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Acoustic impurity shielding induced by a pair of metasurfaces respecting PT symmetry
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Impurities usually affect the transmission of acoustic signals, and how to effectively suppress their adverse
effects is an important content in the research of acoustic materials. In a recent theoretical proposal, it was
pointed out that perfect transmission through impurities can be achieved by adding a gain-loss distribution
respecting parity-time (PT ) symmetry. In this paper, we demonstrate a similar but not identical way to
realize the extraordinary physical property of impurity-shielding, which leads to perfect transmission at the
so-called exceptional points. By systematically probing into the system composed of an equivalent medium
slab sandwiched by a pair of PT -symmetric metasurfaces, we obtain the two complementary solutions of
exceptional points corresponding to perfect transmission. Interestingly, the two solutions of exceptional points
coalesce into one when the mass density of the slab approaches zero. At such a critical point, we find that
the impurity-shielding effect can be perfectly demonstrated, irrespective of embedded impurities of almost any
shape and materials, whether they are Hermitian or non-Hermitian. In addition, the proposed system is frequency
independent, indicating that the prototype can work well even in the subwavelength range. Our paper shows that
exceptional points can be used to eliminate scattering of impurities in a density-near-zero medium, revealing
their potential applications in acoustic sensing, directional imaging, and other related wave disciplines.
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I. INTRODUCTION

Sound wave is one of the important methods of commu-
nication in people’s daily life, however, it is easily reflected
by obstacles and form complex interference patterns [1]. Sup-
pressing any such distortions of a wave’s free propagation is
an challenging task for many active research areas [2–4], such
as biomedical imaging [2], acoustic cloaking [3], and meta-
material design [4]. Considerable efforts have been devoted
to predict the modified properties of acoustic media embed-
ded with impurities in difference scenarios [5–7]. In recent
years, a seemingly unrelated concept, topological insulators,
has been introduced into the field of acoustics, facilitating
an approach to realize impurity-shielding for surface waves,
which are robust against impurities and defects on the surface
[8–13]. Similarly, tremendous effort has been devoted in the
surface waves of topological insulators as well as their electro-
magnetic analog [14–17]. However, the nature of topological
insulators only supports edge states instead of bulk states
on a very narrow band. To the best of our knowledge, the
extraordinary property of acoustic impurity-shielding for bulk
states has not been realized yet.

Another potential approach to achieve perfect transmis-
sion of a system is to imprint on it a suitable distribution
of gain and loss in the context of non-Hermitian wave
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physics, a research area initially driven by theoretical and
experimental studies of non-Hermitian systems that respect
parity-time (PT ) symmetry [18–36]. The gain and loss in
the materials allow the deviation from a conventional Her-
mitian system and introduce additional physics based on
PT -phase transition and the associated exceptional points
(EPs). Many intriguing acoustic phenomena and applications
have been predicted and observed, such as acoustic cloaks
[20], invisible sensors [21,22], flexible control of EPs [23],
unidirectional transparency [24], tunability of piezoelectric
semiconductors [25,26], periodic PT -symmetric structures
[27], total transmission band [28], discrete [29], and step-wise
[30] constant-pressure waves. More recently, the concept of
PT symmetry has been introduced into acoustic metasur-
faces, which renders many exciting novel phenomena such as
acoustic metasurface cloak [37] and negative refraction [38].
However, only free space was considered between the PT -
symmetric metasurfaces, making their physical mechanisms
no different from those of the previous bulk PT -symmetric
materials, in particular the propagation mechanisms of sound
waves between the metasurfaces.

In this paper, we theoretically demonstrate a principle to
realize impurity-shielding for acoustic waves, which leads to
perfect transmission irrespective of embedded impurities of
almost any materials. The extraordinary property is induced
by the introduction of a pair of PT -symmetric metasurfaces
that sandwich a slab of equivalent medium. Two complemen-
tary types of EPs have been observed, at one of which the
metasurfaces function as a pair of coherent perfect absorber
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(CPA) and laser, which has been mentioned in previous report
[21]. The other very different type of EP is rarely mentioned,
at which the metasurfaces function as a pair of unidirec-
tional antireflection coatings (ARCs) for general media or
metamaterials. If the equivalent medium is replaced to the
density-near-zero (DNZ) medium, we can compensate for
the divergent impedance contrast between the DNZ media
and free space with well designed PT -symmetric metasur-
faces. More importantly and interestingly, by utilizing the
PT -symmetric metasurfaces, we find that the initial doping
effect of impurities in DNZ media is significantly suppressed,
thus achieving perfect transmission of the impurity-shielding
effect. In addition, the system is frequency independent,
indicating that the prototype works well even in the subwave-
length range. Our paper shows that exceptional points can be
used to eliminate scattering of impurities in a DNZ medium,
revealing their potential applications in acoustic sensing, di-
rectional imaging, and in other related wave disciplines.

II. RESULTS AND DISCUSSION

A. Accessing exceptional points of any sandwiched slab

We begin with a pair of lossy (left) and gain (right) meta-
surfaces separated by a slab with relative mass density ρ and
relative bulk modulus κ , as illustrated in Fig. 1(a). When the
surface impedances of the metasurfaces are opposite to each
other with ±|Zs|, the acoustic PT -symmetric condition is sat-
isfied. In such a PT -symmetric system, the scattering matrix
describing the relation between the incoming and outgoing
waves can be written as

S =
[

t rR

rL t

]
, (1)

where rL(R) is the reflection coefficient for left (right) inci-
dence, and t is the transmission coefficient for both incidences
since the system is reciprocal. Under the PT -symmetric na-
ture of the acoustic system with S∗ = S−1, we can obtain the
generalized energy-conservation relation [20]

√
RLRR = |T − 1|, (2)

where RL(R) ≡ |rL(R)|2 and T ≡ |t |2, are the reflectance and
transmittance for left (right) incidence, respectively.

From Eq. (1), the eigenvalues of the scattering matrix are
expressed as λ1,2 = t ± √

rLrR. Using Eq. (2), we further have
λ1,2 = t[1 ± i

√
(1 − T )/T ]. From this relation, we can con-

clude that when T < 1 (T > 1), eigenvalues are unimodular
(nonunimodular), and the acoustic system is in the so-called
symmetric (broken) phase. The transition between these two
phases happens at the EPs and we have T = 1, and RLRR = 0,
indicating unity transmission and RL and/or RR is zero. As a
result, at the EPs, acoustic PT -symmetric systems can exhibit
the so-called unidirectional transparency.

To achieve T = 1, the impedances of the metasurfaces at
the EPs should satisfy (see Supplemental Material [39])

Zs = (1 ± √
ρκ )Z0, (3)

for normal incidence. Here, the “±” sign indicates that there
exist two solutions of EPs, and they are complementary to
each other but have very different physical nature as we shall
see later. More clearly, the transmission coefficient of the

FIG. 1. (a) Illustration of the PT -symmetric system composed
of a slab with relative mass density ρ and relative bulk modu-
lus κ sandwiched by a pair of PT -symmetric metasurfaces with
impedances ±|Zs|. (b) Phase diagram for normal incidence. [(c),(d)]
Reflectance for left (c) and right (d) incidence as functions of d/λ0

and Zs/Z0 on the PT -symmetric system. The red pentagrams marked
as “A” and “B” are the EPs of the scattering matrix of the PT -
symmetric system. [(e),(f)] Illustration of the CPA-laser (ARC-ARC)
mode at the EP of “A” (“B”) and the associated simulated pressure
distributions with d = 0.6λ0. The surface impedance at “A” and “B”
are Zs = 3Z0 and Zs = −Z0, respectively. The time-averaged power
flow has been shown by white tapers for each model. In panels
(b)–(f), the parameters of the slab are ρ = 4 and κ = 1.

system in both solutions can be expressed as

t = e±iα, (4)

where α = kd =
√

ρκ−1k0d , and k (k0) is the wave number
in the slab (air). We stipulate that, when Zs > 0 (Zs < 0), the
solution gives RL = 0 (RR = 0) for incidence on the lossy
(gain) metasurface. Interestingly, both solutions of T = 1 are
independent of the thickness d of the sandwiched slab, but
not for the transmission t , as predicted in the theory. More-
over, the influence of the thickness of the metasurfaces on the
full transmission can be effectively suppressed by appropriate
experimental methods.

For convenience, we set κ = 1 in this paper without af-
fecting the expected results. The phase diagram for normal
incidence is shown in Fig. 1(b), with relative mass density
ρ = 4. The white and gray regions denote the symmetric and
broken phases, respectively, while EPs are between the PT -
symmetric and broken phases with Zs = 3Z0 and Zs = −Z0,
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both independent of d . The two values are consistent with
the plus and minus signs in Eq. (3), respectively. Incidentally,
the region of broken phase has a width of 2Z0 and is sym-
metrically distributed around the center of Zs = √

ρZ0. We
emphasize that the additional white lines (at d = j/2λ0, and j
is an integer) in the broken region are induced by Fabry-Perot
resonances of the slab, independent of Zs. Ulteriorly, we plot
the reflectance for left and right incidence as functions of d/λ0

and Zs/Z0 on the PT -symmetric system in Figs. 1(c) and 1(d),
respectively. As expected, we can find left-side unidirectional
transparency [vertical blue line in (c)] with RL = 0, T = 1
at Zs = 3Z0 and right-side unidirectional transparency [ver-
tical blue line in (d)] with RR = 0, T = 1 at Zs = −Z0. The
horizontal blue lines in (c) and (d) indicate that there is no
reflection for either left or right incidence, corresponding to
the white lines in Fig. 1(b).

In order to further understand the different physical mecha-
nisms of the two series of EPs, we select two points in (c) and
(d) with d = 0.6λ0, marked as “A” and “B”, respectively. The
field distribution obtained by using COMSOL multiphysics
at EP “A” with Zs = 3Z0 and RL = 0 is shown in Fig. 1(e).
Here, the frequency of the incident wave is f = 3.43 kHz.
The energy flux flows from the right to the left inside the
slab, indicating that the lossy metasurface absorbs the im-
pinging energy from both sides, while the gain metasurface
radiates toward both sides. In this sense, the functionality
of PT -symmetric metasurfaces is a pair of CPA and Laser,
denoted as a CPA-laser pair. In addition, the transmission
coefficient in this case can be derivated as t = ei2k0d [Eq. (4)],
featuring the anomalous phase advance at the transmission
side.

On the other hand, we demonstrate the field distribution at
EP “B” with Zs = −Z0 and RR = 0 at the same frequency, as
shown in Fig. 1(f). In this case, the energy flux flows from
the right to the left inside the slab, which is the same as those
in free space. Therefore, the functionality of PT -symmetric
metasurfaces is a pair of ARCs, denoted as an ARC-ARC pair
instead of a CPA-Laser pair. In contrast to the transmission
coefficient at EP “A”, we have t = e−i2k0d [Eq. (4)] in this case,
featuring the anomalous phase lag at the transmission side.

A notable point is that the EPs associated with the ARC-
ARC pair have not been reported in acoustics before, because
only free space was considered between the PT -symmetric
metasurfaces previously, in which such EPs do not exist. Here,
with both types of complementary EPs given by a unified
formula of Eq. (3), the solutions of the EPs are complete.
Another point worth noting is that when the relative density of
the slab changes from ρ > 1 to ρ < 1, an interesting transition
behavior appears for the EPs associated with an ARC-ARC
pair of metasurfaces. The details have been discussed in the
Supplemental Material [39], in which the region of broken
phase has a width of 2

√
ρZ0 and is symmetrically distributed

around the center of Zs = Z0. By the way, we mark two asso-
ciated EPs as “C” and “D” in this case.

B. Accessing exceptional points of DNZ medium slab

Next, we consider the idiosyncratic case of a DNZ medium
slab with ρ = 10−4 between the PT -symmetric metasurfaces,
as shown in Fig. 2(a). Similarly, the phase diagram for normal

FIG. 2. (a) Illustration of the PT -symmetric system. (b) Phase
diagram for normal incidence with ρ = 10−4 and κ = 1. [(c),(d)] Re-
flectance for left (c) and right (d) incidence as functions of d/λ0 and
Zs/Z0 on the PT -symmetric system. The red pentagram marked as
“E” is the EP of the scattering matrix of the PT -symmetric system.
(e) Reflectance and transmittance for DNZ medium with and without
PT -symmetric metasurfaces by varying d/λ0. (f) Distribution of
pressure in and out of the slab for the case with PT -symmetric
metasurfaces (Zs = 1.01Z0) for left incidence (top), right incidence
(middle), and the case without PT -symmetric metasurfaces (bot-
tom) at d = 0.7λ0 [gray-vertical line in (e)].

incidence is plotted in Fig. 2(b). An interesting and inevitable
phenomenon is that the region width of the PT -broken phase
2
√

ρZ0 will shrink to 0 significantly, resulting to the corre-
sponding two EPs converge to the same value of Zs = Z0. In
other words, the two original solutions of EPs coalesce into
one EP when ρ → 0. We redraw the RL and RR of the system
in Figs. 2(c) and 2(d), and the unidirectional transparency is
observed only from the left side, but not from the right side,
corresponding to the discussion in the Supplemental Material
[39]. An EP marked as “E” with d = 0.7λ0 and Zs = 1.01Z0

in (c) has been chosen to prepare for further clarification.
Figure 2(e) illustrates how the PT -symmetric metasur-

faces tune the scattering behavior of the system from total
reflection to robust perfect transmission at ”E”, overcom-
ing the impedance mismatch between DNZ medium and air.
The solid blue and red curves represent the reflectance and
transmittance for DNZ medium without PT -symmetric meta-
surfaces by varying d/λ0. It can be seen that for very small
d , the tiny transmission still exists, while with d increasing,
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we observe almost total reflectance (RBare = 1) and near-
zero transmission (TBare → 0) due to the divergent impedance
mismatch. For comparison, when the PT -symmetric metasur-
faces are applied, near-zero reflectance from left side (RL →
0, blue dashed curve), and unity transmittance (T = TL =
TR = 1, red-dashed and dash-dotted curves) are observed, ir-
respective of d . Not surprisingly, we can find the reflectance
from the right side RR �= 0, indicating that the perfect trans-
mission is unidirectional. Besides, RR is a function of d , which
enables the system to carry out other engineering applica-
tions under the premise of maintaining left-side transparency.
The above results are discussed on the basis of Zs = 1.01Z0

associated with “E” for the CPA-Laser pair. In fact, such a
phenomenon can also be realized by using the EP for the
ARC-ARC pair, at which the surface impedance is Zs =
0.99Z0.

In Fig. 2(f), we simulate the distribution of pressure for
the aforementioned three cases at d = 0.7λ0, associated with
the gray vertical line in Fig. 2(e). For the case of equipped
PT -symmetric metasurfaces (Zs = 1.01Z0) for left incidence
(top panel), the expected perfect transmittance with RL = 0
and T = 1 is observed. Interestingly, if we look more closely
at the distribution, we can find that the transmission coeffi-
cient is almost 1 without any phase advance or lag, as if the
DNZ material did not exist. This phenomenon can usually
not be obtained in a single PT -symmetric structure, except
by periodic structure [40] or other methods. Here, we can
derivate this result straightway according to Eq. (4), in which
α = √

ρk0d → 0, thus we obtain Arg(t ) = α → 0. As for the
case of right incidence (middle panel), the wave is transmitted
to left side with same amplitude of one and phase of zero,
consistent with reciprocity, but an additional strong reflection
arises at this side, associated with a large standing wave ratio.
For comparison, in bottom panel, we show that removal of the
PT -symmetric metasurfaces leads to very low transmission,
due to the divergent impedance mismatch between the DNZ
medium and air (see the Supplemental Material [39]).

C. Impurity shielding effect and its physical mechanism

In the following, we will demonstrate how DNZ mate-
rial can combine with PT -symmetric metasurfaces to obtain
impurity-shielding effect and explain its physical mechanism
by applying field analysis. In preparation, we investigate the
case of placing a circular impurity with radius Rc and relative
density ρc = 4 in middle of DNZ material in the model of
Fig. 2(a), and the simulated transmittance can be seen in
Fig. 3(a). Clearly, without the PT -symmetric metasurfaces
(dashed curves), T varies dramatically as Rc/λ0 increases, and
almost has nothing to do with the exact density (ρ = 10−2,
10−4 and 10−6) of the DNZ material. Apparently, a very small
region around a singular point at Rc = 0.192λ0 is caused by
the Fabry-Perot resonance of the system, and has a signifi-
cant influence on the impurity-shielding effect. It means that
when the PT -symmetric metasurfaces are applied, the sound
waves will still be partly reflected at the singular point if ρ is
not small enough (ρ = 10−2 and 10−4, green and red solid
curves). However, when the DNZ medium approaches an
ideal value, the transmittance T → 1, even near the singular
point of Rc = 0.192λ0 (ρ = 10−6, blue solid curve).

FIG. 3. (a) Transmittance as a function of Rc/λ0 for the case of
the DNZ medium with (solid curves) and without (dashed curves)
the PT -symmetric metasurfaces. (b) Schematic of the pressure field
analysis for the impurity-shielding model with PT -symmetric meta-
surfaces. [(c),(d)] Distributions of pressure for the doping model and
the impurity-shielding model, respectively. A circular impurity of
ρc = 4 exists in both cases. [(e),(f)] Distribution of pressure for the
impurity-shielding model with arbitrary impurities and general ge-
ometrical configurations, respectively. A elliptic impurity of ρe = 9,
and a square impurity of ρs = 16 exist in both cases. In panels (c)–(f),
the width of the DNZ medium slab is d = 0.7λ0, and the black
arrows show the direction and amplitude of the air velocity.

Our previous discussion is focused on the scattering matrix
of the PT symmetric system rather than the pressure field in-
side the slab. In the Supplemental Material [39] we derive the
pressure distribution inside and outside the slab with the exis-
tence of the PT -symmetric metasurfaces, where there is only
one unidirectional plane wave inside the slab, and its pressure
amplitude can be expressed as p = (Z/Z0)pi = √

ρpi. Here,
pi is the amplitude of the incident wave. Peculiarly, when the
DNZ medium is applied (ρ → 0), the pressure inside the slab
pDNZ ∼ 0. In this situation, any impurity put into DNZ mate-
rial will not affect the pressure inside the slab (pImp ∼ 0), thus
obtaining the impurity-shielding effect, as shown in Fig. 3(b).

We deliberately choose the singular point of Rc = 0.192λ0

to prove the effectiveness of the device. Figures 3(c) and 3(d)
illustrate the pressure distribution of the system without and
with the PT -symmetric metasurfaces, respectively, naming
doping model and impurity-shielding model. Obviously, in
doping model, sound waves barely pass through the system,
and the sound energy is confined to the circular impurity.
While in the impurity-shielding model, we obtain perfect
transmission, with a nonexistent sound field inside the circular
impurity, showing the strong ability of PT -symmetric super-
surfaces to suppress doping effect. This phenomenon can be
extended to more general situations, as shown in Figs. 3(e) and
3(f), in which we exhibit the distribution of pressure for the
impurity-shielding model with arbitrary impurities (a elliptic

094101-4



ACOUSTIC IMPURITY SHIELDING INDUCED BY A PAIR … PHYSICAL REVIEW B 106, 094101 (2022)

impurity of ρe = 9, and a square impurity of ρs = 16) and
general geometrical configurations, respectively. As expected,
the pressure in DNZ medium and impurities is 0, and the
system achieves perfect transmission.

The introduction of non-Hermitian media can signifi-
cantly change the impurity-shielding effect of the system.
In the Supplemental Material [39] we analyze in great de-
tail the influences of the non-Hermitian materials on the
impurity-shielding effects, including the non-Hermitian slab,
non-Hermitian DNZ media and non-Hermitian impurities.
The simulation results indicate that the impurity-shielding
phenomenon is widely enslaved to non-Hermitian slab;
slightly affected by absolute value of relative density of the
non-Hermitian DNZ medium, and almost irrespective of the
non-Hermitian property of the impurities.

Distinct from the non-Hermitian media, the frequency of
the incident waves has a highly limited influence on the
PT -symmetric system, as presented in the Supplemental Ma-
terial [39]. We simulate three models in Fig. 1, Fig. 2, and
Fig. S5(d) (see the Supplemental Material [39]), respectively,
on both CPA-Laser and ARC-ARC pairs of the system. The
impurity-shielding effect remains robust in all cases, how-
ever the impedances of metasurfaces also need to be adjusted
considering the dispersion of slab when it is a real geometry
except for a DNZ medium.

III. SUMMARY

To summarize, we derive the scattering EPs of a equivalent
medium slab sandwiched by a pair of PT -symmetric meta-
surfaces in acoustics. A rarely reported type of EP at which
the metasurfaces function as a pair of ARCs is revealed, and
the direction of its transmission resonance depends on the
impedance ratio of the slab to air. When the slab morphs
into a DNZ medium, the original two EPs approach each
other to the coalescence point of Zs = Z0. Interestingly, at
the critical point of ρ → 0, not only can the significant
problem of huge impedance mismatch with free space be
solved, but also the doping effect of DNZ media can be

significantly suppressed, resulting in unprecedented acoustic
impurity-shielding properties of bulk waves. The physical
mechanism of impurity-shielding is that the acoustic pressure
is close to zero in the boundary region of DNZ medium.
Therefore, the principle can be applied to impurities of al-
most any shape and materials, whether they are Hermitian or
non-Hermitian.

In practical realization, both types of metasurfaces in the
PT -symmetric system can be realized by designing suitable
circuits duo to the emergence of the active acoustic metama-
terials [13,21]. At the same time, acoustic DNZ media can be
demonstrated at certain frequencies of phononic crystals [41].
These works manifest the possibility of realizing the meta-
surfaces with the required effective parameters. Our method
can be applied to different fields such as electronics, optics,
microwaves and elastic metamaterials. Especially in recent
years, preliminary studies have been made on PT symmetry
in elastic wave system [42–44]. In view of the correlation
between elastic and sound waves, elastic metamaterials may
also provide potential ideas for experimental realization of
acoustic PT symmetry, and vice versa. This design ability
over the PT -symmetric system opens an avenue for develop-
ing asymmetric wave transport devices, which can be applied
as directional imaging, sensing, logic devices in any complex
operating environments.
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