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Fig. 1 Schematic of the PT-symmetric system and its phase transition.

Im (w)

(a) Schematic diagram of the PT-symmetric system; (b) Evolution of the

real part Re (w) and imaginary part Im (w) of the eigenfrequency versus

the gain-loss ratio; (c) Mode evolution trajectories at different stages of
the phase transition
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Fig. 2 Design and polarization conversion characteristics of a gain-assisted non-Hermitian chiral metasurface for complete asymmetric polarization
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conversion (CAPC)™. (a) Schematic of the metasurface unit cell. The yellow structure denotes the gain-assisted resonator, and the gray structure
represents the passive resonator; (b) Schematic illustrating the working principle of direction-dependent CAPC. RCP is converted to LCP under forward
propagation, whereas LCP incidence is completely suppressed under backward propagation; (c) Circular dichroism for transmission (CDT) in a two-
(d) Polarization state mapping on the Poincaré sphere
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Fig. 3 Principle and experimental realization of PT-symmetric metasurfaces””. (a) Schematic of a non-Hermitian metasurface with a mirror symmetry
plane, where surface plasmon polaritons exhibit symmetric distributions on both sides; (b) Photograph of a PT-symmetric metasurface composed of
silver and lead split-ring resonators; (c) Evolution trajectories of polarization eigenstates on the Poincaré sphere; (d-h) Schematic diagrams of
polarization state evolution
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Fig. 4 Structural design and exceptional point characteristics of terahertz non-hermitian topological metasurfaces®”. (a) Conceptual schematic of terahertz
surface plasmon polariton spin-decoupled wavefront manipulation by a topological metasurface; (b) Schematic of chiral double-split ring resonator unit;
(c) Schematic of multilayer structure of the free-standing topological metasurface; (d) Microscopic top-view image of chiral double-split ring resonator
array; (e-h) Azimuthal and ellipticity distributions of eigenstates in the non-Hermitian system, where the purple star marks the position of the non-
Hermitian exceptional point (EP) with eigenstate degeneracy; (i-l) Amplitude and phase distributions of cross circularly polarized reflection channels;
(m) Reflection spectra of different circularly polarized reflection channels; (n) Evolution of eigenstate ellipticity with frequency
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Fig. 5 Design, simulation, and fabrication of chiral metasurfaces

. (a) Unidirectional reflectionless propagation path in the metasurface; (b) 3D simulation

model of the metasurface, where yellow denotes copper resonators and cyan denotes the FR-4 dielectric substrate; (c) Structural design of the chiral unit

cell with key geometric parameters labeled; (d, e) Top and bottom views of the fabricated sample, respectively, consisting of a 10x10 unit array
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Fig. 6 Design and phase modulation principle of topological metasurfaces'*”. (a) 3D and top views of the chiral metasurface unit, showing the multilayer

metal-dielectric structure and key geometric parameters; (b-d) Superposition design of ET phase and PB phase; (e-g) Realization of the final metasurface

and its independent control capability for circularly polarized light
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(b,c) Distributions of complex eigenvalues in the parameter space; (d) Unidirectional invisibility, showing asymmetric transmission behavior for waves
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Fig. 9 Realization of exceptional point coverage over the entire Poincaré sphere”™. (a) Statistical distribution of exceptional points in a random non-

Hermitian system; (b) Evolution of the Jones matrix and transition of exceptional point types; (c) Working mechanism of extrinsic chiral metasurfaces:

oblique incidence combined with first-order diffraction introduces chiral responses in asymmetric multilayer structures, providing degrees of freedom for
arbitrarily polarized exceptional points; (d-f) Evolution of exceptional points under wavelength tuning
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Fig. 10 Polarization-modulated metasurface based on PB phase and mirror-symmetric structures

P8 (a) 3D schematic of a reflective chiral meta-atom;

(b, c) Surface current distributions of the meta-atom and its mirror-symmetric structure under x-polarized electric field excitation; (d, e) Polarization

modulation mechanism of a single structure; (f) Metasurface design for full-polarization reconstruction
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Fig. 11 Experimental system, structural parameters and simulation of sensing characteristics for the non-Hermitian terahertz metasurface sensor”".

(a) Schematic of the terahertz sensing experimental system and core physical mechanism; (b) Structure of the metasurface sensing unit cell;

(c) Distributions of group delay as functions of refractive index and polarization angle; (d) Transmission phase spectra at different polarization angles;

(e) Group delay curves at a specific refractive index; (f, g) Distributions of group delay as functions of thickness and polarization angle
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Fig. 12 Structure, topological phase transition and polarization evolution characteristics of an electrically tunable non-Hermitian MEMS metasurface

[63]

(a) Schematic of the topological phase transition (exceptional point - diabolic point). The left panel shows the exceptional point state, where the

reflection eigenstates degenerate into a single circularly polarized state; the right panel shows the DP state, where the reflection eigenstates reduce to

orthogonal polarization states, demonstrating the voltage control of the system’s exceptional point; (b) Geometric parameter labeling of the chiral meta-

atom; (c) Co-polarized and cross-polarized reflection spectra as functions of the applied voltage; (d) Poincaré sphere representation of the reflected

polarization state under LCP incidence; (e, f) Optical characteristics at the exceptional point state; (g) Eigenstate evolution at the exceptional

point state; (h, i) Optical characteristics at the diabolic point state; (j) Eigenstate evolution at the diabolic point state
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Fig. 13 Schematic of the experimental setup and physical characteristics of a monoclinic non-Hermitian polarization metasurface®. (a) Angle-resolved

polarization measurement setup; (b, c) Temperature-dependent thermal emission spectra for LCP and RCP modes, showing chiral asymmetric emission;

(d, e) Real-part distributions of the electric field in k-space
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Fig. 14 Optically pumped Ge-hybrid non-Hermitian metasurface”””. (a) Schematic of the device functionality; (b, c) Polarization transmission characteristics

at the exceptional point; (d-f) Time evolution of the chiral transmission amplitude; (g-i) Time evolution of the chiral transmission phase

THRA TR EMANE . AIEN SR AR T, S
ShAR K 2 1M SR FE AR ) 52 P T AR e A 5%
BEEOR . ST IR ML BON B B ML, LK
ARG S B ETEA , AR R B T S ST #
RERE R AL S sl R M RE [T E AR, A& F —
U TERESh A IR AR 1 L BB T B it TR HoAR
HFo

=+
6 IEI\ él:l

ARTCERIR T I AFAAR LA Al 25 1 A0k 1 70 4
RIEWISOICR, 45 MHRRIPTFEE A% DR, TR
FELRE 1 AN TR RIS E N 53 2 T T A 3 1 S B Xl 41
SRYPFETTIE o X LEHFTE DLAR LK IS 5 0 S O R,
FIZE PT X FRIE M R G E I 5 S HAE A DR AR 1 Y
FRPEEIT . PR R R LM SR AR RE R4S

PR TR 5, WHER R 25 T AR R T, ek
SEPTX AR AS FAE AR () S

XA R A 55 IR 22 3 7] WG s i Be
AL GERE T XL G A P45 10 X B o R 4l 5 D) BB Ry B
T AR PR 2L BRI R . R TR]
T B AR T K 2R T ELA AN [R] ) SR AR AIE 55 AH R 1
FEOARPRAR o AHRZE B 110 768 2 100 TEBE AR, 344 25 A
PAFEA IR AR A, AEX — B R T AR
ORALONE ) SEBG B0 AIE , AHCHIFGE 2 IS8 PT X ARAHAR |
& SRR RS A AR A RS . BT 4S8 T )
To AL Rl s RUE IRAEIRE, AN it 32 Kk 22 6
PRIAFERE, VAR 55 Bt Se i BR ), 1200 Be B ATy
DIGERIIER R N &, SR i AR RAUVRT
BT8R B AR SRR A . FRE kR,
X B AR R T IIN T T2 FEA A, 1M 1) S BR T
FER S, KE AR MIRA DGR A% . R At

260038 (Page 14 of 18)


https://doi.org/10.12086/oee.2026.260038

WAL “5. S6H TR, 2026, 53(7): 260038

https://doi.org/10.12086/0ee.2026.260038

THA O L i IR A, BER A R
W R IR IRAS o (32 BRI, MG LI SE LA
T, ARG = BRI oK, AF SR AR Y
MR R Z8 AT T R E M e . T R] W
MELLHNR B AR A T, FE RO A K G AT T
P b o X — B AR IR IR A A A R 22 AH 62
it 7 e 2 UG T —Lpk e, RERE LBl IR AS 2 %
S REDCYRETRE R IEE, TR O MY N
BROIARKIIBLITE 7 o FURIX G X il w647 B 2L
KAFHE, T EAE S AR AR R E A4,
R RAR R R RS BT, SR T 5 M 5847 0 17 i
TG AN

MR 2% ) T DLSEAUBE , - A JE K 3 1T 14 1z H )
AR, (AR SRR ShamiE . REE NS
AU TARFEE R . Ak, @Sy L%
HOET5 . Mldssa A SRR RS, AR ek
RINABAEMBOCEE ., =T AR, R ML
RURE L e ol b WSl e AW R R R AR
TR,

1 Tk

Wl SCERAE , WIRREAE; B, akih. mRBUHAR, PR
VER R (iR, XIAEME, IR, MOLE, frhkig. SC
[ISEE SN CSEIN

Flamhe
AT 8 400 JE g e
S22 3Rk

1. Sakurai J J, Napolitano J. Modern Quantum Mechanics[M]. 3rd ed.
Cambridge: Cambridge University Press, 2020.
https://doi.org/10.1017/9781108587280.

2. Yu N F, Capasso F. Flat optics with designer metasurfaces[J]. Nat
Mater, 2014, 13(2): 139-150.

3. YangF,Prasad CS, LiW, etal. Non-Hermitian metasurface with non-
trivial topology[J]. Nanophotonics, 2022, 11(6): 1159-1165.

4.  FanHY, Luo J. Research progress of non-Hermitian electromagnetic
metasurfaces[J]. Acta Phys Sin, 2022, 71(24): 247802.
https://doi.org/10.7498/aps.71.20221706.

5.  Xu H, Mason D, Jiang L Y, et al. Topological energy transfer in an
optomechanical system with exceptional points[J]. Nature, 2016,
537(7618): 80-83.

6. Kato T. Perturbation Theory for Linear Operators[M]. 2nd ed. Berlin:
Springer, 1995. https://doi.org/10.1007/978-3-642-66282-9.

7. Mostafazadeh A. Pseudo-Hermiticity versus PT symmetry: the
necessary condition for the reality of the spectrum of a non-
Hermitian Hamiltonian[J]. J Math Phys, 2002, 43(1): 205-214.

20.

21.

22.

23.

24.

25.

Tang Y J, Liang C, Liu Y C. Research progress of parity-time
symmetry and anti-symmetry[J]. Acta Phys Sin, 2022, 71(17):
171101.

FEIEUL, T, XK. FRR- D FR 5 S BRI ST R R [J]. 17341,
2022, 71(17): 171101.

Dembowski C, Graf H D, Harney H L, et al. Experimental
observation of the topological structure of exceptional points[J].
Phys Rev Lett, 2001, 86(5): 787-790.

Guo Y H, Zhang S C, Pu M B, et al. Spin-decoupled metasurface
for simultaneous detection of spin and orbital angular momenta via
momentum transformation[J]. Light Sci Appl, 2021, 10(1): 63.

Khan H Z, Zafar J, Jabbar A. Advancements in metasurfaces for
polarization control: a comprehensive survey[J]. Next Res, 2025,
2(3): 100407.

Wang H X, He Y L, Zhu H W, et al. Research progress and
prospects of metasurface polarization devices[J]. Opto-Electron Eng,
2024, 51(8): 240095.

EREE, MERR, SR, S5 R R IR SR R S R ).
JEHL TR, 2024, 51(8): 240095.

Li J, Lu X G, Li H, et al. Racemic dielectric metasurfaces for
arbitrary  terahertz  polarization  rotation and  wavefront
manipulation[J]. Opto-Electron Adv, 2024, 7(10): 240075.

Nan T, Zhao H, Guo J Y, et al. Generation of structured light beams
with polarization variation along arbitrary spatial trajectories using tri-
layer metasurfaces[J]. Opto-Electron Sci, 2024, 3(5): 230052.
Makris K G, El-Ganainy R, Christodoulides D N, et al. Beam
dynamics in PT symmetric optical lattices[J]. Phys Rev Lett, 2008,
100(10): 103904.

Ruter C E, Makris K G, El-Ganainy R, et al. Observation of parity-
time symmetry in optics[J]. Nat Phys, 2010, 6(3): 192-195.

Longhi S. PT symmetry and antisymmetry by anti-Hermitian wave
coupling and nonlinear optical interactions[J]. Opt Lett, 2018,
43(16): 4025-4028.

Bender C M, Boettcher S. Real spectra in non-Hermitian
Hamiltonians having PT symmetry[J]. Phys Rev Lett, 1998, 80(24):
5243-5246.

K. Takata, N. Roberts, A. Shinya, et al. Non-Hermitian Temporal
Coupled-Mode Theory: Effects of Imaginary Couplings on
Exceptional Points[C]//Frontiers in Optics + Laser Science 2021,
Washington, DC, United States, November 1-4, 2021: FM2E.1.

A. Yariv. Coupled-mode theory for guided-wave optics[J]. IEEE J
Quantum Electron, 1973, 9(9): 919-933.

Fan S H, Suh W, Joannopoulos J D. Temporal coupled-mode
theory for the Fano resonance in optical resonators[J]. J Opt Soc
Am A, 2003, 20(3): 569-572.

Ishimaru A. Wave Propagation and Scattering in Random Media[M].
Amsterdam: Elsevier, 1978.
https://doi.org/10.1016/B978-0-12-374701-3.X5001-7.

Yao J Q, Li J T, Zhang Y T, et al. Bound states in continuum in
periodic optical systems[J]. Chin Opt, 2023, 16(1): 1-23.

W, ROk, SRRERS, 45 JADE R G ME SRS ).
e (h i), 2023, 16(1): 1-23.

Hassan A U, Zhen B, Soljaci¢ M, et al. Dynamically encircling
exceptional points: exact evolution and polarization
conversion[J]. Phys Rev Lett, 2017, 118(9): 093002.

Guo Y H, PuM B, Zhao Z Y, et al. Merging geometric phase and

state

Plasmon retardation phase in continuously shaped metasurfaces for

260038 (Page 15 of 18)


https://doi.org/https://doi.org/10.1017/9781108587280
https://doi.org/10.1038/nmat3839
https://doi.org/10.1038/nmat3839
https://doi.org/10.1515/nanoph-2021-0731
https://doi.org/https://doi.org/10.7498/aps.71.20221706
https://doi.org/10.1038/nature18604
https://doi.org/https://doi.org/10.1007/978-3-642-66282-9
https://doi.org/https://doi.org/10.1007/978-3-642-66282-9
https://doi.org/https://doi.org/10.1007/978-3-642-66282-9
https://doi.org/https://doi.org/10.1007/978-3-642-66282-9
https://doi.org/https://doi.org/10.1007/978-3-642-66282-9
https://doi.org/https://doi.org/10.1007/978-3-642-66282-9
https://doi.org/https://doi.org/10.1007/978-3-642-66282-9
https://doi.org/https://doi.org/10.1007/978-3-642-66282-9
https://doi.org/https://doi.org/10.1007/978-3-642-66282-9
https://doi.org/10.1063/1.1418246
https://doi.org/10.7498/aps.71.20221323
https://doi.org/10.7498/aps.71.20221323
https://doi.org/10.1103/PhysRevLett.86.787
https://doi.org/10.1038/s41377-021-00497-7
https://doi.org/10.1016/j.nexres.2025.100407
https://doi.org/10.12086/oee.2024.240095
https://doi.org/10.12086/oee.2024.240095
https://doi.org/10.12086/oee.2024.240095
https://doi.org/10.12086/oee.2024.240095
https://doi.org/10.29026/oea.2024.240075
https://doi.org/10.29026/oea.2024.240075
https://doi.org/10.29026/oea.2024.240075
https://doi.org/10.29026/oes.2024.230052
https://doi.org/10.29026/oes.2024.230052
https://doi.org/10.29026/oes.2024.230052
https://doi.org/10.1103/PhysRevLett.100.103904
https://doi.org/10.1038/nphys1515
https://doi.org/10.1364/OL.43.004025
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1109/JQE.1973.1077767
https://doi.org/10.1109/JQE.1973.1077767
https://doi.org/10.1364/JOSAA.20.000569
https://doi.org/10.1364/JOSAA.20.000569
https://doi.org/https://doi.org/10.1016/B978-0-12-374701-3.X5001-7
https://doi.org/https://doi.org/10.1016/B978-0-12-374701-3.X5001-7
https://doi.org/https://doi.org/10.1016/B978-0-12-374701-3.X5001-7
https://doi.org/https://doi.org/10.1016/B978-0-12-374701-3.X5001-7
https://doi.org/https://doi.org/10.1016/B978-0-12-374701-3.X5001-7
https://doi.org/https://doi.org/10.1016/B978-0-12-374701-3.X5001-7
https://doi.org/https://doi.org/10.1016/B978-0-12-374701-3.X5001-7
https://doi.org/https://doi.org/10.1016/B978-0-12-374701-3.X5001-7
https://doi.org/https://doi.org/10.1016/B978-0-12-374701-3.X5001-7
https://doi.org/https://doi.org/10.1016/B978-0-12-374701-3.X5001-7
https://doi.org/https://doi.org/10.1016/B978-0-12-374701-3.X5001-7
https://doi.org/10.37188/CO.2022-0189
https://doi.org/10.37188/CO.2022-0189
https://doi.org/10.37188/CO.2022-0189
https://doi.org/10.37188/CO.2022-0189
https://doi.org/10.37188/CO.2022-0189
https://doi.org/10.37188/CO.2022-0189
https://doi.org/10.37188/CO.2022-0189
https://doi.org/10.1103/PhysRevLett.118.093002
https://doi.org/10.12086/oee.2026.260038

AN, 25 GHL T2, 2026, 53(7): 260038

https://doi.org/10.12086/0ee.2026.260038

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

arbitrary orbital angular momentum generation[J]. ACS Photonics,
2016, 3(11): 2022-2029.

Li A D, Wei H, Cotrufo M, et al. Exceptional points and non-
Hermitian photonics at the nanoscale[J]. Nat Nanotechnol, 2023,
18(7): 706-720.

Nie R X, He C H, Zhang R X, et al. Vanadium dioxide-based
terahertz metasurfaces for manipulating wavefronts with switchable
polarization[J]. Opt Laser Technol, 2023, 159: 109010.

Park J H, Ndao A, Cai W, et al. Symmetry-breaking-induced
plasmonic exceptional points and nanoscale sensing[J]. Nat Phys,
2020, 16(4): 462-468.

Oh D, Baek S, Lee S, et al. Complete asymmetric polarization
conversion at zero-eigenvalue exceptional points of non-Hermitian
metasurfaces[J]. Nanophotonics, 2024, 13(24): 4409-4416.

Planck M. Ueber das gesetz der energieverteilung im
normalspectrum[J]. Ann Phys, 1901, 309(3): 553-563.

Heisenberg W. Uber quantentheoretische umdeutung kinematischer
und mechanischer beziehungen[J]. Z Phys, 1925, 33(1): 879-893.
Schrédinger E. Quantisierung als eigenwertproblem[J]. Ann Phys,
1926, 384(6): 489-527.

D C G. The principles of quantum mechanics[J]. Nature, 1935,
136(3437): 411-412.

Planck M. Uber eine verbesserung der wienschen spektralgleichung
[MJ//Schopf H G. Von Kirchhoff bis Planck: Theorie der
Wérmestrahlung in Historisch-Kritischer Darstellung. Wiesbaden:
Vieweg+Teubner Verlag, 1978: 121-130.
https://doi.org/10.1007/978-3-663-13885-3_15.

von Neumann J. Foundations of Quantum
Mechanics[M]. Princeton: Princeton University Press, 2018.
https://doi.org/10.1515/9781400889921.

Lawrence M, Xu N N, Zhang X Q, et al. Manifestation of PT
symmetry breaking in polarization space with
metasurfaces[J]. Phys Rev Lett, 2014, 113(9): 093901.
Lang Y H, Xu Q, Xu G H, et al. Topological metasurface for spin-
decoupled wavefront manipulation of terahertz surface plasmons[J].
Laser Photonics Rev, 2025, 19(4): 2401281.

Yin X B, Zhang X. Unidirectional light propagation at exceptional
points[J]. Nat Mater, 2013, 12(3): 175-177.

Gao F, Yuan P C, Sun Z Y, et al. Experimental demonstration of the
non-Hermitian

Mathematical

terahertz

radio frequency metasurface with polarization-
dependent unidirectional reflectionless Adv
Photonics Res, 2022, 3(8): 2200019.

Yi C, Wang Z J, Shi Y Y, et al. Creating topological exceptional

propagation[J].

point by on-chip all-dielectric metasurface[J]. Light Sci Appl, 2025,
14(1): 262.

Bergholtz E J, Budich J C, Kunst F K. Exceptional topology of non-
Hermitian systems[J]. Rev Mod Phys, 2021, 93(1): 015005.

Song Q H, Odeh M, Zuhiga-Pérez J, et al. Plasmonic topological
metasurface by encircling an exceptional point[J]. Science, 2021,
373(6559): 1133-1137.

Cui T J, Qi M Q, Wan X, et al. Coding metamaterials, digital
metamaterials and programmable metamaterials[J]. Light Sci Appl,
2014, 3(10): e218.

Li Y C, Wan S C, Deng S X, et al. Independent control of circularly
polarized light with exceptional topological phase coding
metasurfaces[J]. Photonics Res, 2024, 12(3): 534-542.

Oh S S, Hess O. Chiral metamaterials: enhancement and control of

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

optical activity and circular dichroism[J]. Nano Converg, 2015, 2(1): 24.
Barron L D. Molecular Light Scattering and Optical Activity[M]. 2nd
ed. Cambridge: Cambridge University Press, 2004.
https://doi.org/10.1017/CBO9780511535468.

Kolkowski R, Kovaios S, Koenderink A F. Pseudochirality at
exceptional rings of optical metasurfaces[J]. Phys Rev Res, 2021,
3(2): 023185.

Baek S, Park S H, Oh D, et al. Non-Hermitian chiral degeneracy of
gated graphene metasurfaces[J]. Light Sci Appl, 2023, 12(1): 87.

Li H J, Yang G X, Jiang A W, et al. Manifestation of super chiral
exceptional points in a plasmonic metasurface[J]. Photonics Res,
2024, 12(12): 2863-2872.

Li G X, Zhang S, Zentgraf T. Nonlinear photonic metasurfaces[J].
Nat Rev Mater, 2017, 2(5): 17010.

Rubin N A, Zaidi A, Juhl M, et al. Polarization state generation and
measurement with a single metasurface[J]. Opt Express, 2018,
26(17): 21455-21478.

Manion G N, Stokkermans T J. Polarization of Light{M]. StatPearls
Publishing, 2023.

Goldberg A Z. Quantum theory of polarimetry: from quantum
operations to Mueller matrices[J]. Phys Rev Res, 2020, 2(2): 023038.
Dennis M R, Alonso M A. Swings and roundabouts: optical Poincaré
spheres for polarization and Gaussian beams[J]. Philos Trans A
Math Phys Eng Sci, 2017, 375(2087): 20150441.

Qin HY, Yang Z J, Huang P S, et al. Sphere of arbitrarily polarized
exceptional points with a single planar metasurface[J]. Nat Commun,
2025, 16(1): 2656.

El-Ganainy R, Makris K G, Khajavikhan M, et al. Non-Hermitian
physics and PT symmetry[J]. Nat Phys, 2018, 14(1): 11-19.
Ozdemir S K, Rotter S, Nori F, et al. Parity—time symmetry
and exceptional points in photonics[J]. Nat Mater, 2019, 18(8):
783-798.

Yang Z J, Huang P S, Lin Y T, et al. Creating pairs of exceptional
points for arbitrary polarization control: asymmetric vectorial
wavefront modulation[J]. Nat Commun, 2024, 15(1): 232.

Shi X T, Lin H, Liu T T, et al. Polarization-controlled non-Hermitian
metasurfaces for ultra-sensitive terahertz sensing[J]. Laser
Photonics Rev, 2025, 19(14): 2500172.

Shaltout A M, Shalaev V M, Brongersma M L. Spatiotemporal light
control with active metasurfaces[J]. Science, 2019, 364(6441):
eaat3100.

Yang Y H, Yamagami Y, Yu X B, et al. Terahertz topological
photonics for on-chip communication[J]. Nat Photonics, 2020, 14(7):
446-451.

Wang D C, Zhang L C, Gu Y H, et al. Switchable ultrathin quarter-
wave plate in terahertz using active phase-change metasurface[J].
Sci Rep, 2015, 5: 15020.

Ding F, Deng Y D, Meng C, et al. Electrically tunable topological
phase transition in non-Hermitian optical MEMS metasurfaces[J].
Sci Adv, 2024, 10(5): eadl4661.

Overvig A C, Mann S A, Alu A. Thermal metasurfaces: complete
emission control by combining local and nonlocal light-matter
interactions[J]. Phys Rev X, 2021, 11(2): 021050.

Sun K L, Yang B X, Cai Y J, et al. Circularly polarized thermal
emission driven by chiral flatbands in monoclinic metasurfaces[J].
Sci Adv, 2025, 11(31): eadw0986.

Mueller J P B, Rubin N A, Devlin R C, et al. Metasurface polarization

260038 (Page 16 of 18)


https://doi.org/10.1021/acsphotonics.6b00564
https://doi.org/10.1038/s41565-023-01408-0
https://doi.org/10.1016/j.optlastec.2022.109010
https://doi.org/10.1038/s41567-020-0796-x
https://doi.org/10.1515/nanoph-2024-0391
https://doi.org/10.1002/andp.19013090310
https://doi.org/10.1007/BF01328377
https://doi.org/10.1002/andp.19263840602
https://doi.org/10.1038/136411a0
https://doi.org/https://doi.org/10.1007/978-3-663-13885-3_15
https://doi.org/https://doi.org/10.1007/978-3-663-13885-3_15
https://doi.org/https://doi.org/10.1007/978-3-663-13885-3_15
https://doi.org/https://doi.org/10.1007/978-3-663-13885-3_15
https://doi.org/https://doi.org/10.1007/978-3-663-13885-3_15
https://doi.org/https://doi.org/10.1007/978-3-663-13885-3_15
https://doi.org/https://doi.org/10.1007/978-3-663-13885-3_15
https://doi.org/https://doi.org/10.1007/978-3-663-13885-3_15
https://doi.org/https://doi.org/10.1007/978-3-663-13885-3_15
https://doi.org/https://doi.org/10.1515/9781400889921
https://doi.org/10.1103/PhysRevLett.113.093901
https://doi.org/10.1002/lpor.202401281
https://doi.org/10.1038/nmat3576
https://doi.org/10.1002/adpr.202200019
https://doi.org/10.1002/adpr.202200019
https://doi.org/10.1038/s41377-025-01955-2
https://doi.org/10.1103/RevModPhys.93.015005
https://doi.org/10.1126/science.abj3179
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1364/PRJ.510300
https://doi.org/10.1186/s40580-015-0058-2
https://doi.org/https://doi.org/10.1017/CBO9780511535468
https://doi.org/10.1103/PhysRevResearch.3.023185
https://doi.org/10.1038/s41377-023-01121-6
https://doi.org/10.1364/PRJ.527846
https://doi.org/10.1038/natrevmats.2017.10
https://doi.org/10.1364/OE.26.021455
https://doi.org/10.1103/PhysRevResearch.2.023038
https://doi.org/10.1098/rsta.2015.0441
https://doi.org/10.1098/rsta.2015.0441
https://doi.org/10.1038/s41467-025-57737-2
https://doi.org/10.1038/nphys4323
https://doi.org/10.1038/s41563-019-0304-9
https://doi.org/10.1038/s41467-023-44428-z
https://doi.org/10.1002/lpor.202500172
https://doi.org/10.1002/lpor.202500172
https://doi.org/10.1126/science.aat3100
https://doi.org/10.1038/s41566-020-0618-9
https://doi.org/10.1038/srep15020
https://doi.org/10.1126/sciadv.adl4661
https://doi.org/10.1103/PhysRevX.11.021050
https://doi.org/10.1126/sciadv.adw0986
https://doi.org/10.12086/oee.2026.260038

w45, SeH TR, 2026, 53(7): 260038 https://doi.org/10.12086/0ee.2026.260038

optics: independent phase control of arbitrary orthogonal states of 69. Papangeli |, Kim J, Maier |, et al. MicroRNA 139-5p coordinates

polarization[J]. Phys Rev Lett, 2017, 118(11): 113901. APLNR-CXCR4 crosstalk during vascular maturation[J]. Nat
67. Zhang XL, YuF, Chen Z G, et al. Non-Abelian braiding on photonic Commun, 2016, 7: 11268.

chips[J]. Nat Photonics, 2022, 16(5): 390-395. 70. He W B, Hu Y Z, Ren Z H, et al. Transient loss-induced non-
68. Mao W B, Fu Z T, Li Y H, et al. Exceptional-point-enhanced phase Hermitian degeneracies for ultrafast terahertz metadevices[J]. Adv

sensing[J]. Sci Adv, 2024, 10(14): eadl5037. Sci, 2023, 10(36): 2304972.
EEE N

B, 22 (2002-), PHREAINRSEGHLR B TR A
EAEE
E-mail: 2662126956(@qq.com

[GEEVEH ] 224636 (1992-), 5, {1, IEEE Senior
Member, Ak “AERAT 2% WAIRlA R B8, 358
DGR TFHEA . M- KA . R AR

E-mail: jtlee@swpu.edu.cn

[SEfEVES ] M8 (1992-), 5, 2022 43R4 M)k
SRR, IO TR AR

E-mail: scu xyy@163.com

Polarization manipulation based on non-Hermitian
metasurfaces

Pan Can?, Xiao Yang'’, Wu Zhenhai?, Liu Zhixiong!, Wang Rongjie!, Sa Weixing!,
He Linfeng?, Li Jitao'?"

!School of Sciences, Southwest Petroleum University, Chengdu, Sichuan 610500, China;
2College of Optoelectronic Engineering, Chengdu University of Information Technology, Chengdu, Sichuan 610225, China

Abstract

Significance In the rapidly developing field of modern photonics, the precise and reliable control of the light polarization state stands as a
crucial and indispensable foundation that strongly supports a wide range of core technological applications, including high-speed optical
communication, advanced quantum information processing, and high-resolution optical imaging systems. Conventional Hermitian optical
systems typically manipulate the polarization of light through passive geometric structural design, relying on fixed physical configurations
rather than active tuning mechanisms. Their inherent confinement by the fundamental law of energy conservation gives rise to notable and
unavoidable drawbacks in terms of dynamic response performance, operational flexibility, and adaptability to complex working
environments. Non-Hermitian physics, as an innovative and revolutionary theoretical framework, breaks through the inherent shackles of
this traditional Hermitian system by introducing gain and loss as active and controllable tuning degrees of freedom into optical systems,
thereby opening up new possibilities for optical manipulation.

Progress As a promising interdisciplinary product integrating non-Hermitian physics and nanophotonics, non-Hermitian metasurfaces
have rapidly emerged as a prominent and highly focused research direction in the photonics community in recent years. The theoretical
foundation of non-Hermitian polarization metasurfaces is mainly established on the principles of non-Hermitian Hamiltonians and the time-
domain coupled-mode theory (TCMT), with their most prominent and distinctive characteristic being the existence of exceptional points
(EPs), which are unique to non-Hermitian systems. When the key parameters of the optical system evolve to an exceptional point, two or
more eigenvalues and their corresponding eigenstates undergo simultaneous degeneracy, a phenomenon that does not occur in traditional
Hermitian systems. This degeneracy further triggers drastic and remarkable changes in the overall system responses, such as efficient chiral
mode conversion, unidirectional polarization rotation, and enhanced light-matter interaction.
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By fully taking advantage of the intrinsic and unique properties of exceptional points (EPs) and parity-time (PT) symmetry, such non-
Hermitian metasurfaces can realize a series of advanced polarization manipulation effects that are extremely hard or even impossible to
achieve with traditional optical methods. These effects include asymmetric transmission of polarized light, topological phase transitions in
polarization states, and polarization-dependent mode switching, all of which have important implications for the development of next-
generation optical devices.

Early research work in this emerging and promising field mainly focused on the design, fabrication, and basic performance testing of
static geometric structures. Researchers successfully achieved various basic polarization control functions, such as the conversion from
linear polarization to circular polarization and the precise selection of specific circular polarization states, through the rational, precise, and
elaborate design of subwavelength meta-atoms with specific shapes, sizes, and orientations. By further integrating gain and loss functional
materials (such as semiconductor materials and plasmonic materials) into these carefully designed geometric structures, PT-symmetric
metasurfaces were successfully fabricated and characterized. A variety of novel and interesting physical effects, including polarization-
dependent laser emission with high directionality and unidirectional invisibility of polarized light, were experimentally observed, measured,
and verified on these specially designed PT-symmetric metasurfaces. In recent years, research efforts in this dynamic field have gradually
advanced towards deeper theoretical exploration, more refined experimental manipulation, and more practical application-oriented
directions. Researchers have successfully achieved precise full coverage control of arbitrary polarization states on the Poincaré sphere by
introducing anisotropic meta-atoms with tailored optical properties and gradient phase distributions across the metasurface. The organic
and effective combination of geometric phase effects and non-Hermitian optical phenomena has also provided strong and effective support
for the implementation of practical optical functions, such as broadband polarization conversion with high efficiency, efficient vortex beam
generation with controllable topological charge, and polarization-insensitive light absorption.

In the ongoing study of non-Hermitian polarization metasurfaces, a key and significant breakthrough lies in achieving independent,
precise, and synchronous control of multiple polarization degrees of freedom. Specifically, based on structure-optimized coupled resonator
metasurfaces with carefully designed resonant modes, researchers have successfully achieved synchronous and precise control of two key
polarization parameters: polarization ellipticity and polarization orientation. After artificially introducing well-controlled non-Hermitian
coupling effects between orthogonal polarization modes, polarization-dependent nonreciprocal transmission phenomena were also clearly
observed and systematically studied in experiments. These phenomena are the core working mechanisms of essential photonic devices such
as optical isolators and circulators in modern optical communication and quantum information systems.

To effectively overcome the inherent limitations of traditional static metasurface devices, such as their fixed performance and lack of
dynamic adjustability, researchers have in recent years begun to actively explore and develop dynamically tunable non-Hermitian
polarization metasurfaces. By integrating functional materials and components such as electro-optic crystals, thermo-optic polymers, and
optomechanical structures into the overall metasurface design, real-time, flexible, and reversible control over gain/loss distribution and
polarization response has been successfully achieved, greatly expanding the practical application scenarios of these metasurfaces.

Conclusions and Prospects This paper focuses on the core theme of polarization control, comprehensively reviewing the relevant
theoretical foundations, key experimental methods, and representative research achievements of non-Hermitian polarization metasurfaces
from three important aspects: system geometric parameters optimization, polarization degrees of freedom control, and dynamic regulation
by external fields. Looking ahead to the future development prospects of this exciting field, the deep and seamless integration of non-
Hermitian physics with emerging advanced technologies such as machine learning, artificial intelligence, and topological photonics is
expected to bring entirely new innovative breakthroughs to the study of non-Hermitian polarization metasurfaces.
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