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Abstract. Recent breakthroughs in the field of non-Hermitian physics present unprecedented opportunities,
from fundamental theories to cutting-edge applications such as multimode lasers, unconventional wave
transport, and high-performance sensors. The exceptional point, a spectral singularity widely existing in
non-Hermitian systems, provides an indispensable route to enhance the sensitivity of optical detection.
However, the exceptional point of the forementioned systems is set once the system is built or fabricated,
and machining errors make it hard to reach such a state precisely. To this end, we develop a highly
tunable and reconfigurable exceptional point system, i.e., a single spoof plasmonic resonator suspended
above a substrate and coupled with two freestanding Rayleigh scatterers. Our design offers great flexibility
to control exceptional point states, enabling us to dynamically reconfigure the exceptional point formed by
various multipolar modes across a broadband frequency range. Specifically, we experimentally implement
five distinct exceptional points by precisely manipulating the positions of two movable Rayleigh scatterers.
In addition, the enhanced perturbation strength offers remarkable sensitivity enhancement for detecting
deep-subwavelength particles with the minimum dimension down to 0.001λ (with λ to be the free-space
wavelength).
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1 Introduction
In the past two decades, exceptional point (EP) has had a far-
reaching impact in various research fields ranging from quantum
mechanics and acoustics to photonics. EP corresponds to a
spectral singularity in the parameter space of a non-Hermitian
system where at least two eigenvalues and their associated
eigenfunctions simultaneously coalesce.1–3 Such peculiar degen-
eracies give rise to a wealth of novel effects, such as parity-

time phase transition, topological phase transition,4,5 and self-in-
tersecting Riemann surface.6 These exotic phenomena not only
enrich non-Hermitian physics but also lead to many practical
applications including coherent-perfect absorption,7,8 EP sens-
ing,9 nonreciprocal wave propagation,10,11 reconfigurable topo-
logical lasers,12 and more.13,14

For EP sensing applications, the whispering gallery mode
(WGM) microtoroid has long been regarded as one of the most
promising platforms.15–20 In the presence of target particles, the
induced perturbation leads to the splitting of resonant frequen-
cies that are initially degenerated at the EP.21 As such, measuring
the amount of frequency splitting enables us to acquire informa-
tion about particle sizes. Remarkably, the WGM microtoroid
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operating at or close to EPs has been revealed to exhibit three-22

to seven-fold23 higher sensitivity as compared to that of conven-
tional sensors, e.g., the WGM microtoroid operating near dia-
bolic points (DPs) where only the system eigenvalues coalesce.

To widen the detectable range of particle dimensions, extend-
ing the working bandwidth of EP sensors is highly desirable.
Nevertheless, EP sensors based on WGM microtoroid generally
work at a particular order of WGM, i.e., a single frequency,
due to the following two constraints.24 On the one hand, optical
fields mainly concentrate inside the microtoroid, limiting the
perturbation strength induced by external target particles. This
limitation further hinders the above EP sensors in detecting
subwavelength particles (with the minimum reported detectable
size down to 0.258 λ). In other words, such sensors must work at
a sufficiently higher-order (or higher-frequency) mode to detect
a particle in a given dimension. On the other hand, as the mode
order (or frequency) further increases,25 the enhanced Q-factor
dramatically lowers the excitation efficiency of WGM. In this
case, the optical response of the sensor is too weak to detect
the target particles. Thus, although a reconfigurable EP sensor
(i.e., the one with tunable EPs) has long been sought after, its
realization still confronts scientific challenges.

Spoof plasmonic resonators, e.g., spoof localized surface
plasmon (LSP) resonators, emerge as an alternative platform
for EP sensing.26–31 A spoof LSP resonator refers to a periodi-
cally textured closed metallic structure that supports WGM-like
modes (i.e., spoof LSPs) in multiple resonance frequencies.32–38

Recently, an electrically controllable EP within a spoof LSP
structure was first reported in the microwave domain, which
is realized by perturbing plasmonic modes with an angled metal
line and a varactor.38 Moreover, Zhang et al. proposed an EP
sensor based on a chiral microwave spoof LSP resonator work-
ing at the fundamental dipole mode.39 Despite their similarity to
WGMs in the spectrum, spoof LSPs are strongly localized at the
surface or edge of resonators rather than within the bulk, which
is a key merit that facilitates the realization of reconfigurable EP
sensors.

First of all, the strong field confinement at the structural
surface/edge largely enhances the perturbation strength from the
surrounding target particles. The enhanced perturbation strength
allows the detection of particles in the subwavelength scale
(with the size down to 0.004 λ39 and 0.012 λ,40 as reported by
recent experimental works). This also means that lower-order
(i.e., lower-frequency) modes in the platform of spoof plas-
monic resonators are now feasible to create EP,39 which is, how-
ever, unavailable in the platform of WGM resonators. Moreover,
surface field enhancement also largely improves the excitation
efficiency of multipolar modes, opening up an opportunity to
form EP with high-order modes. Although recent advances38–41

demonstrate the superior sensitivity of EP sensors constructed
by spoof plasmonic resonators, the EP state is fixed and cannot
be adjusted once the spoof plasmonic resonator is fabricated,
indicating that the proposed schemes lack the degree of freedom
to tune the EPs. In addition, the aforementioned scheme may fail
to work at the EP state due to a tiny fabrication error. Therefore,
although spoof plasmonic resonators offer a feasible solution to
construct EP sensors, their realization of tunable and reconfig-
urable EP sensors remains unexplored.

To this end, we experimentally demonstrate reconfigurable
and tunable EP sensors in the platform of spoof plasmonic res-
onators. The configuration consists of a spoof plasmonic reso-
nator, a microstrip line, and two movable Rayleigh scatterers.

Different from the conventional structural setup, the spoof plas-
monic resonator is intentionally suspended above the microstrip
line via an individual metal disk. We note that such a wise de-
sign has three main advantages. First, it leaves a sufficiently
large space to tune the system to the EP state by adjusting
the two Rayleigh scatterers. Second, it greatly improves the ex-
citation efficiency of multipolar spoof LSPs. Third, it further
enhances the perturbation strength of target particles. In addi-
tion, the mobility of Rayleigh scatterers offers a great degree
of freedom to flexibly switch the EPs at distinct resonance mode
in a broad range of frequencies. As we will show later, our ex-
perimental results successfully realize five consecutive EPs
from sextupole, octupole, decapole, and dodecapole to 14-pole
resonance modes. Owing to the extraordinarily strong perturba-
tion strength, the proposed EP reconfigurable sensor exhibits
superior sensitivity, with the minimum detectable dimension
down to 0.001 λ. Such a value is even a quarter magnitude of
the recently reported result.39 Our work thus provides a novel
paradigm for realizing flexible and highly sensitive particle de-
tection from microwave to terahertz frequencies.

2 Materials and Methods

2.1 Principles of the EP Sensor

The schematic of the designed reconfigurable EP sensing sys-
tem is shown in Fig. 1. The sensing system involves a single
spoof plasmonic resonator suspended on the substrate and a

Fig. 1 Schematic illustration of the tunable and reconfigurable
EP sensing system on a single plasmonic resonator. The bottom
half shows the DP sensor in the absence of particles and the
second-order EP sensor with two dynamically movable Rayleigh
scatterers. One essential characteristic of the EP is the emer-
gence of a unidirectional propagation traveling wave on the plas-
monic resonator. The top half demonstrates the z-component of
the electric field Ez from standing wave (DP sensor) to traveling
wave (EP sensor) of the reconfigurable EPs in five consecutive
plasmonic resonance modes.
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microstrip line underneath. As the nature of spoof plasmonic
structures, the resonator exhibits analogous characteristics to
optical WGM cavities with multimode resonances, where each
mode supports clockwise (CW) and counterclockwise (CCW)
propagating waves with degenerate eigenfrequencies but
orthogonal eigenvectors. In the absence of external perturbation,
the proposed spoof plasmonic resonator operating at a DP
supports equivalent magnitudes of CW and CCW propagating
waves, thus spatially reflected as a standing-wave mode (see
mode distribution in the bottom left of Fig. 1). When a single
scatterer is placed close to the spoof plasmonic resonator, the
scatterer will perturb the WGMs via the evanescent coupling.
As a result, the coherent backscattering of counterpropagating
waves will lift the spectral degeneracy with a doublet of stand-
ing-wave modes. Interestingly, when another scatterer with a
proper size is introduced into this open system at a specific po-
sition, non-Hermitian degeneracy known as the second-order
EP emerges, where eigenfrequencies and their corresponding
eigenvectors coalesce simultaneously. Under this circumstance,
the EP sensor displays fully asymmetric backscattering between
the CW and CCW propagating waves, and only one of the trav-
eling directions is dominant, as depicted in the bottom right of
Fig. 1. Note that the above differences between spoof plasmonic
resonators with and without EP apply to all the multipolar
modes (see corresponding comparison of field distributions at
the top of Fig. 1, and the phase distributions are illustrated in
Sec. S1 in the Supplementary Material), further validating
the implementation of reconfigurable EPs in five consecutive
plasmonic resonance modes.

To demonstrate the advantage of the EP sensor, we theoreti-
cally compare its sensitivity with the DP sensor. In the DP sen-
sor, the magnitude of frequency splitting is directly proportional
to the perturbation strength, denoted as ε. However, for the res-
onator operating at second-order EPs, the splitting induced by
the identical perturbation is proportional to ε1∕2. Consequently,
when encountering sufficiently small target particles, the EP
sensor shows larger frequency splitting, which can be described
as16,22,24

ΔωEP ¼ ΔωDP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Að2Þ

j

ε
ei2mjα

s
; (1)

where ΔωDP ¼ 2 · ε.mj denotes the mode number of plasmonic

mode j and Að2Þ
j represents the unidirectional backscattering

generated by second-order EPs. The perturbation strength of
the target particle is ε ¼ ε3 and the relative azimuthal angle
is α ¼ α3. In the case of jAð2Þ

j j ≫ jεj, Eq. (1) can be simplified
to

ΔωEP ¼ ΔωDP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Að2Þ
j

ε
ei2mjα

s
¼ 2

ffiffiffiffiffiffiffiffiffiffi
Að2Þ
j ε

q
eimjα: (2)

Hence, the frequency splitting of EP sensors is proportional
to ε1∕2, indicating a reinforced capacity for detecting suffi-
ciently small target particles. Thus, the spoof plasmonic sensor
exhibits significantly enhanced sensitivity to external perturba-
tions when operating at EPs. In addition, the sensitivity en-
hancement jΔωEP∕ΔωDPj is directly proportional to the square
root of jAð2Þ

j j but inversely proportional to
ffiffiffiffiffijεjp

(see Sec. S2 in
the Supplementary Material).

2.2 Structural Design of the Reconfigurable EP Sensor

The proposed EP sensor is schematically illustrated in
Figs. 2(a)–2(c), including the suspended spoof plasmonic reso-
nator instead of the directly printed one.33–39 Such a configura-
tion leaves flexible space for EP state tuning, ensures effective
excitation of multipolar modes, and enhances the perturbation
strength of target particles (see Sec. S3 in the Supplementary
Material for detailed explanations). The 2.82 mm-wide micro-
strip line overlaps with the resonator by dw ¼ 2 mm along the y
direction. The specific dimensions of the designed resonator are
R ¼ 40 mm (outer radius), r ¼ 20 mm (inner radius), a ¼ 0.5d
(periodicity), t ¼ 0.5 mm (thickness), and N ¼ 60 (number of
grooves). To facilitate the introduction of Rayleigh scattering
particles and enhance the coupling between the resonator and
the scatterers, a metal disk with a radius of Rd ¼ r ¼ 20 mm
and a thickness of hd ¼ 2.5 mm is fabricated, integrated with
the resonator, and positioned between the spoof plasmonic res-
onator and the substrate. The radii of the scatterers are denoted
by r1 and r2, respectively, and their relative azimuthal angle is α
with the same thickness of 2 mm. In addition, the feeding line
and the ground plane are both 35 μm thick, while the F4B
dielectric substrate has a thickness hs ¼ 0.93 mm, relative per-
mittivity εr ¼ 2.2, loss tangent tan δ ¼ 0.003, and side length
ls ¼ 120 mm.

For the simulations conducted using the commercial soft-
ware CST Microwave Studio, we set the boundary conditions
in the x, y, and z directions as open boundaries. In addition,
we supplement these boundaries with a 30 mm-thick air layer
in each direction, corresponding to one-quarter wavelength at
the center frequency of the simulation bandwidth. Figure 2(d)
shows the fabricated spoof plasmonic resonator and setup of the
measurement. The transmission spectra of the DP sensor in the
absence of external perturbation are shown in Fig. 2(e), which
are captured through numerical simulations and measurements.
Excellent agreements between the simulated and measured
curves demonstrate that a series of plasmonic resonances are
excited, which are denoted by nine dips from M1 to M9.

3 Results and Discussion

3.1 Fabrication and Measurement

To experimentally demonstrate the tunability and reconfigur-
ability of the EP spoof plasmonic sensor, we fabricated an
aluminum-made resonator prototype and an F4B dielectric
substrate using printed circuit board technologies, as shown in
Fig. 2(d). The dimensions of the manufactured sensor are iden-
tical to those designed in Sec. 2.2. In the measurement, both
ends of the microstrip line were connected with the Keysight
N9927A vector network analyzer by SMA adaptors to measure
the transmission and reflection spectra. To realize second-order
EPs for each mode, we introduced a pair of deep-subwavelength
Rayleigh scatterers into the evanescent-field regime of the spoof
plasmonic resonator by carefully tailoring their radial positions
and relative azimuthal angles. Compared with the DP, additional
losses introduced by two scatterers not only broaden the line-
width of a specific resonance with enlarged frequency separa-
tion when working at the EP but also result in a reduction of the
Q-factors of the system to a certain extent. To investigate the
performance of this novel sensor, a copper particle was set as
the target particle near the resonator and the relative azimuthal
angle was set as α3 ¼ π with the same thickness as the scatterers
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mentioned earlier. In addition, these particles are fabricated
from high-purity copper plates using precision laser cutting
techniques.

3.2 Experimental Results

In the proposed spoof plasmonic EP sensing system, we
experimentally implement five distinct EPs at the sextu-, octu-,
deca-, dodeca-, and fourteen-pole modes (from M3 to M7),
respectively, with their resonance frequencies of 2.564, 2.765,
2.901, 3, and 3.11 GHz. To achieve EPs at each plasmonic
mode, we set the first scatterer at an appropriate position (such
as α1 ¼ 0, below the right periphery of the resonator). Then, the
second scatterer was deposited near the rim of the spoof plas-
monic resonator. By adjusting the azimuthal position of the
second scatterer carefully, the corresponding resonance modes
degenerate in the transmission spectrum, demonstrating that the
sensor is close to the EP state. However, the radial and azimuthal
positions of both scatterers need to be slightly tuned until the
reflection coefficients of different input ports reach the maxi-
mum deviation. One single broadened resonance dip and fully
asymmetric reflection coefficients indicate the occurrence of
EPs in the measurement, which correspond to non-Hermitian
degeneracies of the resonance modes. Specifically, for five
consecutive resonance modes (M3 to M7), the dimensions and
positions of the corresponding pair of scatterers are listed in
Table 1 and depicted in Figs. 3(a)–3(e). The details of particles,
along with a comparison of S-parameters between the measured
and simulated reconfigurable EPs, are discussed in Sec. S4 in
the Supplementary Material.

As shown in Figs. 3(f)–3(j), the left panels show the reso-
nance dip of the DP and EP sensors in the absence of the target
particle. The introduction of two external scatterers leads to
extra backscattering, resulting in a significant increase in the
linewidth of the resonance dip. Meanwhile, the single target
particle placed near the resonator (α3 ¼ π) lifts the degeneracy
of corresponding eigenmodes, and the frequency splitting of
EP sensors is noticeably greater than that of DP sensors.
Furthermore, the sensitivity enhancements highlighted by black
dashed lines are quite evident [see the right panels in Figs. 3(f)–
3(j)]. As the essence of EPs, the scatterers utilized to establish
EPs bring in extra losses, i.e., excess asymmetric backscattering
between the counterpropagating waves. Therefore, when the
signal is injected from one end of the microstrip line (such

Fig. 2 (a)–(c) Schematic drawing of the proposed reconfigurable EP sensor based on spoof
plasmonic resonator. (d) Experimental measurement setup based on a spoof LSP resonator.
(e) Comparison of transmission parameters of DP spoof plasmonic sensors between the simu-
lated and measured results. Nine plasmonic modes are collectively excited, starting from the
fundamental mode, and the simulation results exhibit excellent agreement with the experimental
observations (Video 1, MP4, 14.9 MB [URL: https://doi.org/10.1117/1.APN.3.5.056004.s1]).

Table 1 Scatterer dimensions and positions of the reconfigura-
ble EP sensors.

Mode
Frequency

(GHz)
Scatterers

ðr1; r2Þ (mm)

Relative
Azimuthal

Angle αmj (deg)

M3 2.564 (3, 3.5) 23

M4 2.765 (2.25, 2.5) 61

M5 2.901 (2, 2.25) 50

M6 3 (3, 3.5) 37

M7 3.11 (2, 2.5) 34
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Fig. 3 Schematic diagrams of the reconfigurable EP sensing systems on the single-spoof
plasmonic resonator with the relative azimuthal angle between scatterers: (a) αm3 ¼ 23 deg,
(b) αm4 ¼ 61 deg, (c) αm5 ¼ 50 deg, (d) αm6 ¼ 37 deg, and (e) αm7 ¼ 34 deg. Target particles
are positioned at the same location (α3 ¼ π). (f)–(j) The measured transmission spectra of DP
(top panels) and EP (bottom panels) sensors before (blue curves in the left panels) and after
(red curves in the right panels) introducing a deep-subwavelength metal target into the vicinity
of the spoof plasmonic resonator. Black vertical dashed lines in the right panels highlight the
enhancements of sensitivity. The insets depict fully asymmetric reflection coefficients, indicating
the occurrences of EPs. The abscissa axes of the inset figures represent frequency detuning
(in gigahertz), while the ordinate axes represent the normalized reflection coefficients (in a.u.,
arbitrary units). (k)–(o) Relationships between the frequency splitting of DP (blue) and EP
(red) sensors and the perturbation strength on logarithmic scales. The frequency-splitting re-
sponses in EP sensors demonstrate the slope of 1/2, which is proportional to ε1∕2 and consistents
with the prediction of Eq. (2).
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as port 1), the reflection spectrum exhibits a strong peak at the
resonance frequency. On the contrary, the reflection almost dis-
appears while injecting from the other port (such as port 2), as
depicted in the insets of Figs. 3(f)–3(j). It is worth noting that the
noticeable deviation of the reflection coefficients generated by
different port inputs represents an important criterion for deter-
mining reconfigurable EPs in the real-time spoof plasmonic
sensing system.

Figures 3(k)–3(o) depict the relation between the frequency
splitting of DP and EP sensors and the perturbation strength on a
logarithmic scale. The relation in DP sensors is validated by the
slope of 1, confirming that conventional sensors are linearly cor-
related with the perturbation strength. Meanwhile, when the per-
turbation is adequately small (jAð2Þ

j j ≫ jεj), EP sensors attract
the frequency-splitting responses that demonstrate the slope
of 1/2, which are proportional to ε1∕2 and consistent with the
prediction of Eq. (2). With respect to sensors operating at
EPs, the frequency splitting produced by larger target particles
gradually increases beyond the slope of 1/2 and even becomes
comparable to that of DP sensors. This consequence arises from
the fact that when the measured target is relatively large (jAð2Þ

j j is
approximate to jεj), Eq. (1) cannot be simplified to Eq. (2).

The histograms in Figs. 4(a)–4(e) illustrate the variations and
comparisons of the frequency-splitting responses in DP and EP
sensors when targets with different diameters are deposited near
the resonator (see Sec. S5 in the Supplementary Material for
detailed measured spectra). Note that the measurements were

conducted 3 times under identical conditions, and the mean
values of the three samples were used to represent the measured
data. Remarkably, the light blue regions reveal that sensors
working at EPs are capable of resolving smaller particles com-
pared with DP sensors, validating their enhanced interactions
with target particles. In addition, each EP sensor working at
the corresponding plasmonic mode possesses a certain detect-
able range for targets of different dimensions. Experimental re-
sults indicate that modes of lower orders are capable of detecting
larger particles. This is because lower frequencies correspond to
longer wavelengths, which makes the resonator more suitable
for detecting larger targets. In particular, the EP sensor operating
at sextupole mode (M3) manifests the widest range of detectable
particle sizes. The minimum target with the dimension of 0.001λ
can be resolved in the 14-pole mode (M7). Furthermore, the
prominent advantage of the proposed tunable and reconfigura-
ble EP sensors is that they are capable of detecting particles
much smaller than those detected by DP sensors across all five
operating plasmonic modes. As the mode order increases, the
minimum resolvable target size diminishes accordingly. It is
demonstrated that the EP sensor working at M7 can identify
a single target with a diameter of 0.1 mm, equivalent to the elec-
trical length of 0.001λ (wavelength of the 14-pole mode).

The sensitivity enhancements jΔωEP∕ΔωDPj, which refer to
the amplifications of frequency splitting in EP sensors compared
to DP sensors, are illustrated in the insets of Figs. 4(a)–4(e).
The dots in various colors represent the correlation between
jΔωEP∕ΔωDPj and the perturbation strength ε acquired from the

Fig. 4 Histograms depicting the variations and comparative analysis of the measured frequency-
splitting responses (mean values of the experimental results repeated 3 times) induced by the DP
and EP sensors with various targets at (a) sextu-, (b) octu-, (c) deca-, (d) dodeca-, and (e) four-
teen-pole modes. The whiskers represent the range of results from three measurements. The
insets illustrate sensitivity enhancements that refer to the ratio between the frequency splitting
of EP sensors and that of DP sensors. The dots in various colors represent the correlation between
jΔωEP∕ΔωDPj and the perturbation strength ε, which conform well to the fitted lines derived from
Eq. (1). To be specific, the values of Að2Þ

j ei2mjα (j ¼ 3; 4; 5; 6; 7) in Eq. (1) of the five proposed
reconfigurable EPs are as follows: −3þ 11.8i, 1.2 − 10.8i, 6.3 − 7.5i, −2.2þ 8.6i, and −1.6þ 7.8i,
respectively. (f) Variation of the Q-factors and minimum resolvable sizes with the EP-mode index
of the proposed reconfigurable EP sensors (Video 2, MP4, 12.6 MB [URL: https://doi.org/10.1117/
1.APN.3.5.056004.s2]).
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measurement, which conforms well to the fitted lines derived
from Eq. (1). From the predicted fitting curves, we can estimate
that when the target particle is small, the enhancements of all
five EPs tend to be similar. However, the EP sensor working
at the decapole mode (M5) exhibits the most enhanced sensitiv-
ity across the whole dimension range of targets. In particular,
the dodecapole mode (M6) demonstrates the optimal sensitivity
enhancement by the factor of 2.4 (frequency splitting with
3.74 MHz in the DP sensor enhanced to 8.86 MHz in the EP
sensor). More details regarding the sensitivity enhancement are
described in Sec. S6 in the Supplementary Material. Notably,
the fluctuations between the experimental results and the fitting
curves of the formula originate from tiny deviations generated
by the manufacturing process and the instability of ambient
temperature. In addition, the Q-factors of the reconfigurable
EP sensors are scrupulously calculated by analyzing the trans-
mission spectra, resulting in values of 136, 170, 200, 232, and
261 at each resonance mode, respectively. As depicted in
Fig. 4(f), when the mode order increases, the corresponding
Q-factor also exhibits an increase, and the minimum resolvable
size of targets becomes smaller. Compared with previous EP-
based WGM sensors in Table 2, our work achieves an unprec-
edented improvement in tunability and reconfigurability of EP
sensing and extends the minimum resolvable limit of targets
with high Q-values concurrently in a purely passive EP system.

4 Conclusion
In summary, we have proposed an experimental flexibly recon-
figurable multimode EP sensor that capitalizes on the spoof
plasmonic system coupled to two adjustable Rayleigh scatterers
at microwave frequencies. Owing to strong field confinement at
the boundaries of resonators, this novel sensor realizes five con-
secutive EPs in a broad range of frequencies and exhibits more
than twofold sensitivity enhancement for the deep-subwave-
length target detection. The range of detectable particle sizes
is also widened. Meanwhile, our proposed sensors have two ad-
ditional advantages: first, the tunability and flexibility of this
system make it easy to realize EPs even in the presence of fab-
rication errors; second, compared with traditional ways based on
frequency shift, the sensitivity of our proposed sensors depends
on the frequency splitting; thus our system is highly robust.20,22

Last but not least, our scheme not only can be transferred to
other frequency bands (e.g., terahertz/infrared frequencies), as
introduced in Sec. S7 in the Supplementary Material, but also
inspire the future design of novel applications such as multi-
channel asymmetric transportation,13 reconfigurable topological
lasers,14 and intelligent phononic metamaterials.42

Code and Data Availability
The data that support the findings of this study are provided in
the Supplementary Material and are available from the corre-
sponding author upon request.
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