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Exceptional points (EPs) in non-Hermitian metasurfaces have garnered considerable attention due to their unique ad-
vantages in cutting-edge applications such as ultra-sensitive sensing and unidirectional reflectionlessness. However, existing
studies on metasurfaces employing both active and passive tuning mechanisms can only observe a single EP, which fails to
meet the requirements for multi-frequency responses or multifunctional integration, thus limiting the enhancement of de-
vice performance. In this study, we design a terahertz (THz) non-Hermitian metasurface device that is actively tuned by the
phase-change material VO,. By keeping the geometric dimensions of the device unchanged, we achieve the simultaneous
induction and detection of multi-frequency EPs at multiple frequency points. Through the regulation of VO, conductivity,
the gain—loss distribution of the system can be continuously controlled, leading to the degeneracy of eigenvalues and eigen-
states across multiple discrete frequency bands, thereby forming multi-frequency EPs. Furthermore, the design of chiral
structures demonstrates that, under identical conductivity conditions, the eigenstates of the original metasurface structure
and its chiral counterpart can degenerate into circularly polarized states with opposite rotations, enabling the switching
of polarization chirality. These results illustrate that the deep integration of phase-change materials, non-Hermitian pho-
tonics, and electromagnetic manipulation in metasurfaces provides a novel design paradigm for the dynamic regulation of
multi-frequency EPs and circular polarization control, laying a foundation for the development of high-performance and

multifunctional integrated photonic platforms in the THz regime.
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1. Introduction

Non-Hermitian systems have garnered extensive atten-
tion in recent years due to their unique physical behaviors
in open quantum systems, optical gain media, and dissipa-
In 1998, Bender and Boettcher introduced
parity—time (PT) symmetry into non-Hermitian Hamiltoni-

tive structures.

ans, demonstrating that these systems can possess entirely
real eigenvalues when the Hamiltonian commutes with the PT
combined operator, thereby providing a new perspective for
studying non-Hermitian systems.!!! In quantum mechanics,
the Hamiltonian is typically required to be Hermitian to en-
sure that the energy eigenvalues of the system are real. How-
ever, in open systems, the inevitable coupling between gain
and loss leads to a deviation from Hermiticity, encompass-
ing systems such as laser cavities,!?) optical gain devices,!
and integrated electronic devices.!*! PT-symmetric systems
can undergo a phase transition from the symmetric phase to
the broken phase as system parameters vary. When the sys-
tem is in the PT-symmetric phase, the eigenvalues exhibit Her-
miticity with no imaginary parts, and the eigenstates mani-

fCorresponding author. E-mail: liumeng @sdust.edu.cn
fCorresponding author. E-mail: sdust_thz@ 126.com

CSTR: 32038.14.CPB.ae12d8

fest as elliptically polarized states with major axes oriented
at +45°. In contrast, when the system is in the PT-broken
phase, the real parts of the eigenvalues become degenerate,
while the imaginary parts are conjugate, and the eigenstates
appear as elliptically polarized states with major axes oriented
at 0° and 90°.5-1 The transition point from the symmetric
phase to the broken phase is referred to as the exceptional
point (EP). An EP is a degeneracy point in non-Hermitian
systems, where both the eigenvalues and the eigenstates are
degenerate, resulting in circularly polarized states. This phe-
nomenon exhibits a range of non-trivial effects, including
eigenmode merging, geometric phase singularities, and strong
non-reciprocity. When circularly polarized light is incident
on the metasurface, a phase jump of 7 occurs at the EP. This
phase transition characteristic is frequently utilized in sensing
and related applications.!'%! In recent years, EP-related effects
have been extensively applied across various physical plat-
forms, including acoustic cavities,!!!l electronic circuits,!'!
micro-ring resonators, 13! photonics,[14] ion cavities,['3! and

quantum devices,!'! demonstrating significant potential for
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breakthrough power oscillations,!!”) unidirectional invisibil-
ity control,[!81 coherent perfect absorption,'’! and laser
absorption.?’! Similar EP-induced mode hybridization has
also been reported in acoustic platforms,*!l underscoring
the universality of non-Hermitian degeneracies across various
wave systems.

Metasurfaces are a class of two-dimensional artificial in-
terface materials composed of subwavelength structural units.
Through meticulous design of their unit cells, the electro-
magnetic wave properties, including phase, amplitude, and
polarization, can be flexibly manipulated at the subwave-
length scale.!??! Unidirectional negative refraction has been
achieved in PT-symmetric acoustic metasurfaces operating

around EPs,[?3

I thereby demonstrating the unique wave ma-
nipulation capabilities facilitated by non-Hermitian physics.
The incorporation of non-Hermitian photonics into metasur-
face design facilitates the realization of EPs and broadens
their application dimensions, while simultaneously providing
In the ter-

ahertz (THz) frequency range, Lawrence et al. constructed

an ideal platform for non-Hermitian photonics.

an anisotropic THz metasurface based on orthogonally cou-
pled resonant elements. This design achieved PT symme-
try breaking and a phase transition in the eigenpolarization
states by adjusting the structural spacing.>¥l Li et al. de-
signed a graphene-based split-ring resonator THz metasur-
face, which dynamically regulates the EP and enables sensitive
sensing by controlling the graphene Fermi level to modulate
the resonant coupling.[>>) He et al. developed an amorphous
germanium-based THz non-Hermitian metasurface that real-
izes ultrafast dynamic modulation of the EP and a switchable
quarter-wave plate by controlling the loss variation induced
by optical pumping, thereby opening up new possibilities for
THz components. *°! Further work by He et al., utilizing opti-
cal pumping-induced loss modulation, achieved EP tuning and
chiral inversion on a picosecond timescale, significantly ad-
vancing breakthroughs in the modulation speed and function-
ality of THz non-Hermitian metasurfaces.!?’! Although cur-
rent research has enabled the observation and manipulation
of EPs in THz non-Hermitian metasurface structures, exist-
ing studies primarily focus on the construction and response
mechanisms of single-frequency EPs. No reports have yet
demonstrated the simultaneous induction and control of multi-
frequency EPs. This limitation to single-frequency operation
fails to meet the practical demands of future integrated pho-
tonic devices for multi-channel and multifunctional responses.

In this study, we designed a THz non-Hermitian meta-
surface with active tuning based on the phase-change material
VO,. The structure comprises two open-ring resonators made

of different materials (gold and chromium) but with identical

geometric dimensions, along with a metallic rod positioned
between the two open-ring resonators. By regulating the con-
ductivity of VO, through external excitation, we achieve con-
tinuous adjustment of the gain—loss distribution within the
coupled system formed by the open-ring resonators and the
metallic rod in the metasurface. The conductivity of gold and
chromium differs by approximately one order of magnitude
in the THz frequency range, enabling the structure to inher-
ently introduce high- and low-loss channels without altering
the resonance conditions. Combining this with the reversible
phase transition of VO,, we simultaneously induce and ob-
serve the degeneracy of eigenvalues and eigenstates at multi-
ple discrete frequency bands, thereby demonstrating the exis-
tence of multi-frequency EPs on a single metasurface. This
also exhibits multi-frequency EP characteristics, such as a 27
geometric phase wrapping and asymmetric transmission of cir-
cular polarization states. Furthermore, the chiral design of the
structure facilitates the switching between circular polariza-
tion states with opposite spin at the same conductivity, enhanc-
ing the capability for polarization handedness control. This re-
search not only expands the realization dimensions of EPs in
THz metasurfaces but also provides a novel design paradigm
for multi-frequency, reconfigurable non-Hermitian photonic

devices based on phase-change materials.

2. Structural design and theoretical analysis

Figures 1(a) and 1(b) illustrate the unit cell of the de-
signed THz non-Hermitian metasurface, organized in a peri-
odic array with lattice constants P, = P, = 160 um. The meta-
surface unit cell consists of three metallic resonant elements:
a central metallic rod and a pair of open-ring resonators, made
of gold and chromium, respectively. These resonators have
identical dimensions but differ in their opening sizes. The
gold—chromium dual-metal design capitalizes on the signifi-
cant disparity in their conductivities, thereby introducing high-
and low-loss channels. This configuration facilitates gain/loss
imbalance, which is essential for achieving multi-frequency
EPs. VO, thin films are integrated at the openings of the res-
onators to provide tunable non-Hermitian gain—loss character-
istics. The substrate utilized is SiO,, characterized by a rel-
ative permittivity of 3.9. The dimensions of the metasurface
unit cell are as follows: L= 117 um, a = 39.5 um, w = 5 pum,
s=4 um, n =8 um, g = 10.3 um, and g = 13 um. The
thicknesses of the metallic rod, gold open-ring resonator, and
chromium open-ring resonator are 0.5 pwm, while those of SiO,
and VO, are 64 um and 0.55 pum, respectively. Commercial
finite-difference time-domain software, CST Microwave Stu-
dio, was employed for modeling, and simulations were con-

ducted using the frequency-domain solver.
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Fig. 1. (a) Schematic diagram of the metasurface unit cell structure. (b) Top view of the metasurface unit cell structure. (c) Physical model

illustrating the three coupled resonant modes.

VO,, a typical controllable phase-change material, ex-
hibits highly sensitive electrical conductivity in response to
temperature variations. This property provides a crucial means
for precisely tuning the non-Hermitian characteristics of the
system, enabling dynamic control of EPs. Its phase transi-
tion behavior manifests as a continuous and reversible transi-
tion from an insulating state to a metallic state within a spe-
cific temperature range, displaying a diffuse phase transition
characteristic.?3] This attribute allows VO, to achieve smooth
modulation of the system’s loss parameters without introduc-
ing abrupt changes, thereby facilitating precise tuning of the
asymmetric loss relationships in the coupling modes between
each open-ring resonator and the metallic rod. By adjusting
the conductivity of VO,, the system can be effectively driven
across the non-Hermitian phase transition boundary, thus facil-
itating the induction and control of EPs. We employ the Drude
model to accurately describe the complex dielectric function

of VO at varying conductivities in the THz regime:>!
2
;0
£(0) = e.— —20)_ ()
w>+ipw

Here, €. = 12 is the permittivity at the infinite frequency,
p =5.75x 103 rad-s~! is the collision frequency, o is the
electrical conductivity of VO,, which varies with tempera-
ture from 20 S'm~! to 2 x 10> S‘m~!, and @,(0) is the
plasma frequency, satisfying @5 (¢) = (6/00) - @ (0y), where
00=3x10°S-m! and @,(0p) = 1.4 x 10" rad - s ' In this
study, we emphasize that VO, is not limited to its fully insu-
lating or metallic states. Instead, we utilize its intermediate
transition state, where the electrical conductivity varies con-
tinuously from approximately 10> S-m~! to 10> S-m~!. This
gradual transition allows for fine and reversible control over
the loss distribution without abrupt changes, which is essen-
tial for accurately locating and tuning multiple EPs at discrete
frequency bands.

Yo, WAD, + Ve, Xy
I Yo%
K1/ Yy 7/)62\/77)’

H=

I Yol
Yo WAQy, + %, Xy
K2V v/ Yo \/7}’

As illustrated in Fig. 1(c), the metasurface unit cell ex-
hibits a dipole resonance mode (ay) contributed by the metal-
lic rod oriented in the y-direction, along with dual modes (ay,
and ay,) contributed by the two open-ring resonators aligned
in the x-direction. Unlike conventional dual-resonator designs,
the introduction of a third resonator does not aim to create a
higher-order EP. Instead, it provides multiple coupling path-
ways, specifically a,, <+ a, and a,, <+ ay,. Due to differences in
geometry (g # g»2) and material losses (gold and chromium)
between these two pathways, their coupling strengths and loss
rates vary with frequency. Consequently, each pathway inde-
pendently meets the second-order EP condition at distinct fre-
quencies, resulting in multi-frequency EPs that are unattain-
able with traditional dual-resonator systems. The incident
light field is a linearly polarized THz wave, the frequency-
domain steady-state equations for the modes system, derived
from the time-domain dynamical equations through Fourier

transform, are expressed as follows: [>7]

joa, = (jor, — % —I3,))ax,

+ iK1y — Ve Yoy Gy + i/ Ve E, )
joay, = (jo, — %, —I,)ax,

+j Koy — /Ty Yoy @, + i/ T BV 3)
jway = (jo,— % —I;)ay

+iKiay +jKaag +jyHED. @

Here, k is the coupling coefficient between ay, and ay, K» is
the coupling coefficient between ay, and ay, @; (i = x1,x2,y)
are the resonance frequencies, % (i = x,x2,y) represent the
radiative losses, and I (i = x1,x2,y) represent the dissipative
losses. E' (E™) and EI* (EI) are the x (y) components of
the output and input electric fields, respectively. The corre-

sponding Hamiltonian matrix is[?”]

K1/ Yx, sz\/Ty
KZ’Yxl vV %cz \/Ty . (5)
Yoy Yo Ay + ¥, Yoo Xy
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Here, Aw; = 0, — @, and X; = ¥;+I; (i =x1,x2,y). To elucidate
the physical essence of the EP, it is important to note that the
primary propagation path for the system’s energy among the
three modes is ay, <> ay <+ ay,. The occurrence of the EP is
primarily determined by the relative dissipation between the x-
direction modes, ay, or ay,, and the y-direction mode, a,. The
combination of gold and chromium is intentionally engineered
to establish two distinct coupling channels within the metasur-
face. The first channel, positioned between the gold split-ring
resonator and the metal bar (a,, < ay), utilizes the same ma-
terial and primarily depends on the tunable properties of VO,
to identify the EP. The second channel, located between the
chromium split-ring resonator and the metal bar (a, < ay,),
incorporates both gold and chromium — materials charac-
terized by significantly different conductivities. This design
choice is specifically aimed at introducing a substantial inher-
ent loss imbalance into the system, thereby facilitating a broad
tuning range for the VO;-based modulation. The dual-channel
configuration is essential for realizing multiple second-order
EPs within a single metasurface. Consequently, the afore-
mentioned three-mode system can be equivalently transformed

into a second-order non-Hermitian system with two main cou-
pled modes, either (ay,,ay) or (ax,,ay). This transformation
facilitates a clearer understanding of the intrinsic behavior of
the EP. The dynamical equations for this system are referenced
Refs. [25,30]:

da . . . i
5, — (o=t —Lactjra,+iVEE,  (6)
da" : : . in
5 = Uoy=n—Laytjkac+iviE®. (D)

The relationship between the transmitted field and the incident
field of the metasurface can be expressed as

E)?ut ) < E)icn ) ( J o )
= (O I , 8
( E;)ul E;}n j \/Tyay ( )
Eout fer txy ) (Ein ) (Ein >
X = CI I L e S 9
(Ef " ) <tyx ) \Ey Ey )

To facilitate the determination of the system’s Hamiltonian

matrix, we multiply Eq. (6) by \/7,% and Eq. (7) by %\/%»
yielding the following equations:

<7y(a)x—a))+jyy(]&+1}) KT > <J:\/@,x> — iny <E)16n) w0
KV it Koy —o)+in(n+1) ) \ivha v\ gin

The Hamiltonian matrix H of the metasurface system can be
expressed as[313?]

H= (Yy(wx_ CO) +j%'(Yx+Ec)

K/ %Yy ) )
KL /'J/x'yy

Yx(wy - a)) +j%r('y}' +Fy)
(11

Considering the zero detuning condition, Ay, = @y, — O =
0, the Hamiltonian matrix can be further simplified to

VB ) (12)

in(n+1y)

KV

The transmission matrix 7 is related to the Hamiltonian ma-
trix by T =1— jyxyyH’l. By solving the eigenvalues of
T, it is found that when |} I — %I;| = 2\/%¥|K], the two
eigenvalues and their corresponding eigenvectors become de-
generate simultaneously, thereby enabling the observation of

24251 In this study, the conductivity of

the EP phenomenon.!
VO, is modulated by external stimuli, which directly influ-
ences the dissipative loss Iy of the resonator mode. Given
that the unit cell inherently introduces a loss imbalance, ad-
justing the conductivity of VO, allows for precise control of
WL — %l
is frequency-dependent. Therefore, the EP condition |y, I —
%Iy = 2\/%¥|k(®)| can be conceptualized as the intersec-
tion between a horizontal line defined by conductivity and a

Additionally, the coupling coefficient, x(w),

frequency-dependent curve. At varying conductivities, the in-

tersection frequencies correspond to distinct EPs. By system-
atically varying the conductivity, we identified three unique
EPs at different frequencies, thus achieving controllable multi-
frequency exceptional points.

3. Results and discussion

To numerically demonstrate the existence of multiple
EPs in our designed VO;-based actively tunable THz non-
Hermitian metasurface device, we maintained the resonance
frequencies of three components — two split-ring resonators
and one metallic rod — around 1 THz by adjusting the open-
ings of the split-ring resonators and the length of the metallic
rod. Simulations were conducted using CST software over
a frequency range of 0.6-1.3 THz, with VO, conductivity
() varying from 100 S:‘m~! to 10,000 S-m~!.
plex eigenvalues, phases, and corresponding eigenstates of the

The com-

device were extracted using the frequency-domain solver and
subsequently analyzed.

The simulation results indicate that as the conductivity of
VO, (o) increases, the metasurface exhibits three instances
of simultaneous degeneracy of eigenvalues and eigenstates
within the frequency range of 0.6-1.3 THz, as illustrated in
Fig. 2. The eigenvalues and eigenvectors of the transmis-
sion matrix characterize the inherent transmission response of
the metasurface. Each eigenvalue A corresponds to a com-
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plex transmission coefficient associated with a specific po-
larization eigenstate, where |A| and arg(A) represent ampli-
tude modulation and phase delay, respectively. The corre-
sponding eigenvectors define the polarization states that re-
main invariant during the transmission process, even under
non-Hermitian coupling. In the CST simulations, the scatter-
ing coefficients tyy, tyy, tyx, and ¢,y are extracted and used to
construct the transmission matrix, thereby obtaining the eigen
decomposition of the transmission matrix through numerical
methods. At the EP, two eigenvalues and their eigenvectors
coalesce, indicating that the metasurface supports only a sin-
gle circularly polarized eigenmode. As shown in Figs. 2(c),

2(f), 2(1)), this feature state degeneracy directly confirms the
conditions for polarization singularity and the emergence of
EPs with 27 phase winding. Specifically, at VO, conductivi-
ties of 3461 S-m~!, 3950 S:‘m~!, and 5534 S-m~!, the meta-
surface demonstrates degenerate eigenvalue spectrum charac-
teristics near 0.7725 THz, 1.2045 THz, and 1.08 THz, respec-
tively. At these frequencies, the complex eigenvalues obtained
from solving the non-Hermitian Hamiltonian of the metasur-
face show near-degeneracy in their real parts, imaginary parts,
and phases. Consequently, the corresponding eigenstates de-
generate into left-handed circular polarization (LCP) states,
thereby satisfying the classical criteria for non-Hermitian EPs.

f=0.7725 THz f=1.2045 THz f=1.08 THz
15 0 =3461 S/m 05 0=3950 S/m 10 0 =>5534 S/m
' —Re_1 : :
(a) Re-1, (d) . () ,
1.0} — Im_1, ! 0.5} ! .
g | — Im_2 i) 3 |
: L=z =4 £ :
= 0.5 1 = = 0r : 1
£ / E o eh E !
R I | = N ' <05 L '
! L — = =
0.5 i -1.9 N —-1.0 - L =
.700.720.74 0.76 0.78 0.80 .19 1.20 1.21 1.22 1.04 1.06 1.08 1.10 1.12
Frequency (THz) Frequency (THz) Frequency (THz)
3 T T T T —1 T 0 T . T
(b) 1 (e) 1 (h) 1

Eigpha_1
—— Eigpha_2

N

Phase (rad)
—
Phase (rad)
b

Phase (rad)

. . L1 _
8.70 0.720.74 0.76 0.78 0.80 :}.19
Frequency (THz)

1.20
Frequency (THz)

. 0 . I .
1.21 1.22 1.04 1.06 1.08 1.10 1.12
Frequency (THz)

1.0 TR 1.0 1.0

igstates_ ;

(C) — Eigstates,2 (f) (1)
0.5} 1 0.5} 0.5¢
w Of 1 =& Of w Of
—0.5F —0.5F —0.5}

—1.0 . - . —1.0 . - . —1.0 . - .
—1.0 -0.5 0 0.5 1.0 —1.0 =0.5 0 0.5 1.0 —-1.0 -0.5 0 0.5 1.0
E, E, E,

Fig. 2. Eigenvalues, phases, and eigenstates of the three EPs. Eigenvalue (a), phase (b), and eigenstate (c) at a frequency of 0.7725 THz
and conductivity of 3461 S-m~!. Eigenvalue (d), phase (e), and eigenstate (f) at a frequency of 1.2045 THz and conductivity of 3950 S-m~!.
Eigenvalue (g), phase (h), and eigenstate (i) at a frequency of 1.08 THz and conductivity of 5534 S-m~!.

Non-Hermitian metasurfaces demonstrate a pronounced
selectivity towards circular polarization states at the EP.[*3 To
elucidate their polarization-dependent behavior, we begin with
the linear polarization basis and construct the complete trans-

mission matrix. By employing the fundamental matrix for-

1 1 1
mula A = —
sl

the linear polarization basis to the circular polarization ba-

; ) , we achieve the transformation from

sis, resulting in the circular polarization transmission matrix

7'2: .[34]
<tLL tLR)
IRL RR

ire
1 (txx Ftyy =1 (ty — tyx) e — by + 1 (fey +13) )
tee =ty — 1 (L ) B Ftyy +1(ty —t2) )

Teir =

2
13)
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The transmission coefficient f;; represents the transmission
from j-polarized incident light to i-polarized outgoing light.
The subscripts L and R denote LCP and right circularly po-
larized light (RCP), respectively, while the subscripts x and
y represent x-polarized light and y-polarized light. As shown
in Fig. 3(a), within the frequency range of 0.6-1.3 THz, the
active modulation of the conductivity of VO, causes the in-
cident light at three EP frequency points to collapse two or-
thogonal eigenstates into circularly polarized states. Further-
more, after passing through the metasurface, the incident cir-
cularly polarized light retains only the LCP component in the
outgoing wave, while the RCP component is almost com-
pletely suppressed, achieving chiral selective transmission. By
utilizing Eq. (13), the cross-polarized #gy, transmission spec-
tra at the three EP points are calculated, as illustrated in
Fig. 3(b). The results show that under the conductivity condi-
tions of 3461 S:m~!, 3950 S:m~!, and 5534 S-m™!, the cross-

polarized transmission curves fr, of the metasurface circularly
polarized light exhibit transmission minima at the correspond-
ing EP frequencies (0.7725 THz, 1.2045 THz, and 1.08 THz),
indicating that the energy conversion pathway from LCP to
RCP is effectively suppressed.
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Fig. 3. Response of the metasurface to circularly polarized light.
(a) Schematic illustration of the asymmetric transmission of circularly
polarized light through the metasurface. (b) Transmission coefficients
when the incident wave is LCP and the outgoing wave is right-handed
circularly polarized (RCP) at different conductivities.
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Fig. 4. Transmission spectra and circularly converted dichroism (CCD) corresponding to the three EPs. Transmission spectrum (a) and CCD (d)
at a frequency of 0.7725 THz and conductivity of 3461 S-m~!. Transmission spectrum (b) and CCD (e) at a frequency of 1.2045 THz and
conductivity of 3950 S-m~!. Transmission spectrum (c) and CCD (f) at a frequency of 1.08 THz and conductivity of 5534 S-m~!.

As shown in Figs. 4(a)-4(c), simulations reveal that the
cross-polarization channel fry, approaches zero at the three
EP frequencies, leading to the near-complete disappearance
of the conversion channel from LCP to RCP light, while the
cross-polarization channel #; R is far from zero, and the co-
polarization channels 711, and frRr are both non-zero. This indi-
cates that the eigenstates of the non-Hermitian metasurface are
degenerate to LCP at the EP frequencies. Interestingly, the de-
signed metasurface exhibits a disappearance of the conversion
channel from LCP to RCP at the three EPs. Consequently,

we calculated the circularly converted dichroism (CCD) at

the three EPs, defined as CCD = (g — trp)/(fLr + tre). 1)
Figures 4(d)—4(f) show that the CCD values at the frequency
points of the three EPs are all greater than 0.99. This result in-
dicates that the metasurface structure achieves nearly complete
transmission of LCP and strong suppression of RCP under EP
conditions, demonstrating excellent chiral filtering capabili-
ties, which have potential applications in scenarios involving
asymmetric transmission and polarization control.

The EP in non-Hermitian systems differs from the
double-cone degeneracy topology found in Hermitian systems,

exhibiting a unique topological structure within the parame-
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ter space where complex eigenvalues connect across two Rie-
mann sheets.[*%] Figure 5 illustrates the topological evolution
of the modulus (a)—(c) and phase (d)—(f) of the complex eigen-
values in the parameter space, corresponding to three frequen-
cies (0.7725 THz, 1.2045 THz, and 1.08 THz), as functions of
VO, conductivity and frequency. It is clearly observed that the

red and blue surfaces undergo degeneracy at a specific point
in the parameter space (marked by the yellow dot), indicating
that the system enters the EP state and forms the characteristic
Riemann sheets. This structure directly reflects the topological
dependence of non-Hermitian dynamics. Thus, the Riemann
sheet structure serves as a key characteristic of EPs.
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Fig. 5. Eigenvalues and phase surfaces in the parameter space formed by conductivity and frequency, calculated from simulation data. Pan-
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and (5534 S-m~!, 1.08 THz), respectively. Panels (d)—(f) are the corresponding phase surfaces. The blue and red sheets represent the first and
second eigenvalue branches, respectively, with the yellow dots marking the locations of the respective EPs.
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Fig. 6. Topological protection of the metasurface. Phase distributions of (a) g, and (d) #_r in the parameter space where the EP occurs
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1.08 THz). The black circles in (a)—(c) indicate the 27 phase accumulation around the EP.

To further elucidate the topological characteristics of the
system at the EPs, we conducted an in-depth analysis of
the phase distributions for the two cross-circular polarization
channels, fry, and # r. When the system satisfies the EP con-
dition, the LCP to RCP conversion channel virtually disap-
pears, i.e., frp, = 0, indicating that an EP forms a phase sin-
gularity in this channel. Figure 6 presents the phase distribu-

tions of the two channels, gy, and #1 g, in the two-dimensional
parameter space (0, f) for three EP parameter points, specif-
ically (o, f) = (3461 S-m~!, 0.7725 THz), (3950 S-m~!,
1.2045 THz), and (5534 S-m~!, 1.08 THz). Figures 6(a)—
6(c) correspond to the frp, channel, where a clear 27 phase
winding structure centered around the EP can be observed.
This is a typical topological phase accumulation phenomenon
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in non-Hermitian systems. In contrast, as shown in the f; g
channel in Figs. 6(d)-6(f), the RCP to LCP conversion chan-
nel does not exhibit a similar phase singularity, and its phase
distribution remains continuous and smooth throughout the pa-
rameter space. This asymmetry suggests that a 27 singular
phase accumulation occurs only in the specific channel satisfy-
ing the EP condition, while the other direction maintains con-
ventional behavior. Unlike conventional Pancharatnam—Berry
(PB) phases, this 27 phase transition arising around the EP
possesses topological robustness: a 27 accumulation is invari-
ably generated as long as the path encircles the EP, irrespective
of the path’s shape. This characteristic holds significant im-

portance for topological photonic devices and ultra-sensitive

phase sensing.

- Cr
B vo,
B sio,

Fig. 7. (a) Top view of the unit cell structure of the mirror metasurface.
(b) Schematic illustration of asymmetric transmission under circularly

polarized light incidence.

f=0.7725 THz f=1.2045 THz f=1.08 THz
073461 S/m 0 =3950 S/m 0'—5534 S/m
1.5 |' 0.5 — T 1.0
(a) — Re_1 (d)
— Re_2| I
| - =Im_1] |
1.0 C e | 0.5
o L _ 3 0 o)
= -2 Z==J_ _ 2 ! g !
= 0.5} |~ = = of [
jon | & | & |
g g o5 £
< | < =0on | < |
OF I 1 \ I —0.5F _ I 1
I A i Tt =4l _
0. ' ~1. 1l ~1. ' —
8.70 0.72 0. 74 0. 76 0. 78 0.80 (%.19 1.20 1.21 1.22 ?.04 1. 06 1.08 1. 10 1.12
Frequency (THz) Frequency (THz) Frequency (THz)
3 T T A -1 | 0 ' I
(b) — Eigpha 1 (e) | (h) |
— Eigpha_2
. L oof
= aof < o
£ | 8 | g |
© [ o —2 [ o —10f
E | g | 2 |
A Lp ] = | s ) |
| | —L5r |
I I I
L _ N Y |
8.70 0.72 0.74 0.76 0.78 0.80 %.19 1.20 1.21 1.22 q,04 1. 06 1.08 1. 10 1.12
Frequency (THz) Frequency (THz) Frequency (THz)
1.0 Ficstaion 1 1.0 1.0
igstates_
(C) Eigstates_2 (f) 1)
0.5} 0.5} 0.5
m o} m Of & o}
—0.5¢t —0.5¢} —0.5f
—1.0 : . . —1.0 : - : —1.0 : . .
—1.0 -0.5 O 0.5 1.0 —1.0 -0.5 O 05 1.0 —1.0 -0.5 O 0.5 1.0

Fig. 8. Eigenvalues, phases, and eigenstates of the three EPs in the mirror metasurface. At a frequency of 0.7725 THz and a conductivity of

3461 S-m~!: (a) eigenvalues, (b) phases, (c) eigenstates. At a frequency of 1.2045 THz and a conductivity of 3950 S-m

-1 @ eigenvalues,

(e) phases, (f) eigenstates. At a frequency of 1.08 THz and a conductivity of 5534 S-m~!: (g) eigenvalues, (h) phases, (i) eigenstates.

Due to the geometric configuration of the designed mirror
metasurface, which cannot perfectly coincide with the orig-
inal structure through arbitrary spatial rotations or transla-
tions, the structure exhibits geometric chirality. As illustrated

in Fig. 7(a), this structural chirality provides a unique plat-

form for analyzing polarization-selective behaviors in non-
Hermitian systems. To investigate its chiral response char-
acteristics, we actively tuned the mirror structure at differ-
ent VO, conductivities and compared its EP characteristics

with those of the original metasurface. Based on the simu-
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lated transmission data, we extracted the eigenvalues, eigen-
states, and phase distributions of the mirror metasurface under
various tuning parameters, as shown in Fig. 8. The simula-
tion results demonstrate that the mirror metasurface satisfies
the EP conditions at the following parameter points: when
(0,f) = (3461 S-m~!, 0.7725 THz), the real and imaginary
parts of the system’s two eigenvalues are completely degener-
ate at 0.7725 THz, with corresponding phases being equal, and
the eigenstates degenerating into circular polarization states.
When (o, f) = (3950 S-m~!, 1.2045 THz) and (5534 S-m~!,
1.08 THz), complete degeneracy of eigenvalues and phases
also occurs at the respective frequency points, with eigen-
states degenerating into circular polarization states in both

cases. These results indicate that, through active tuning of the
VO, conductivity, EPs emerge at three points in the parameter
space: (3461 S-m~!, 0.7725 THz), (3950 S-m~!, 1.2045 THz),
and (5534 Sm~!, 1.08 THz). Notably, compared to the LCP
eigenstates corresponding to EPs in the original metasurface,
the mirror structure entirely degenerates into RCP eigenstates
at EPs under the same parameter conditions. This signifi-
cant difference highlights the crucial role of structural chiral-
ity in determining the handedness of EP eigenstates. Simul-
taneously, this phenomenon confirms the chirality sensitivity
and structural controllability of non-Hermitian singular points

within the polarization space.
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Fig. 9. Transmission spectra and circularly converted dichroism (CCD) of the mirror metasurface. For the mirror metasurface at a frequency
of 0.7725 THz and a conductivity of 3461 S-m~!: (a) transmission spectrum and (d) CCD. For the mirror metasurface at a frequency of
1.2045 THz and a conductivity of 3950 S-m~!: (b) transmission spectrum and (e) CCD. For the mirror metasurface at a frequency of 1.08 THz
and a conductivity of 5534 S-m~!: (c) transmission spectrum and (f) CCD.

According to Eq. (13), we calculated the transmis-
sion spectra of the system under three EP parameter condi-
tions: (o,f) = (3461 S-m~!, 0.7725 THz), (3950 S-m~!,
1.2045 THz), and (5534 S'm~!, 1.08 THz), as illustrated in
Figs. 9(a)-9(c). The figures reveal that the co-polarized trans-
mission, 1, = frr # 0, indicates a strong retention capabil-
ity of the LCP and RCP states along their intrinsic directions.
Conversely, the cross-polarized transmission shows g = 0,
while fr;. # 0, demonstrating significant asymmetric transmis-
sion characteristics for circular polarization. Specifically, as
depicted in Fig. 7(b), in the mirror metasurface, when the inci-
dent wave is LCP, the transmitted wave is RCP. Conversely,
when the incident wave is RCP, the LCP output is nearly
completely suppressed, indicating that the conversion path-

way from RCP to LCP is inhibited. In contrast, the original
metasurface (Fig. 3(a)) exhibits an opposite unidirectional po-
larization conversion response: the conversion pathway from
LCP to RCP is suppressed, while the conversion from RCP to
LCP is preserved. This mirror-symmetric circular polarization
transmission behavior indicates that non-Hermitian EP states
exhibit an inversion characteristic of the eigenstate chirality
under varying structural chiralities. By comparing the trans-
mission spectra shown in Figs. 4(a)—4(c) (original metasur-
face structure) with those in Figs. 9(a)-9(c) (mirror metasur-
face structure), it is further confirmed that at the EP, the orig-
inal metasurface selectively suppresses the conversion path-
way from LCP to RCP, whereas the mirror structure sup-
presses the conversion pathway from RCP to LCP. This be-
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havior clearly reflects the high sensitivity of the EP response to
structural geometric chirality. The circularly converted dichro-
ism (CCD) values at the three EPs are calculated and displayed
in Figs. 9(d)-9(f), all of which are less than —0.99, indicat-
ing that the system nearly achieves complete retention of RCP
transmission while strongly suppressing the LCP transmission
output at these EPs. This highly asymmetric transmission be-
havior not only reveals the chirality-sensitive characteristics
of the EP states but also underscores the potential application
value of this structure in constructing novel circular polariza-
tion selectors, chiral filters, and other devices.

The proposed VO,—Au/Cr hybrid metasurface can be
readily fabricated using standard micro-nanofabrication tech-
niques. The fabrication process begins with spin-coating a
positive photoresist onto a cleaned SiO; substrate, followed
by ultraviolet photolithography to define the patterns of the
gold and chromium split-ring resonators along with the central
metallic rod. A thin adhesion layer of chromium is deposited
first, followed by a gold film, both via electron-beam evapo-
ration. The unwanted metal is then removed through a lift-off
process in acetone, leaving behind the designed metallic struc-
tures. Following this, a second lithography step is employed
to define the VO, deposition areas located in the gaps of the
resonators. Amorphous VO, thin films are deposited by mag-
netron sputtering under low-temperature conditions and sub-
sequently crystallized through rapid thermal annealing in an
inert atmosphere to achieve phase-change VO, with tunable
conductivity. For experimental characterization, a terahertz
time-domain spectroscopy (THz-TDS) system equipped with
polarization control can be utilized. By measuring the four
complex transmission coefficients (fyy, fyy, fyx, and fy,) under
different VO, states, the complete transmission matrix can be
reconstructed. The eigenvalues and eigenvectors of the trans-
mission matrix are calculated to identify the frequencies and
conductivity conditions where both coalesce, corresponding
to the occurrence of EPs. The conductivity of VO, can be dy-
namically adjusted either through thermal tuning, where the
sample is mounted on a temperature-controlled micro-heating
stage to facilitate the insulator-metal transition, or via optical
pump-THz probe excitation, in which femtosecond laser irra-
diation induces an ultrafast and reversible change in conduc-
tivity. These approaches provide a practical means for exper-
imentally observing and validating the multi-frequency EPs
predicted in this study.

4. Conclusions

This work presents a THz non-Hermitian metasurface
featuring actively tunable multi-frequency EPs based on VO,.
By embedding VO, thin films at the apertures of two split-
ring resonators and continuously tuning their conductivity, the
system’s dissipation is independently controlled under fixed

geometric dimensions, achieving simultaneous degeneracy of
the real and imaginary parts of the eigenvalues, phase, and
This al-
lows observation of multi-frequency EPs on a single metasur-

eigenstates across three discrete frequency bands.

face. Upon the occurrence of EPs, the device exhibits unidi-
rectional polarization conversion characteristics for circularly
polarized THz waves: the original metasurface structure sup-
presses the LCP to RCP conversion, whereas the mirror meta-
surface structure suppresses the RCP to LCP conversion, with
corresponding circularly converted dichroism (CCD) values
reaching +0.99 and —0.99, respectively. This chiral inversion
indicates that the eigenstate helicity of the EP is determined by
geometric mirroring, highlighting the high sensitivity of the
non-Hermitian spectrum to structural chirality. Further anal-
ysis reveals that encircling any EP along a path in parameter
space results in a 27 topological phase accumulation, confirm-
ing the predicted Riemann sheet topological characteristics.
Therefore, this study leverages the reversible dissipation tun-
ing provided by the VO, phase transition to realize and manip-
ulate EPs across multiple frequency bands without altering the
metasurface dimensions. This offers new design paradigms
for non-Hermitian topological optics and chiral polarization
control, while also laying a theoretical foundation for the de-
velopment of multifunctional THz integrated devices.
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