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Parity-time (PT) symmetry has enabled the demonstration of fascinating wave phenomena in non-
Hermitian systems characterized by precisely balanced gain and loss. Until now, the exploration and
observation of PT symmetry in scattering settings have largely been limited to propagating waves.
Here, we demonstrate a versatile coupled-resonator acoustic waveguide (CRAW) system that enables
the observation of PT-symmetric scattering responses for evanescent waves within a bandgap. By
examining the generalized scattering matrix in the evanescent wave regime, we observe hallmark PT-
symmetric phenomena—including phase transitions at an exceptional point, anisotropic transmission
resonances, and laser-absorber modes —in systems that do not require balanced distributions of gain
and loss. Owing to the peculiar energy transfer features of evanescent waves, our results not only
demonstrate a distinct pathway for observing PT symmetry, but also enable strategies for exotic
energy tunneling mechanisms, paving fresh directions for wave engineering grounded in non-

Hermitian physics.

Originally formulated for quantum mechanics, parity-time (PT) symmetry
has been extensively explored in classical wave settings over the past two
decades, significantly reshaping the paradigm for wave control'”. In these
systems, a canonical approach involves spatially balancing gain (amplification)
and loss (dissipation), ensuring that the associated Hamiltonian H*") satisfies
the commutation relation [H” D, PT| = 0,with P and T denoting the parity
and time-reversal operators, respectively. Exploiting the unique properties of
PT symmetry, along with spontaneous symmetry breaking and real-to-
complex spectral phase transitions, an array of interesting applications beyond
the capabilities of traditional Hermitian structures has emerged, including
single-mode lasing®’, wireless power transfer'’ and edge state engineering'’,
among others. To address the complexity of gain generation, including
instabilities and noise, strategies such as passive PT symmetry"** and anti-PT
symmetry'”™ have been introduced. The former, by introducing an overall
offset of loss, enables PT-symmetric phase transitions in a weak form, while the
latter, operating under an anti-PT-symmetric Hamiltonian H“T) that
satisfies { H4") PT} = 0, does not require gain, but displays features
markedly different from those of conventional PT-symmetric systems.

In unbounded scattering systems, the response can be characterized by
a scattering matrix S that relates incoming and outgoing waves” . In PT-

symmetric systems, S satisfies the fundamental relation” PTSPT = S~
While in the PT-symmetric phase the S matrix eigenvalues are unimodular,
i.e., they reside on the complex unit circle as in a Hermitian system, upon PT
symmetry breaking they become inverse-conjugate pairs, signaling a phase
transition in the underlying Hamiltonian H"T*»*, In scattering contexts,
PT symmetry enables novel forms of wave manipulation, associated with
intriguing features such as laser-absorber modes™ and anisotropic trans-
mission resonances (ATRs)***’. For instance, PT-symmetric systems
operating in the laser-absorber mode can simultaneously act as lasers and
coherent perfect absorbers (CPAs) as a function of the excitation conditions,
as experimentally demonstrated both in the optical””* and radio-frequency
domains”. Similarly, ATRs and one-way reflectionless responses have been
successfully demonstrated in on-chip optical waveguides through the use of
passive PT symmetry™. The offset of loss in these structures can be com-
pensated by either adding a linear amplifier, or through virtual gain with
complex-frequency excitations’".

So far PT symmetry in scattering phenomena has been explored in the
most natural setting, involving propagating waves. Yet, recently we have
theoretically explored the concept of PT symmetry for evanescent fields by
applying the S-matrix formalism to near-field decaying waves”. The
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rationale for this extension is that the wave number and impedance of
evanescent waves is imaginary-valued, hence their features can be mapped
onto non-Hermitian responses. When mapped onto the physics of PT
symmetry, their features may enable phase transitions and ATRs without
the need for gain elements. In this work, we theoretically propose and
experimentally demonstrate a versatile coupled-resonator acoustic wave-
guide (CRAW) system to observe evanescent wave manipulation and
scattering control based on this generalized form of PT symmetry. By uti-
lizing a customizable feedback circuit to introduce and control imaginary
coupling coefficients, we create an anti-PT-symmetric defect in the CRAW,
and demonstrate that in the evanescent wave regime this structure supports
a PT-symmetric scattering response. Specifically, we retrieve the generalized
scattering matrix for evanescent wave excitations and observe phase tran-
sition and ATR phenomena through an engineered passive scatterer. If we
consider the active scenario in which the scatterer supports gain, our find-
ings reveal that the scatterer can also align a zero and a pole of its scattering
matrix on the real frequency axis, enabling the evanescent wave counterpart
of laser-absorber modes. Given that individual evanescent waves do not
carry energy (Methods and Supplementary Note 1), this configuration leads
to exotic phenomena based on which single-sided excitations enable energy
exchanges due to larger-than-unity reflections, while double-sided excita-
tions at the scattering matrix’s zero prevent energy exchanges. Overall, our
findings demonstrate that PT-symmetry for evanescent waves enables a
powerful platform for non-Hermitian physics, less constrained by energy
conservation limitations, and offering innovative approaches for near-field
manipulation and control.

Results

Geometry and anti-PT-symmetric scatterer

The proposed CRAW is composed of a chain of cuboid-shaped acoustic
cavities connected through an electric feedback circuit, as shown in Fig. 1.
Precisely calibrated to resonate at frequency w./2m = 1606 Hz, each cavity
incorporates an in-phase feedback circuit that introduces gain to offset its
intrinsic loss”. The inter-resonator coupling is achieved by detecting the
sound in one cavity with a microphone and then feeding the signal to the
speaker in the neighboring cavity’*™”. Specifically, to enable precise control
over the coupling phase and amplitude, the coupling circuits are designed
with phase shifters and power amplifiers (see Fig. 1b and the Supplementary
Note 2 for details). We set the coupling strength in the uniform waveguide to
be x/2m = 9 Hz, which can be exactly calibrated with the coupled mode
theory in the Supplementary Note 3. The waveguide dispersion is described
by @ = (w — w,)/k = —2cosq, where @ is the dimensionless angular
frequency and q denotes the normalized wavenumber relative to the unit cell
size’®. When operating within the bandgap @ ¢ [—2, 2], the wave number q
has a non-zero imaginary part, corresponding to evanescent waves with
decaying amplitudes (experimental results are provided in the Supple-
mentary Note 4), in contrast with propagating waves for @ € [—2,2]
(see Fig. la).

Similar to propagating waves, evanescent waves are scattered when a
defect is introduced into the waveguide. Our acoustic platform provides an
ideal environment to examine such scattering phenomena, enabling the
demonstration of PT symmetry for evanescent waves. Specifically, by
leveraging our setup flexibility, we engineered a defect with Hamiltonian™
w_+ J 4 _j Ky

_j K, Wy + ] Yy
with resonant frequencies w-., equal damping y > 0, and imaginary coupling
strength «, > 0. By defining . = AyFA with Ay = (w, + w_)/2 as the
average offset frequency of the two resonators, the defect Hamiltonian can
be expressed as H = AyI, + HAPD, where I, is the 2 x 2 identity matrix
—Atjy K

—jKk Aty
defect exhibits anti-PT symmetry'®, with its Hamiltonian anticommuting
with the joint PT operation, A being the center frequency, and where parity
and time-reversal correspond to resonator exchange and complex

H= } , which consists of a pair of coupled cavities F,

and HAPD is given by HAPD = { . Consequently, the
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Fig. 1 | Coupled-resonator acoustic waveguide (CRAW) system for observing
evanescent-wave scattering. a Schematic of the CRAW with resonators labeled
from —3 to 3, each coupled adjacently with —x at the ports. The port’s dispersion
relation illustrates that selecting a frequency at the bandgap (red star in the pink
region) excites an evanescent wave, characterized by the exponentially decaying
profile, in contrast to the oscillating profile of a propagating wave excited within the
band (black star in the gray area). Embedding a dimer defect into the otherwise
uniform waveguide enables the scattering of evanescent waves. b Schematic of the
acoustic cavities with feedback circuits, implementing the coupling of resonators as
indicated by the blue dashed box in (a). Mutual coupling between cavities is achieved
by signal routing through microphones, phase shifters (PSs), amplifiers, and
speakers (connected with blue lines), while in-phase feedback circuits (connected
with red lines) allow for precise control of the cavities’ damping rates.

conjugation, respectively. The eigenvalues of  HAM),
/1(1‘? D= jyx /A% — &2, transition from purely imaginary to opposite
complex conjugate, namely, )LﬁAPT)’* = —AEAPT), as the frequency detuning

A exceeds the exceptional point (EP) at x,, where eigenvalues and eigen-
vectors simultaneously coalesce. The EP demarks a phase transition from
symmetric to symmetry-broken responses'’, observable in a fully passive
anti-PT symmetric defect meeting the passivity condition y > ’K,|. This
condition ensures that the dimer defect is lossless or lossy, by enforcing that
the stored energy does not increase in time™. In Fig. 2a, by holding constant
the parameters y = «, = x+/5/2 and A, = w, + 3x/2, we experimentally
retrieve the eigenvalues of the Hamiltonian HA*? of the defect and observe
this phase transition as A varies, by fitting the measured excitation spectra
for each A, ie., the pressure amplitudes and relative phases versus the
excitation frequency. As an example, we present the measured excitation
spectra in the two cavities for A /x, = 1 in Fig. 2b, ¢, which closely match the
theoretical predictions. By performing these measurements for a wide range
of A/x,, we retrieved the eigenvalue spectra of H4PD) in Fig. 2a, clearly
demonstrating the phase transition and anti-PT-symmetric response.

PT-symmetric phase transition and ATRs for evanescent waves
A PT-symmetric Hamiltonian, H*", can be associated with HA*D) of the
anti-PT-symmetric dimer defect by multiplying it with the imaginary unit,
y+jA

yielding H®D = —jHAPD = [ -

—K
" |. Here, the resonance
y—jA
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Fig. 2 | Phase transition in the isolated anti-PT symmetric dimer defect. a Real
(red circles) and imaginary (blue circles) parts of the experimentally obtained
eigenvalues /\(ﬁzp ) (in units of «) for the passive anti-PT-symmetric dimer defect,
alongside theoretical curves, versus resonant frequency detuning A. The light green
region indicates the symmetric phase, while the light blue region represents the

symmetry-broken phase. Measured (symbols) and fitted (curves) excitation spectra
(b) and relative phase (c) of the cavities + within the dimer defect. The sound source
for the excitation is positioned in cavity +, and the system parameters are

y =k, =/5/2, AJk, = 1and Ay = w, + 3x/2, with k/2n = 9Hz

and w_/2n = 1606 Hz.

frequency detuning A between the resonators acts as effective gain and loss.
Intriguingly, the required imaginary unit can be accessed through the
excitation: by impinging with evanescent waves, thanks to their imaginary-
valued wave number and impedance, we can expect the scattering from an
anti-PT-symmetric scatterer to be PT-symmetric in nature. To this end, we
investigate the scattering phenomena within the CRAW bandgap in the
presence of the anti-PT symmetric defect at site 0 [see Fig. la]. In steady
state, the uniform arrays on the left and right of the defect, i.e., the CRAW
ports, enable the excitation and scattering measurement of evanescent
waves, which decay towards and away from the scatterer, respectively.
Correspondingly, the wave amplitudes v, (n, t) at the left (0 = L) and right
(o = R) port are v, (n,t) = 0D 4 gOferHian with a symmetric
labeling scheme where, at the right port, the cavity sites with n>1 [see
Fig. 1a] are relabeled as —n. By linking the evanescent wave amplitudes o(?)
for input (b = i) and output (b = 0) ports, we define the generalized
(0) Lo t Lo .
R(")) = S(R(i)) = (tRL rLRR> (R(i))' This
matrix describes the scattering of evanescent waves, providing a valuable
tool for investigating near-field physics™. For the anti-PT symmetric scat-
terer with evanescent wave excitation at & > 2, the generalized S(&) matrix is
given by

. . Ty
scattering matrix S as

S(@) = —I, + 2jc () [Heﬁ(a)) +ic@n] 1)
where ¢, (&) = &+ @* — 4/2 with ¢ = ¢/« being the normalized coupling
between the scatterer and the ports. Here, the scatterer effective Hamilto-
nian is H5(@) = jeo (1 = &/2)I, + HPD /x, with PT-symmetric portion
H®D, and the frequency detuning e,=@& —@, where
@y = (Ag—w,)/[k(1 —¢/2)]. When & = @y>2, namely ¢, = 0, the
effective Hamiltonian H,; ((I)O) = H®D /x commutates with the joint PT
operation. Consequently, the generalized S(@, ) matrix in Eq. (1) fulfills the

fundamental relations PTS(&, ) PT = S(@,) ! which obeys PT symmetry.
We note that PT symmetry here is obeyed at an isolated frequency, similar to
conventional PT symmetry for propagating waves in optical scattering
systems, as required due to causality constraints*’. Furthermore, this PT-
symmetric response driven by evanescent wave excitations can occur at real
frequencies for stationary scattering processes based on a purely passive
scatterer (y = ‘K, }).

Now, we explore the implications of a PT-symmetric response on
evanescent wave scattering in our acoustic platform. By measuring the
reflection and transmission for evanescent wave excitation, we can readily
construct the scattering matrix S(&, ) (see details in Supplementary Note 1).
Using the same parameters from Fig. 2a for a passive scatterer, Fig. 3a

displays the evolution of measured eigenvalues of the S(&,) matrix, going
from unimodular to inverse-conjugate pairs through an EP, as the resonant
frequency detuning A varies from 0 to 2x,. This qualitative shift marks the
system transition from PT-symmetric to PT-broken phase. Correspond-
ingly, by rearranging Eq. (1), we can extract the effective Hamiltonian
H (&) from the S(®) matrix:

Hg(@) = —je, (@)1, + 2jc (@) [S@) + 1] ", ®)

for which the experimentally obtained eigenvalues (circles) when @ = @,
illustrated in Fig. 3b, closely align with the theoretical prediction (lines)

MPD — (y t4/62 — A2> /x for an effective PT-symmetric scatterer with

Hamiltonian H*? /«. In contrast with the anti-PT-symmetric scenario
(Fig. 2a), the eigenvalues )L(I{JZT ) of the effective PT-symmetric scatterer are

real when A<k, (PT-unbroken phase), and they become complex conjugate
for A>x, (PT broken phase), see Fig. 3b.

The PT-symmetric scattering matrix S(@,) obeys a pseudo-unitary
conservation relation® |r;r,| = ||ts|* — 1|, where the transmission
amplitude tg = t;5 = tg;. In particular, we may seek a condition for the
emergence of ATR, which in PT-symmetric systems implies unimodular
transmission in both directions, with zero reflection only from one side.
Based on Eq. (1), we achieve ATR at @, for a passive scatterer under eva-
nescent wave excitations by selecting y = «, and A = «c, (@, ). In Fig. 3¢, d,
we show the extracted magnitude of reflection and transmission coefficients
from 1624 to 1642 Hz, corresponding to the frequency range of @ € (2, 4)
for evanescent waves. The observed scattering responses (circles) match
theoretical predictions (lines), with lower frequency deviations due to
residual port resonator loss in the experiment (see details in Supplementary
Note 5). Unlike different reflections observed for excitations from opposite
directions, the transmission amplitudes are equal due to reciprocity, albeit
with small mismatches at higher frequencies due to the fast evanescent wave
decay. At the frequency of 1633 Hz (vertical dashed lines), corresponding to
@ = @, the transmission nearly reaches unity on both sides of the acoustic
lattice, with pronounced reflection on the right and virtually none on the left,
validating the hallmark ATR phenomenon. This unidirectional, reflection-
free behavior in the presence of evanescent wave excitations is captured in
the pressure profiles displayed in Fig. 3e, f, illustrating the lattice response to
right and left side excitations, respectively. Indeed, when the incidence is
from the right, the field profile at the right port includes both incident and
reflected evanescent waves due to the large reflection (|ry| ~ 2), leading to
enhanced total pressure field at the cavity + within the dimer defect com-
pared to the non-reflective case (dashed line) that involves only the
impinging wave [Fig. 3e]. In contrast, for the left excitation the pressure
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Fig. 3 | PT-symmetric responses for incident evanescent waves. Evolution of the
eigenvalues for (a) the generalized scattering matrix S(&)O) and (b) the corre-
sponding effective PT-symmetric Hamiltonian H®?) /« at the excitation frequency
of w/2m = 1633 Hz for evanescent wave excitations in the CRAW system, with the
resonant frequency detuning A of the passive dimer defect increasing from 0 to 2x,
(marked with the gray arrows). The lines indicate calculated results and symbols
denote measured data for both panels. In (a), the red arrow marks the exceptional
point (EP) at A = x, for the PT-symmetric phase transition, and the dashed curve
represents the unit circle. In (b), the light green and blue regions indicate the
symmetric and symmetry-broken phases, respectively. Experimentally measured
(circles) and theoretically calculated (lines) spectra of (c) reflection and (d)

transmission for evanescent wave excitation from the right (green) and left (orange)
at A = «,. The vertical dashed lines mark the excitation frequency at

w/2n = 1633 Hz. Logarithmic representation of acoustic pressure profiles, both
measured and simulated, for evanescent wave excitation from (e) the right and (f) the
left, with and without the defect scatterer in the CRAW, demonstrating the ATR
phenomenon for evanescent waves associated with the vertical dashed lines in (c, d).
The arrows mark the locations of excitation sources, while the shaded areas highlight
the scattering regions containing cavities — and +. In this figure, the scatterer-port
coupling is normalized to ¢ = ¢/x = 1, and other system parameters are the same as
in Fig. 2 for &, = 3.

profile is identical to the non-reflective case (dashed line) [Fig. 3f],
since |r; | &~ 0.

Laser-absorber mode for evanescent waves

Our demonstration of ATR for evanescent waves based on a passive scat-
terer reveals that the total scattering strength, measured by transmittance
Ts = |ts|* and reflectances Ryw = |rL(R)|2, is not bounded by the power
conservation constraints that limit propagating waves in passive systems.
This is because evanescent waves individually do not carry energy (see
Methods), setting a exotic stage for extreme wave interactions between
evanescent waves and scatterers, when the poles of the generalized S(&)
matrix lie close or on the real frequency axis. Under this condition,
unbounded T and/or Ry, can be achieved at evanescent wave spectral
singularities”, even in passive scenarios. Moreover, the PT-symmetry of
S(@,) for evanescent waves can result in poles and zeros coinciding on the
real frequency axis, mirroring the behavior of laser-absorber modes found in
conventional PT-symmetric systems for propagating waves. In our setup,
we achieve this condition by setting the frequency detuning A and the

damping y to Ap, = \/&2 + k3¢ (@y) and yy, = 0, respectively. This

behavior is captured in Fig. 4a, b, where, as y varies for A fixed at Ap,, the
poles and zeros (solid lines) evolve in the complex frequency plane
according to det[H (@) * jc,(@)],] = 0 from Eq. (1). The lack of PT
symmetry for @ # @, means that the poles and zeros are not complex
conjugate pairs, leading to asymmetric paths. However, at @ = @, (red
stars) when y equals y,,, they intersect on the real frequency axis simul-
taneously, demonstrating the PT-symmetric nature of $(&@;).

To explore the emergence of laser-absorber modes for evanescent
waves, we analyze the eigenvalues and eigenvectors of the generalized S
matrix, satisfying S|oci> =a, ’oci>. At &= b, with A= Ap,, the
eigenvalues o, and the associated eigenvectors ]ai ) can be derived from
Eq. (1) as

[(—y=2jre,(@p)) /7], (3a)

s

oy ) = [1, + (e, (@0) £ Apy) /1] . (3b)

As the zero and pole of S() coincide at real @, for y approaching
ypz = 0, the eigenvalues a_ and «, tend towards zero and infinity,
respectively, and the corresponding eigenvectors ’oc . ) span the input vector
space of the scatterer. Consequently, when an evanescent wave at @,
impinges from either side, the non-zero projection onto |oc ) results in an
infinite scattering strength as y moves towards y,.

This behavior resembles a scattering event common in laser physics;
however, in terms of energy transfer, the real-frequency pole of S(@) for
evanescent wave excitations introduces intriguing features. Indeed, in our
configuration for evanescent waves incident from the left or the right, the
transmitted waves do not carry energy; rather, it is the interference between
incident and reflected waves that facilitates energy transfer. Specifically, the
normalized energy flux J , directed towards the scatterer from the source at
excitation port ¢ = L, R, is determined by J, = 2v/&* — 4Im (ry) (see
Methods). In Fig. 4c, d, we present a color map of J, and jR on a base-10
logarithmic scale, plotted against the detuning parameters &, = y — yp,, for
dampingand e, = & — @, for the excitation frequency, focused around the
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Fig. 4 | Occurrence of a laser-absorber mode for evanescent waves. Trajectories of
the (a) pole and (b) zero of the generalized S(&) matrix in the complex frequency
plane, with the damping y in the anti-PT symmetric dimer defect decreasing from
y/2m = 2Hz to y/2n = —2 Hz, as depicted by the solid curves. The pole and zero
coincide on the real frequency axis at w/2n = 1.633 kHz (red and blue stars) when
y = yp, = 0, indicating an evanescent wave laser-absorber mode. The pole’s loca-
tion in the upper (lower) plane indicates the system’s transition to unstable (stable)
states, as distinguished by light pink (light green) backgrounds. Dashed curves
correspond to experimental scenarios with residual loss y, /2 = 1 Hz in the port

N

o

-0.5
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Ew

resonators. Density plot of the base-10 logarithm of the normalized energy flux
magnitude for (c) left (|le) and (d) right (IfRI) excitation, plotted against the
detunings ¢, and ¢, of the damping y and normalized excitation frequency &, relative
to the laser-absorber mode. The shaded regions indicate negative energy flux
directed from the scatterer to the excitation source. (e, f) Correspond to (¢, d),
respectively, but display the experimental scenarios with observed energy flux
between the scatterer and the excitation port. Common parameters include

A = Apy, with other unspecified system parameters the same as in Fig. 3.

real-frequency pole. As y decreases and ¢, is less than ,, the scatterer
transitions to becoming active; with J remaining positive to absorb energy,
J;, can vary from positive to negative, enabling output of energy. Moreover,
as ¢, approaches zero from above with ¢, = 0, J, diverges to negative
infinity, while J, diverges to positive infinity, characterizing the scattereras a
left-side laser and a right-side absorber; inversely, when ¢, shifts to just
below zero, the operation of the scatterer are reversed.

In our experiments, due to residual damping in the port resonators,
where y, /27 = 1Hz, the energy fluxes jL, & shown in Fig. 4e, f demonstrate
characteristics similar to the ideal scenarios in Fig. 4c, d. Due to the absence
of exact PT symmetry here, the real-frequency pole and zero align at the
same excitation frequency w/2m = 1633 Hz when the scatterer’s damping y
diverges slightly between the pole y, and the zero y, (where
Vop & Sy [1/2+ Fayc! (@) /4]), both set against a common adjusted
value A}, = Ap, + O(y?/x*) (see Supplementary Note 6). The corre-
sponding trajectories for both the pole and zero, as y varies, are shown by the
dashed curves in Fig. 4a, b. The small difference between the ideal scenarios
(solid lines), featuring precise PT symmetry [see Eq. 3], and practical
experiments (dashed lines) become evident in Fig. 5a, which plotslog,, |0c N |
for the eigenvalues «, of the generalized S matrix against y at a fixed
excitation frequency w/2m = 1633 Hz. To experimentally observe the laser-
absorber operation for evanescent waves (see Supplementary Note 7), we set
Y10 Yep/ 27 = 1 Hz [see Fig. 5a], thereby shifting the pole marginally off the
real frequency axis and ensuring system stability. The experimental per-
formance can be quantified by the overall output coefficient
O(w) = (ILO + IR(")lz)/ (LO) + [ROP), ie., the squared amplitude
ratio of scattered to impinging waves”. When exciting with evanescent
waves from the left or right, the measured © is 17.2 or 23.3 dB around the
frequency w/2m = 1633Hz [see Fig. 5b], enabling energy exchange
between the scatterer and the excitation. Due to intense scattering, the field
profile shown in Fig. 5c¢ demonstrates growth at the scatterer under left

incidence, in contrast with the ATR shown in Fig. 3f. In the same experi-
mental setup, by employing coherent sources for bilateral excitation as
indicated by the input ‘oc7> in Eq. (3b) to excite the S matrix zero, the
scatterer effectively absorbs the impinging evanescent waves [see Fig. 5d],
with output coefficient ® decreasing now to —35dB [Fig. 5b]. This scat-
tering behavior mirrors the one of CPAs for propagating waves; but with
distinct energy transfer mechanisms given the evanescent wave excitation.
Specifically, by engaging the CPA for evanescent waves, we effectively halt
energy transfer between the excitation sources and the scatterer, as the
impinging evanescent wave alone does not transport energy (Methods). The
demonstrated CPA phenomenon for evanescent waves relies on coherent
inputs from the two sources, offering a promising strategy for high-
performance sensors by utilizing the large output contrast of the laser-
absorber mode™.

Conclusions

In this study, we demonstrated the observation of PT symmetry for eva-
nescent wave excitations within a versatile CRAW system operated within a
bandgap. The CRAW system features electrically assisted coupling between
acoustic cavities, offering extreme tunability and facilitating experimental
investigation into evanescent wave scattering. Our results demonstrate that,
when extended to the evanescent wave regimes, a stationary PT-symmetric
scattering response can be achieved based on an anti-PT symmetric defect
scatterer, without requiring balanced gain and loss. In this configuration, the
resonance frequency detuning between dimer defect resonators acts as
effective gain and loss, allowing us a precise control over PT-symmetric
phase transitions at an EP and the observation of unidirectional invisibility
for evanescent waves through ATR-based scattering, using a passive and
inherently stable scatterer. When the scatterer enters the active regime, our
platform can support evanescent laser-absorber modes by aligning the
generalized scattering matrix zero and pole on the real frequency axis,
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Fig. 5 | Experimental observation of the evanescent wave laser-absorber mode.
a Logarithmic plot of the eigenvalues «, (red and blue solid lines) of the generalized
S(&,) matrix versus the damping y, showcasing the evanescent wave laser-absorber
mode indicated in Fig. 4. The blue and red dashed lines correspond to the experi-
mental scenarios [see Fig. 4], while the vertical dashed lines indicate the critical
dampingvalues yp, = 0,yp/2m = —0.17Hz,y,/2n = 1.17 Hz,and ., /2 = 1 Hz
discussed in the main text. b Theoretical (curves) and experimental (circles) results
for the overall output coefficient ® versus excitation frequency, considering left
(red), right (orange) incident evanescent waves, and bilateral excitation fulfilling
|o¢7> (blue), under the same experimental scenarios as in (a) with the dimer defect’s
damping coefficient set to y = y,,. Logarithmic representation of measured and
simulated acoustic pressure profiles for (c) left incidence and (d) bilateral excitation
fulfilling |oc_ >, associated with ® extremes of 17.2 dB and —36.4 dB, respectively, at
frequency 1.633 kHz in (b). The arrows mark the locations of excitation sources,
while the shaded areas highlight the scattering regions containing cavities — and +.
Other unspecified system parameters are the same as in Fig. 4.

yielding amplified scattering from single-side excitation and zero reflection
for coherent inputs, with an output contrast ratio surpassing 58 dB, only
limited by residual loss at the port resonators. Thanks to a distinctive energy
transfer mechanism unique to evanescent waves, where energy flux stems
from interference between counter-decaying waves, this evanescent laser-
absorber mode offers a exotic strategy for highly controllable energy
exchanges, allowing for either infinite or zero energy flux, with reversible
flow direction, determined through coherent excitation. Unlike complex
frequency excitations, which can introduce an effective gain to overcome
loss in the time domain®**™*, our experimental platform utilizing evanes-
cent wave excitations enhances the scattering strength in a stationary pro-
cess, independent of energy considerations. Not only it provides an exotic
method for observing PT symmetry, avoiding instabilities and noise typical
of gain systems, but also sheds light on the manipulation of evanescent wave
scattering through non-Hermitian physics, with implications for functional
devices and applications in near-field physics, including sensing, commu-
nication technology, scanning near-field optical microscopy and radiative
heat transfer.

Methods

Energy flux in the CRAW ports

Here, we derive an expression for the energy flux into the CRAW port using
coupled mode theory, considering the residual damping y, in each port
resonator, which yields the complex resonant frequency as u, = w, + jy..
With the symmetric labeling scheme [where sites with n > 1 at the right port

(see Fig. 1) are relabeled as —n], we can write the Schrodinger-like coupled-
mode equations as

d ot
j% = —u Y (n.0) + (1 L)+ ry,(n— 1D, (@)
for the energy normalized time-dependent field amplitudes y (1, t) at sites
n< — 2forbothports (left o = L and right o = R), where « is the coupling
strength within the ports. Derived from Eq. (4), the continuity equation
governing energy flow is given by

dly (0 _ . :
% :]it—)l—m _]51—)>n+1 _2))6}1,/0'(”7t)‘ ’ (5)
where ]ffln +1 = 2«Im [y, (n, t)y(n + 1,1)] represents the energy flux

flowing from site # to n + 1 in port o. As expected, the rate of change in total
energy at site n corresponds to the net inflow of energy, J (n”_)l_m —7J 5,”_))” +1
minus the energy dissipation due to damping loss y,. This damFing ¥,
imparts a position-dependent characteristics to the energy flux J (n"_m 41 in
steady state. However, when y, is sufficiently small to be considered
negligible, this flux transitions to a position-independent regime, resulting
in a uniform steady-state energy flux (.

For the derivation of the uniform flux J©), we assume y, = 0 and apply
the general steady-state solution of Eq. (4), y,(n,t) = gD —an 4
()i [see the main text], into the expression for ', +1- When the
normalized frequency @ = (w — w,) /x € [—2,2], the wave number g is
real. In this case, the general solution v (#,t) consists of two counter-
propagating  waves, and the associated energy flux s
J@ =2k sinq(|o““)|2 - |0(")|2). When @>2 and thus sing = jv'@* — 4/2
[see the main text], the wave number q attains an nonzero imaginary
component, with its real part Re(q) fixed at 7. Consequently, the general
solution v, (n, t) involves two counter-decaying evanescent waves, and the
associated energy flux becomes J@ = 2xkv/@”* — 4Im(o'?*¢(). Unlike
propagating waves, the energy flux J© for evanescent waves is nonzero only
when both forward ¢? and backward ¢(®) waves are present simultaneously.
As aresult, for evanescent wave incidence from the port ¢ = L, R, the single
transmitted evanescent wave does not carry energy in steady state. However,
due to reflection ,, the incident and reflected wave, with amplitudes 0@ and
0 = ¢0r, respectively, coexist at the excitation port, leading to the energy

flux J@ = Kla(i)lzja, where J, = 2v@* — 4Im(r,) represents the nor-
malized energy flux.

Sample preparation

The cavity is made from stainless steel through precise machining. The top
cover is made from acrylic board and is equipped with a microphone and
loudspeakers for detecting the signals and introducing sound, respectively.
The effective coupling is realized with a feedback circuit containing the
following elements. The power amplifier (TPA3116) has two parallel
channels and, thus, can tune the coupling strength of the two mutual
channels simultaneously. The phase shifter (model MCP41010) is intro-
duced to adjust the coupling phase.

Acoustic measurements

For the measurement, a multi-channel audio analyzer RS1284 (from
RSTECH Co., Ltd.) is utilized to generate the sound signals with the output
generator module and to record the sound signals with the signal acquisition
module. The sound signals inside the cavities are detected with the 1/4-inch
microphones (RST1200).

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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