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Fig. 2. Plot of steady-state magnetic phonon number versus normalized amplitude of the driving magnetic field:

(a) Under different microwave-magnetic-vibron coupling strengths ga; (b) Under different magnetic-phonon
coupling strengths g; (¢) Under different magnetic resonator detuning amounts Ay; (d) Under different magnetic

dipole dissipation coefficients «,, condition.
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Fig. 3. Image of steady-state photon number variation with normalized amplitude of optical cavity driving field:

(a) Under different light-phonon coupling strength conditions Zbc2; (b) Under different optical cavity detuning

values Acz; (c) Under different optical cavity dissipation coefficients K¢2 conditions

62 s R Bl O A I SO IR I IR VT ECAR B2, X 5 XA
AR . WK 3R, PAA,,/2m = 20 MHz R #E, B RIEE
M0k G 2 20k,, MWERARIRTEEH R, RE2IEENASER, &
ROt T RIS N R o SR B A IG RHI R 1 SO IR 6 2 I B A L
B, W S IR D RE LR A R D T RN O T R G R AR AR
PRTT T XU A i 28 1 R e P 5 38 i 0

65 e AR R B e G T RIS f s 0 S RS 1 BB S RAE

AR WK 3R, Pl /2m = 0.5 MHz 936k, RFEHURMF T



(K, = 01Ky ), XURRASHFIEE NE, RIDVBRMEEMR. st 8 s,
IR T B BB FERURBON 2 0.8k, mfaSGTHH BREAC,  HE = oK
A 5REETT A%, IR T8 R L T S . AR 08 1O T RIS
IR T E-FE ARG AT A E I 8], s AR P S A5 BE B i o v R FECU) o
Tk, FEEEEI A I ERR, HER SRS EEEK S
E w2 o
3.3 A S thFEEEAL A

T RBE TR, BUE R E MRS e 7S TR e S, IRTAET
HTRI96 AT DGR T Hing, () 56 W e 6T e, () AL, 21X
M 1 RE AL L] 5 0 AR TR RrE, ALt 20 4 FroR .

(a) ‘ — ‘ (b)
8x10"}
15x10°%F
5 5x10f o]
E E
2 4x10"f 3
= S 1.0x10
= =]
2 3x10"f 2
23 =
g 2x10"0F 9 =
* 500000
1x10'°F
of 9 or
. . L . . R s - L L i s
0 50x1077 1.0x10°° 15x107° 20x107° 25%10° 0 2x107 4%107 6x1077 8x107 1x107°
Kt/2m Kt/2m

4 (a) BEHET BB B A I 2R (b) St BT B e I 1) Ak i 28
[E 5E S H k/2m = 1 MHz, #1855 mo(0) = ¢(0) =0

Fig. 4. (a) Temporal evolution curve of magnon number;(b) Temporal evolution curve of optical cavity photon

number, with fixed parameter k /2w = 1 MHz and initial conditions m¢(0) = ¢.(0) = 0

FEAR TR 2 “WOR-IRE RS AL i S A 3 1T 1 A AR AR AR A
PROE WO BEAR T IR SR A O 5 KR 75 TR, RERE A AR I I
2 B RIS, KRG AW EE, 2Tt PR SE S
MR8, WIEEA BiatE. U T BARILZ 7 P R RN OE R



ib AR RS USRI AV e B L RS RVl oy ONAST 416 o P N e e 3
o M AT AR TE MRS . R FE TR =4S

Hizh sl R E AR, MRS X A, REFAR-ARSE TSRIE, B

ARG R . RIES G FERCRIL R UE, WXk IR 5 8l S AE I 10
REEALIERAZ, SK 2 LB 3 S EBRLE X,

2 1R AR W 4B s 2 A SR & AR 2R Ve B RO, TR 2C R 5L A
TRSREESREARE, BT SRENETE BB SRR AU
o IBHR T ARG BA ST RENE], ATAIERTHE G R 5 R 7
R e R, i A BEULE S AR & iR 5 R IE S8 SRR A R
B W B 5 A e PR R B AL

fJa WSS A R, SIN R T AR SR AT R S 5 T 1 SR B AR 3K

AR T 2 ]R3 Z AR 22 KK, e ik B AT Al &, Al DAl 5l

YE A B 5 SeBDE I iR S W A A &, Ve S B SEUE AL

ARSI 2 AL G AR BT . 16T R G5 )5 §-QED fE S F O BN,

ILTE s S REA LR R G e SE 96 IR R RESEIN . Ji5 28 a0 L i S AN R FiAH 0% S 56

K, NS IR H A SR T T S8 5 5
&t
AW TR TS 2RI R T I - RN LR & R 48, il

BRI SEER, RGEHER TOLEIE S SRR T XU A I R4 & o
FIVE RN, AESE X AIR T “ BT/ 167 ARk R B3 A 5
H QA AR AR R PRI RN, H RV Tl 5o 88 R S MR IR HE % .
PRT XSS BIAE AR T8 L S Rr Ik 3 Sl - TR TR G o B . WA IR 1 R R



SRR, HeFIREMHDE RS E . MRS LOC-F T EmE T
Ty R TR EE SO R & I NBUNMEL R IETE, # D EE T
faSRIE A B, Ui 7 ARG A E S T .

PR A BT 75 1 LA Y e ORI, Ml “ BERE-PDLAARE-JERE” IR
RO A, ol FERIEAT NN AT K BUE R LY B AL Al . SR LR T
ARG S AT i, RUONBOC XS A g B 2 st 5 PR REDL AL SR AUt

B SR, BT TR ST A BB HE S S R R i R I, T . R RER

TR A 1K) S 36 S B PR BE WY B 1) S B A 5 171, W] 45 o3 A SR SO
SRR I R P AN B SO A, RN R TE BB S
AR IR UK A FE AR BV 4%, SHMIRLEM R AR 2R MOt 2 e AF RO P RE AL
WEA—ESHMEP,

L BN

[1] Aspelmeyer M, Kippenberg T J, Marquardt F 2014 Rev. Mod. Phys. 86 1391

[2] Chakraborty S, Das C 2023 Phys. Rev. A 108 063704

[3] Sharaby Y A, Mohamed A A, Kandil I M Hassan S S 2024 Opt. Quantum

Electron. 56 1300

[4] DiK, Wang X, Xia H R 2024 Opt. Lett. 49 2878

[5] FanZY, Qian H, Zuo X, Li J 2023 Phys. Rev. A 108 203521

[6] Qiu W, Cheng X, Chen A 2022 Phys. Rev. A 105 063718

[7] LiuJF HuZ G, Zhang Y X 2025 Phys. Rev. A 112 033512

[8] Zhang J, Wu X M, Dang B 2023 Laser Phys. 33 096002

[9] Kumar Singh M, Mahajan S, Bhatt V 2024 J. Appl. Phys. 136




[10]Ma H F, Yan Y C, Zhou Z L 2025 Acta Phys. Sin. 74 174203 (in Chinese) [ 24

75, EmsE, FEFR 2025 YFEAAAR 74 174203).

[11]Ma HF, Yan Y C, Sun Y M 2026 Acta Phys. Sin. 75 030401 (in Chinese) [Z %>

75, ERLE, FMVEEH 2026 P3RS 75 030401].

[12]Shen R C, LiJ, Fan Z'Y 2022 Phys. Rev. Lett. 129 123601

[13]Li W, Cheng J, Gong W 2023 Phys. Rev. 4 108 033518

[14] Liu S, Granados del Aguila A, Bhowmick D 2021 Phys. Rev. Lett. 127 097401

[15] Bibak F, Deli¢ U, Aspelmeyer M 2023 Phys. Rev. A 107 053505

[16]Peng J, LiuZ X, Yu Y F 2024 Phys. Rev. A 110 053704

[17]Musavi S A S, Tavassoly M K, Kheirabady M S 2025 Eur. Phys. J. Plus 140 1

[18] Chiorescu I, Bertet P, Semba K 2004 Nature 431 159

[19]1Di K, Tan S, Wang L 2023 Opt. Express 31 29491

[20] Rameshti B Z, Kusminskiy S V, Haigh J A 2022 Phys. Rep. 979 1

[21] Bychek A, Ostermann L, Ritsch H 2025 Phys. Rev. A 111 013705

[22] Nie W, Zhan H, Shang X 2025 Opt. Commun. 574 131212

[23]Cui J T, Chen G, Zhang D L, Zhang S Y, Lu L D, Zhu L Q 2025 Optoelectron.

Lett. 21 520

[24]Li WH, Liu TR, XuY, Cui CH, Liu X J 2025 Optoelectron. Lett. 21 455
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Abstract

Optical bistability is a crucial nonlinear optical phenomena that is

integral to all-optical switching, photonic logic systems, and quantum

information processing. This paper systematically examines the

cooperative regulation mechanism of magnon bistability and optical

bistability in a hybrid atom-cavity opto-magneto-mechanical system. This

system comprises a microwave cavity, a magnon mode supported by

yttrium iron garnet (YIG) crystal, a mechanical phonon mode, dual

coupled optical cavities, and a two-level atomic ensemble. Multi-mode

coupling 1s achieved through magnetostrictive interaction, optical

radiation pressure, and atomic dipole-cavity coupling, addressing the

issues of limited tuning freedom and weak nonlinear response in

traditional optomechanical systems. Utilizing the whole quantum

Hamiltonian of the system, we formulate the quantum Langevin

equations incorporating dissipation and quantum noise factors, and

extract the steady-state analytical solutions for magnon population and

optical cavity photon number under robust driving circumstances.

Numerical simulations are conducted using experimentally viable

parameters to examine the influence of coupling strengths, mode
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detunings, and dissipation coefficients on the threshold, hysteresis

breadth, and steady-state amplitude of magnon and optical bistability. The

findings indicate that both magnon and optical bistability can be

accurately controlled by modifying essential system parameters. The

incorporation of an atomic ensemble introduces an additional nonlinear

interaction pathway, thereby substantially improving the tunability and

stability of the hybrid system. Furthermore, the sudden state transition at

the critical driving point offers a robust physical foundation for the

development of high-speed magneto-optical switching devices. This

study elucidates the multi-mode coupling synergistic mechanism

underlying bistable responses in atom-cavity opto-magneto-mechanical

systems, establishes comprehensive quantitative regulation principles for

bistable characteristics, enhances the foundational theory of hybrid opto-

magneto-mechanical systems, and offers robust theoretical support for the

design and development of tunable, low-threshold, and high-stability

magneto-optical devices. This research holds significant theoretical value

and extensive engineering application potential in quantum information

processing, microwave-optical signal transduction, and high-precision

quantum sensing.

Keywords: atom-cavity opto-magneto-mechanical system, magnon bistability, optical

bistability
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Optical Bistability Study
Based on Atomic-Cavity
Opto-Magneto-Mechanical

Hybrid Systems We realize cooperative control of
magnon and optical bistability in
an atom-cavity opto-magneto-
o 1 2 3 4 5 6 7 8 mechanical system. Results
EalKm (x10°) show that ga and gbe2 enable
precise tuning of both bistable

Magnon
bistability

states. The atomic ensemble
enhances system tunability, and
critical transitions provide a
physical basis for high-speed
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