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Fig. 1. A typical schematic diagram of cavity optomechan-

ical system (Fabry-Pérot (FP) optomechanical system).
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Fig. 2. Key experiments for realizing cavity optomechanical system (COMs) using cavity ultracold atom. (a) $Rb ultracold atoms
ensemble is confined in a FP cavity. The center-of-mass motion of the atoms ensemble serves as a mechanical oscillator. Repro-
duced with permission from Ref.[36]. (b) Two 8Rb atoms ensembles are confined in a FP cavity. The centers of mass of each en-
semble form a mechanical oscillator, constituting a dual-mechanical-oscillator COMs. Reproduced with permission from Ref.[39].
(c) ¥Rb ultracold atoms ensemble is localized in a FP cavity, while an atomic chip is employed for atomic transport and position-
ing. This system enables realization of linear and quadratic COMs. Reproduced with permission from Ref.[40]. (d) A BEC formed
from 8Rb atoms is coupled to a FP cavity, where the collective density oscillations of the BEC act as a-mechanical oscillator to

realize a linear COMs. Reproduced with permission from Ref.[35].
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Fig. 3. Top-down optomechanical systems: dark modes, nonreciprocity, and ultralow-threshold phonon lasers. (a) Dark mode frac-

tion versus optomechanical cooperativity. Reproduced with permission from Ref.[83]. (b) Emission power spectra of clockwise and

counterclockwise signals versus dutuning. Reproduced with permission from Ref.[84]. (c) Threshold power of phonon lasers versus

dissipation. Reproduced with permission from Ref.[91].
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Fig. 4. Rotation quantum sensing and quantum memory based on cavity ring BEC optomechanical system. (a) An atomic BEC con-

fined in a toroidal trap located at the center of an optical cavity. Reproduced with permission from Ref.[107]. (b) Rotation sensitiv-

ity as a function of orbital angular momentum number (OAM) I Reproduced with permission from Ref.[107]. (c) Retrieval fidelity

as a function of storage time for the storage and retrieval of OAM superposition states. Reproduced with permission from Ref.[70].
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Fig. 5. Schrodinger cat states and photon blockade in a cavity optomechanical system based on cavity cigar-shaped BEC. (a) The

cigar-shaped atomic BEC is confined in an optical cavity. The collective density excitation of the BEC can be modeled as a mechan-

ical oscillator, thereby equivalent to an optomechanical system. Reproduced with permission from Ref.[66]. (b) Wigner function of

the mechanical mode in the cavity BEC system. Reproduced with permission from Ref.[66]. (¢) Second-order correlation function

versus detuning for different s scattering lengths. Reproduced with permission from Ref.[67].

110301-8


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

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 11 (2026) 110301

%) FRLAN B4 S AR 4 I 0 4 v AT B35 2012 4F S.
Singh 24 HE— A FF BEC #is— 16N R4
Hi7R T BEC FOG AR+ Z (R 1 -85 109,
T RGEAE e R Z5 B C A5 BB 55
E. 2010 4, N. Brahms 35245 MBI FAEE T i
NAARF AR =0 4 R G 2E T b B i
HIIRRSE, WiE T - ATENFRE . Aletsh )
SRR, LKA ERH TR 5 e 55— R 5 3
Z 042011 4F, H. Jing S5 RERIT T KR
BEC I 6 S84, £ —4> spin-1 BEC FI i Q
Sl RS T el R4 T B R AR , 48R
TR 25 AL ] O A TR
F R 0L

4 % @

#5758 BEC HeRAH 11 | TR 4
MEZ B LS, S i ot i a1
4 P 4 T O T R AR T R B R ) 0
(i) I BEC IR R 0GR L B a5 M 355 315
4 0 L TR (i) PSR R AR AL TR 7 Y 1
B T T, PRI P AR (1) A IR 50
PR EIE XD R T E 2 A . -
RS AT Ny — ZR 5N H 2T AN i S BB E
W SR SRR, JCHGE T T RO R GE b Xt sk
LEMEAFE W BRI B 5. RIS, 1 2R X Fu g
PRI RIR G, WO SE B P Tk R It 1
HARRY B 5. BT I, ASCRGLRR T I
JEF 1A 2 01 3 i 1 O B ) BN ) B b F
PERE, AnoerBH2E | 25 WA 2 2SN £ ] £S5 9
P AR R AR A SRR DT I T
JE RV STt T R R OIS AT A7 AR T T A K
JEZS ] SR T, Wl MR R A5t AR Lt
GEME T A 4 9 DAY B PR (1461 L R S iR P
R F) 1 T 0 A0S MRS OB AR 8001 2 S
HIFFEISCR o1 BHE AT Y e JRE 4R 3t o 22 g B
WIS,

SR TR IR T ARG M & TR S I
TR 2R, (RO i Ar e —LE WL S kAR &
Jo, PR T RGBT TIEZ IR, 2
ZRR T RS BT 2R B S2 T
AR 225 H. HR, IR IE Tt R g S
FAE BN AL G, s O T A i

TFAAE S s 3 0, W AR Y B R R T
li]. SRR R TR R R IR s A3, (RS0
HAT AR BRI R -4 e S5 AL, 30 e R
IR T 20K, B BE T RS
RIGAWT A, IV I 56T R G B LAl B
WP Bt T Rb A B R 4 B 2 A 1.

SRS T 27 e ) P AR o T R e

S 3k

[1] Maiman T H 1960 Nature 187 493
[2] Vahala K J 2003 Nature 424 839
[3] Teufel J D, Donner T, Li D, Harlow J W, Allman M S,
Cicak K, Sirois A J, Whittaker J D, Lehnert K W,
Simmonds R W 2011 Nature 475 359
[4] Chan J, Alegre T P M, Safavi-Naeini A H, Hill J T, Krause
A, Groblacher S, Aspelmeyer M, Painter O 2011 Nature 478
89
[6] Piotrowski J, Windey D, Vijayan J, Gonzalez-Ballestero C,
de los Rios Sommer A, Meyer N, Quidant R, Romero-Isart
O, Reimann R, Novotny L 2023 Nature Phys. 19 1009
[6] Troyer S, Fechtel F, Hummer L, Rudolph H, Stickler B A,
Deli¢ U, Arndt M 2026 Nature Phys.
[7] Weis S, Riviere R, Deléglise S, Gavartin E, Arcizet O,
Schliesser A, Kippenberg T J 2010 Science 330 1520
[8] Safavi-Naeini A H, Alegre T P M, Chan J, Eichenfield M,
Winger M, Lin Q, Hill J T, Chang D E, Painter O 2011
Nature 472 69
[9] Rabl P 2011 Phys. Rev. Lett. 107 063601
[10] Mancini S, Tombesi P 1994 Phys. Rev. A 49 4055
[11] Fabre C, Pinard M, Bourzeix S, Heidmann A, Giacobino E,
Reynaud S 1994 Phys. Rev. A 49 1337
[12] Lt X Y, Liao J Q, Tian L, Nori F 2015 Phys. Rev. A 91
013834
[13] Vitali D, Gigan S, Ferreira A, Bshm H R, Tombesi P,
Guerreiro A, Vedral V, Zeilinger A, Aspelmeyer M 2007
Phys. Rev. Lett. 98 030405
[14] Kotler S, Peterson G A, Shojace E, Lecocq F, Cicak K,
Kwiatkowski A, Geller S, Glancy S, Knill E, Simmonds R
W, Aumentado J, Teufel J'D 2021 Science 372 622
[15] Mercier de Lépinay L, Ockeloen-Korppi C F, Woolley M J,
Sillanpad M A 2021 Science 372 625
[16] Cai Q; Fan B, Fan Y, Deng G, Wang Y, Song H, Guo G,
Zhou Q 2023 Phys. Rev. A 108 022419
[17] Bose S, Jacobs K, Knight P L 1997 Phys. Rev. A 56 4175
(18] Bild M, Fadel'M, Yang Y, von Liipke U, Martin P, Bruno
A, Chu Y 2023 Science 380 274
[19]  Gavartin E, Verlot P, Kippenberg T J 2012 Nature
Nanotech. 7 509
[20] . Anetsberger G, Arcizet O, Unterreithmeier Q P, Riviere R,
Schliesser A, Weig E M, Kotthaus J P, Kippenberg T J 2009
Nature Phys. 5 909
[21] Sansa M, Defoort M, Brenac A, Hermouet M, Banniard L,
Fafin A, Gely M, Masselon C, Favero I, Jourdan G, Hentz S
2020 Nat. Commun. 11 3781
[22] Krause A G, Winger M, Blasius T D, Lin Q, Painter O 2012
Nature Photon. 6 768

110301-9


https://doi.org/10.1038/187493a0
https://doi.org/10.1038/187493a0
https://doi.org/10.1038/187493a0
https://doi.org/10.1038/187493a0
https://doi.org/10.1038/187493a0
https://doi.org/10.1038/187493a0
https://doi.org/10.1038/187493a0
https://doi.org/10.1038/nature01939
https://doi.org/10.1038/nature01939
https://doi.org/10.1038/nature01939
https://doi.org/10.1038/nature01939
https://doi.org/10.1038/nature01939
https://doi.org/10.1038/nature01939
https://doi.org/10.1038/nature01939
https://doi.org/10.1038/nature10261
https://doi.org/10.1038/nature10261
https://doi.org/10.1038/nature10261
https://doi.org/10.1038/nature10261
https://doi.org/10.1038/nature10261
https://doi.org/10.1038/nature10261
https://doi.org/10.1038/nature10261
https://doi.org/10.1038/nature10461
https://doi.org/10.1038/nature10461
https://doi.org/10.1038/nature10461
https://doi.org/10.1038/nature10461
https://doi.org/10.1038/nature10461
https://doi.org/10.1038/nature10461
https://doi.org/10.1038/s41567-023-01956-1
https://doi.org/10.1038/s41567-023-01956-1
https://doi.org/10.1038/s41567-023-01956-1
https://doi.org/10.1038/s41567-023-01956-1
https://doi.org/10.1038/s41567-023-01956-1
https://doi.org/10.1038/s41567-023-01956-1
https://doi.org/10.1038/s41567-023-01956-1
https://doi.org/10.1126/science.1195596
https://doi.org/10.1126/science.1195596
https://doi.org/10.1126/science.1195596
https://doi.org/10.1126/science.1195596
https://doi.org/10.1126/science.1195596
https://doi.org/10.1126/science.1195596
https://doi.org/10.1126/science.1195596
https://doi.org/10.1038/nature09933
https://doi.org/10.1038/nature09933
https://doi.org/10.1038/nature09933
https://doi.org/10.1038/nature09933
https://doi.org/10.1038/nature09933
https://doi.org/10.1038/nature09933
https://doi.org/10.1103/PhysRevLett.107.063601
https://doi.org/10.1103/PhysRevLett.107.063601
https://doi.org/10.1103/PhysRevLett.107.063601
https://doi.org/10.1103/PhysRevLett.107.063601
https://doi.org/10.1103/PhysRevLett.107.063601
https://doi.org/10.1103/PhysRevLett.107.063601
https://doi.org/10.1103/PhysRevLett.107.063601
https://doi.org/10.1103/PhysRevA.49.4055
https://doi.org/10.1103/PhysRevA.49.4055
https://doi.org/10.1103/PhysRevA.49.4055
https://doi.org/10.1103/PhysRevA.49.4055
https://doi.org/10.1103/PhysRevA.49.4055
https://doi.org/10.1103/PhysRevA.49.4055
https://doi.org/10.1103/PhysRevA.49.4055
https://doi.org/10.1103/PhysRevA.49.1337
https://doi.org/10.1103/PhysRevA.49.1337
https://doi.org/10.1103/PhysRevA.49.1337
https://doi.org/10.1103/PhysRevA.49.1337
https://doi.org/10.1103/PhysRevA.49.1337
https://doi.org/10.1103/PhysRevA.49.1337
https://doi.org/10.1103/PhysRevA.49.1337
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevLett.98.030405
https://doi.org/10.1103/PhysRevLett.98.030405
https://doi.org/10.1103/PhysRevLett.98.030405
https://doi.org/10.1103/PhysRevLett.98.030405
https://doi.org/10.1103/PhysRevLett.98.030405
https://doi.org/10.1103/PhysRevLett.98.030405
https://doi.org/10.1126/science.abf2998
https://doi.org/10.1126/science.abf2998
https://doi.org/10.1126/science.abf2998
https://doi.org/10.1126/science.abf2998
https://doi.org/10.1126/science.abf2998
https://doi.org/10.1126/science.abf2998
https://doi.org/10.1126/science.abf2998
https://doi.org/10.1126/science.abf5389
https://doi.org/10.1126/science.abf5389
https://doi.org/10.1126/science.abf5389
https://doi.org/10.1126/science.abf5389
https://doi.org/10.1126/science.abf5389
https://doi.org/10.1126/science.abf5389
https://doi.org/10.1126/science.abf5389
https://doi.org/10.1103/PhysRevA.108.022419
https://doi.org/10.1103/PhysRevA.108.022419
https://doi.org/10.1103/PhysRevA.108.022419
https://doi.org/10.1103/PhysRevA.108.022419
https://doi.org/10.1103/PhysRevA.108.022419
https://doi.org/10.1103/PhysRevA.108.022419
https://doi.org/10.1103/PhysRevA.108.022419
https://doi.org/10.1103/PhysRevA.56.4175
https://doi.org/10.1103/PhysRevA.56.4175
https://doi.org/10.1103/PhysRevA.56.4175
https://doi.org/10.1103/PhysRevA.56.4175
https://doi.org/10.1103/PhysRevA.56.4175
https://doi.org/10.1103/PhysRevA.56.4175
https://doi.org/10.1103/PhysRevA.56.4175
https://doi.org/10.1126/science.adf7553
https://doi.org/10.1126/science.adf7553
https://doi.org/10.1126/science.adf7553
https://doi.org/10.1126/science.adf7553
https://doi.org/10.1126/science.adf7553
https://doi.org/10.1126/science.adf7553
https://doi.org/10.1126/science.adf7553
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1038/nphys1425
https://doi.org/10.1038/nphys1425
https://doi.org/10.1038/nphys1425
https://doi.org/10.1038/nphys1425
https://doi.org/10.1038/nphys1425
https://doi.org/10.1038/nphys1425
https://doi.org/10.1038/s41467-020-17592-9
https://doi.org/10.1038/s41467-020-17592-9
https://doi.org/10.1038/s41467-020-17592-9
https://doi.org/10.1038/s41467-020-17592-9
https://doi.org/10.1038/s41467-020-17592-9
https://doi.org/10.1038/s41467-020-17592-9
https://doi.org/10.1038/s41467-020-17592-9
https://doi.org/10.1038/nphoton.2012.245
https://doi.org/10.1038/nphoton.2012.245
https://doi.org/10.1038/nphoton.2012.245
https://doi.org/10.1038/nphoton.2012.245
https://doi.org/10.1038/nphoton.2012.245
https://doi.org/10.1038/nphoton.2012.245
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

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 11 (2026)

110301

Li B B, Bilek J, Hoff U B, Madsen L S, Forstner S, Prakash
V, Schéfermeier C, Gehring T, Bowen W P, Andersen U L
2018 Optica 5 850

Han X, Fu W, Zou C L, Jiang L, Tang H X 2021 Optica 8
1050

Dorsel A, McCullen J D, Meystre P, Vignes E, Walther H
1983 Phys. Rev. Lett. 51 1550

Jiang X, Lin Q, Rosenberg J, Vahala K, Painter O 2009
Opt. Express. 17 20911

Ma R, Schliesser A, Del’ Haye P, Dabirian A, Anetsberger
G, Kippenberg T J 2007 Opt. Lett. 32 2200

Eichenfield M, Chan J, Camacho R M, Vahala K J, Painter
0 2009 Nature 462 78

Eichenfield M, Camacho R, Chan J, Vahala K J, Painter O
2009 Nature 459 550

Safavi-Naeini A H, Alegre T P M, Winger M, Painter O
2010 Appl. Phys. Lett. 97 181106

Fonseca P Z G, Aranas E B, Millen J, Monteiro T S, Barker
P F 2016 Phys. Rev. Lett. 117 173602

Millen J, Fonseca P Z G, Mavrogordatos T, Monteiro T S,
Barker P F 2015 Phys. Rev. Lett. 114 123602

Deli¢ U, Reisenbauer M, Grass D, Kiesel N, Vuleti¢ V,
Aspelmeyer M 2019 Phys. Rev. Lett. 122 123602

Shelby R M, Levenson M D, Bayer P W 1985 Phys. Rev. B
31 5244

Brennecke F, Ritter S, Donner T, Esslinger T 2008 Science
322 235

Murch K W, Moore K L, Gupta S, Stamper-Kurn D M 2008
Nature Phys. 4 561

Camerer S, Korppi M, Jockel A, Hunger D, Hénsch T W,
Treutlein P 2011 Phys. Rev. Lett. 107 223001

Schleier-Smith M H, Leroux I D, Zhang H, Van Camp M A,
Vuleti¢ V 2011 Phys. Rev. Lett. 107 143005

Spethmann N, Kohler J, Schreppler S, Buchmann L,
Stamper-Kurn D M 2015 Nature Phys. 12 27

Purdy T P, Brooks D W C, Botter T, Brahms N, Ma Z Y,
Stamper-Kurn D M 2010 Phys. Rev. Lett. 105 133602
Purcell E M, Torrey H C, Pound R V 1946 Phys. Rev. 69 37
Domokos P, Ritsch H 2003 J. Opt. Soc. Am. B 20 1098
Tavis M, Cummings F W 1968 Phys. Rev. 170 379

Raizen M G, Thompson R J, Brecha R J, Kimble H J,
Carmichael H J 1989 Phys. Rev. Lett. 63 240

Sauer J A, Fortier K M, Chang M S, Hamley C D,
Chapman M S 2004 Phys. Rev. A 69 051804

Tuchman A K, Long R, Vrijsen G, Boudet J, Lee J,
Kasevich M A 2006 Phys. Rev. A 74 053821

Wang X J, Yang S J, Sun P F, Jing B, Li J, Zhou M T, Bao
X H, Pan J W 2021 Phys. Rev. Lett. 126 090501

Horak P, Ritsch H 2001 Phys. Rev. A 64 033422
Miinstermann P, Fischer T, Maunz P, Pinkse P W H,
Rempe G 2000 Phys. Rev. Lett. 84 4068

Norcia M A, Lewis-Swan R J, Cline J R K, Zhu B, Rey A
M, Thompson J K 2018 Science 361 259

Domokos P, Ritsch H 2002 Phys. Rev. Lett. 89 253003

Black A T, Chan H W, Vuleti¢ V 2003 Phys. Rev. Lett. 91
203001

Chu S 1998 Rev. Mod. Phys. 70 685

Cohen-Tannoudji C N 1998 Rev. Mod. Phys. 70 707

Phillips W D 1998 Rev. Mod. Phys. 70 721

Morsch O, Oberthaler M 2006 Rev. Mod. Phys. 78 179
Dalfovo F, Giorgini S, Pitaevskii L. P, Stringari S 1999 Rev.
Mod. Phys. T1 463

Griffn A, Snoke D W, Stringari S 1996 Bose-Einstein

[59]
[60]

61]
62]
63]
64]
65]
66]
67]
68]
[69]
[70]

(71]
[72]

73]

[74]

[75]

[76]
(7]
(78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]
(87
(88]
[89]

[90]

110301-10

Condensation (Cambridge University Press)

Nagy D, Szirmai G, Domokos P 2008 Eur. Phys. J. D 48 127
Baumann K, Guerlin C, Brennecke F, Esslinger T 2010
Nature 464 1301

Dicke R H 1954 Phys. Rev. 93 99

Hepp K, Lieb E H 1973 Ann. Phys. 76 360

Dimer F, Estienne B, Parkins A S, Carmichael H J 2007
Phys. Rev. A 75 013804

Nagy D, Koénya G, Szirmai G, Domokos P 2010 Phys. Rev.
Lett. 104 130401

Zhang K, Meystre P, Zhang W 2012 Phys. Rev. Lett. 108
240405

Li B, Qin W, Jiao Y F, Zhai C L, Xu X W, Kuang L M,
Jing H 2023 Fundam. Res. 3 15

Zhai C, Lu W, Jiao Y, Kuang L 2024 Ann. Phys. 536
2300465

Kumar P, Biswas T, Feliz K, Kanamoto R, Chang M S, Jha
A K, Bhattacharya M 2021 Phys. Rev. Lett. 127 113601
Singh S, Jing H, Wright E M, Meystre P 2012 Phys. Rev. A
86 021801

Daloi N, Gupta R, Ghosh A, Kumar P, Dhar H S,
Bhattacharya M 2026 Phys. Rev. Research 8 013013

Dong Y, Ye J, Pu H 2011 Phys. Rev. A 83 031608
Aspelmeyer M, Kippenberg T J, Marquardt F 2014 Rev.
Mod. Phys. 86 1391

Jayich A M, Sankey J C, Zwickl B M, Yang C, Thompson J
D, Girvin S M, Clerk A A, Marquardt F, Harris J G E 2008
New J. Phys. 10 095008

Xuereb A, Schnabel R, Hammerer K 2011 Phys. Rev. Lett.
107 213604

Huang J G, Li Y, Chin L K, Cai H, Gu Y D, Karim M F,
Wu J H, Chen T N, Yang Z C, Hao Y L, Qiu C W, Liu A Q
2018 Appl. Phys. Lett. 112 051104

Machnes S, Cerrillo J, Aspelmeyer M, Wieczorek W, Plenio
M B, Retzker A 2012 Phys. Rev. Lett. 108 153601

Weiss T, Bruder C, Nunnenkamp A 2013 New J. Phys. 15
045017

Gupta S, Moore K L, Murch K W, Stamper-Kurn D M 2007
Phys. Rev. Lett. 99 213601

Thompson J D, Zwickl B M, Jayich A M, Marquardt F,
Girvin S M, Harris J G E 2008 Nature 452 72

Sankey J C, Yang C, Zwickl B M, Jayich A M, Harris J G E
2010 Nature Phys. 6 707

Lee D, Underwood M, Mason D, Shkarin A, Hoch S, Harris
J 2015 Nat. Commun. 6 6232

Ritsch H, Domokos P, Brennecke F, Esslinger T 2013 Rev.
Mod. Phys. 85 553

Dong C, Fiore V, Kuzyk M C, Wang H 2012 Science 338
1609

Shen Z, Zhang Y L, Chen Y, Zou C L, Xiao Y F, Zou X B,
Sun F W, Guo G-C, Dong C H 2016 Nature Photon. 10 657
Shen Z, Zhang Y L, Chen Y, Sun F W, Zou X B, Guo G C,
Zou C L, Dong C H 2018 Nat. Commun. 9 1797

Shen Z, Zhang Y L, Chen Y, Xiao Y F, Zou C L, Guo G C,
Dong C H 2023 Phys. Rev. Lett. 130 013601

Shen Z, Zhang Y L, Zou C L, Guo G C, Dong C H 2021
Phys. Rev. Lett. 126 163604

Chen Y, Zhang Y L, Shen Z, Zou C L, Guo G C, Dong C H
2021 Phys. Rev. Lett. 126 123603

Grudinin I S, Lee H, Painter O, Vahala K J 2010 Phys. Rev.
Lett. 104 083901

Jing H, Ozdemir S, Lit X Y, Zhang J, Yang L, Nori F 2014
Phys. Rev. Lett. 113 053604


https://doi.org/10.1364/OPTICA.5.000850
https://doi.org/10.1364/OPTICA.5.000850
https://doi.org/10.1364/OPTICA.5.000850
https://doi.org/10.1364/OPTICA.5.000850
https://doi.org/10.1364/OPTICA.5.000850
https://doi.org/10.1364/OPTICA.5.000850
https://doi.org/10.1364/OPTICA.5.000850
https://doi.org/10.1364/OPTICA.425414
https://doi.org/10.1364/OPTICA.425414
https://doi.org/10.1364/OPTICA.425414
https://doi.org/10.1364/OPTICA.425414
https://doi.org/10.1364/OPTICA.425414
https://doi.org/10.1364/OPTICA.425414
https://doi.org/10.1103/PhysRevLett.51.1550
https://doi.org/10.1103/PhysRevLett.51.1550
https://doi.org/10.1103/PhysRevLett.51.1550
https://doi.org/10.1103/PhysRevLett.51.1550
https://doi.org/10.1103/PhysRevLett.51.1550
https://doi.org/10.1103/PhysRevLett.51.1550
https://doi.org/10.1103/PhysRevLett.51.1550
https://doi.org/10.1364/OE.17.020911
https://doi.org/10.1364/OE.17.020911
https://doi.org/10.1364/OE.17.020911
https://doi.org/10.1364/OE.17.020911
https://doi.org/10.1364/OE.17.020911
https://doi.org/10.1364/OE.17.020911
https://doi.org/10.1038/nature08524
https://doi.org/10.1038/nature08524
https://doi.org/10.1038/nature08524
https://doi.org/10.1038/nature08524
https://doi.org/10.1038/nature08524
https://doi.org/10.1038/nature08524
https://doi.org/10.1038/nature08524
https://doi.org/10.1038/nature08061
https://doi.org/10.1038/nature08061
https://doi.org/10.1038/nature08061
https://doi.org/10.1038/nature08061
https://doi.org/10.1038/nature08061
https://doi.org/10.1038/nature08061
https://doi.org/10.1038/nature08061
https://doi.org/10.1063/1.3507288
https://doi.org/10.1063/1.3507288
https://doi.org/10.1063/1.3507288
https://doi.org/10.1063/1.3507288
https://doi.org/10.1063/1.3507288
https://doi.org/10.1063/1.3507288
https://doi.org/10.1063/1.3507288
https://doi.org/10.1103/PhysRevLett.117.173602
https://doi.org/10.1103/PhysRevLett.117.173602
https://doi.org/10.1103/PhysRevLett.117.173602
https://doi.org/10.1103/PhysRevLett.117.173602
https://doi.org/10.1103/PhysRevLett.117.173602
https://doi.org/10.1103/PhysRevLett.117.173602
https://doi.org/10.1103/PhysRevLett.117.173602
https://doi.org/10.1103/PhysRevLett.114.123602
https://doi.org/10.1103/PhysRevLett.114.123602
https://doi.org/10.1103/PhysRevLett.114.123602
https://doi.org/10.1103/PhysRevLett.114.123602
https://doi.org/10.1103/PhysRevLett.114.123602
https://doi.org/10.1103/PhysRevLett.114.123602
https://doi.org/10.1103/PhysRevLett.114.123602
https://doi.org/10.1103/PhysRevLett.122.123602
https://doi.org/10.1103/PhysRevLett.122.123602
https://doi.org/10.1103/PhysRevLett.122.123602
https://doi.org/10.1103/PhysRevLett.122.123602
https://doi.org/10.1103/PhysRevLett.122.123602
https://doi.org/10.1103/PhysRevLett.122.123602
https://doi.org/10.1103/PhysRevLett.122.123602
https://doi.org/10.1103/PhysRevB.31.5244
https://doi.org/10.1103/PhysRevB.31.5244
https://doi.org/10.1103/PhysRevB.31.5244
https://doi.org/10.1103/PhysRevB.31.5244
https://doi.org/10.1103/PhysRevB.31.5244
https://doi.org/10.1103/PhysRevB.31.5244
https://doi.org/10.1126/science.1163218
https://doi.org/10.1126/science.1163218
https://doi.org/10.1126/science.1163218
https://doi.org/10.1126/science.1163218
https://doi.org/10.1126/science.1163218
https://doi.org/10.1126/science.1163218
https://doi.org/10.1038/nphys965
https://doi.org/10.1038/nphys965
https://doi.org/10.1038/nphys965
https://doi.org/10.1038/nphys965
https://doi.org/10.1038/nphys965
https://doi.org/10.1038/nphys965
https://doi.org/10.1103/PhysRevLett.107.223001
https://doi.org/10.1103/PhysRevLett.107.223001
https://doi.org/10.1103/PhysRevLett.107.223001
https://doi.org/10.1103/PhysRevLett.107.223001
https://doi.org/10.1103/PhysRevLett.107.223001
https://doi.org/10.1103/PhysRevLett.107.223001
https://doi.org/10.1103/PhysRevLett.107.223001
https://doi.org/10.1103/PhysRevLett.107.143005
https://doi.org/10.1103/PhysRevLett.107.143005
https://doi.org/10.1103/PhysRevLett.107.143005
https://doi.org/10.1103/PhysRevLett.107.143005
https://doi.org/10.1103/PhysRevLett.107.143005
https://doi.org/10.1103/PhysRevLett.107.143005
https://doi.org/10.1103/PhysRevLett.107.143005
https://doi.org/10.1103/PhysRevLett.105.133602
https://doi.org/10.1103/PhysRevLett.105.133602
https://doi.org/10.1103/PhysRevLett.105.133602
https://doi.org/10.1103/PhysRevLett.105.133602
https://doi.org/10.1103/PhysRevLett.105.133602
https://doi.org/10.1103/PhysRevLett.105.133602
https://doi.org/10.1103/PhysRevLett.105.133602
https://doi.org/10.1103/PhysRev.69.37
https://doi.org/10.1103/PhysRev.69.37
https://doi.org/10.1103/PhysRev.69.37
https://doi.org/10.1103/PhysRev.69.37
https://doi.org/10.1103/PhysRev.69.37
https://doi.org/10.1103/PhysRev.69.37
https://doi.org/10.1103/PhysRev.69.37
https://doi.org/10.1364/JOSAB.20.001098
https://doi.org/10.1364/JOSAB.20.001098
https://doi.org/10.1364/JOSAB.20.001098
https://doi.org/10.1364/JOSAB.20.001098
https://doi.org/10.1364/JOSAB.20.001098
https://doi.org/10.1364/JOSAB.20.001098
https://doi.org/10.1364/JOSAB.20.001098
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1103/PhysRevLett.63.240
https://doi.org/10.1103/PhysRevLett.63.240
https://doi.org/10.1103/PhysRevLett.63.240
https://doi.org/10.1103/PhysRevLett.63.240
https://doi.org/10.1103/PhysRevLett.63.240
https://doi.org/10.1103/PhysRevLett.63.240
https://doi.org/10.1103/PhysRevLett.63.240
https://doi.org/10.1103/PhysRevA.69.051804
https://doi.org/10.1103/PhysRevA.69.051804
https://doi.org/10.1103/PhysRevA.69.051804
https://doi.org/10.1103/PhysRevA.69.051804
https://doi.org/10.1103/PhysRevA.69.051804
https://doi.org/10.1103/PhysRevA.69.051804
https://doi.org/10.1103/PhysRevA.69.051804
https://doi.org/10.1103/PhysRevA.74.053821
https://doi.org/10.1103/PhysRevA.74.053821
https://doi.org/10.1103/PhysRevA.74.053821
https://doi.org/10.1103/PhysRevA.74.053821
https://doi.org/10.1103/PhysRevA.74.053821
https://doi.org/10.1103/PhysRevA.74.053821
https://doi.org/10.1103/PhysRevA.74.053821
https://doi.org/10.1103/PhysRevLett.126.090501
https://doi.org/10.1103/PhysRevLett.126.090501
https://doi.org/10.1103/PhysRevLett.126.090501
https://doi.org/10.1103/PhysRevLett.126.090501
https://doi.org/10.1103/PhysRevLett.126.090501
https://doi.org/10.1103/PhysRevLett.126.090501
https://doi.org/10.1103/PhysRevLett.126.090501
https://doi.org/10.1103/PhysRevA.64.033422
https://doi.org/10.1103/PhysRevA.64.033422
https://doi.org/10.1103/PhysRevA.64.033422
https://doi.org/10.1103/PhysRevA.64.033422
https://doi.org/10.1103/PhysRevA.64.033422
https://doi.org/10.1103/PhysRevA.64.033422
https://doi.org/10.1103/PhysRevA.64.033422
https://doi.org/10.1103/PhysRevLett.84.4068
https://doi.org/10.1103/PhysRevLett.84.4068
https://doi.org/10.1103/PhysRevLett.84.4068
https://doi.org/10.1103/PhysRevLett.84.4068
https://doi.org/10.1103/PhysRevLett.84.4068
https://doi.org/10.1103/PhysRevLett.84.4068
https://doi.org/10.1103/PhysRevLett.84.4068
https://doi.org/10.1126/science.aar3102
https://doi.org/10.1126/science.aar3102
https://doi.org/10.1126/science.aar3102
https://doi.org/10.1126/science.aar3102
https://doi.org/10.1126/science.aar3102
https://doi.org/10.1126/science.aar3102
https://doi.org/10.1126/science.aar3102
https://doi.org/10.1103/PhysRevLett.89.253003
https://doi.org/10.1103/PhysRevLett.89.253003
https://doi.org/10.1103/PhysRevLett.89.253003
https://doi.org/10.1103/PhysRevLett.89.253003
https://doi.org/10.1103/PhysRevLett.89.253003
https://doi.org/10.1103/PhysRevLett.89.253003
https://doi.org/10.1103/PhysRevLett.89.253003
https://doi.org/10.1103/PhysRevLett.91.203001
https://doi.org/10.1103/PhysRevLett.91.203001
https://doi.org/10.1103/PhysRevLett.91.203001
https://doi.org/10.1103/PhysRevLett.91.203001
https://doi.org/10.1103/PhysRevLett.91.203001
https://doi.org/10.1103/PhysRevLett.91.203001
https://doi.org/10.1103/RevModPhys.70.685
https://doi.org/10.1103/RevModPhys.70.685
https://doi.org/10.1103/RevModPhys.70.685
https://doi.org/10.1103/RevModPhys.70.685
https://doi.org/10.1103/RevModPhys.70.685
https://doi.org/10.1103/RevModPhys.70.685
https://doi.org/10.1103/RevModPhys.70.685
https://doi.org/10.1103/RevModPhys.70.707
https://doi.org/10.1103/RevModPhys.70.707
https://doi.org/10.1103/RevModPhys.70.707
https://doi.org/10.1103/RevModPhys.70.707
https://doi.org/10.1103/RevModPhys.70.707
https://doi.org/10.1103/RevModPhys.70.707
https://doi.org/10.1103/RevModPhys.70.707
https://doi.org/10.1103/RevModPhys.70.721
https://doi.org/10.1103/RevModPhys.70.721
https://doi.org/10.1103/RevModPhys.70.721
https://doi.org/10.1103/RevModPhys.70.721
https://doi.org/10.1103/RevModPhys.70.721
https://doi.org/10.1103/RevModPhys.70.721
https://doi.org/10.1103/RevModPhys.70.721
https://doi.org/10.1103/RevModPhys.78.179
https://doi.org/10.1103/RevModPhys.78.179
https://doi.org/10.1103/RevModPhys.78.179
https://doi.org/10.1103/RevModPhys.78.179
https://doi.org/10.1103/RevModPhys.78.179
https://doi.org/10.1103/RevModPhys.78.179
https://doi.org/10.1103/RevModPhys.78.179
https://doi.org/10.1103/RevModPhys.71.463
https://doi.org/10.1103/RevModPhys.71.463
https://doi.org/10.1103/RevModPhys.71.463
https://doi.org/10.1103/RevModPhys.71.463
https://doi.org/10.1103/RevModPhys.71.463
https://doi.org/10.1103/RevModPhys.71.463
https://doi.org/10.1103/RevModPhys.71.463
https://doi.org/10.1103/RevModPhys.71.463
https://doi.org/10.1140/epjd/e2008-00074-6
https://doi.org/10.1140/epjd/e2008-00074-6
https://doi.org/10.1140/epjd/e2008-00074-6
https://doi.org/10.1140/epjd/e2008-00074-6
https://doi.org/10.1140/epjd/e2008-00074-6
https://doi.org/10.1140/epjd/e2008-00074-6
https://doi.org/10.1140/epjd/e2008-00074-6
https://doi.org/10.1038/nature09009
https://doi.org/10.1038/nature09009
https://doi.org/10.1038/nature09009
https://doi.org/10.1038/nature09009
https://doi.org/10.1038/nature09009
https://doi.org/10.1038/nature09009
https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1016/0003-4916(73)90039-0
https://doi.org/10.1016/0003-4916(73)90039-0
https://doi.org/10.1016/0003-4916(73)90039-0
https://doi.org/10.1016/0003-4916(73)90039-0
https://doi.org/10.1016/0003-4916(73)90039-0
https://doi.org/10.1016/0003-4916(73)90039-0
https://doi.org/10.1016/0003-4916(73)90039-0
https://doi.org/10.1103/PhysRevA.75.013804
https://doi.org/10.1103/PhysRevA.75.013804
https://doi.org/10.1103/PhysRevA.75.013804
https://doi.org/10.1103/PhysRevA.75.013804
https://doi.org/10.1103/PhysRevA.75.013804
https://doi.org/10.1103/PhysRevA.75.013804
https://doi.org/10.1103/PhysRevLett.104.130401
https://doi.org/10.1103/PhysRevLett.104.130401
https://doi.org/10.1103/PhysRevLett.104.130401
https://doi.org/10.1103/PhysRevLett.104.130401
https://doi.org/10.1103/PhysRevLett.104.130401
https://doi.org/10.1103/PhysRevLett.104.130401
https://doi.org/10.1103/PhysRevLett.104.130401
https://doi.org/10.1103/PhysRevLett.104.130401
https://doi.org/10.1103/PhysRevLett.108.240405
https://doi.org/10.1103/PhysRevLett.108.240405
https://doi.org/10.1103/PhysRevLett.108.240405
https://doi.org/10.1103/PhysRevLett.108.240405
https://doi.org/10.1103/PhysRevLett.108.240405
https://doi.org/10.1103/PhysRevLett.108.240405
https://doi.org/10.1016/j.fmre.2022.07.001
https://doi.org/10.1016/j.fmre.2022.07.001
https://doi.org/10.1016/j.fmre.2022.07.001
https://doi.org/10.1016/j.fmre.2022.07.001
https://doi.org/10.1016/j.fmre.2022.07.001
https://doi.org/10.1016/j.fmre.2022.07.001
https://doi.org/10.1016/j.fmre.2022.07.001
https://doi.org/10.1002/andp.202300465
https://doi.org/10.1002/andp.202300465
https://doi.org/10.1002/andp.202300465
https://doi.org/10.1002/andp.202300465
https://doi.org/10.1002/andp.202300465
https://doi.org/10.1002/andp.202300465
https://doi.org/10.1103/PhysRevLett.127.113601
https://doi.org/10.1103/PhysRevLett.127.113601
https://doi.org/10.1103/PhysRevLett.127.113601
https://doi.org/10.1103/PhysRevLett.127.113601
https://doi.org/10.1103/PhysRevLett.127.113601
https://doi.org/10.1103/PhysRevLett.127.113601
https://doi.org/10.1103/PhysRevLett.127.113601
https://doi.org/10.1103/PhysRevA.86.021801
https://doi.org/10.1103/PhysRevA.86.021801
https://doi.org/10.1103/PhysRevA.86.021801
https://doi.org/10.1103/PhysRevA.86.021801
https://doi.org/10.1103/PhysRevA.86.021801
https://doi.org/10.1103/PhysRevA.86.021801
https://doi.org/10.1103/zd1d-39d7
https://doi.org/10.1103/zd1d-39d7
https://doi.org/10.1103/zd1d-39d7
https://doi.org/10.1103/zd1d-39d7
https://doi.org/10.1103/zd1d-39d7
https://doi.org/10.1103/zd1d-39d7
https://doi.org/10.1103/zd1d-39d7
https://doi.org/10.1103/PhysRevA.83.031608
https://doi.org/10.1103/PhysRevA.83.031608
https://doi.org/10.1103/PhysRevA.83.031608
https://doi.org/10.1103/PhysRevA.83.031608
https://doi.org/10.1103/PhysRevA.83.031608
https://doi.org/10.1103/PhysRevA.83.031608
https://doi.org/10.1103/PhysRevA.83.031608
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1088/1367-2630/10/9/095008
https://doi.org/10.1088/1367-2630/10/9/095008
https://doi.org/10.1088/1367-2630/10/9/095008
https://doi.org/10.1088/1367-2630/10/9/095008
https://doi.org/10.1088/1367-2630/10/9/095008
https://doi.org/10.1088/1367-2630/10/9/095008
https://doi.org/10.1103/PhysRevLett.107.213604
https://doi.org/10.1103/PhysRevLett.107.213604
https://doi.org/10.1103/PhysRevLett.107.213604
https://doi.org/10.1103/PhysRevLett.107.213604
https://doi.org/10.1103/PhysRevLett.107.213604
https://doi.org/10.1103/PhysRevLett.107.213604
https://doi.org/10.1063/1.5009402
https://doi.org/10.1063/1.5009402
https://doi.org/10.1063/1.5009402
https://doi.org/10.1063/1.5009402
https://doi.org/10.1063/1.5009402
https://doi.org/10.1063/1.5009402
https://doi.org/10.1063/1.5009402
https://doi.org/10.1103/PhysRevLett.108.153601
https://doi.org/10.1103/PhysRevLett.108.153601
https://doi.org/10.1103/PhysRevLett.108.153601
https://doi.org/10.1103/PhysRevLett.108.153601
https://doi.org/10.1103/PhysRevLett.108.153601
https://doi.org/10.1103/PhysRevLett.108.153601
https://doi.org/10.1103/PhysRevLett.108.153601
https://doi.org/10.1088/1367-2630/15/4/045017
https://doi.org/10.1088/1367-2630/15/4/045017
https://doi.org/10.1088/1367-2630/15/4/045017
https://doi.org/10.1088/1367-2630/15/4/045017
https://doi.org/10.1088/1367-2630/15/4/045017
https://doi.org/10.1088/1367-2630/15/4/045017
https://doi.org/10.1103/PhysRevLett.99.213601
https://doi.org/10.1103/PhysRevLett.99.213601
https://doi.org/10.1103/PhysRevLett.99.213601
https://doi.org/10.1103/PhysRevLett.99.213601
https://doi.org/10.1103/PhysRevLett.99.213601
https://doi.org/10.1103/PhysRevLett.99.213601
https://doi.org/10.1038/nature06715
https://doi.org/10.1038/nature06715
https://doi.org/10.1038/nature06715
https://doi.org/10.1038/nature06715
https://doi.org/10.1038/nature06715
https://doi.org/10.1038/nature06715
https://doi.org/10.1038/nature06715
https://doi.org/10.1038/nphys1707
https://doi.org/10.1038/nphys1707
https://doi.org/10.1038/nphys1707
https://doi.org/10.1038/nphys1707
https://doi.org/10.1038/nphys1707
https://doi.org/10.1038/nphys1707
https://doi.org/10.1038/nphys1707
https://doi.org/10.1038/ncomms7232
https://doi.org/10.1038/ncomms7232
https://doi.org/10.1038/ncomms7232
https://doi.org/10.1038/ncomms7232
https://doi.org/10.1038/ncomms7232
https://doi.org/10.1038/ncomms7232
https://doi.org/10.1038/ncomms7232
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1126/science.1228370
https://doi.org/10.1126/science.1228370
https://doi.org/10.1126/science.1228370
https://doi.org/10.1126/science.1228370
https://doi.org/10.1126/science.1228370
https://doi.org/10.1126/science.1228370
https://doi.org/10.1038/nphoton.2016.161
https://doi.org/10.1038/nphoton.2016.161
https://doi.org/10.1038/nphoton.2016.161
https://doi.org/10.1038/nphoton.2016.161
https://doi.org/10.1038/nphoton.2016.161
https://doi.org/10.1038/nphoton.2016.161
https://doi.org/10.1038/nphoton.2016.161
https://doi.org/10.1038/s41467-018-04187-8
https://doi.org/10.1038/s41467-018-04187-8
https://doi.org/10.1038/s41467-018-04187-8
https://doi.org/10.1038/s41467-018-04187-8
https://doi.org/10.1038/s41467-018-04187-8
https://doi.org/10.1038/s41467-018-04187-8
https://doi.org/10.1038/s41467-018-04187-8
https://doi.org/10.1103/PhysRevLett.130.013601
https://doi.org/10.1103/PhysRevLett.130.013601
https://doi.org/10.1103/PhysRevLett.130.013601
https://doi.org/10.1103/PhysRevLett.130.013601
https://doi.org/10.1103/PhysRevLett.130.013601
https://doi.org/10.1103/PhysRevLett.130.013601
https://doi.org/10.1103/PhysRevLett.130.013601
https://doi.org/10.1103/PhysRevLett.126.163604
https://doi.org/10.1103/PhysRevLett.126.163604
https://doi.org/10.1103/PhysRevLett.126.163604
https://doi.org/10.1103/PhysRevLett.126.163604
https://doi.org/10.1103/PhysRevLett.126.163604
https://doi.org/10.1103/PhysRevLett.126.163604
https://doi.org/10.1103/PhysRevLett.126.123603
https://doi.org/10.1103/PhysRevLett.126.123603
https://doi.org/10.1103/PhysRevLett.126.123603
https://doi.org/10.1103/PhysRevLett.126.123603
https://doi.org/10.1103/PhysRevLett.126.123603
https://doi.org/10.1103/PhysRevLett.126.123603
https://doi.org/10.1103/PhysRevLett.126.123603
https://doi.org/10.1103/PhysRevLett.104.083901
https://doi.org/10.1103/PhysRevLett.104.083901
https://doi.org/10.1103/PhysRevLett.104.083901
https://doi.org/10.1103/PhysRevLett.104.083901
https://doi.org/10.1103/PhysRevLett.104.083901
https://doi.org/10.1103/PhysRevLett.104.083901
https://doi.org/10.1103/PhysRevLett.104.083901
https://doi.org/10.1103/PhysRevLett.104.083901
https://doi.org/10.1103/PhysRevLett.113.053604
https://doi.org/10.1103/PhysRevLett.113.053604
https://doi.org/10.1103/PhysRevLett.113.053604
https://doi.org/10.1103/PhysRevLett.113.053604
https://doi.org/10.1103/PhysRevLett.113.053604
https://doi.org/10.1103/PhysRevLett.113.053604
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

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 11 (2026)

110301

[91]

(92]
(93]
(94]
(95]
[96]
[97]
(98]
[99]
[100]
[101]

[102]
[103]

[104]
[105)

[106]

[107]

[108]

[109]

[110]
[111]
[112]
[113]

[114]

[115]

[116]

[117)

Zhang J, Peng B, Ozdemir ff K, Pichler K, Krimer D O,
Zhao G, Nori F, Liu Y x, Rotter S, Yang L 2018 Nature
Photon. 12 479

Zhang Q, Yang C, Sheng J, Wu H 2022 Proc. Natl. Acad.
Sei. U.S.A. 119 2207543119

Jiang Y, Maayani S, Carmon T, Nori F, Jing H 2018 Phys.
Rev. Applied 10 064037

Li B, Lu T X, Kuang L M, Jing H, Lee C 2025 Phys. Rev.
Applied 24 044032

Monifi F, Zhang J, Ozdemir ff K, Peng B, Liu Y x, Bo F,
Nori F, Yang L 2016 Nature Photon. 10 399

Zhang J, Peng B, Kim S, Monifi F, Jiang X, Li Y, Yu P, Liu
L, Liu Y x, Alu A, Yang L 2021 Nature 600 75

Li X Y, Jing H, Ma J Y, Wu Y 2015 Phys. Rev. Lett. 114
253601

Li X Y, Wu Y, Johansson J, Jing H, Zhang J, Nori F 2015
Phys. Rev. Lett. 114 093602

Li X Y, Liao J Q, Tian L, Nori F 2015 Phys. Rev. A 91
013834

Zheng L L, Yin T S, Bin Q, Li X Y, Wu Y 2019 Phys. Rev.
A 99 013804

Sang Y, Xu J, Liu K, Chen W, Xiao Y, Zhu Z, Liu N, Zhang
J 2022 Adv. Opt. Mater. 10 2201523

LiBB,OulL, Lei Y, Liu Y C 2021 Nanophotonics 10 2799
Ryu C, Andersen M, Cladé P, Natarajan V, Helmerson K,
Phillips W 2007 Phys. Rev. Lett. 99 260401

Ragole S, Taylor J M 2016 Phys. Rev. Lett. 117 203002
Eckel S, Kumar A, Jacobson T, Spielman I, Campbell G
2018 Phys. Rev. X 8 021021

Wright K C, Blakestad R B, Lobb C J, Phillips W D,
Campbell G K 2013 Phys. Rev. Lett. 110 025302

Guo Y, Dubessy R, de Herve M d G, Kumar A, Badr T,
Perrin A, Longchambon L, Perrin H 2020 Phys. Rev. Lett.
124 025301

Sherlock B E, Gildemeister M, Owen E, Nugent E, Foot C J
2011 Phys. Rev. A 83 043408

Corman L, Chomaz L, Bienaimé T, Desbuquois R,
Weitenberg C, Nascimbéne S, Dalibard J, Beugnon J 2014
Phys. Rev. Lett. 113 135302

Naidoo D, Ait-Ameur K, Brunel M, Forbes A 2012 Appl.
Phys. B 106 683

Muniz S R, Naik D S, Raman C 2006 Phys. Rev. A 73
041605

Kumar A, Anderson N, Phillips W D, Eckel S, Campbell G
K, Stringari S 2016 New J. Phys. 18 025001

Lvovsky A I, Sanders B C, Tittel W 2009 Nature Photon. 3
706

Heshami K, England D G, Humphreys P C, Bustard P J,
Acosta V' M, Nunn J, Sussman B J 2016 J. Mod. Opt. 63
2005

Ramanathan A, Wright K C, Muniz S R, Zelan M, Hill W
T, Lobb C J, Helmerson K, Phillips W D, Campbell G K
2011 Phys. Rev. Lett. 106 130401

Beattie S, Moulder S, Fletcher R J, Hadzibabic Z 2013 Phys.
Rev. Lett. 110 025301

Fiore V, Yang Y, Kuzyk M C, Barbour R, Tian L, Wang H
2011 Phys. Rev. Lett. 107 133601

[118]

[119)
[120]

[121)
[122]

[123]
[124]

[125]

[126]
[127]
[128]
[129]

[130]
[131]

[132]

[133]

[134]

[135]

[136)
[137]

[138)
[139]

[140]
[141]

[142)
[143]

[144]
[145)

[146]

110301-11

Scarani V, Bechmann-Pasquinucci H, Cerf N J, Dusek M,
Liitkenhaus N, Peev M 2009 Rev. Mod. Phys. 81 1301
Buluta I, Ashhab S, Nori F 2011 Rep. Prog. Phys. 74 104401
Gu X, Kockum A F, Miranowicz A, Liu Y x, Nori F 2017
Phys. Rep. 718 1

Zurek W H 2003 Rev. Mod. Phys. 75 715

Ku H Y, Lambert N, Chan F J, Emary C, Chen Y N, Nori F
2020 npj Quantum Inf. 6 98

Ourjoumtsev A, Jeong H, Tualle-Brouri R, Grangier P 2007
Nature 448 784

Sychev D V, Ulanov A E, Pushkina A A, Richards M W,
Fedorov I A, Lvovsky A 12017 Nature Photon. 11 379
Leghtas Z, Touzard S, Pop I M, Kou A, Vlastakis B,
Petrenko A, Sliwa K M, Narla A, Shankar S, Hatridge M J,
Reagor M, Frunzio L, Schoelkopf R J, Mirrahimi M, Devoret
M H 2015 Science 347 853

Lu Y, Zhang S, Zhang K, Chen W, Shen Y, Zhang J, Zhang
J N, Kim K 2019 Nature 572 363

Monroe C, Meekhof D M, King B E, Wineland D J 1996
Science 272 1131

Qin W, Miranowicz A, Long G, You J Q, Nori F 2019 npj
Quantum Inf. 5

Li XY, Zhu G L, Zheng L L, Wu Y 2018 Phys. Rev. A 97
033807

Liao J Q, Tian L 2016 Phys. Rev. Lett. 116 163602
Birnbaum K M, Boca A, Miller R, Boozer A D, Northup T
E, Kimble H J 2005 Nature 436 87

Miiller K, Rundquist A, Fischer K A, Sarmiento T,
Lagoudakis K G, Kelaita Y A, Sénchez Munoz C, del Valle
E, Laussy F P, Vuckovi¢ J 2015 Phys. Rev. Lett. 114 233601
Lang C, Bozyigit D, Eichler C, Steffen L, Fink J M,
Abdumalikov A A, Baur M, Filipp S, da Silva M P, Blais A,
Wallraff A 2011 Phys. Rev. Lett. 106 243601

Hoffman A J, Srinivasan S J, Schmidt S, Spietz L,
Aumentado J, Tiireci H E, Houck A A 2011 Phys. Rev. Lett.
107 053602

Ferretti S, Andreani L C, Tiireci H E, Gerace D 2010 Phys.
Rev. A 82 013841

Liao J Q, Law C K 2010 Phys. Rev. A 82 053836
Miranowicz A, Paprzycka M, Liu Y x, Bajer J, Nori F 2013
Phys. Rev. A 87 023809

Liew T C H, Savona V 2010 Phys. Rev. Lett. 104 183601
Bamba M, Imamoglu A, Carusotto I, Ciuti C 2011 Phys.
Rev. A 83 021802

Li B, Zuo Y, Kuang L M, Jing H; Lee C 2024 npj Quantum
Inf. 10 75

Nunnenkamp A, Borkje K, Girvin S M 2011 Phys. Rev. Lett.
107 063602

Liao J Q, Nori F 2013 Phys. Rev. A 88 023853

Li B, Huang R, Xu X, Miranowicz A, Jing H 2019 Photonics
Res. T 630

Brahms N, Stamper-Kurn D M 2010 Phys. Rev. A 82 041804
Jing H, Goldbaum D S, Buchmann L, Meystre P 2011 Phys.
Reu. Lett. 106 223601

YuHY, Jiao Y F, Wang J, Li F, Yin B, Liu Q R, Jiang T,
Jing H, Wei K 2026 Phys. Rev. Lett. 136 013602


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/10.1073/pnas.2207543119
https://doi.org/10.1073/pnas.2207543119
https://doi.org/10.1073/pnas.2207543119
https://doi.org/10.1073/pnas.2207543119
https://doi.org/10.1073/pnas.2207543119
https://doi.org/10.1073/pnas.2207543119
https://doi.org/10.1073/pnas.2207543119
https://doi.org/10.1073/pnas.2207543119
https://doi.org/10.1103/PhysRevApplied.10.064037
https://doi.org/10.1103/PhysRevApplied.10.064037
https://doi.org/10.1103/PhysRevApplied.10.064037
https://doi.org/10.1103/PhysRevApplied.10.064037
https://doi.org/10.1103/PhysRevApplied.10.064037
https://doi.org/10.1103/PhysRevApplied.10.064037
https://doi.org/10.1103/PhysRevApplied.10.064037
https://doi.org/10.1103/PhysRevApplied.10.064037
https://doi.org/10.1103/yn7j-gqlz
https://doi.org/10.1103/yn7j-gqlz
https://doi.org/10.1103/yn7j-gqlz
https://doi.org/10.1103/yn7j-gqlz
https://doi.org/10.1103/yn7j-gqlz
https://doi.org/10.1103/yn7j-gqlz
https://doi.org/10.1103/yn7j-gqlz
https://doi.org/10.1103/yn7j-gqlz
https://doi.org/10.1038/nphoton.2016.73
https://doi.org/10.1038/nphoton.2016.73
https://doi.org/10.1038/nphoton.2016.73
https://doi.org/10.1038/nphoton.2016.73
https://doi.org/10.1038/nphoton.2016.73
https://doi.org/10.1038/nphoton.2016.73
https://doi.org/10.1038/nphoton.2016.73
https://doi.org/10.1038/s41586-021-04012-1
https://doi.org/10.1038/s41586-021-04012-1
https://doi.org/10.1038/s41586-021-04012-1
https://doi.org/10.1038/s41586-021-04012-1
https://doi.org/10.1038/s41586-021-04012-1
https://doi.org/10.1038/s41586-021-04012-1
https://doi.org/10.1038/s41586-021-04012-1
https://doi.org/10.1103/PhysRevLett.114.253601
https://doi.org/10.1103/PhysRevLett.114.253601
https://doi.org/10.1103/PhysRevLett.114.253601
https://doi.org/10.1103/PhysRevLett.114.253601
https://doi.org/10.1103/PhysRevLett.114.253601
https://doi.org/10.1103/PhysRevLett.114.253601
https://doi.org/10.1103/PhysRevLett.114.093602
https://doi.org/10.1103/PhysRevLett.114.093602
https://doi.org/10.1103/PhysRevLett.114.093602
https://doi.org/10.1103/PhysRevLett.114.093602
https://doi.org/10.1103/PhysRevLett.114.093602
https://doi.org/10.1103/PhysRevLett.114.093602
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevA.91.013834
https://doi.org/10.1103/PhysRevA.99.013804
https://doi.org/10.1103/PhysRevA.99.013804
https://doi.org/10.1103/PhysRevA.99.013804
https://doi.org/10.1103/PhysRevA.99.013804
https://doi.org/10.1103/PhysRevA.99.013804
https://doi.org/10.1103/PhysRevA.99.013804
https://doi.org/10.1103/PhysRevA.99.013804
https://doi.org/10.1103/PhysRevA.99.013804
https://doi.org/10.1002/adom.202201523
https://doi.org/10.1002/adom.202201523
https://doi.org/10.1002/adom.202201523
https://doi.org/10.1002/adom.202201523
https://doi.org/10.1002/adom.202201523
https://doi.org/10.1002/adom.202201523
https://doi.org/10.1002/adom.202201523
https://doi.org/10.1515/nanoph-2021-0256
https://doi.org/10.1515/nanoph-2021-0256
https://doi.org/10.1515/nanoph-2021-0256
https://doi.org/10.1515/nanoph-2021-0256
https://doi.org/10.1515/nanoph-2021-0256
https://doi.org/10.1515/nanoph-2021-0256
https://doi.org/10.1515/nanoph-2021-0256
https://doi.org/10.1103/PhysRevLett.99.260401
https://doi.org/10.1103/PhysRevLett.99.260401
https://doi.org/10.1103/PhysRevLett.99.260401
https://doi.org/10.1103/PhysRevLett.99.260401
https://doi.org/10.1103/PhysRevLett.99.260401
https://doi.org/10.1103/PhysRevLett.99.260401
https://doi.org/10.1103/PhysRevLett.99.260401
https://doi.org/10.1103/PhysRevLett.117.203002
https://doi.org/10.1103/PhysRevLett.117.203002
https://doi.org/10.1103/PhysRevLett.117.203002
https://doi.org/10.1103/PhysRevLett.117.203002
https://doi.org/10.1103/PhysRevLett.117.203002
https://doi.org/10.1103/PhysRevLett.117.203002
https://doi.org/10.1103/PhysRevLett.117.203002
https://doi.org/10.1103/PhysRevLett.110.025302
https://doi.org/10.1103/PhysRevLett.110.025302
https://doi.org/10.1103/PhysRevLett.110.025302
https://doi.org/10.1103/PhysRevLett.110.025302
https://doi.org/10.1103/PhysRevLett.110.025302
https://doi.org/10.1103/PhysRevLett.110.025302
https://doi.org/10.1103/PhysRevLett.110.025302
https://doi.org/10.1103/PhysRevLett.124.025301
https://doi.org/10.1103/PhysRevLett.124.025301
https://doi.org/10.1103/PhysRevLett.124.025301
https://doi.org/10.1103/PhysRevLett.124.025301
https://doi.org/10.1103/PhysRevLett.124.025301
https://doi.org/10.1103/PhysRevLett.124.025301
https://doi.org/10.1103/PhysRevA.83.043408
https://doi.org/10.1103/PhysRevA.83.043408
https://doi.org/10.1103/PhysRevA.83.043408
https://doi.org/10.1103/PhysRevA.83.043408
https://doi.org/10.1103/PhysRevA.83.043408
https://doi.org/10.1103/PhysRevA.83.043408
https://doi.org/10.1103/PhysRevA.83.043408
https://doi.org/10.1103/PhysRevLett.113.135302
https://doi.org/10.1103/PhysRevLett.113.135302
https://doi.org/10.1103/PhysRevLett.113.135302
https://doi.org/10.1103/PhysRevLett.113.135302
https://doi.org/10.1103/PhysRevLett.113.135302
https://doi.org/10.1103/PhysRevLett.113.135302
https://doi.org/10.1007/s00340-011-4775-x
https://doi.org/10.1007/s00340-011-4775-x
https://doi.org/10.1007/s00340-011-4775-x
https://doi.org/10.1007/s00340-011-4775-x
https://doi.org/10.1007/s00340-011-4775-x
https://doi.org/10.1007/s00340-011-4775-x
https://doi.org/10.1007/s00340-011-4775-x
https://doi.org/10.1007/s00340-011-4775-x
https://doi.org/10.1103/PhysRevA.73.041605
https://doi.org/10.1103/PhysRevA.73.041605
https://doi.org/10.1103/PhysRevA.73.041605
https://doi.org/10.1103/PhysRevA.73.041605
https://doi.org/10.1103/PhysRevA.73.041605
https://doi.org/10.1103/PhysRevA.73.041605
https://doi.org/10.1088/1367-2630/18/2/025001
https://doi.org/10.1088/1367-2630/18/2/025001
https://doi.org/10.1088/1367-2630/18/2/025001
https://doi.org/10.1088/1367-2630/18/2/025001
https://doi.org/10.1088/1367-2630/18/2/025001
https://doi.org/10.1088/1367-2630/18/2/025001
https://doi.org/10.1088/1367-2630/18/2/025001
https://doi.org/10.1038/nphoton.2009.231
https://doi.org/10.1038/nphoton.2009.231
https://doi.org/10.1038/nphoton.2009.231
https://doi.org/10.1038/nphoton.2009.231
https://doi.org/10.1038/nphoton.2009.231
https://doi.org/10.1038/nphoton.2009.231
https://doi.org/10.1080/09500340.2016.1148212
https://doi.org/10.1080/09500340.2016.1148212
https://doi.org/10.1080/09500340.2016.1148212
https://doi.org/10.1080/09500340.2016.1148212
https://doi.org/10.1080/09500340.2016.1148212
https://doi.org/10.1080/09500340.2016.1148212
https://doi.org/10.1103/PhysRevLett.106.130401
https://doi.org/10.1103/PhysRevLett.106.130401
https://doi.org/10.1103/PhysRevLett.106.130401
https://doi.org/10.1103/PhysRevLett.106.130401
https://doi.org/10.1103/PhysRevLett.106.130401
https://doi.org/10.1103/PhysRevLett.106.130401
https://doi.org/10.1103/PhysRevLett.106.130401
https://doi.org/10.1103/PhysRevLett.110.025301
https://doi.org/10.1103/PhysRevLett.110.025301
https://doi.org/10.1103/PhysRevLett.110.025301
https://doi.org/10.1103/PhysRevLett.110.025301
https://doi.org/10.1103/PhysRevLett.110.025301
https://doi.org/10.1103/PhysRevLett.110.025301
https://doi.org/10.1103/PhysRevLett.110.025301
https://doi.org/10.1103/PhysRevLett.110.025301
https://doi.org/10.1103/PhysRevLett.107.133601
https://doi.org/10.1103/PhysRevLett.107.133601
https://doi.org/10.1103/PhysRevLett.107.133601
https://doi.org/10.1103/PhysRevLett.107.133601
https://doi.org/10.1103/PhysRevLett.107.133601
https://doi.org/10.1103/PhysRevLett.107.133601
https://doi.org/10.1103/PhysRevLett.107.133601
https://doi.org/10.1103/RevModPhys.81.1301
https://doi.org/10.1103/RevModPhys.81.1301
https://doi.org/10.1103/RevModPhys.81.1301
https://doi.org/10.1103/RevModPhys.81.1301
https://doi.org/10.1103/RevModPhys.81.1301
https://doi.org/10.1103/RevModPhys.81.1301
https://doi.org/10.1103/RevModPhys.81.1301
https://doi.org/10.1088/0034-4885/74/10/104401
https://doi.org/10.1088/0034-4885/74/10/104401
https://doi.org/10.1088/0034-4885/74/10/104401
https://doi.org/10.1088/0034-4885/74/10/104401
https://doi.org/10.1088/0034-4885/74/10/104401
https://doi.org/10.1088/0034-4885/74/10/104401
https://doi.org/10.1088/0034-4885/74/10/104401
https://doi.org/10.1103/RevModPhys.75.715
https://doi.org/10.1103/RevModPhys.75.715
https://doi.org/10.1103/RevModPhys.75.715
https://doi.org/10.1103/RevModPhys.75.715
https://doi.org/10.1103/RevModPhys.75.715
https://doi.org/10.1103/RevModPhys.75.715
https://doi.org/10.1103/RevModPhys.75.715
https://doi.org/10.1038/s41534-020-00321-x
https://doi.org/10.1038/s41534-020-00321-x
https://doi.org/10.1038/s41534-020-00321-x
https://doi.org/10.1038/s41534-020-00321-x
https://doi.org/10.1038/s41534-020-00321-x
https://doi.org/10.1038/s41534-020-00321-x
https://doi.org/10.1038/s41534-020-00321-x
https://doi.org/10.1038/nature06054
https://doi.org/10.1038/nature06054
https://doi.org/10.1038/nature06054
https://doi.org/10.1038/nature06054
https://doi.org/10.1038/nature06054
https://doi.org/10.1038/nature06054
https://doi.org/10.1038/nphoton.2017.57
https://doi.org/10.1038/nphoton.2017.57
https://doi.org/10.1038/nphoton.2017.57
https://doi.org/10.1038/nphoton.2017.57
https://doi.org/10.1038/nphoton.2017.57
https://doi.org/10.1038/nphoton.2017.57
https://doi.org/10.1038/nphoton.2017.57
https://doi.org/10.1126/science.aaa2085
https://doi.org/10.1126/science.aaa2085
https://doi.org/10.1126/science.aaa2085
https://doi.org/10.1126/science.aaa2085
https://doi.org/10.1126/science.aaa2085
https://doi.org/10.1126/science.aaa2085
https://doi.org/10.1126/science.aaa2085
https://doi.org/10.1038/s41586-019-1428-4
https://doi.org/10.1038/s41586-019-1428-4
https://doi.org/10.1038/s41586-019-1428-4
https://doi.org/10.1038/s41586-019-1428-4
https://doi.org/10.1038/s41586-019-1428-4
https://doi.org/10.1038/s41586-019-1428-4
https://doi.org/10.1038/s41586-019-1428-4
https://doi.org/10.1126/science.272.5265.1131
https://doi.org/10.1126/science.272.5265.1131
https://doi.org/10.1126/science.272.5265.1131
https://doi.org/10.1126/science.272.5265.1131
https://doi.org/10.1126/science.272.5265.1131
https://doi.org/10.1126/science.272.5265.1131
https://doi.org/10.1103/PhysRevA.97.033807
https://doi.org/10.1103/PhysRevA.97.033807
https://doi.org/10.1103/PhysRevA.97.033807
https://doi.org/10.1103/PhysRevA.97.033807
https://doi.org/10.1103/PhysRevA.97.033807
https://doi.org/10.1103/PhysRevA.97.033807
https://doi.org/10.1103/PhysRevLett.116.163602
https://doi.org/10.1103/PhysRevLett.116.163602
https://doi.org/10.1103/PhysRevLett.116.163602
https://doi.org/10.1103/PhysRevLett.116.163602
https://doi.org/10.1103/PhysRevLett.116.163602
https://doi.org/10.1103/PhysRevLett.116.163602
https://doi.org/10.1103/PhysRevLett.116.163602
https://doi.org/10.1038/nature03804
https://doi.org/10.1038/nature03804
https://doi.org/10.1038/nature03804
https://doi.org/10.1038/nature03804
https://doi.org/10.1038/nature03804
https://doi.org/10.1038/nature03804
https://doi.org/10.1038/nature03804
https://doi.org/10.1103/PhysRevLett.114.233601
https://doi.org/10.1103/PhysRevLett.114.233601
https://doi.org/10.1103/PhysRevLett.114.233601
https://doi.org/10.1103/PhysRevLett.114.233601
https://doi.org/10.1103/PhysRevLett.114.233601
https://doi.org/10.1103/PhysRevLett.114.233601
https://doi.org/10.1103/PhysRevLett.114.233601
https://doi.org/10.1103/PhysRevLett.106.243601
https://doi.org/10.1103/PhysRevLett.106.243601
https://doi.org/10.1103/PhysRevLett.106.243601
https://doi.org/10.1103/PhysRevLett.106.243601
https://doi.org/10.1103/PhysRevLett.106.243601
https://doi.org/10.1103/PhysRevLett.106.243601
https://doi.org/10.1103/PhysRevLett.106.243601
https://doi.org/10.1103/PhysRevLett.107.053602
https://doi.org/10.1103/PhysRevLett.107.053602
https://doi.org/10.1103/PhysRevLett.107.053602
https://doi.org/10.1103/PhysRevLett.107.053602
https://doi.org/10.1103/PhysRevLett.107.053602
https://doi.org/10.1103/PhysRevLett.107.053602
https://doi.org/10.1103/PhysRevA.82.013841
https://doi.org/10.1103/PhysRevA.82.013841
https://doi.org/10.1103/PhysRevA.82.013841
https://doi.org/10.1103/PhysRevA.82.013841
https://doi.org/10.1103/PhysRevA.82.013841
https://doi.org/10.1103/PhysRevA.82.013841
https://doi.org/10.1103/PhysRevA.82.013841
https://doi.org/10.1103/PhysRevA.82.013841
https://doi.org/10.1103/PhysRevA.82.053836
https://doi.org/10.1103/PhysRevA.82.053836
https://doi.org/10.1103/PhysRevA.82.053836
https://doi.org/10.1103/PhysRevA.82.053836
https://doi.org/10.1103/PhysRevA.82.053836
https://doi.org/10.1103/PhysRevA.82.053836
https://doi.org/10.1103/PhysRevA.82.053836
https://doi.org/10.1103/PhysRevA.87.023809
https://doi.org/10.1103/PhysRevA.87.023809
https://doi.org/10.1103/PhysRevA.87.023809
https://doi.org/10.1103/PhysRevA.87.023809
https://doi.org/10.1103/PhysRevA.87.023809
https://doi.org/10.1103/PhysRevA.87.023809
https://doi.org/10.1103/PhysRevLett.104.183601
https://doi.org/10.1103/PhysRevLett.104.183601
https://doi.org/10.1103/PhysRevLett.104.183601
https://doi.org/10.1103/PhysRevLett.104.183601
https://doi.org/10.1103/PhysRevLett.104.183601
https://doi.org/10.1103/PhysRevLett.104.183601
https://doi.org/10.1103/PhysRevLett.104.183601
https://doi.org/10.1103/PhysRevA.83.021802
https://doi.org/10.1103/PhysRevA.83.021802
https://doi.org/10.1103/PhysRevA.83.021802
https://doi.org/10.1103/PhysRevA.83.021802
https://doi.org/10.1103/PhysRevA.83.021802
https://doi.org/10.1103/PhysRevA.83.021802
https://doi.org/10.1103/PhysRevA.83.021802
https://doi.org/10.1103/PhysRevA.83.021802
https://doi.org/10.1038/s41534-024-00870-5
https://doi.org/10.1038/s41534-024-00870-5
https://doi.org/10.1038/s41534-024-00870-5
https://doi.org/10.1038/s41534-024-00870-5
https://doi.org/10.1038/s41534-024-00870-5
https://doi.org/10.1038/s41534-024-00870-5
https://doi.org/10.1038/s41534-024-00870-5
https://doi.org/10.1038/s41534-024-00870-5
https://doi.org/10.1103/PhysRevLett.107.063602
https://doi.org/10.1103/PhysRevLett.107.063602
https://doi.org/10.1103/PhysRevLett.107.063602
https://doi.org/10.1103/PhysRevLett.107.063602
https://doi.org/10.1103/PhysRevLett.107.063602
https://doi.org/10.1103/PhysRevLett.107.063602
https://doi.org/10.1103/PhysRevA.88.023853
https://doi.org/10.1103/PhysRevA.88.023853
https://doi.org/10.1103/PhysRevA.88.023853
https://doi.org/10.1103/PhysRevA.88.023853
https://doi.org/10.1103/PhysRevA.88.023853
https://doi.org/10.1103/PhysRevA.88.023853
https://doi.org/10.1103/PhysRevA.88.023853
https://doi.org/10.1364/PRJ.7.000630
https://doi.org/10.1364/PRJ.7.000630
https://doi.org/10.1364/PRJ.7.000630
https://doi.org/10.1364/PRJ.7.000630
https://doi.org/10.1364/PRJ.7.000630
https://doi.org/10.1364/PRJ.7.000630
https://doi.org/10.1364/PRJ.7.000630
https://doi.org/10.1364/PRJ.7.000630
https://doi.org/10.1103/PhysRevA.82.041804
https://doi.org/10.1103/PhysRevA.82.041804
https://doi.org/10.1103/PhysRevA.82.041804
https://doi.org/10.1103/PhysRevA.82.041804
https://doi.org/10.1103/PhysRevA.82.041804
https://doi.org/10.1103/PhysRevA.82.041804
https://doi.org/10.1103/PhysRevA.82.041804
https://doi.org/10.1103/PhysRevLett.106.223601
https://doi.org/10.1103/PhysRevLett.106.223601
https://doi.org/10.1103/PhysRevLett.106.223601
https://doi.org/10.1103/PhysRevLett.106.223601
https://doi.org/10.1103/PhysRevLett.106.223601
https://doi.org/10.1103/PhysRevLett.106.223601
https://doi.org/10.1103/PhysRevLett.106.223601
https://doi.org/10.1103/PhysRevLett.106.223601
https://doi.org/10.1103/4z8v-f6s5
https://doi.org/10.1103/4z8v-f6s5
https://doi.org/10.1103/4z8v-f6s5
https://doi.org/10.1103/4z8v-f6s5
https://doi.org/10.1103/4z8v-f6s5
https://doi.org/10.1103/4z8v-f6s5
https://doi.org/10.1103/4z8v-f6s5
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

#) 32 % 3R Acta Phys. Sin. Vol. 75, No. 11 (2026) 110301

SPECIAL TOPIC— Ultracold atomic and molecular physics
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Abstract

Cavity optomechanics represents a frontier research direction in quantum science and technology, centered
on the control and exploration of interactions between electromagnetic fields and mechanical motion. Rooted in
quantum mechanics, this field realizes efficient coupling and precise manipulation of optical fields and
mechanical vibrations through the structural design and precise regulation of optical microcavities and
mechanical oscillators, thereby revealing and harnessing novel quantum phenomena. In recent years, cavity
optomechanics has evolved into an interdisciplinary frontier integrating quantum optics, condensed matter
physics, and quantum precision measurement, exhibiting profound application in both fundamental physics
research and quantum information science. With advancements in technologies such as nanomanufacturing and
laser cooling, optomechanical interactions have been successfully demonstrated in various experimental systems.
Among these platforms, cavity cold-atom systems stand out as one of the ideal platforms for implementing
quantum optomechanics. Featuring exceptional environmental isolation, long quantum coherence times, and
strong light-matter interaction, these systems provide a crucial testbed for exploring strong and even ultra-
strong optomechanical coupling effects as well as rich nonlinear quantum phenomena. This paper reviews the
recent progress in optomechanical control and manipulation based on cavity cold-atom systems. We first outline
the fundamental principles of standard cavity optomechanical systems. Then, we describe the experimental
realization of linear and nonlinear optomechanical couplings in cold-atom systems. After that, we focus on the
representative applications of this platform in high-precision quantum sensing, quantum memory, and the

preparation of macroscopic nonclassical states. Finally, we give an outlook and challenges in this field.]
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