations. Three common approaches to break
reciprocity in sound propagation are based on using acous-
tic nonlinearity [232, 233], flows [234], and time-modulation
[235–237]. For the second approach, introducing a mov-
ing medium locally [238] in acoustic metasurfaces results in
two-faced and independent wavefront manipulations (acous-
tic focusing, sound absorption, acoustic diffusion, and beam
splitting) for two opposite incidences. Whereas, inducing a
movingmedium globally [99] endows ametasurface with non-
reciprocal reflection behavior between its multiple diffrac-
tion channels (with diffraction angles of 0◦ and ±45◦). The
third approach imparts an effective unidirectional momentum
in time to break the reciprocity. Non-Hermitian metasurfaces
built in this way have been demonstrated for exotic sound
steering from non-reciprocal mode transitions, showcased by
unidirectional evanescent wave conversion and non-reciprocal
upconversion focusing [239].

Non-reciprocity also enriches Willis-coupling-based
metagratings. Traditional Willis coupling arising from geo-
metrically asymmetric structures respects reciprocity. A non-
reciprocal Willis coupling can be realized by geometrically
symmetric structures with external flow. Quan et al [230]
demonstrated this by a symmetric subwavelength scatterer
biased by angular momentum introduced by air flow, which
enables non-reciprocal wave redirection from a metasurface
consisting of an array of such non-reciprocal Willis coupling
scatterers (figure 13(b)). When these non-reciprocal Willis
coupling scatterers are assembled in a 2D array, NHSE can
be observed [240]. Even without external flow, asymmetric
wave propagation can be realized by a static Willis-coupling
metagrating with inversion-symmetry-breaking meta-units
[90]. Moreover, when built by active scatterers, such active
acoustic Willis metasurfaces show their advantages including,
but not limited to, highly non-reciprocal broadband sound
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transport [241], efficient sound barrier with strong sound
attenuation, bandwidth, and shielded volume [242], as well
as independent control of the transmission and reflection of
waves [243].

5.2. Non-local and non-Hermitian absorbing metasurfaces

Acoustic scattering metasurfaces, including the traditional
ones such as GPMs, are in general non-Hermitian systems,
whose non-Hermiticity stems from radiation loss ofmeta-units
enabling energy exchange with the surrounding environment.
On the other hand, sound absorber is another type of non-
Hermitian system where non-Hermiticity comes from dissip-
ation. To effectively reduce noise, sound absorbers have been
extensively studied (see detailed reviews on acoustic absorbers
[244–247]). Conventional sound-absorbing metasurfaces usu-
ally combine several detuned resonators to achieve broadband
sound absorption. Specifically, this can be realized by comb-
ing multiple Fabry–Pérot (FP) channels [25, 248, 249] or HRs
[250–252]. While these acoustic metasurfaces can achieve a
good amount of sound absorption, they encounter the same
issue as traditional scattering metasurfaces. For sound absorp-
tion, the meta-units in a conventional metasurface are care-
fully tailored to provide strong resonances under the critical
coupling condition to enable a high absorption at the tar-
get frequency. In this way, these sound-absorbing meta-units
are designed individually, and then assembled in a particu-
lar pattern to form the metasurfaces [244]. As a result, the
local design strategy does not take into account the coupling
among these meta-units, which can have a substantial impact
on the overall response of the absorbing metasurface [253].
This impact is typically manifested by lower efficiency or shif-
ted absorption peaks. This issue becomes a major barrier for
the pursuit of sound absorbers with consistently near-unity
sound absorption within a broadband frequency.

The last decade has witnessed the tremendous success
of sound absorbing metasurfaces by harnessing the non-
local coupling effect among their meta-units. In fact, even
before the very first paper on acoustic non-local metasur-
face was proposed [46], non-local coupling between lossy
resonant units for sound absorption has been proposed [254]
(figure 14(a)). This study demonstrated that by coupling two
distinct resonators, a hybrid resonance mode is formed, res-
ulting in an absorber (with a thickness of 40 mm) that yields
over 99% energy absorption at the central frequency of 511 Hz
and has a 50% absorption bandwidth of 140 Hz. The absorp-
tion peak observed is not due to the resonance of either of the
individual resonators, but rather arises from a combined effect
of both resonators. Such a strategy can be extended to more
absorption peaks by combing a greater number of coupled
resonators [257].

Similar to some non-local scattering metasurfaces [62,
63], the coupling effect can be strengthened by a physical
channel connecting neighboring meta-units in a non-local
sound-absorbing metasurface. One such example is a metas-
urface comprising multiple FP channels with a bridge struc-
ture attached to the channel array and hence connecting all
the channels [255]. Here, the non-locality is introduced by

Figure 14. (a) Pressure field and velocity field of a pair of coupled
resonators at the hybrid resonance mode. The high absorption is not
due to the resonance of either of the individual resonators, but rather
arises from a combined effect of both (upper panel). The reflection
coefficient, absorption coefficient, and both the real and imaginary
parts of the impedance of the absorber (lower panel). (b) Multi-
channel sound absorbers whose meta-units are without bridge (O,
local metasurface), with cavity (C, local metasurface), and with
bridge (B, non-local metasurface), respectively (upper panel). The
simulated and experimental absorption coefficients for the O/C/B
cases for the frequency range of 500–3000 Hz (lower panel). (c) A
non-local metasurface formed by 25 imperfect resonators (upper
left). Complex frequency plane illustration of the metasurface
(upper right). The calculated (lines) and measured (circles) acoustic
resistance and reactance of the metasurface (lower left). Theoretical
(black line) and experimental (black circles) absorption coefficients
of the hybrid metasurface (lower right). The colored lines represent
the calculated absorption coefficients of the 25 individual NEHRs,
respectively. These colored lines indicate low absorption from each
individual resonator; however, the coherent coupling among these
resonators results in a substantial overall enhancement of
absorption. This enhanced coupling achieves quasi-perfect
absorption within the frequency range of 297–475 Hz. Panel (a) is
reprinted from [254], with the permission of AIP Publishing. Panel
(b) is reprinted (figure) with permission from [255], Copyright
(2021) by the American Physical Society. Panel (c) is reprinted from
[256], Copyright (2020), with permission from Elsevier.

the bridge structure (figure 14(b)). The authors compared the
cases with and without the bridge structure, revealing that
non-locality mainly have three advantages: optimization of
the effective acoustic impedances toward impedance matching
conditions, frequency shift of the FP resonance, and enhance-
ment of coupling effects between neighboring meta-units.
The advantages outlined above contribute to the enhanced
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bandwidth and efficiency of the acoustic meta-absorber, res-
ulting in ultrabroadband sound absorption (with an average
absorption coefficient exceeding 0.9 across a range from 600
to 2600 Hz) despite its comparatively small thickness (6.8 cm,
or λ/9 for the lowest frequency).

On the other hand, the inherent radiation coupling can be
also utilized for tuning the overall performance of a sound-
absorbing metasurface. In a study by Peng et al [250], a
sound-absorbing metasurface was developed using periodic-
ally arranged supercells consisting of honeycomb units. Each
honeycomb unit was designed as a HR with the same cavity
geometry, but varying neck sizes. Such a design can achieve
90% sound absorption from 600 to 1000 Hz with a thickness
less than 30 mm. The authors pointed out that the broadband
sound absorption stems from the radiation coupling between
different meta-units rather thanmerely the superposition of the
individual behavior of each meta-unit [250]. Radiation coup-
ling has been also investigated for sound absorption by Huang
et al [256]. The authors showed that, by leveraging the radi-
ation coupling, a quasi-perfect broadband sound absorber can
be realized without utilizing prefect resonators (a resonator
that can achieve perfect sound absorption at its resonance fre-
quency), but rather with coherently coupled ‘weak resonances’
(resonators with low sound absorption peaks) (figure 14(c)).
In this way, a metasurface consisting of embedded-necked
Helmholtz resonators (ENHRs) was designed which resul-
ted in an averaged absorption coefficient of 0.957 for a fre-
quency band of 870–3224 Hz with a metasurface thickness of
only 39 mm. This design is analogous to a competitive foot-
ball team that does not rely solely on the individual skills of
its players, but rather on their ability to collaborate effect-
ively. Such a strategy of coupling imperfect resonators has
been widely adopted in various studies [256, 258–263]. In
particular, by coherently coupling modified ENHRs, Zhou
et al further achieved a ultrabroadband absorption with an
average sound absorption of 0.93 from 320 Hz to 6400 Hz
with a metasurface thickness of only 100 mm [262]. For these
non-local absorbers, coupling between over-damped modes
has shown its superiority to under-damped or critical-coupled
states in sound absorption [262, 264]. Moreover, coupled res-
onators via radiation can be adopted for the grazing-incidence
case, showcased by an acoustic meta-liner for abating tunnel
noise with a causality-governed minimal thickness [265].

6. Concluding remarks and outlook

In this review, the latest progress of acoustic metasurfaces
is introduced, with the emphasis on their underlying work-
ing mechanisms involving non-locality and non-Hermiticity.
For a self-contained presentation, we first introduce the fun-
damental principle of traditional metasurfaces in section 2,
which also provides the backdrop for non-local and/or non-
Hermitian acoustic metasurfaces. Section 3 is focused on
the drawback of traditional metasurfaces in neglecting the
non-local effect among meta-units, and the approaches that
have been put forward to address this issue. The non-local
effect from radiation coupling among themeta-units inevitably

affects the performance of a traditional metasurface following
the ‘individually-designed-then-assembled’ paradigm. Rather
than trying to mitigate the non-local effect, recent efforts
have embraced it, resulting in the development of non-local
metasurfaces that can redirect waves with high efficiency,
surpassing traditional metasurfaces. In section 4, we discuss
another limitation of traditional metasurfaces, which is their
failure to account for dissipation that may occur due to the
thermoviscous effect within subwavelength meta-units. This
can undermine the foundation of traditional metasurfaces,
which are based solely on the framework of phase modula-
tion. Such intrinsic dissipation in acoustics, however, is now
being harnessed to empower acoustic metasurfaces as a new
design dimension, resulting in highly asymmetric responses
for reflection, transmission, and absorption. Section 5 cen-
ters on recent attempts to merge non-local and non-Hermitian
effects in acoustic metasurfaces, which have led to even more
intriguing wave behaviors.

Due to the unparalleled level of sound control achievedwith
surface-confined components, non-local and non-Hermitian
acoustic metasurfaces hold the potential to expand into even
broader horizons beyond those discussed in this review article.
As a rapidly expanding area of research, acoustic metasurfaces
are poised to have a significant impact on several promising yet
largely unexplored fields, which we outline below.

(1) Topological acoustic metasurfaces Incorporating topo-
logical physics into acoustic metasurfaces may provide
yet another interesting avenue to enrich our capabilities
to manipulate the scattering of sound. A 2D topological
acoustic lattice usually only considers the in-plane (tan-
gential to the lattice surface) sound propagation, and are
commonly assumed to be Hermitian. While a few works
have recently studied non-Hermitian acoustic topological
systems, the non-Hermiticity is introduced by dissipation
loss [206]. We expect that radiation loss, which involves
out-of-plane sound propagation, can provide an alternat-
ive approach to induce non-Hermiticity in a topological
acoustic system. This can be essentially viewed as a leaky
topological metasurface interacting with the surrounding
environment. The interplay between topological states and
the background medium has led to a series of exciting
phenomena [266–268]. By incorporating the topological
concept into a metasurface, we may pave the way for
robustly rerouting wave scattering [269]. One possible
challenge is that radiation loss, not only contributes to non-
Hermiticity, but also plays a role in coupling among meta-
units (as in radiation coupling). A unified framework that
can precisely characterize loss and coupling due to radi-
ation would be a key to the success of this development.

(2) Singular acoustic metasurfaces Extremely sensitive
anomalous sound scattering is another area that could be
explored by the next-generation acoustic metasurfaces. It
is known that, for realistic physical systems, the occa-
sional occurrence of singularities usually gives birth to
exotic characteristics. There are typically two types of sin-
gularities, EPs and BICs. EP is a singular point related to
the defective characteristic matrix (H-matrix or S-matrix),
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while BIC is a singular point in its far-field radiation phase
[270]. Enhanced sensitivity usually occurs when a metas-
urface approaching a singularity in its parameter space.
Recent studies have demonstrated the extreme sensitivity
of wave scattering around EP [134, 231] as well as BIC
[271]. The emergence of these singular features facilit-
ate wave diffraction with enhanced spectrum selectivity
and hence could lead to promising applications for select-
ive wavefront filtering and sensing. However, combing
such singularities, especially those from BICs, in acous-
tic metasurfaces has been largely unexplored.

(3) Sound diffusers On the application front, sound diffusers
can be also greatly benefited from the development of
acoustic metasurfaces. While acoustic metasurfaces have
already been used to design thinner sound diffusers [31,
272] than commercial ones, these designs are still based
on the conventional metasurface design paradigm, where
non-locality and non-Hermitian are either absent or not
fully taken advantage of. Taking inspiration from recent
works regarding non-local acoustic metasurfaces, we envi-
sion that it is possible to achieve smaller and broader band-
width sound diffusers by leveraging physical or radiation-
based coupling. Furthermore, due to their performance
requirements, sound diffusers naturally host a significant
number of diffraction orders (⩾7), making them an ideal
platform for implementing higher-order EPs. This, in turn,
could enable functionalities that are unattainable by con-
ventional sound diffusers that do not consider the loss in
the ‘equation’ during the design process. For example, we
could envision a non-local and non-Hermitian metasurface
that would only diffusely reflect the sound at a particu-
lar angle of incidence. At all other angles of incidence,
most scattered energy will be suppressed through absorp-
tion, so that the diffuser behaves like a sound absorber.
Such a highly unidirectional sound diffuser could be useful
for a number of applications in studios and concert halls,
among other spaces where control on the diffuse reflection
is highly desirable. Major challenges for this effort, how-
ever, are the engineering of the large size S-matrix due to
the high number of diffraction orders that need to be con-
sidered, as well as the precise measurements of 2D dif-
fusers, which typically require an anechoic chamber and a
3D goniometer.

(4) Artificial-intelligence-empowered metasurfaces The
intricate structural complexity of acoustic metasurfaces
poses great challenges in precisely tuning the non-local
and non-Hermitian effects. Nevertheless, achieving pre-
cise control over the non-locality and non-Hermiticity
within the high-dimensional parameter space inherent
in the advanced structure of acoustic metasurfaces is of
paramount importance for accessing singular points like
EPs and BICs. In the present day, the rapid advancement
of artificial intelligence has the potential to turn these
once-deemed ‘mission impossible’ tasks into reality [15,
273, 274]. Deep learning methods, a subset of artificial
intelligence, provide a promising avenue for optimizing
computers’ inferential capabilities to account for non-
local and non-Hermitian effects by ‘learning’ from past

datasets or experiences. However, these strategies may
face a challenge due to the limited training data size, as
the data is typically obtained from costly simulations. As
a solution, the integration of artificial intelligence with our
current knowledge of non-local and non-Hermitian metas-
urfaces holds promise. The latter can serve as a physical
constraint, enabling us to reduce the size of the training set
and facilitate the learning process [275]. We believe that
this integration will undoubtedly invigorate research and
promote the development of interdisciplinary approaches
in this field.

(5) Active and tunable acoustic metasurfaces Although
non-local and/or non-Hermitian metasurfaces hold prom-
ise for the extraordinary manipulation of acoustic waves,
their practical applicability in dynamic acoustic condi-
tions remains challenging. Once these complex meta-
units are constructed, they lack the ability to be readily
adjusted to accommodate changes in the acoustic envir-
onment, such as variations in incident angles, frequen-
cies, or wavefronts. Active and tunable meta-units have
demonstrated significant capabilities in acoustic crystals
and metamaterials [276]. Current attempts to include act-
ive and tunable elements in acoustic metasurfaces involve
designing mechanical structures and units that can achieve
local structural adjustment and limited task switching
[190, 277]. On the other hand, active meta-units naturally
play a vital role in the field of non-Herimitian acoustics,
for both achieving the acoustic gain medium to form a PT-
symmetric system [108–111] as well as for inducing bias
flow to form a non-reciprocal system [230, 234]. We anti-
cipate that the capabilities of non-local and non-Hermitian
metasurfaces can be significantly expanded by incorpor-
ating self-adaptive capabilities and coding-control fea-
tures into these active meta-units. Notably, a recent study
explored a metasurface that can detect acoustic wave prop-
erties, allowing for precise control and adjustment of its
active elements to achieve optimal acoustic absorption
at deep-subwavelength thickness [278]. Looking ahead,
we envision the emergence of next-generation metasur-
faces that possess the remarkable ability to automatically
adjust their properties and behaviors. This advancement
would enable metasurfaces to be smartly controlled, revo-
lutionizing the field of sound manipulation and acoustic
applications

(6) Nonlinear acousticmetasurfaces In the realm of acoustic
metasurfaces, the majority of exotic phenomena have been
demonstrated within the linear acoustic region. However,
it is important to note that the propagation of acoustic
waves, governed by the Navier–Stokes equation, inher-
ently possesses nonlinear characteristics. Although acous-
tic nonlinear effects are typically weak, specific conditions
like resonances can render the nonlinear acoustic proper-
ties non-negligible, warranting exploration and exploita-
tion. In traditional metasurfaces, efforts have been made to
harness the nonlinearity ofmeta-units to achieve intriguing
functionalities. Examples include second-harmonic tailor-
ing and demultiplexing [279], frequency conversion [280],
and ultra-low-frequency insulation [281]. However, for

22



Rep. Prog. Phys. 86 (2023) 116501 Review

existing non-local and non-Hermitian metasurfaces, the
focus has predominantly been on their linear behavior,
with relatively limited exploration of their nonlinear fea-
tures. Therefore, we expect that by capitalizing on the
sharp resonances present in metasurfaces, such as due to
BICs, the nonlinear effects can be effectively harnessed
within a small sample size and at a moderate input energy
level. This endeavor could yield fruitful insights and
applications in the realm of non-local and non-Hermitian
physics.

In conclusion, while significant progress has been made
in the development of acoustic non-local and non-Hermitian
metasurfaces, challenges and opportunities still exist. We anti-
cipate that the emergence of new ideas in the field of acous-
tic metasurfaces, beyond those reviewed here, will lead to
breakthroughs and enable more powerful abilities for rerout-
ing acoustic waves in a compact, flexible, and highly efficient
manner.

Data availability statement

All data that support the findings of this study are included
within the article (and any supplementary files).

Acknowledgments

Prof. Li thanks the support from the National Key R&D
Program of China (Grant Nos. 2020YFA0211400 and
2020YFA0211402), the Fundamental Research Funds for the
Central Universities (Grant No. 020414380195), the National
Natural Science Foundation of China (Grant No. 12074286),
and the Shanghai Science and Technology Committee (Grant
No. 21JC1405600). Dr Wang thanks the support from the
National Science Foundation of China (Grant No. 12074288).
Dr Jing thanks the support from NSF CMMI (Grant No.
1951221).

ORCID iD

Yong Li https://orcid.org/0000-0001-8049-9128

References

[1] Schroeder M R 1975 Diffuse sound reflection by maximum-
length sequences J. Acoust. Soc. Am. 57 149–50

[2] Schroeder M R 1979 Binaural dissimilarity and optimum
ceilings for concert halls: more lateral sound diffusion J.
Acoust. Soc. Am. 65 958–63

[3] Yablonovitch E 1987 Inhibited spontaneous emission in
solid-state physics and electronics Phys. Rev. Lett.
58 2059–62

[4] Hussein M I, Leamy M J and Ruzzene M 2014 Dynamics of
phononic materials and structures: historical origins,
recent progress and future outlook Appl. Mech. Rev.
66 040802

[5] Martínez-Sala R, Sancho J, Sánchez J V, Gómez V, Llinares J
and Meseguer F 1995 Sound attenuation by sculpture
Nature 378 241

[6] Liu Z, Zhang X, Mao Y, Zhu Y Y, Yang Z, Chan C T and
Sheng P 2000 Locally resonant sonic materials Science
289 1734–6

[7] Ma G and Sheng P 2016 Acoustic metamaterials: from local
resonances to broad horizons Sci. Adv. 2 e1501595

[8] Liang Z and Li J 2012 Extreme acoustic metamaterial by
coiling up space Phys. Rev. Lett. 108 114301

[9] Xie Y, Popa B I, Zigoneanu L and Cummer S A 2013
Measurement of a broadband negative index with
space-coiling acoustic metamaterials Phys. Rev. Lett.
110 175501

[10] Shen C, Xie Y, Sui N, Wang W, Cummer S A and Jing Y
2015 Broadband acoustic hyperbolic metamaterial Phys.
Rev. Lett. 115 254301

[11] Zhang S, Xia C and Fang N 2011 Broadband acoustic cloak
for ultrasound waves Phys. Rev. Lett. 106 024301

[12] Cummer S A, Popa B I, Schurig D, Smith D R, Pendry J,
Rahm M and Starr A 2008 Scattering theory derivation
of a 3D acoustic cloaking shell Phys. Rev. Lett.
100 024301

[13] Cummer S A, Christensen J and Alù A 2016 Controlling
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