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Fig. 1. The real and imaginary parts of the two eigenvalues Ay and A_ are plotted in (a) and (b) as a function of J/v respect-

ively; (c) while the non-orthogonality between the two eigenvectors, which is characterized by [(—|+)|. Parameters are

M =772 = =7
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Fig. 2. (a) Comparison of eigenvalues between the case of
non-Hermitian system near the EP and that of a Hermitian
system whose eigenvalues depend linearly on the perturba-
tion; (b) the corresponding comparison of the spectral split-

ting between the two cases!?.
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Fig. 3. (a) A microdisk cavity coupled with two nanometer
scatterers (on the right) to form a non-Hermitian system of
two coupled clockwise and counterclockwise modes; (b) this
is equivalent to a PT-symmetric system of two coupled cav-
ities with equal gain and loss. After preparing the system at
the EP, a target scatterer shown on the left is placed to in-

troduce the perturbation to be measured near the EPP.

WG EP fE Mo R 200 SR R b ik
SREAFEWF R, 5 TEK . A S5
AIPEIRES, AT AT R EP AR I8 HLH 5 A
I CEF AL IR S5 A R THI  B 5 S5 R 0L R 8. Ik
b DR g B R RS T s, FE 4R Ok
B Eh BT . 2023 4F, Li 4 96 B9F T 5L
F ik T EP G AT T7E B8R rp ol i %)
5 3 AHIRAT LA ARG B AR A B TE AR -3
X WAt Ik A ) T D) 2 1 A e A 3
25 SR REHIACLE EP. Jthn TH4 2518968 1
(RS i T 0 R G 8 S e, S EOIRER S, AU
R[] B 2l R 2R MG R TR, S A
AT AT, AT LA i SR 45 i R R A X
T TAESS S EP HOGLHERR, AR SE I R
BB Y AT A% S R HL NI RN AL 3R I 45 T BE T 37
AR, 28R FE B IE N H 2 0T, i ZE R T
YRR 35 AIE 52 BRI H 5 5 OGEF EP A& R e P
GIIETAES

BRG2E R G A8, EP Mo 14 BRI gl e 3
FE TR, 2020 4, Park 5 MBS T &R 5
B TR GAR LR B W B A B AR A RUZ 55 B T4
FrR i) — B EP. A TAEEIS B3 T EP 545
JEIA K Z AR R YOG 2R, it SEge AT T
B UE. FERCIERE I, AR N T R BR R
FEW &3 EP R LA SR A5 5 N R AL X 7 T
W TAETFR T EP A WR IR rT 6EME, ARdiFn]

DL — 24 Ji B H A RS A A= R 01 B4 e R B
D, BORF A S 2 W 5 T BAT R A

3.2 FIA EPEENERFRILIREE

(EREACIVEY COE S Si A A =N Rl § =73
BRI O, WG AR, thoe T
R R R RER TE 5N R, A K S
R R 2. B TAERUE T EP AT g 15
SR REUE, AMTEEME R EP 2 A0 LI R R
TEAL A% O SHL, BIANE M LB R . X 22
BRI 5 Wi 0 FE50A G, R it e T R Gext
N AR S 22 IE Y R B O EP R AR
i o7 ZR 45 0% [ s, A ] A bl RS 1 W DA T 75
ANERAT MR LA S 5 R AR B 15 BB T i,
2018 4F Langbein®! & Bl EP JG % #2 & R % .
2020 4, Wang 55 27 78 4i7 BLIH BHOG P IR vy 52
55 % BUAE EP BRI I AR AE A5 R B 40 Al i
AR R MR R ROKR, JTREE SRR EP 2RISR,
HHHORAEEEE TR SO, 52 24H T1E S
JRRAEONE A5 00 {5 e L DA % R R Y e A 130
$ETt.

H3 2022 4F, Kononchuk 45 (7 7F 25 #iL 1, %
kb EP, HAE EP B ins B, Seish
REARAEE S TSR B TEMRL,
AT FH 28 ) v B FL R R 2 FL A R iR 2%, O
WA HRESE T — ARG R ], G
B —3i 5 — BT m PR E . MR RS G
S, IR G DR ESA B— T LY PT XK
Y5, S0 ik 25 WA N — 2 B B T 45
RYLrE s, L9 bk W R 40 S R
B 2L 2 [B] A TE] B, W1 DAAS 2R 0y B At fi]
KI T EP [WAFTE, WeBT 24001 5 0 B2 1 s
TP R O R (B2 T REH S IFERL,
T P T RS EP JEONE A, 2 R 1 O 25
EP. I HARATNER IS b % BIF SE S 1 F 52 0 faf
PIDEN iDL ERED i ON NG R S ON 2 S NN
&) R EREA T VE Y QUA TN E G &3 W Ei e =
L. 3OS A — IR BT EP AR TRy
{EME L, J2 EP LAY S B e Pr i L —
MRS,

3 o ) Y S R DA B ST AN S AN A R B 5
R EP A% R 5 {5 M L S R AR SR TR A SR
X — AR — 20 4 Jie 3 94 K A6 B DN i R 5 TG

040605-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B 2 3R Acta Phys. Sin. Vol. 75, No. 4 (2026) 040605

SERON G 1A Hp BL82 2024 4R Xu 45 B 527
JEs A AT ARG K RS RS B S 58, I S
A A I AP, e H A — A A
B 15 HAERL, v RS A S
BEZA TR a5 L BUR 4 RSBt — Aok g
BAish, o &R AR I H R 4] BE g ok
PAFEAFAE T AR, HHBUAA AR SE 56 T 0L 5]
T AR R 5 15 e R R B0, I iR et
PEEPIA B RN, SR 240 0 S AR S
i EP, (HEIFAES, BRSSO A
BRI SEOR, SE80 FAAR BT 5 A5 A1 et 5.
IJE, Ruan 55 82 FE 62 s i | VAR RE G R
FR A I B RS 7K FARE B R PR ASAE AR, oA i
N AR 3 A R IR B X A FE . AN
HIEEY, REGEHTEAE EP LR S fa I 55, P
SEERIEARE A A6 SR S A RO A R fin
WA, WEEF SRIEE 5 005 T ARG R, I AT
DLIE 3 WS S i e B 2 i I N . #h 75
MR, LK IR T 3858 10 £5 595 5 M R 5
B HeAb, FR TR R S 0 AT O B S 8 R S R AR
B EP /N, [FIRHBASR] T 3 fHsm a5 L.

H AT, UESE EP A2 DAHE B 15 M LU Y S 5038
JRBR T LR F DG R G, SR, X 2SR ST
55 EP {2 Iom 50 L Ba g T ST 3R, 55—
D7, oA EP ARETIF G TRk =, v AT, 76
ARG, EP AL I8R50 (5 0 L b 27 HoAb 4 B
RGP EENES. F9 E, EP B HAb AR 4y B
RGN R, X iR R TR EP Rk s
AR 1) 7 W R R AR A RS R,

4 EP 15 RH R E Ik 8 £ E P8

EP R AT TR RIHER, WiRilhE A
DRIPRER, TR

1) MEFE RS {5 LLBR . EP &AL
FIT RGEANMERIS NI B AT WL AL,
RIS fole 35 14y B A O B 5 | A 2 S5 TR B 2
SR, EP AMUBCK 755, FIFRWECR T RS+
(s E AR AT LUE T R GEAERUETS EP BER
A% i Y 2, A IR PR OR P BN /N TR 5Tk
AT, IITARATAT BR R 5 1 LUAR T, {EUR: H ATk
PR G b 2 T4 £ RE R & EP (1977 30 e
FHORII R, HAR M L3R TR/ N 5 50k

5L, AReFe o Al EP $E5R L P ERE L 3,
I Anfar s EP A% 86 (% M n) B2 H A T I Y
FEPIRZ —.

2) Gi—H IS HELE. — 5T, ARG AR I &
Ti%, HETC RS SR F o i ) S AR AR AR B
oB SR B 2L 7 R UESE EP AR T AR 1 M L
FRGE 280820 5 —J7 T, AE 4 i A Y
SRS, AT EAEIE K R 421 Fisher
FEAREE I I JEK R ST, Wil s s A 2
PEARJE K R 48 I 1 R 508 AN 2 8 0 % g Y JE oK
R4 00T A R A P AR E K R T R
i) Fisher {5 87 EP 7] LIS R AR 7459,
B EP 7EJE KRG i m REUE W 1. AR
AT BE ) A5 ol = () 2538, Anfel e 58— p 3
WHESL T M FIE Y EP 2Bt 2k 2 —.

3) ARG R E . EP X 2RI Kk RS
HHANEAE FAS AR Y [R5 15 0, RGERT S EER 3k
FERUR. BRI RO T (EASE R R L 4
R RS B AR E A R R RS
i EP, fiif5 R 8% 2080 T . XM IRE0N S5
HURf1S EP A% AR TR S bR 52 IR it BA H
T JRAE AR IR A L RE I AR LK S5 (40 Excep-
tional surfacel’™)), % JE& F2 g Pk I 45 F {1 & L
i, S EP {28 52 ALY S

5 EP M KKEET

M 2014 RS FEE AT EP G RE 4
ANt TR, EP AR BORNE &S5 S 2B L
BB T E Rk, MR E S, an Eark, XF
EP IR AMF FE WA T H PR, X — 5 i
R EP &R E— LS I pFFE 4k, [+
I AR B EP AL 535 0 T 07 . 454 Hofth
TR JEHEE EP AR EATST, 152 EP /R0t
FEA P REHUS 2 M (1 FE By ), 5]

1) EP fE S 8T 4. BT 28 EP
PR IRMERE Y DG R 2R 10667781 H i S ik R R T
EP &80T DL /INIE B 3 i ) (5 0 Lb, (3 25
OCRE TR ORI B s i T | (A D0 M s
TE s AR TR 4R T e L R fE
JEUE EP BRI G R, o —A~ 1T e
K I 7 1) 2 R N R ] EP & 8 # o
. BATE A S R AR R T R

040605-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B 2 3R Acta Phys. Sin. Vol. 75, No. 4 (2026) 040605

G rf B e 4 A5 B P AE AR BP0 102 A (e
fifl b, wf AFFER A R4 e A EP i 12 2%
WER. J3Ah, S a ROt A R T BORA
] EP 2 R 2 T fE 7 0 22—, Bl gt 3 |
il EP AR I I BE T 9 7 3, m DL A
DT PR 103101 R g 105107 28 775 2R A1 5k JEE
L

2) M EP M sh 5. Hil EP L1&07 i
AIIFE, AN R BEIE I R SR % TR S T,
QAR A RS (8] 22 AL R L. SR 1S B H
B LI 3 5 e T B A BN ) 28 Y S A .
X7 THT i LAY 4 (51l 2 5 | i I 08 S
(451 7335 EHOE AP I BN G R 3 1
AL, Anfaf 3 R EP A& R HE 5l (4 )07
MYl e BP R RORSRIN A BT M Z —. fEX
—J7 1) b, AR08 B Al AT PEERAIE, BT L A H
AT ELSE L) EP AP EF & Bl iner R4t
INA BB 18] 248 A2 I ShAS AL, /N T AR
(T VE R P SE 0 EP A2 B T LUE P54
e SN AS AL A TR) 73 B

3) eI AL SR, HESh BP AL SE5R:
2 SO 7 5 1) S B P 5 2L B AR i R A
MARGEM. H AT T2 M 21 EP &%
N EP L RAFB0E T RAF 19T i, 75 I Rl
b, AR PR Tk EP AR E N = P Y
FRETE. W, AR B i THOAR | £t
HL 0 SRR R, SR BN ARG Zh#E
R HRBUZ =N EP 21845, J2 Rk EP L%
POARTE W S AL 2 .

6 & %

EP AN T AR R RS (R IR I TR L
FlE, PR TR I St 50 R ) S i, e 2
PETH T ARSI B9 15 5 i v R A o AR,
MR JE K &7 2 B th ke, KRR )
LR RET RGP IZ S, EP ZIRE R
PR 2 | AN TR B I ) R

A, EP MR EOR BAREUS T4 AHE H i
JE, A 4 4 5 P15 MR LU S R, (LR L &R
GuRe R P A5 PR 7 FH 4 AT A 2 JFLE ) S B
JO7 I e v e A LR ) T B, RO A SRR
JE VPR AR AL | 45612005 TR AN

RIS K, EP A2 80 BB S 56 258 1)
Ak Ak, HESIRGHEAL AR BEA BT 2L T,

S 30k

[1] Miri M A, Ala A 2019 Science 363 eaar7709
[2] Heiss W D 2012 J. Phys. A Math. Theor. 45 444016
[3] Wiersig J 2020 Photon. Res. 8 1457
[4] Degen C L, Reinhard F, Cappellaro P 2017 Rev. Mod. Phys.
89 035002
[6] Wiersig J 2020 Nat. Commun. 11 2454
[6] Kato T 1966 Perturbation Theory for Linear Operators
(Berlin, Germany: Springer). Chap. 2.1
[7] Bender C M, Boettcher S 1998 Phys. Rev. Lett. 80 5243
[8] Bender C M, Brody D C, Jones H F 2002 Phys. Rev. Lett.
89 270401
[9] Mostafazadeh A 2010 Int. J. Geom. Methods Mod. Phys. 07
1191
[10] Brody D C 2013 J. Phys. A Math. Theor. 47 035305
[11] Gong J, Wang Q H 2013 J. Phys. A Math. Theor. 46 485302
[12] Bender C M, Hook D W 2024 Rev. Mod. Phys. 96 045002
[13] Guo A, Salamo G J, Duchesne D, Morandotti R, Volatier-
Ravat M, Aimez V, Siviloglou G A, Christodoulides D N
2009 Phys. Rev. Lett. 103 093902
[14] Riiter C E, Makris K G, El-Ganainy R, Christodoulides D
N, Segev M, Kip D 2010 Nat. Phys. 6 192
[15] Lin Z, Ramezani H, Eichelkraut T, Kottos T, Cao H,
Christodoulides D N 2011 Phys. Rev. Lett. 106 213901
[16] Regensburger A, Bersch C, Miri M A, Onishchukov G,
Christodoulides D N, Peschel U 2012 Nature 488 167
[17] Feng L, Xu Y L, Fegadolli W S, Lu M H, Oliveira J E B,
Almeida V R, Chen Y F, Scherer A 2013 Nat. Mater. 12 108
[18] Liertzer M, Ge L, Cerjan A, Stone A D, Tiireci H E, Rotter
S 2012 Phys. Rev. Lett. 108 173901
[19] Brandstetter M, Liertzer M, Deutsch C, Klang P, Schoberl
J, Tiireci H E, Strasser G, Unterrainer K, Rotter S 2014
Nat. Commun. 5 4034
[20] Peng B, Ozdemir $ K, Rotter S, Yilmaz H, Liertzer M,
Monifi F, Bender C M, Nori F, Yang L 2014 Science 346 328
[21] Zhen B, Hsu C W, Igarashi Y, Lu L, Kaminer I, Pick A,
Chua S L, Joannopoulos J D, Solja¢i¢ M 2015 Nature 525
354
[22] Doppler J, Mailybaev A A, Bohm J, Kuhl U, Girschik A,
Libisch F, Milburn T J, Rabl P, Moiseyev N, Rotter S 2016
Nature 537 76
[23] Chen W, Kaya Ozdemir S, Zhao G, Wiersig J, Yang L 2017
Nature 548 192
[24] Hodaei H, Hassan A U, Wittek S, Garcia-Gracia H, El-
Ganainy R, Christodoulides D N, Khajavikhan M 2017
Nature 548 187
[25] Mortensen N A, Gongalves P A D, Khajavikhan M,
Christodoulides D N, Tserkezis C, Wolff C 2018 Optica 5
1342
[26] LaiY H,Lu Y K, Suh M G, Yuan Z, Vahala K 2019 Nature
576 65
[27] Wang H, Lai Y H, Yuan Z, Suh M G, Vahala K 2020 Nat.
Commun. 11 1610
[28] Wang C Q, Jiang X F, Zhao G M, Zhang M Z, Hsu C W,
Peng B, Stone A D, Jiang L, Yang L 2020 Nat. Phys. 16 334
[29] Cartarius H, Main J, Wunner G 2007 Phys. Rev. Lett. 99
173003

040605-6


https://doi.org/10.1126/science.aar7709
https://doi.org/10.1126/science.aar7709
https://doi.org/10.1126/science.aar7709
https://doi.org/10.1126/science.aar7709
https://doi.org/10.1126/science.aar7709
https://doi.org/10.1126/science.aar7709
https://doi.org/10.1126/science.aar7709
https://doi.org/10.1088/1751-8113/45/44/444016
https://doi.org/10.1088/1751-8113/45/44/444016
https://doi.org/10.1088/1751-8113/45/44/444016
https://doi.org/10.1088/1751-8113/45/44/444016
https://doi.org/10.1088/1751-8113/45/44/444016
https://doi.org/10.1088/1751-8113/45/44/444016
https://doi.org/10.1088/1751-8113/45/44/444016
https://doi.org/10.1364/PRJ.396115
https://doi.org/10.1364/PRJ.396115
https://doi.org/10.1364/PRJ.396115
https://doi.org/10.1364/PRJ.396115
https://doi.org/10.1364/PRJ.396115
https://doi.org/10.1364/PRJ.396115
https://doi.org/10.1364/PRJ.396115
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1038/s41467-020-16373-8
https://doi.org/10.1038/s41467-020-16373-8
https://doi.org/10.1038/s41467-020-16373-8
https://doi.org/10.1038/s41467-020-16373-8
https://doi.org/10.1038/s41467-020-16373-8
https://doi.org/10.1038/s41467-020-16373-8
https://doi.org/10.1038/s41467-020-16373-8
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1103/PhysRevLett.89.270401
https://doi.org/10.1103/PhysRevLett.89.270401
https://doi.org/10.1103/PhysRevLett.89.270401
https://doi.org/10.1103/PhysRevLett.89.270401
https://doi.org/10.1103/PhysRevLett.89.270401
https://doi.org/10.1103/PhysRevLett.89.270401
https://doi.org/10.1142/S0219887810004816
https://doi.org/10.1142/S0219887810004816
https://doi.org/10.1142/S0219887810004816
https://doi.org/10.1142/S0219887810004816
https://doi.org/10.1142/S0219887810004816
https://doi.org/10.1142/S0219887810004816
https://doi.org/10.1088/1751-8113/47/3/035305
https://doi.org/10.1088/1751-8113/47/3/035305
https://doi.org/10.1088/1751-8113/47/3/035305
https://doi.org/10.1088/1751-8113/47/3/035305
https://doi.org/10.1088/1751-8113/47/3/035305
https://doi.org/10.1088/1751-8113/47/3/035305
https://doi.org/10.1088/1751-8113/47/3/035305
https://doi.org/10.1088/1751-8113/46/48/485302
https://doi.org/10.1088/1751-8113/46/48/485302
https://doi.org/10.1088/1751-8113/46/48/485302
https://doi.org/10.1088/1751-8113/46/48/485302
https://doi.org/10.1088/1751-8113/46/48/485302
https://doi.org/10.1088/1751-8113/46/48/485302
https://doi.org/10.1088/1751-8113/46/48/485302
https://doi.org/10.1103/RevModPhys.96.045002
https://doi.org/10.1103/RevModPhys.96.045002
https://doi.org/10.1103/RevModPhys.96.045002
https://doi.org/10.1103/RevModPhys.96.045002
https://doi.org/10.1103/RevModPhys.96.045002
https://doi.org/10.1103/RevModPhys.96.045002
https://doi.org/10.1103/RevModPhys.96.045002
https://doi.org/10.1103/PhysRevLett.103.093902
https://doi.org/10.1103/PhysRevLett.103.093902
https://doi.org/10.1103/PhysRevLett.103.093902
https://doi.org/10.1103/PhysRevLett.103.093902
https://doi.org/10.1103/PhysRevLett.103.093902
https://doi.org/10.1103/PhysRevLett.103.093902
https://doi.org/10.1103/PhysRevLett.103.093902
https://doi.org/10.1038/nphys1515
https://doi.org/10.1038/nphys1515
https://doi.org/10.1038/nphys1515
https://doi.org/10.1038/nphys1515
https://doi.org/10.1038/nphys1515
https://doi.org/10.1038/nphys1515
https://doi.org/10.1038/nphys1515
https://doi.org/10.1103/PhysRevLett.106.213901
https://doi.org/10.1103/PhysRevLett.106.213901
https://doi.org/10.1103/PhysRevLett.106.213901
https://doi.org/10.1103/PhysRevLett.106.213901
https://doi.org/10.1103/PhysRevLett.106.213901
https://doi.org/10.1103/PhysRevLett.106.213901
https://doi.org/10.1103/PhysRevLett.106.213901
https://doi.org/10.1038/nature11298
https://doi.org/10.1038/nature11298
https://doi.org/10.1038/nature11298
https://doi.org/10.1038/nature11298
https://doi.org/10.1038/nature11298
https://doi.org/10.1038/nature11298
https://doi.org/10.1038/nature11298
https://doi.org/10.1038/nmat3495
https://doi.org/10.1038/nmat3495
https://doi.org/10.1038/nmat3495
https://doi.org/10.1038/nmat3495
https://doi.org/10.1038/nmat3495
https://doi.org/10.1038/nmat3495
https://doi.org/10.1038/nmat3495
https://doi.org/10.1103/PhysRevLett.108.173901
https://doi.org/10.1103/PhysRevLett.108.173901
https://doi.org/10.1103/PhysRevLett.108.173901
https://doi.org/10.1103/PhysRevLett.108.173901
https://doi.org/10.1103/PhysRevLett.108.173901
https://doi.org/10.1103/PhysRevLett.108.173901
https://doi.org/10.1103/PhysRevLett.108.173901
https://doi.org/10.1038/ncomms5034
https://doi.org/10.1038/ncomms5034
https://doi.org/10.1038/ncomms5034
https://doi.org/10.1038/ncomms5034
https://doi.org/10.1038/ncomms5034
https://doi.org/10.1038/ncomms5034
https://doi.org/10.1126/science.1258004
https://doi.org/10.1126/science.1258004
https://doi.org/10.1126/science.1258004
https://doi.org/10.1126/science.1258004
https://doi.org/10.1126/science.1258004
https://doi.org/10.1126/science.1258004
https://doi.org/10.1126/science.1258004
https://doi.org/10.1038/nature14889
https://doi.org/10.1038/nature14889
https://doi.org/10.1038/nature14889
https://doi.org/10.1038/nature14889
https://doi.org/10.1038/nature14889
https://doi.org/10.1038/nature14889
https://doi.org/10.1038/nature18605
https://doi.org/10.1038/nature18605
https://doi.org/10.1038/nature18605
https://doi.org/10.1038/nature18605
https://doi.org/10.1038/nature18605
https://doi.org/10.1038/nature18605
https://doi.org/10.1038/nature23281
https://doi.org/10.1038/nature23281
https://doi.org/10.1038/nature23281
https://doi.org/10.1038/nature23281
https://doi.org/10.1038/nature23281
https://doi.org/10.1038/nature23281
https://doi.org/10.1038/nature23280
https://doi.org/10.1038/nature23280
https://doi.org/10.1038/nature23280
https://doi.org/10.1038/nature23280
https://doi.org/10.1038/nature23280
https://doi.org/10.1038/nature23280
https://doi.org/10.1364/OPTICA.5.001342
https://doi.org/10.1364/OPTICA.5.001342
https://doi.org/10.1364/OPTICA.5.001342
https://doi.org/10.1364/OPTICA.5.001342
https://doi.org/10.1364/OPTICA.5.001342
https://doi.org/10.1364/OPTICA.5.001342
https://doi.org/10.1038/s41586-019-1777-z
https://doi.org/10.1038/s41586-019-1777-z
https://doi.org/10.1038/s41586-019-1777-z
https://doi.org/10.1038/s41586-019-1777-z
https://doi.org/10.1038/s41586-019-1777-z
https://doi.org/10.1038/s41586-019-1777-z
https://doi.org/10.1038/s41467-020-15341-6
https://doi.org/10.1038/s41467-020-15341-6
https://doi.org/10.1038/s41467-020-15341-6
https://doi.org/10.1038/s41467-020-15341-6
https://doi.org/10.1038/s41467-020-15341-6
https://doi.org/10.1038/s41467-020-15341-6
https://doi.org/10.1038/s41467-020-15341-6
https://doi.org/10.1038/s41467-020-15341-6
https://doi.org/10.1038/s41567-019-0746-7
https://doi.org/10.1038/s41567-019-0746-7
https://doi.org/10.1038/s41567-019-0746-7
https://doi.org/10.1038/s41567-019-0746-7
https://doi.org/10.1038/s41567-019-0746-7
https://doi.org/10.1038/s41567-019-0746-7
https://doi.org/10.1038/s41567-019-0746-7
https://doi.org/10.1103/PhysRevLett.99.173003
https://doi.org/10.1103/PhysRevLett.99.173003
https://doi.org/10.1103/PhysRevLett.99.173003
https://doi.org/10.1103/PhysRevLett.99.173003
https://doi.org/10.1103/PhysRevLett.99.173003
https://doi.org/10.1103/PhysRevLett.99.173003
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 75, No. 4 (2026) 040605

30]
(31]
(32]

33]
(34]

35]

(36]

37]
38]

(39]

(40]
[41]

42]
(43]

4]
(45]
(46]

(47]
(48]

[49]
[50]
[51]
[52]
[53]
[54]
[55]

[56]
[57]

[58]

[59]

Peng P, Cao W X, Shen C, Qu W Z, Wen J M, Jiang L,
Xiao Y H 2016 Nat. Phys. 12 1139

Liang C, Tang Y, Xu A N, Liu Y C 2023 Phys. Rev. Lett.
130 263601

Zhang Z, Zhang F, Xu Z, Hu Y, Bao H, Shen H 2024 Phys.
Rev. Lett. 133 133601

Kopciuch M, Miranowicz A 2025 Phys. Rev. Res. 7 033187
Zhang J, Li E Z, Wang Y J, Liu B, Zhang L H, Zhang Z Y,
Shao S'Y, Li Q, Chen H C, Ma Y, Han T Y, Wang Q F,
Nan J D, Yin Y M, Zhu D Y, Guo G C, Ding D S, Shi B S
2025 Nat. Commun. 16 3511

Ding L, Shi K, Zhang Q, Shen D, Zhang X, Zhang W 2021
Phys. Rev. Lett. 126 083604

Chen Y Y, Li K, Zhang L, Wu Y K, Ma J Y, Yang H X,
Zhang C, Qi B X, Zhou Z C, Hou P Y, Xu Y, Duan L M
2025 Nat. Commun. 16 7478

Shi C Z, Dubois M, Chen Y, Cheng L, Ramezani H, Wang
Y, Zhang X 2016 Nat. Commun. 7 11110

Lii H, Ozdemir S K, Kuang L M, Nori F, Jing H 2017 Phys.
Rev. Appl. 8 044020

Zhang J, Peng B, Ozdemir S K, Pichler K, Krimer D O,
Zhao G, Nori F, Liu Y X, Rotter S, Yang L 2018 Nat.
Photonics 12 479

Stehmann T, Heiss W D, Scholtz F G 2004 J. Phys. A Math.
General 37 7813

Xiao Z, Li H, Kottos T, Ala A 2019 Phys. Rev. Lett. 123
213901

Gao T, Estrecho E, Bliokh K'Y, et al. 2015 Nature 526 554
Gao T, Li G, Estrecho E, Liew T C H, Comber-Todd D,
Nalitov A, Steger M, West K, Pfeiffer L, Snoke D W,
Kavokin A V, Truscott A G, Ostrovskaya E A 2018 Phys.
Rev. Lett. 120 065301

Park J H, Ndao A, Cai W, Hsu L, Kodigala A, Lepetit T, Lo
Y H, Kanté B 2020 Nat. Phys. 16 462

Wu Y, Liu W Q, Geng J P, Song X R, Ye X Y, Duan C K,
Rong X, Du J F 2019 Science 364 878

WuY, Wang Y H, Ye X Y, Liu W Q, Niu Z B, Duan C K,
Wang Y, Rong X, Du J F 2024 Nat. Nanotechnol. 19 160
Heiss W D, Harney H L 2001 Ewrop. Phys. J. D 17 149
Peng B, Ozdemir S K, Liertzer M, Chen W, Kramer J,
Yilmaz H, Wiersig J, Rotter S, Yang L 2016 PNAS 113 6845
Cao W, Lu X, Meng X, Sun J, Shen H, Xiao Y 2020 Phys.
Rev. Lett. 124 030401

Huang R, Ozdemir S K, Liao J Q, Minganti F, Kuang L M,
Nori F, Jing H 2022 Laser Photonics Rev. 16 2100430
Dembowski C, Griaf H D, Harney H L, Heine A, Heiss W D,
Rehfeld H, Richter A 2001 Phys. Rev. Lett. 86 787
Dembowski C, Dietz B, Graf H D, Harney H L, Heine A,
Heiss W D, Richter A 2004 Phys. Rev. E 69 056216

Xu H, Mason D, Jiang L. Y, Harris J G E 2016 Nature 537
80

Ding K, Ma G, Xiao M, Zhang Z Q, Chan C T 2016 Phys.
Rev. X 6 021007

Leykam D, Bliokh K Y, Huang C, Chong Y D, Nori F 2017
Phys. Rev. Lett. 118 040401

Shen H T, Zhen B, Fu L 2018 Phys. Rev. Lett. 120 146402
Hassani Gangaraj S A, Monticone F 2018 Phys. Rev. Lett.
121 093901

Zhou H, Peng C, Yoon Y, Hsu C W, Nelson K A, Fu L,
Joannopoulos J D, Solja¢i¢ M, Zhen B 2018 Science 359
1009

Yoon J W, Choi Y, Hahn C, Kim G, Song S H, Yang K Y,
Lee J Y, Kim Y, Lee C S, Shin J K, Lee H S, Berini P 2018

[60]
[61]

(62]

(78]
[79]
[80]

[81]

[82]

[90]

[91]

[92]

(93]

(94]
[95]

040605-7

Nature 562 86

Okuma N, Kawabata K, Shiozaki K, Sato M 2020 Phys.
Rev. Lett. 124 086801

Goldzak T, Mailybaev A A, Moiseyev N 2018 Phys. Rev.
Lett. 120 013901

Zhu 'Y C, Hou J K, Geng Q, Xue B'Y, Chen Y P, Chen X
F, Ge L, Wan W J 2024 Nat. Commun. 15 8101

Wiersig J 2014 Phys. Rev. Lett. 112 203901

Wiersig J 2016 Phys. Rev. A 93 033809

Langbein W 2018 Phys. Rev. A 98 023805

Lau H K, Clerk A A 2018 Nat. Commun. 9 4320

Chen C, Jin L, Liu R B 2019 New J. Phys. 21 083002

Zhang M, Sweeney W, Hsu C W, Yang L, Stone A D, Jiang
L 2019 Phys. Rev. Lett. 123 180501

Yu S, Meng Y, Tang J S, Xu X Y, Wang Y T, Yin P, Ke Z
J, Liu W, Li Z P, Yang Y Z, Chen G, Han Y J, Li C F, Guo
G C 2020 Phys. Rev. Lett. 125 240506

Qin G Q, Xie R R, Zhang H, Hu Y Q, Wang M, Li G Q, Xu
H, Lei F, Ruan D, Long G L 2021 Laser Photon. Rev. 15
2000569

Geng Q, Zhu K D 2021 Photonics Res. 9 1645

Kononchuk R, Cai J, Ellis F, Thevamaran R, Kottos T 2022
Nature 607 697

Duggan R, Mann S A, Alu A 2022 ACS Photonics 9 1554
Luo X W, Zhang C, Du S 2022 Phys. Rev. Lett. 128 173602
Wang J, Mukhopadhyay D, Agarwal G S 2022 Phys. Rev.
Res. 4 013131

Wong W C, Li J 2023 New J. Phys. 25 033018

Zhang X D, Hu J B, Zhao N 2023 Phys. Rev. Lett. 130
023201

Ding W K, Wang X G, Chen S 2023 Phys. Rev. Lett. 131
160801

Mao W, Fu Z, 1i Y, Li F, Yang L 2024 Sci. Adv. 10
eadl5037

Loughlin H, Sudhir V 2024 Phys. Rev. Lett. 132 243601
XuJP,MaoY H, Li Z P, Zuo Y L, Zhang J F, Yang B, Xu
W, Liu N, Deng Z J, Chen W, Xia K'Y, Qiu C W, Zhu Z H,
Jing H, Liu K 2024 Nat. Nanotechnol. 19 1472

Ruan Y P, Tang J S, Li Z, Wu H, Zhou W, Xiao L, Chen J,
Ge S J, Hu W, Zhang H, Qiu C W, Liu W, Jing H, Lu Y Q,
Xia K 2025 Nat. Photonics 19 109

Shi M W, Bao G Z, Guo J X, Zhang W P 2025 Phys. Rev.
Res. 7 1022034

Zheng X, Chong Y D 2025 Phys. Rev. Lett. 134 133801
Mandal I, Bergholtz E J 2021 Phys. Rev. Lett. 127 186601
Wiersig J 2022 Phys. Rev. Res. 4 023121

Tschernig K, Busch K, Christodoulides D N, Perez-Leija A
2022 Laser Photonics Rev. 16 2100707

Wiersig J 2023 Phys. Rev. A 108 033501

Liao K, Zhong Y, Du Z, Liu G, Li C, Wu X, Deng C, Lu C,
Wang X, Chan C T, Song Q, Wang S, Liu X, Hu X, Gong Q
2023 Sci. Adv. 9 eadf3470

Wang K, Xiao L, Lin H, Yi W, Bergholtz E J, Xue P 2023
Sei. Adv. 9 eadi0732

Kullig J, Grom D, Klembt S, Wiersig J 2023 Photonics Res.
11 A54

Li Z Z, Chen W, Abbasi M, Murch K W, Whaley K B 2023
Phys. Rev. Lett. 131 100202

Han P R, Ning W, Huang X J, Zheng R H, Yang S B, Wu
F, Yang Z B, Su Q P, Yang C P, Zheng S B 2024 Nat.
Commun. 15 10293

Wiersig J, Chen W 2025 Phys. Rev. Res. 7 033034
Hokmabadi M P, Schumer A, Christodoulides D N,


https://doi.org/10.1038/nphys3842
https://doi.org/10.1038/nphys3842
https://doi.org/10.1038/nphys3842
https://doi.org/10.1038/nphys3842
https://doi.org/10.1038/nphys3842
https://doi.org/10.1038/nphys3842
https://doi.org/10.1038/nphys3842
https://doi.org/10.1103/PhysRevLett.130.263601
https://doi.org/10.1103/PhysRevLett.130.263601
https://doi.org/10.1103/PhysRevLett.130.263601
https://doi.org/10.1103/PhysRevLett.130.263601
https://doi.org/10.1103/PhysRevLett.130.263601
https://doi.org/10.1103/PhysRevLett.130.263601
https://doi.org/10.1103/PhysRevLett.133.133601
https://doi.org/10.1103/PhysRevLett.133.133601
https://doi.org/10.1103/PhysRevLett.133.133601
https://doi.org/10.1103/PhysRevLett.133.133601
https://doi.org/10.1103/PhysRevLett.133.133601
https://doi.org/10.1103/PhysRevLett.133.133601
https://doi.org/10.1103/PhysRevLett.133.133601
https://doi.org/10.1103/PhysRevLett.133.133601
https://doi.org/10.1103/zxw5-nlsn
https://doi.org/10.1103/zxw5-nlsn
https://doi.org/10.1103/zxw5-nlsn
https://doi.org/10.1103/zxw5-nlsn
https://doi.org/10.1103/zxw5-nlsn
https://doi.org/10.1103/zxw5-nlsn
https://doi.org/10.1103/zxw5-nlsn
https://doi.org/10.1038/s41467-025-58850-y
https://doi.org/10.1038/s41467-025-58850-y
https://doi.org/10.1038/s41467-025-58850-y
https://doi.org/10.1038/s41467-025-58850-y
https://doi.org/10.1038/s41467-025-58850-y
https://doi.org/10.1038/s41467-025-58850-y
https://doi.org/10.1038/s41467-025-58850-y
https://doi.org/10.1103/PhysRevLett.126.083604
https://doi.org/10.1103/PhysRevLett.126.083604
https://doi.org/10.1103/PhysRevLett.126.083604
https://doi.org/10.1103/PhysRevLett.126.083604
https://doi.org/10.1103/PhysRevLett.126.083604
https://doi.org/10.1103/PhysRevLett.126.083604
https://doi.org/10.1038/s41467-025-62573-5
https://doi.org/10.1038/s41467-025-62573-5
https://doi.org/10.1038/s41467-025-62573-5
https://doi.org/10.1038/s41467-025-62573-5
https://doi.org/10.1038/s41467-025-62573-5
https://doi.org/10.1038/s41467-025-62573-5
https://doi.org/10.1038/s41467-025-62573-5
https://doi.org/10.1038/ncomms11110
https://doi.org/10.1038/ncomms11110
https://doi.org/10.1038/ncomms11110
https://doi.org/10.1038/ncomms11110
https://doi.org/10.1038/ncomms11110
https://doi.org/10.1038/ncomms11110
https://doi.org/10.1038/ncomms11110
https://doi.org/10.1103/PhysRevApplied.8.044020
https://doi.org/10.1103/PhysRevApplied.8.044020
https://doi.org/10.1103/PhysRevApplied.8.044020
https://doi.org/10.1103/PhysRevApplied.8.044020
https://doi.org/10.1103/PhysRevApplied.8.044020
https://doi.org/10.1103/PhysRevApplied.8.044020
https://doi.org/10.1103/PhysRevApplied.8.044020
https://doi.org/10.1103/PhysRevApplied.8.044020
https://doi.org/10.1038/s41566-018-0213-5
https://doi.org/10.1038/s41566-018-0213-5
https://doi.org/10.1038/s41566-018-0213-5
https://doi.org/10.1038/s41566-018-0213-5
https://doi.org/10.1038/s41566-018-0213-5
https://doi.org/10.1038/s41566-018-0213-5
https://doi.org/10.1038/s41566-018-0213-5
https://doi.org/10.1038/s41566-018-0213-5
https://doi.org/10.1088/0305-4470/37/31/012
https://doi.org/10.1088/0305-4470/37/31/012
https://doi.org/10.1088/0305-4470/37/31/012
https://doi.org/10.1088/0305-4470/37/31/012
https://doi.org/10.1088/0305-4470/37/31/012
https://doi.org/10.1088/0305-4470/37/31/012
https://doi.org/10.1088/0305-4470/37/31/012
https://doi.org/10.1088/0305-4470/37/31/012
https://doi.org/10.1103/PhysRevLett.123.213901
https://doi.org/10.1103/PhysRevLett.123.213901
https://doi.org/10.1103/PhysRevLett.123.213901
https://doi.org/10.1103/PhysRevLett.123.213901
https://doi.org/10.1103/PhysRevLett.123.213901
https://doi.org/10.1103/PhysRevLett.123.213901
https://doi.org/10.1038/nature15522
https://doi.org/10.1038/nature15522
https://doi.org/10.1038/nature15522
https://doi.org/10.1038/nature15522
https://doi.org/10.1038/nature15522
https://doi.org/10.1038/nature15522
https://doi.org/10.1038/nature15522
https://doi.org/10.1103/PhysRevLett.120.065301
https://doi.org/10.1103/PhysRevLett.120.065301
https://doi.org/10.1103/PhysRevLett.120.065301
https://doi.org/10.1103/PhysRevLett.120.065301
https://doi.org/10.1103/PhysRevLett.120.065301
https://doi.org/10.1103/PhysRevLett.120.065301
https://doi.org/10.1103/PhysRevLett.120.065301
https://doi.org/10.1103/PhysRevLett.120.065301
https://doi.org/10.1038/s41567-020-0796-x
https://doi.org/10.1038/s41567-020-0796-x
https://doi.org/10.1038/s41567-020-0796-x
https://doi.org/10.1038/s41567-020-0796-x
https://doi.org/10.1038/s41567-020-0796-x
https://doi.org/10.1038/s41567-020-0796-x
https://doi.org/10.1038/s41567-020-0796-x
https://doi.org/10.1126/science.aaw8205
https://doi.org/10.1126/science.aaw8205
https://doi.org/10.1126/science.aaw8205
https://doi.org/10.1126/science.aaw8205
https://doi.org/10.1126/science.aaw8205
https://doi.org/10.1126/science.aaw8205
https://doi.org/10.1126/science.aaw8205
https://doi.org/10.1038/s41565-023-01583-0
https://doi.org/10.1038/s41565-023-01583-0
https://doi.org/10.1038/s41565-023-01583-0
https://doi.org/10.1038/s41565-023-01583-0
https://doi.org/10.1038/s41565-023-01583-0
https://doi.org/10.1038/s41565-023-01583-0
https://doi.org/10.1038/s41565-023-01583-0
https://doi.org/10.1007/s100530170017
https://doi.org/10.1007/s100530170017
https://doi.org/10.1007/s100530170017
https://doi.org/10.1007/s100530170017
https://doi.org/10.1007/s100530170017
https://doi.org/10.1007/s100530170017
https://doi.org/10.1007/s100530170017
https://doi.org/10.1073/pnas.1603318113
https://doi.org/10.1073/pnas.1603318113
https://doi.org/10.1073/pnas.1603318113
https://doi.org/10.1073/pnas.1603318113
https://doi.org/10.1073/pnas.1603318113
https://doi.org/10.1073/pnas.1603318113
https://doi.org/10.1073/pnas.1603318113
https://doi.org/10.1103/PhysRevLett.124.030401
https://doi.org/10.1103/PhysRevLett.124.030401
https://doi.org/10.1103/PhysRevLett.124.030401
https://doi.org/10.1103/PhysRevLett.124.030401
https://doi.org/10.1103/PhysRevLett.124.030401
https://doi.org/10.1103/PhysRevLett.124.030401
https://doi.org/10.1103/PhysRevLett.124.030401
https://doi.org/10.1103/PhysRevLett.124.030401
https://doi.org/10.1002/lpor.202100430
https://doi.org/10.1002/lpor.202100430
https://doi.org/10.1002/lpor.202100430
https://doi.org/10.1002/lpor.202100430
https://doi.org/10.1002/lpor.202100430
https://doi.org/10.1002/lpor.202100430
https://doi.org/10.1002/lpor.202100430
https://doi.org/10.1103/PhysRevLett.86.787
https://doi.org/10.1103/PhysRevLett.86.787
https://doi.org/10.1103/PhysRevLett.86.787
https://doi.org/10.1103/PhysRevLett.86.787
https://doi.org/10.1103/PhysRevLett.86.787
https://doi.org/10.1103/PhysRevLett.86.787
https://doi.org/10.1103/PhysRevLett.86.787
https://doi.org/10.1103/PhysRevE.69.056216
https://doi.org/10.1103/PhysRevE.69.056216
https://doi.org/10.1103/PhysRevE.69.056216
https://doi.org/10.1103/PhysRevE.69.056216
https://doi.org/10.1103/PhysRevE.69.056216
https://doi.org/10.1103/PhysRevE.69.056216
https://doi.org/10.1103/PhysRevE.69.056216
https://doi.org/10.1038/nature18604
https://doi.org/10.1038/nature18604
https://doi.org/10.1038/nature18604
https://doi.org/10.1038/nature18604
https://doi.org/10.1038/nature18604
https://doi.org/10.1038/nature18604
https://doi.org/10.1103/PhysRevLett.118.040401
https://doi.org/10.1103/PhysRevLett.118.040401
https://doi.org/10.1103/PhysRevLett.118.040401
https://doi.org/10.1103/PhysRevLett.118.040401
https://doi.org/10.1103/PhysRevLett.118.040401
https://doi.org/10.1103/PhysRevLett.118.040401
https://doi.org/10.1103/PhysRevLett.120.146402
https://doi.org/10.1103/PhysRevLett.120.146402
https://doi.org/10.1103/PhysRevLett.120.146402
https://doi.org/10.1103/PhysRevLett.120.146402
https://doi.org/10.1103/PhysRevLett.120.146402
https://doi.org/10.1103/PhysRevLett.120.146402
https://doi.org/10.1103/PhysRevLett.120.146402
https://doi.org/10.1103/PhysRevLett.121.093901
https://doi.org/10.1103/PhysRevLett.121.093901
https://doi.org/10.1103/PhysRevLett.121.093901
https://doi.org/10.1103/PhysRevLett.121.093901
https://doi.org/10.1103/PhysRevLett.121.093901
https://doi.org/10.1103/PhysRevLett.121.093901
https://doi.org/10.1126/science.aap9859
https://doi.org/10.1126/science.aap9859
https://doi.org/10.1126/science.aap9859
https://doi.org/10.1126/science.aap9859
https://doi.org/10.1126/science.aap9859
https://doi.org/10.1126/science.aap9859
https://doi.org/10.1038/s41586-018-0523-2
https://doi.org/10.1038/s41586-018-0523-2
https://doi.org/10.1038/s41586-018-0523-2
https://doi.org/10.1038/s41586-018-0523-2
https://doi.org/10.1038/s41586-018-0523-2
https://doi.org/10.1038/s41586-018-0523-2
https://doi.org/10.1103/PhysRevLett.124.086801
https://doi.org/10.1103/PhysRevLett.124.086801
https://doi.org/10.1103/PhysRevLett.124.086801
https://doi.org/10.1103/PhysRevLett.124.086801
https://doi.org/10.1103/PhysRevLett.124.086801
https://doi.org/10.1103/PhysRevLett.124.086801
https://doi.org/10.1103/PhysRevLett.124.086801
https://doi.org/10.1103/PhysRevLett.124.086801
https://doi.org/10.1103/PhysRevLett.120.013901
https://doi.org/10.1103/PhysRevLett.120.013901
https://doi.org/10.1103/PhysRevLett.120.013901
https://doi.org/10.1103/PhysRevLett.120.013901
https://doi.org/10.1103/PhysRevLett.120.013901
https://doi.org/10.1103/PhysRevLett.120.013901
https://doi.org/10.1103/PhysRevLett.120.013901
https://doi.org/10.1103/PhysRevLett.120.013901
https://doi.org/10.1038/s41467-024-52064-4
https://doi.org/10.1038/s41467-024-52064-4
https://doi.org/10.1038/s41467-024-52064-4
https://doi.org/10.1038/s41467-024-52064-4
https://doi.org/10.1038/s41467-024-52064-4
https://doi.org/10.1038/s41467-024-52064-4
https://doi.org/10.1038/s41467-024-52064-4
https://doi.org/10.1103/PhysRevLett.112.203901
https://doi.org/10.1103/PhysRevLett.112.203901
https://doi.org/10.1103/PhysRevLett.112.203901
https://doi.org/10.1103/PhysRevLett.112.203901
https://doi.org/10.1103/PhysRevLett.112.203901
https://doi.org/10.1103/PhysRevLett.112.203901
https://doi.org/10.1103/PhysRevLett.112.203901
https://doi.org/10.1103/PhysRevA.93.033809
https://doi.org/10.1103/PhysRevA.93.033809
https://doi.org/10.1103/PhysRevA.93.033809
https://doi.org/10.1103/PhysRevA.93.033809
https://doi.org/10.1103/PhysRevA.93.033809
https://doi.org/10.1103/PhysRevA.93.033809
https://doi.org/10.1103/PhysRevA.93.033809
https://doi.org/10.1103/PhysRevA.98.023805
https://doi.org/10.1103/PhysRevA.98.023805
https://doi.org/10.1103/PhysRevA.98.023805
https://doi.org/10.1103/PhysRevA.98.023805
https://doi.org/10.1103/PhysRevA.98.023805
https://doi.org/10.1103/PhysRevA.98.023805
https://doi.org/10.1103/PhysRevA.98.023805
https://doi.org/10.1038/s41467-018-06477-7
https://doi.org/10.1038/s41467-018-06477-7
https://doi.org/10.1038/s41467-018-06477-7
https://doi.org/10.1038/s41467-018-06477-7
https://doi.org/10.1038/s41467-018-06477-7
https://doi.org/10.1038/s41467-018-06477-7
https://doi.org/10.1038/s41467-018-06477-7
https://doi.org/10.1088/1367-2630/ab32ab
https://doi.org/10.1088/1367-2630/ab32ab
https://doi.org/10.1088/1367-2630/ab32ab
https://doi.org/10.1088/1367-2630/ab32ab
https://doi.org/10.1088/1367-2630/ab32ab
https://doi.org/10.1088/1367-2630/ab32ab
https://doi.org/10.1088/1367-2630/ab32ab
https://doi.org/10.1103/PhysRevLett.123.180501
https://doi.org/10.1103/PhysRevLett.123.180501
https://doi.org/10.1103/PhysRevLett.123.180501
https://doi.org/10.1103/PhysRevLett.123.180501
https://doi.org/10.1103/PhysRevLett.123.180501
https://doi.org/10.1103/PhysRevLett.123.180501
https://doi.org/10.1103/PhysRevLett.123.180501
https://doi.org/10.1103/PhysRevLett.125.240506
https://doi.org/10.1103/PhysRevLett.125.240506
https://doi.org/10.1103/PhysRevLett.125.240506
https://doi.org/10.1103/PhysRevLett.125.240506
https://doi.org/10.1103/PhysRevLett.125.240506
https://doi.org/10.1103/PhysRevLett.125.240506
https://doi.org/10.1103/PhysRevLett.125.240506
https://doi.org/10.1002/lpor.202000569
https://doi.org/10.1002/lpor.202000569
https://doi.org/10.1002/lpor.202000569
https://doi.org/10.1002/lpor.202000569
https://doi.org/10.1002/lpor.202000569
https://doi.org/10.1002/lpor.202000569
https://doi.org/10.1364/PRJ.423996
https://doi.org/10.1364/PRJ.423996
https://doi.org/10.1364/PRJ.423996
https://doi.org/10.1364/PRJ.423996
https://doi.org/10.1364/PRJ.423996
https://doi.org/10.1364/PRJ.423996
https://doi.org/10.1364/PRJ.423996
https://doi.org/10.1038/s41586-022-04904-w
https://doi.org/10.1038/s41586-022-04904-w
https://doi.org/10.1038/s41586-022-04904-w
https://doi.org/10.1038/s41586-022-04904-w
https://doi.org/10.1038/s41586-022-04904-w
https://doi.org/10.1038/s41586-022-04904-w
https://doi.org/10.1021/acsphotonics.1c01535
https://doi.org/10.1021/acsphotonics.1c01535
https://doi.org/10.1021/acsphotonics.1c01535
https://doi.org/10.1021/acsphotonics.1c01535
https://doi.org/10.1021/acsphotonics.1c01535
https://doi.org/10.1021/acsphotonics.1c01535
https://doi.org/10.1021/acsphotonics.1c01535
https://doi.org/10.1103/PhysRevLett.128.173602
https://doi.org/10.1103/PhysRevLett.128.173602
https://doi.org/10.1103/PhysRevLett.128.173602
https://doi.org/10.1103/PhysRevLett.128.173602
https://doi.org/10.1103/PhysRevLett.128.173602
https://doi.org/10.1103/PhysRevLett.128.173602
https://doi.org/10.1103/PhysRevLett.128.173602
https://doi.org/10.1103/PhysRevResearch.4.013131
https://doi.org/10.1103/PhysRevResearch.4.013131
https://doi.org/10.1103/PhysRevResearch.4.013131
https://doi.org/10.1103/PhysRevResearch.4.013131
https://doi.org/10.1103/PhysRevResearch.4.013131
https://doi.org/10.1103/PhysRevResearch.4.013131
https://doi.org/10.1103/PhysRevResearch.4.013131
https://doi.org/10.1103/PhysRevResearch.4.013131
https://doi.org/10.1088/1367-2630/acc200
https://doi.org/10.1088/1367-2630/acc200
https://doi.org/10.1088/1367-2630/acc200
https://doi.org/10.1088/1367-2630/acc200
https://doi.org/10.1088/1367-2630/acc200
https://doi.org/10.1088/1367-2630/acc200
https://doi.org/10.1088/1367-2630/acc200
https://doi.org/10.1103/PhysRevLett.130.023201
https://doi.org/10.1103/PhysRevLett.130.023201
https://doi.org/10.1103/PhysRevLett.130.023201
https://doi.org/10.1103/PhysRevLett.130.023201
https://doi.org/10.1103/PhysRevLett.130.023201
https://doi.org/10.1103/PhysRevLett.130.023201
https://doi.org/10.1103/PhysRevLett.131.160801
https://doi.org/10.1103/PhysRevLett.131.160801
https://doi.org/10.1103/PhysRevLett.131.160801
https://doi.org/10.1103/PhysRevLett.131.160801
https://doi.org/10.1103/PhysRevLett.131.160801
https://doi.org/10.1103/PhysRevLett.131.160801
https://doi.org/10.1126/sciadv.adl5037
https://doi.org/10.1126/sciadv.adl5037
https://doi.org/10.1126/sciadv.adl5037
https://doi.org/10.1126/sciadv.adl5037
https://doi.org/10.1126/sciadv.adl5037
https://doi.org/10.1126/sciadv.adl5037
https://doi.org/10.1103/PhysRevLett.132.243601
https://doi.org/10.1103/PhysRevLett.132.243601
https://doi.org/10.1103/PhysRevLett.132.243601
https://doi.org/10.1103/PhysRevLett.132.243601
https://doi.org/10.1103/PhysRevLett.132.243601
https://doi.org/10.1103/PhysRevLett.132.243601
https://doi.org/10.1103/PhysRevLett.132.243601
https://doi.org/10.1038/s41565-024-01729-8
https://doi.org/10.1038/s41565-024-01729-8
https://doi.org/10.1038/s41565-024-01729-8
https://doi.org/10.1038/s41565-024-01729-8
https://doi.org/10.1038/s41565-024-01729-8
https://doi.org/10.1038/s41565-024-01729-8
https://doi.org/10.1038/s41565-024-01729-8
https://doi.org/10.1038/s41566-024-01592-y
https://doi.org/10.1038/s41566-024-01592-y
https://doi.org/10.1038/s41566-024-01592-y
https://doi.org/10.1038/s41566-024-01592-y
https://doi.org/10.1038/s41566-024-01592-y
https://doi.org/10.1038/s41566-024-01592-y
https://doi.org/10.1038/s41566-024-01592-y
https://doi.org/10.1103/PhysRevResearch.7.L022034
https://doi.org/10.1103/PhysRevResearch.7.L022034
https://doi.org/10.1103/PhysRevResearch.7.L022034
https://doi.org/10.1103/PhysRevResearch.7.L022034
https://doi.org/10.1103/PhysRevResearch.7.L022034
https://doi.org/10.1103/PhysRevResearch.7.L022034
https://doi.org/10.1103/PhysRevResearch.7.L022034
https://doi.org/10.1103/PhysRevResearch.7.L022034
https://doi.org/10.1103/PhysRevLett.134.133801
https://doi.org/10.1103/PhysRevLett.134.133801
https://doi.org/10.1103/PhysRevLett.134.133801
https://doi.org/10.1103/PhysRevLett.134.133801
https://doi.org/10.1103/PhysRevLett.134.133801
https://doi.org/10.1103/PhysRevLett.134.133801
https://doi.org/10.1103/PhysRevLett.134.133801
https://doi.org/10.1103/PhysRevLett.127.186601
https://doi.org/10.1103/PhysRevLett.127.186601
https://doi.org/10.1103/PhysRevLett.127.186601
https://doi.org/10.1103/PhysRevLett.127.186601
https://doi.org/10.1103/PhysRevLett.127.186601
https://doi.org/10.1103/PhysRevLett.127.186601
https://doi.org/10.1103/PhysRevLett.127.186601
https://doi.org/10.1103/PhysRevResearch.4.023121
https://doi.org/10.1103/PhysRevResearch.4.023121
https://doi.org/10.1103/PhysRevResearch.4.023121
https://doi.org/10.1103/PhysRevResearch.4.023121
https://doi.org/10.1103/PhysRevResearch.4.023121
https://doi.org/10.1103/PhysRevResearch.4.023121
https://doi.org/10.1103/PhysRevResearch.4.023121
https://doi.org/10.1002/lpor.202100707
https://doi.org/10.1002/lpor.202100707
https://doi.org/10.1002/lpor.202100707
https://doi.org/10.1002/lpor.202100707
https://doi.org/10.1002/lpor.202100707
https://doi.org/10.1002/lpor.202100707
https://doi.org/10.1002/lpor.202100707
https://doi.org/10.1103/PhysRevA.108.033501
https://doi.org/10.1103/PhysRevA.108.033501
https://doi.org/10.1103/PhysRevA.108.033501
https://doi.org/10.1103/PhysRevA.108.033501
https://doi.org/10.1103/PhysRevA.108.033501
https://doi.org/10.1103/PhysRevA.108.033501
https://doi.org/10.1103/PhysRevA.108.033501
https://doi.org/10.1126/sciadv.adf3470
https://doi.org/10.1126/sciadv.adf3470
https://doi.org/10.1126/sciadv.adf3470
https://doi.org/10.1126/sciadv.adf3470
https://doi.org/10.1126/sciadv.adf3470
https://doi.org/10.1126/sciadv.adf3470
https://doi.org/10.1126/sciadv.adf3470
https://doi.org/10.1126/sciadv.adi0732
https://doi.org/10.1126/sciadv.adi0732
https://doi.org/10.1126/sciadv.adi0732
https://doi.org/10.1126/sciadv.adi0732
https://doi.org/10.1126/sciadv.adi0732
https://doi.org/10.1126/sciadv.adi0732
https://doi.org/10.1364/PRJ.496414
https://doi.org/10.1364/PRJ.496414
https://doi.org/10.1364/PRJ.496414
https://doi.org/10.1364/PRJ.496414
https://doi.org/10.1364/PRJ.496414
https://doi.org/10.1364/PRJ.496414
https://doi.org/10.1103/PhysRevLett.131.100202
https://doi.org/10.1103/PhysRevLett.131.100202
https://doi.org/10.1103/PhysRevLett.131.100202
https://doi.org/10.1103/PhysRevLett.131.100202
https://doi.org/10.1103/PhysRevLett.131.100202
https://doi.org/10.1103/PhysRevLett.131.100202
https://doi.org/10.1038/s41467-024-54662-8
https://doi.org/10.1038/s41467-024-54662-8
https://doi.org/10.1038/s41467-024-54662-8
https://doi.org/10.1038/s41467-024-54662-8
https://doi.org/10.1038/s41467-024-54662-8
https://doi.org/10.1038/s41467-024-54662-8
https://doi.org/10.1038/s41467-024-54662-8
https://doi.org/10.1038/s41467-024-54662-8
https://doi.org/10.1103/tmw5-fcph
https://doi.org/10.1103/tmw5-fcph
https://doi.org/10.1103/tmw5-fcph
https://doi.org/10.1103/tmw5-fcph
https://doi.org/10.1103/tmw5-fcph
https://doi.org/10.1103/tmw5-fcph
https://doi.org/10.1103/tmw5-fcph
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B 2 3R Acta Phys. Sin. Vol. 75, No. 4 (2026) 040605

Khajavikhan M 2019 Nature 576 70 [103] Hadfield R H 2009 Nat. Photonics 3 696

[96] Li Z, Chen J X, Li L Z, Zhang J J, Yao J P 2023 Opto- [104] Hadfield R H, Leach J, Fleming F, Paul D J, Tan C H, Ng J
Electron. Adv. 6 230019 S, Henderson R K, Buller G S 2023 Optica 10 1124

[97]  Zhou H, Lee J Y, Liu S, Zhen B 2019 Optica 6 190 [105] Galinis J, Karpinski M, Tamosauskas G, Dobek K,

[98] Soleymani S, Zhong Q, Mokim M, Rotter S, El-Ganainy R,
Ozdemir $ K 2022 Nat. Commun. 13 599
[99] Miri M A, Ald A 2016 New J. Phys. 18 065001
[100] Jiang Y, Mei Y F, Zuo Y, Zhai Y H, Li J S, Wen J M, Du S

Piskarskas A 2011 Opt. Ezpress 19 10351
[106] Hlousek J, Grygar J, Dudka M, Jezek M 2024 Phys. Rev.
Appl. 21 024023

W 2019 Phys. Rev. Lett. 123 193604 [107] Kong L D, Zhang T Z, Liu X Y, Zhao X, Xiong J M, Li H,
[101] Wang Y X, Clerk A A 2019 Phys. Rev. A 99 063834 Wang Z, Xie X M, You L X 2025 Nat. Photonics 19 407
[102] Roy A, Jahani S, Guo Q, Dutt A, Fan S, Miri M A, (108] Tse M, Yu H C, Kijbunchoo N, et al. 2019 Phys. Rev. Lett.
Marandi A 2021 Optica 8 415 123 231107

SPECIAL TOPIC — Principles and applications of quantum optics

A brief introduction to exceptinal-point sensing”
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Abstract

Exceptional points (EPs), appearing in non-Hermitian systems as a specific class of spectral degeneracy at
which the eigenvalues and eigevectors coalesce, have been extensively studied in the last decades due to their
peculiar properties. In particular, around the EP, the spectral splitting scales sublinearly with the introduced
perturbation, resulting in divergently increased signal responsivity. And due to its amplified response to
perturbations, it may significantly exceed the sensitivity of traditional sensors. In the last decade, EP sensing
has gone from theoretical conception to experimental implementation. Since the first experimental
demonstration of improved signal responsivity in optical systems, EP sensing has made remarkable advances in
achieving enhanced signal-to-noise ratio and measurement sensitivity, which are key parameters characterizing
the sensing performance. In this paper, we first briefly introduce the history of EPs and the physical
mechanisms underlying their enhanced sensing capabilities. We then review the current status of EP sensing,
including the improvements in signal sensitivity, signal-to-noise ratio, and measurement sensitivity on various
physical platforms including optical, mechanical, and quantum systems. Afterwards, the main challenges faced
by EP sensing including noise amplification and system stability are discussed. Finally, we point out possible
solutions to address these limitations by using quantum effects such as quantum squeezing, and outline

potential future development directions.
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