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Abstract

Non-Hermitian physics in open systems has garnered significant attention for its exotic phenom-

ena, particularly surrounding exceptional points that offer transformative potential for multifunc-

tional devices. Central to this field are parity-time (PT ) symmetry—defined by balanced gain

and loss—and its counterpart, anti-PT symmetry. However, integrating these divergent concepts

into a unified acoustic platform remains an unattainable challenge. In this study, we employ laser-

induced thermoacoustics (LIT) to integrate a tunable amplifying component into a non-Hermitian

system. By exciting an ultrathin carbon nanotube (CNT) film through laser irradiation, we ex-

perimentally observe the phase transitions between PT and anti-PT symmetries. Furthermore,

our findings demonstrate the creation of selectable scattering states and the generation of acoustic

vortex beams (VBs), facilitating both PT -symmetric scattering and the conversion of topological

charges. This acoustically transparent strategy bypasses traditional, path-blocking compensation

schemes, offering a versatile framework for controlled non-Hermitian phase transitions in next-

generation integrated devices.

Introduction

One of the most intriguing advancements in quantum mechanics over recent decades has been

the discovery of non-Hermitian Hamiltonian H that commute with the parity-time (PT ) operator,

leading to the emergence of real-energy eigenvalues [1]. This finding has sparked significant in-

terest in exploring its classical counterpart across various domains, with applications in photonics

[2–11], acoustics [12–21], and beyond [22–24], by utilizing balanced gain-loss regions. Anti-

PT -symmetric non-Hermitian systems, serving as the conjugate counterparts, have expanded the

realm of non-Hermitian symmetries and have been experimentally realized through spatially cou-

pled flying atom beams [25], electrical circuits [26], and optical waveguides featuring imaginary

couplings [27]. Nevertheless, due to the absence of an efficient experimental methodology, the

establishment of an acoustic anti-PT -symmetric configuration remains exceedingly rare, hinder-

ing the phase transitions between PT and anti-PT symmetries within a single unified system—a

challenge exacerbated by the incompatible forms of coupling leading to their anti-communication.

Although studies on PT phase transitions, including those of anti-PT symmetry, in cavity-tube

systems simulating tight-binding models have been reported [28], the anti-PT phase transitions

in scattering systems remain a topic worthy of further investigation.

The crucial factor in achieving the phase transition between acoustic PT and anti-PT sym-
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metries lies in identifying dependable and controllable acoustic gain medium. While in photonics,

gain can be readily induced through stimulated emission via optical or electrical excitation from an

external source, or through parametric processes [29–31], the realm of acoustics faces challenges.

The implementation of PT symmetry in experimental configurations typically necessitates the uti-

lization of piezoelectric transducers [32], electromechanical cone loudspeakers [13, 14], or forced

airflows [16], as natural passive acoustic gain materials are absent. These mechanically-driven

acoustic gain strategies present significant practical hurdles and impose constraints on achieving

controlled PT symmetry due to substantial impedance mismatches with the ambient air and the

inherent rigidity leading to limited adaptability.

Nonetheless, a newer related technology, laser-induced thermoacoustics (LIT), which leverages

pulsed laser light to generate acoustic waves through rapid thermal expansion may be a candidate

approach for acoustic gain. This process involves three primary steps: absorption, thermal expan-

sion, and acoustic wave generation [33]. In medical imaging, this principle is used in photoacous-

tic imaging, where specific wavelengths are chosen to target particular tissues or chromophores

such as hemoglobin and melanin, enhancing contrast and providing detailed images of biological

structures [34]. The characteristics of the generated sound waves, such as their frequency and am-

plitude, depend on the properties of the material and the parameters of the laser pulse, including

its duration, wavelength, and intensity. This non-invasiveness is beneficial in both medical and

material testing applications, where preserving the integrity of the subject is crucial. In addition,

active methods for generating acoustic VB have been reported in Ref. [35], and LIT may provide

a viable alternative approach.

In this study, we propose a general methodology to access the complex coupling by modulating

the non-Hermitian system and further facilitate the phase transitions between PT and anti-PT

symmetries within a unified acoustic system using LIT. As a demonstration, we experimentally

construct a compact non-Hermitian unit consisting of a pair of acoustic loss (sponge) and gain

(CNT film) loaded in a waveguide. This unit provides multiple interferences in the structure when

incident waves impinge on one of the components, in stark contrast to the conventional acous-

tic gain media like back-to-back loudspeaker pairs that absorb the incident sound field and then

reradiate it [14]. Unlike PT -symmetric system where unidirectional reflectionless can only be

demonstrated from the loss side, our method reverses the orientation at identical operating fre-

quency. Strikingly, the proposed platform also allows for the achievement of anti-PT symmetry

through the delicate interplay between gain and loss. Due to the innovation of LIT, acoustic VBs



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

can be conveniently generated, and their PT -symmetric scattering behavior has been realized,

along with the conversion of the topological charge. The combination of LIT and PT -symmetric

acoustics bridges two critical aspects of non-Hermitian physics, and provides diverse routes for

controlling the phase transitions of non-Hermitian Hamiltonian.

Results

Non-Hermitian phase transitions with transfer matrix. The sketch, illustrating both the optical

and acoustic components, is presented in Fig. 1. The optical portion illustrates the method by

which the CNT film is stimulated by a 532 nm pulsed laser. The CNT film has recently emerged as

a groundbreaking platform for achieving acoustic gain in a highly controllable manner [36], with

significant potential for advancing acoustic devices that facilitate efficient photo-thermo-acoustic

energy conversions [33, 37]. Its ultrathin profile renders it acoustically transparent (Supplementary

Note 1), allowing sound waves to propagate freely in the transverse direction with minimal impact

on wave transmission, a feature distinct from conventional electromechanical loudspeakers that

exhibit high levels of reflection. Consequently, the CNT film holds great promise for integration

into acoustic non-Hermitian systems (Supplementary Note 2).

In the acoustic portion illustrated in Fig. 1, we consider a waveguide that supports plane wave

propagation within the operation frequency range k0A < 2π , where A represents the side length of

the waveguide cross section, k0 = ω/c0 is the wave number, ω is the angular frequency, and c0

is the sound velocity in air. By introducing a pair of loss (sponge) and gain (CNT film) material,

the system becomes non-Hermitian; however, the propagation for the acoustic pressure p can

still be described by the one-dimensional (1D) Helmholtz equation. We decompose the pressure

field outside the photoacoustic non-Hermitian system into the forward wave (denoted by “+”) and

backward wave (denoted by “−”). As such, p+L(G) and p−L(G) represent the sound pressure spreading

along the forward and backward directions, respectively, originating from the loss and gain sides.

The scattering matrix Sr, which describes the relationship between incoming and outgoing

acoustic waves in the 1D system, can be expressed as:p−L
p+G

= Sr

p+L
p−G

=

S11 S12

S21 S22

p+L
p−G

 , (1)

where S11 (S22) represents the reflection coefficient from the loss (gain) side and S21 (S12) repre-

sents the transmission coefficient. Due to the transmission reciprocity, we have S12 = S21. Sr can
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be calculated using a transmission-matrix approach:

S11 = (uΓ2 + iΛ2eix)/∆,

S22 = (uΓ1 + iΛ2e−ix)/∆,

S12 = S21 = 2/∆,

(2)

where ∆ = −uΓ1 +(2cosy+ iΛ1)eix, x = k0d, and ks = ω
√

ρs/κs is the wave number in the loss

medium. ρs and κs denote the mass density and bulk modulus of the loss material, respectively.

Both of them can be retrieved from the experimentally measured Sr by a parameter extraction

algorithm at any operating frequency [38]. The variables Γ1, Γ2, Λ1, and Λ2 are all intermediate

variables with respect to coupling d. Additionally, u =−YCNT/Y0 denotes the complex admittance

ratio between the assembled CNT film (Supplementary Note 3) and background medium air, which

can be precisely adjusted by a pulsed laser. In this model, the loss medium is a conventional bulk

material (porous sponge) with a defined width D, whereas the gain medium is a piece of CNT

film with negligible thickness. The geometrically asymmetric unit described in Eq. (2) exhibits

reciprocity and linearity, allowing different types of EPs to emerge through the tuning of coupling

d (Supplementary Note 4).

For instance, S11 = 0 (the blue curve in Fig. 2) describes a reflectionless phenomenon when

waves come from the loss side, which can be observed at any coupling d by adjusting the equiv-

alent admittance (u = −iΛ2eix/Γ2) of the assembled CNT film. Thus, the transmission evolves

to S21 = Γ2, and its amplitude can be modulated to 1 at a coupling of d = 5.31 cm with u =

0.456+ i0.257 [see the top maps in Figs. 2(a) and (c)]. This scattering property bears resemblance

to the loss-side invisibility observed at the EP in PT -symmetric systems. Notably, while the re-

flection from the gain side remains high in a PT -symmetric system operating at this EP [14, 15],

the reflection from the gain side in our system is minimal [see the top map in Fig. 2(b)] due to the

continuous interactions.

Furthermore, this setup also allows for the realization of the less commonly mentioned reversed

invisibility EP in PT -symmetric systems. Similarly, the red curve in Fig. 2 represents the reflec-

tionless phenomenon S22 = 0 from the gain side. Thus, the admittance of the CNT film is given by

u =−iΛ2e−ix/Γ1. Building upon this, the gain-side invisibility EP occurs when the amplitude of

the transmission coefficient |S12| = 1/|Γ1| equals 1 at d = 4.34 cm with u = 0.435+ i0.291 [see

the middle maps in Figs. 2(b) and (c)].

Our system, by tuning the relevant parameters d and u, is also able to achieve bidirectional
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scattering properties at the EP of anti-PT symmetry, where S∗11 = S22 and Im(S12) = 0. When

focusing on the orange curve and the six bottom maps with d = 3.88 cm and u = 0.657+ i0.24

in Fig. 2, several observations can be made: first, |S11| = |S22| in Figs. 2(a) and (b); second,

Arg(S11) = −Arg(S22) in Figs. 2(d) and (e); and third, Arg(S12) = 0 in Fig. 2(f). It should be

noted that while we have implemented the EP of an anti-PT -symmetric system through the in-

trinsic scattering matrix, our system does not need to satisfy the conditions of anti-PT symmetry

in terms of geometry and refractive index. In addition, the phase transitions can be independently

verified using a multiple-interference approach, as detailed in Supplementary Notes 5 and 6.

Non-Hermitian phase transitions using LIT. In a prior study [39], we effectively showcased

acoustic gain through electro-thermal-acoustic effects. Expanding on this investigation, here we

present the construction of an experimental system based on LIT and establish that PT -symmetric

phase transitions can be achieved within a unified device through the manipulation of coupling d.

In our configuration, the CNT film functions as a bidirectional acoustic transparent medium. This

means that the change in sound pressure and medium velocity across the film is minimal, resulting

in negligible impedance mismatch. Additionally, we deliberately set the specific sound pressure

amplitude ratio and phase difference between the sound wave generated by the CNT film and the

sound source. Consequently, the overall scattering matrix Sr can be derived as (see Supplementary

Note 7 for details):
rL = m1eiφ1tse−ix + rs,

tG = m2eiφ2tse−ix + tse−ix,

tL = m1eiφ1
(
rse−i2x +1

)
+ tse−ix,

rG = m2eiφ2
(
rse−i2x +1

)
+ rse−i2x.

(3)

Here, m1 (m2) and φ1 (φ2) represent the amplitude ratio and phase difference of sound pressure

between the assembled CNT film and the sound source when the incident wave comes from the

loss (gain) side, respectively; rs and ts represent the reflection and transmission coefficients of

the assembled loss material. It is worth noting that the nonreciprocal transmission phenomenon

described by the 2nd and 3rd equations in Eq. (3) originates from the introduction of the CNT

film, which provides abundant possibilities to manipulate the scattering properties in our config-

uration. In fact, our system retains sufficient degrees of freedom to convert from transmission

non-reciprocity to reciprocity, and this can be achieved effectively by adjusting the geometric and

laser parameters. For illustration, all controllable parameters in this study fulfill the premise of
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transmission reciprocity, specifically tL = tG = t. Based on this foundation, we emphasize the

importance of judiciously optimizing the contrast ratio m (including m1 and m2), the coupling d,

and φ (including φ1 and φ2) in order to attain the aforementioned three EPs in our system.

To gain a deeper understanding of these unusual scattering responses, we analyze the scattering

spectra and eigenvalues of the system’s scattering matrix, as shown in Fig. 3 as functions of

coupling d. Figures 3(a)-(c) demonstrate the existence of an EP where loss-side invisibility occurs,

characterized by parameters m1 = 0.262, φ1 =−0.91, m2 = 0.335, and φ2 = 0.942. At a coupling

of d = 5.31 cm, the reflection coefficient at the loss side (rL) is zero, indicating a sudden phase

change in reflection. Meanwhile, the reflection at the gain side is nonzero with rG = 0.555ei1.237,

which indicates the unidirectional reflectionless. This confirms that the transmission coefficients

are identical in both directions (tL = tG = e−i1.424) due to the system’s linear time invariance and

maintenance of reciprocity. The theoretical analysis of scattering coefficients, in which the CNT

film parameters vary as functions of the coupling d have been demonstrated in Supplementary

Note 8, confirming the identical positions of the EPs coincide precisely. To further validate the EP

nature of this operation point, we calculate the eigenvalues of the St matrix using

St = Srσx =

rL tG

tL rG

0 1

1 0

=

tG rL

rG tL

 , (4)

where σx represents one of the Pauli matrices. The eigenvalues of the St matrix can be expressed

as

λ1,2 =
tL + tG

2
±

√
rLtG +

(
tL − tG

2

)2

. (5)

As can be seen from Fig. 3(c), at coupling d = 5.31 cm, there is a coalescence of the real part of

the eigenvalues, and the imaginary part experiences biased distributions when d > 5.31 cm. Such

eigenvalue spectrum is the characteristic behavior of a PT -symmetric system that is experiencing

a transition from PT -exact phase to PT -broken phase at the EP.

Full-wave simulations are performed with the finite element solver COMSOL Multiphysics,

thus the acoustic pressure and intensity distributions are shown in Fig. 3(d). It can be seen that

for incoming waves in opposite directions, the reflected pressure fields display vastly different

characteristics at the designed operational distance. The reflection at the loss side is almost zero,

while the acoustic pressure distributions on the transmission are identical in terms of amplitude

and phase since the system has been regulated reciprocity.

Likewise, Figs. 3(e)-(h) illustrate the EP of gain-side invisibility with parameters m1 = 0.262,
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φ1 = 0.128, m2 = 0.262, and φ2 = 0.589 at a coupling of d = 4.34 cm. Evidently, a reflectionless

phenomenon is observed from the gain side (rG = 0), while the reflection from the loss side is also

present at a lower level (rL = 0.37ei0.067). These amplitude and phase behaviors are typical of the

scattering matrix and eigenvalues of a PT -symmetric system, as shown in Figs. 3(g) and (h).

As anticipated, the scattering behavior at the EP of an anti-PT -symmetric system differs sig-

nificantly from that at the EP of a PT -symmetric system. The laser parameters for this EP are

m1 = 0.436, φ1 = 0.349, m2 = 0.537, and φ2 = 0.21 at a coupling of d = 3.88 cm. Figures 3(i)-(l)

illustrate the presence of conjugated reflections (rL = 0.562ei0.391 and rG = 0.562e−i0.391) from

both sides, as well as bidirectional transmission (tL = tG = 1.246). It should be noted that at the

EP, the eigenvalues can be expressed as λ1,2 = t ±√
rLrG, where tL = tG = t. Consequently, the

eigenvalues become two unequal real numbers, as depicted in Fig. 3(k), confirming the true nature

of this EP as an anti-PT -symmetric system. By the way, the corresponding pressure and intensity

distributions at the EP are shown in Fig. 3(l).

Experimental demonstration. The excellent agreement between analytical and full-wave sim-

ulation results is further validated by the experimental measurements (Supplementary Note 14).

Figure 4(a) shows the measured scattering amplitude spectra of the LIT system in the loss and

gain directions. When all the parameters for the experiment of PT -symmetric EP of loss-side

invisibility were configured, we observed 3.5% reflection from the loss side and a reflection of

about 55.3% from the gain side, which can verified by examining the phase spectra in Fig. 4(b).

Furthermore, we observed almost total transmission with tL = 0.993e−i1.428 and tG = 0.994e−i1.442.

A similar result about the reversed-PT symmetry of gain-side invisibility can be obtained

from Figs. 4(c)-(d). The measured scattering matrix is rL = 0.382ei0.052, tL = 0.996e−i0.461,

rG = 0.031ei0.52, and tG = 1.003e−i0.466, indicating distinctly different reflection characteristics in

opposite directions and highlighting the unidirectional scattering properties of the photoacoustic

non-Hermitian bianisotropic system.

On the other hand, the experimental results demonstrating the anti-PT -symmetric EP of bidi-

rectional conjugated reflections and pure real transmission are shown in Figs. 4(e)-(f). Consistent

with the simulation curves, both the bidirectional reflection amplitudes and transmission ampli-

tudes intersect at f0 = 6 kHz in Fig. 4(e). Additionally, the bidirectional reflection phases are

opposite to each other, while the transmission phases are close to 0 in Fig. 4(f). More specifically,

the measured scattering matrix at the EP is rL = 0.578ei0.401, tL = 1.256e−i0.02, rG = 0.567e−i0.405,
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and tG = 1.239e−i0.01, illustrating the EP behavior of the anti-PT -symmetric system.

Formation of acoustic VBs and scattering EP using LIT. The LIT method employed in this

study represents a promising approach for achieving perfect acoustic VBs and enables the PT -

symmetric scattering behavior illustrated in Fig. 5(a). In the aforementioned configuration, the

CNT film under laser irradiation functions effectively as a point sound source, since the timescale

of laser-induced heat diffusion across the film surface is on the order of seconds [40]. When

the laser spot rotates on the CNT film at a modulation frequency of fr (e.g., fr = 0.1 kHz), the

diffusion time is much longer than the rotation period, ensuring that the acoustic source rotates

continuously rather than discretely. As a result, the system produces perfect acoustic VBs within

the waveguide, unlike the approximate VBs generated by discrete passive [41] or electronical

driven [35] methods. This continuous, contact-free excitation is a defining advantage of LIT and

fundamentally differentiates it from previous electrical approaches.

The physical mechanism and spatial distribution of the acoustic VB generated by a rotating

laser spot are discussed in Supplementary Note 10. To support the propagation of first-order VBs,

the waveguide was replaced with a cylindrical tube of radius R0 = 2 cm. A schematic of the LIT-

generated VB is shown in Fig. 5(b), in which, a certain angle is set between the symmetry axis of

the reflector and the rotation axis of the motor, causing the laser to trace a circular trajectory on the

CNT film. Supplementary Movies 1 and 2 demonstrate the laser spot rotating on the CNT film to

form a circular trajectory at rotational speeds of 150 revolutions per minute (RPM) and 6000 RPM,

respectively. The corresponding simulation and experimental results, after Fourier transformation,

are presented in Figs. 5(c)-(d), confirming that the LIT system produces a stable and well-defined

acoustic VB (details in Supplementary Note 11).

Building on this foundation, we modeled the quasi-PT -symmetric scattering behavior of VBs

at the EP and verified the results experimentally. The scattering responses for counter-clockwise

(CCW) vortex excitations were formulated (see Supplementary Note 12), with the correspond-

ing scattering matrices revealing distinct symmetry-breaking features inherent to non-Hermitian

systems:

Sr =

rL tG

tL rG

=

rL1 tG1

tL1 rG1


CCW

+

rL2 tG2

tL2 rG2


CW

, (6)
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in which
rL1 = m11eiφ11tse−iy + rs,

tG1 = m21eiφ21tse−iy + tse−iy,

tL1 = m11eiφ11rse−i2y +m12eiφ12 + tse−iy,

rG1 = m21eiφ21rse−i2y +m22eiφ22 + rse−i2y,

(7)

and
rL2 = m12eiφ12tse−iy,

tG2 = m22eiφ22tse−iy,

tL2 = m11eiφ11 +m12eiφ12rse−i2y,

rG2 = m21eiφ21 +m22eiφ22rse−i2y.

(8)

The parameters rL1, tG1, tL1, rG1 describe the CCW VB relative to the incident wave at an azimuthal

angle of θ = 0, meanwhile rL2, tG2, tL2, rG2 characterize the clockwise (CW) VB response. Here,

the frequencies of the VBs are all given by f = f0 + fr. mi j and φi j represent the amplitude ratios

and phase differences between the CNT film components excited by CW ( j = 1) and CCW ( j = 2)

rotating laser spots and the incident CCW VB coming from the loss (i = 1) and gain (i = 2) sides,

respectively. The propagation constant is expressed as k11
X =

√
(ω/c0)2 − (k11

r )2 with y = k11
X d,

in which k11
r is the first order radial wave number of the waveguide. It is worth emphasizing that

the scattering coefficients represent only the normalized ratios between the reflected or transmitted

pressure amplitudes and that of the incident wave. These quantities are independent of the vortex

topological charge itself; the charge merely determines the rotational phase structure of the field.

Figures 5(e)-(f) demonstrated the simulated and experimentally measured scattering amplitudes

and phases of the acoustic CCW VBs at the operating frequency of f0 = 6 kHz and rotation

frequency of fr = 0.1 kHz, respectively. The corresponding CW characteristics are shown in

Figs. 5(h)-(i). The data reveal a remarkable behavior: when a CCW VB is incident from the

lossy side, no reflection occurs (rL = 0), and the transmitted beam takes the form tL = −eiy. The

transmitted VB preserves its amplitude but reverses its topological charge relative to the incident

wave. In contrast, when the VB is incident from the gain side, the transmitted mode remains

reversed (tG = −eiy), while the reflected field becomes a superposition of two VBs with distinct

topological charges, rG = rG1 + rG2 =−ei2y/s−2 (see Supplementary Note 13 for details). Here,

s is the complex reflection/transmission coefficient of the loss medium with rs = ts = s = |s|eiα ;

|s| and α are the amplitude and phase of s.
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A more intuitive visualization is provided in Figs. 5(g) and (j), showing the measured cross-

sectional field distributions of CCW and CW VBs with a coupling d = 9.92 cm, corresponding to

the vertical dashed lines in Figs. 5(e)-(f) and (h)-(i), respectively. The fitted CNT film parameters

for this EP are m11 = 1, φ11 = π; m12 = 0, φ12 = 0; m21 = 1, φ21 = π; and m22 = 1/|s|, φ22 = π−α .

The experimentally obtained scattering coefficients are rL1 = 0.068ei0.619, tL1 = 0.069ei0.57, rG1 =

1.811e−i1.803, tG1 = 0.015ei0.615, rL2 = 0.327ei0.181, tL2 = 1.016e−i3.102, rG2 = 1.982e−i3.015, and

tG2 = 0.997e−i3.1 at the azimuth angle of θ = 0. These results collectively confirm the realization

of PT -symmetric scattering with acoustic VBs and the experimental observation of topological

charge reversal at the EP. This finding represents the first experimental demonstration of PT

symmetry in acoustic VBs, marking a substantial advance in non-Hermitian acoustics. The LIT

platform not only enables the study of symmetry breaking in structured acoustic fields but also

establishes a versatile route for exploring topological effects and non-Hermitian phase transitions

beyond plane-wave systems.

Discussion

To summarize, we have theoretically proposed and experimentally demonstrated an effective route

to construct acoustic controlled non-Hermitian system based on LIT of a laser-pumped CNT film.

This approach allows for the distinct observation of the phase transitions between PT - and anti-

PT -symmetric acoustics within a unified unit. The introduction of the CNT film leads to intricate

interferences between the control sound source and the stimulated components, enabling seamless

transformation between dissipative and PT -symmetric systems. Importantly, all of these phe-

nomena can be achieved by precisely optimizing the relevant parameters over a broad frequency

range (Supplementary Note 9), regardless of the dispersion properties of the loss material. The

realization of PT -symmetric scattering behavior in acoustic VBs marks a key step forward in ex-

tending PT symmetry from plane-wave systems to structured wavefronts carrying orbital angular

momentum. In addition, from a device perspective, the CNT film is highly flexible and stretch-

able, allowing for the fabrication of structures in 1D, 2D, and 3D configurations. This opens up

possibilities for experimental realization of high-order non-Hermitian PT -symmetric systems and

topological acoustic systems, which cannot be achieved using electromechanical loudspeakers or

other acoustic gain elements [42]. Moreover, the proposed manipulation strategy can also be ex-

tended to non-Hermitian systems without PT symmetry or PT -symmetric periodic superlattices

[30]. It is worth noting that recent advancements in time-variant metamaterials [43] offer a new
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perspective on our presented system, where the impedance of the CNT film with LIT varies over

time. Last but not least, this ability to intentionally control sound propagation provides a fertile

ground for developing asymmetric wave propagation physics and holds promising applications for

non-Hermitian acoustic devices.

Methods

Loss measurement. In order to verify the universality of this methodology, a common sponge

sheet was selected as the acoustic loss material in our experiments. In the plane wave scenario,

the measured reflection and transmission coefficients of the loss at 6 kHz are rs = 0.213ei0.585

and ts = 0.815e−i2.093. A standard extraction algorithm is used to retrieve the effective param-

eters of the sponge from the measured scattering matrix [38]. In our prototype sample, the

mass density of surrounding background medium (air) is ρ0 = 1.21 kg/m3 and the bulk modulus

is κ0 = 0.142 MPa. Thus, the retrieved mass density and bulk modulus are ρs = 1.339ei0.144

kg/m3 and κs = 0.177ei0.342 MPa, respectively. On the other hand, in the acoustic VB scenario,

the reflection and transmission coefficients of the loss (thickness D = 0.4 cm) at 6.1 kHz are

rs = ts = 0.559e−i1.137, and the the retrieved mass density and bulk modulus are ρs = 2.236e−i.249

kg/m3 and κs = 0.12e−i0.444 MPa, respectively.

Active gain design. A CNT film irradiated by pulsed laser is used to achieve an artificial acoustic

gain material since no passive acoustic gain material exists in nature. The film is placed inside

the waveguide vertically and hence radiates plane waves (or VBs) facing opposite directions with

identical amplitude and initial phase when pumped by laser. We control the effective transmission

and reflection of the artificial CNT film to generate the predesigned effective gain medium.

Full-wave simulations. The simulations are performed by the full-wave finite element solver

COMSOL Multiphysics, through which we validate these unusual scattering responses and obtain

in-depth physical insights into the operation of this device. The pressure acoustic module and the

acoustic heat source domain are used so that both loss and CNT can be fully modeled for this

multi-physics process. The calculation domain is terminated by radiation boundary conditions

that also includes the incident field.

Data availability
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All technical details for producing the figures are enclosed in the manuscript and the Supplemen-

tary Information. Data are available from the corresponding authors upon request.

Code availability

All technical details for implementing the simulations are enclosed in the manuscript and the

Supplementary Information. Codes are available from the corresponding authors upon request.
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FIG. 1. Sketch of the photoacoustic non-Hermitian system. In our experiment, the 532 nm pulsed laser is

divided into two equal beams using a BS and directed onto two pieces of CNT films sequentially. BS: Beam

Splitter; RM: Reflector Mirror; CL: Collimating Len. At the bottom, the bianisotropic acoustic system

consists of a pair of loss (porous sponge, thickness D = 1 cm) and gain (CNT film, thickness h = 10 µm)

layers with coupling d. All the components are loaded in a rigid-boundary waveguide with a square cross

section having side length A = 2 cm, ensuring 1D plane wave propagation.



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

S11=0 S22=0 S*11=S22

(d) (e) (f)Arg(S11) Arg(S22) Arg(S12)

π

-π

log(|S11|) (b) log(|S22|) (c) log(|S12|)(a)

-2

2

S11=0 S22=0 S*11=S22

(d) (e) (f)Arg(S11) Arg(S22) Arg(S12)

π

-π

log(|S11|) (b) log(|S22|) (c) log(|S12|)(a)

-2

2

FIG. 2. Scattering properties of the non-Hermitian system demonstrating controlled phase transi-

tions. (a)-(c) Logarithmic amplitudes of the reflection coefficient from the loss side (a), gain side (b), and

the transmission coefficient from both sides (c). (d)-(f) Phases under the same conditions. The blue, red,

and yellow curves represent the conditions of S11 = 0, S22 = 0, and S∗11 = S22, respectively. The top, mid-

dle, and bottom color maps in each subgraph correspond to the phases of PT , reversed-PT , and anti-PT ,

respectively, at the couplings of d = 5.31 cm, 4.34 cm and 3.88 cm.
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FIG. 3. Phase transitions of the non-Hermitian system using LIT. (a)-(c) Scattering amplitudes (a),

phases (b), eigenvalues (c) of the PT -symmetric EP associated with loss-side invisibility. (d) Acoustic

pressure (top) and intensity (bottom) distributions at EP of loss-side from full-wave FEM simulations. The

white arrows represent the direction of average power flow along the waveguide. (e)-(h) Corresponding

properties of the reserved-PT -symmetric EP for gain-side invisibility. (i)-(l) Characteristics of the anti-

PT -symmetric EP with bidirectional conjugate reflections and pure real transmission.
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FIG. 4. Experimental demonstration of the three idiosyncratic EPs in the non-Hermitian system using

LIT. (a)-(b) Simulated (curves) and experimentally measured (icons) amplitudes and phases of PT sym-

metry with coupling d = 5.31 cm, respectively. (c)-(d) Same as (a)-(b), but for the reserved-PT symmetry

with coupling d = 4.34 cm. (e)-(f) Same as (a)-(b), but for the anti-PT symmetry with coupling d = 3.88

cm. Error bars correspond to the standard deviation (s.d.) of a collection of ten measurements.
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FIG. 5. Formation of acoustic VBs and realization of the scattering EP using LIT. (a) Illustration of

the PT -symmetric system for acoustic VBs. (b) Schematic of the LIT-based generation of acoustic VBs.

(c)-(d) Simulated and experimental demonstration of the acoustic VBs by CCW-rotating lasr spot. (e)-(f)

Simulated (curves) and experimentally measured (symbols) scattering amplitudes and phases of CCW VBs

at a rotation frequency of fr = 0.1 kHz. (g) Measured scattering field amplitudes and phases of CCW VBs

with a coupling of d = 9.92 cm, corresponding to the data in panels (e)-(f). (h)-(i) Same as (e)-(f), but for

CW VBs, obtained under identical conditions. (j) Same as (g), but for CW VBs, corresponding to panels

(h)-(i). Error bars in (e)-(f) and (h)-(i) correspond to the standard deviation (s.d.) of a collection of five

measurements.
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