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Fig. 1. Schematic diagram of the cavity opto-magnomech-
anical system: (a) The magnon mode m in the yttrium iron
garnet crystal is coupled to the microwave cavity mode a
via magnetic dipole interaction, the phonon mode b is
coupled to the magnon mode m through dispersive mag-
netostrictive interactions and simultaneously coupled to the
optical cavity mode ¢ via radiation pressure; (b) the equi-

valent physical model.
B T )
H/h= waata + wpb'd + wecfe + wymtm
+ ga(a™m + am®) + gpmm(b + b1)
— gecte(b+bN) + Kmimmim+Hgi /B, (1)

Hrp a(a®y, mm®y, b®dh) F e(ch) 53 5 R Tk iE
B REPR L 75 FRERDE 2R IS B K (774 57
75, B [, 51 =10 = a, m, b, ¢, w; IR
R ZHY g RN -REIR T HRA RIE, g (g0)
PR B BN OCHLR) -5 28 B2, 5 Al 5
IR s w1 Otz i) BEa] DL 25 1 i —
AHRIE . SRR B 0 K = Foe
o po 7R A B ZS A #E T 2%, MR SR ARG
IR EE, Vi RSB A A IR AR . &5
— Ti Ry UK B 9 i Hygyq = iheg(mfe—ot — H.c.)
+ ihey(cfedrt — H.c.), HH Rabi SR eq = (v/5/4) x
vV N Hy 2R W% 7455 3K B i 1 22 6] I R 5
FE WL Hy ) SRR R, N RoRiegaa
A TR AR R R, G S RO ER 3 Z ) Y
AR e = \/m é'/ﬁ}l'ﬂ, Hrp PL(wL)ﬁj\
SMCRBOCI T (), kAR IR FE
e 31,

L | AFEHCR G ARSI, ARG 1
Bz 5 (QLEs) WF:

a4 = —1Aqa — Kqa — igam + V/2rqa™ (1), (2a)

m= —iA,m — Kpmm — igea — igmm(b + b')

— 2iKm mm + g4 + V2rm™(t), (2b)
b= —iwpb—kpb—igmmm+igecte+v/2r,b"™(t), (2c)

¢ = —iAcc—Rec+igee(b+b") e+ v 2r.cM(t). (2d)
TEVIIR wo Fl w BEFE IS5 R, RIESHL
TE XN Agim) = Wa(m) —wo, Ae=we—wL. ZH
k;(j = a,m, b, c) I3 RN WM AR | R AR TR
DU FDE-Z R RFERCR. aln, min, b Fll cn 3%
AL A AR SEAT, I E N 2. il TSR iR
(HOL) ISR T O 2 iE) B, ARG AR S
BRAE [(m)], [(c)| > 1B, AR RGEH B 1~ # A T4k
PEAGALBE, Ferpa NS AT F LS8 — PR
kg ER, Bl O = (0) +60 (O=a, m, b, c).
TELR A T 200 — Bk TS, 2R s
ERE T

(@) = et (30)
B €d — 1gq (@)
(m) = . + 2 ’
i [Am + gm (<b> + (b) ) 42K (%] + Fom
(3b)

174203-2


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] 32 2 3R Acta Phys. Sin. Vol. 74, No. 17 (2025)

174203

_ —igm| (m) |” +ige| {c) |?
1wy + Kp

(b) ; (3¢)

€l
i[Ac = ge((b) + (B)1)] + e
WS PR TR RS, AT R R AL
N = [(m)|? FDETEL ne = |(0)]> 1F Fios:

Mo [ (K + 9261)° + (A + gnx + 2K — g262) ]

(c) = (3d)

= 53, (4a)

ne[k2 + (Ac — gex)?] = €t (4b)
Hh g = ka/ (ka2 + A7), &= Ad/(ka®+ A7),
X = 2w (gene — gmnm)/ (Fo? +wp?) . T5 B (4a)
(4b) FE T IR T,y FOE2E ST E 0 BT
JEIARLRAME R, 3BT R W, Wi+ BRI AU
1 3 FhAN[A] RS A, e P e KB AR/ MBS
FEA, MirpEfgE MR ES. YRGEV R T
AFEAS, BXERIE S 255 | R REHR T RE00
THRIRKIT B R ESZ —.

3 BEERSTE
3.1 EHIRFXREE

T8 2 B T R SR TR (4a) BN (4b), 224 T
RSP EEIRFE n, 5 FE n. B 53708 B
A BRI R K], RGWESE T RER T RDGFXGR
BIG. AT E il S ETEF 2 M R SE 50
AT, Bl Ky /27 = 100 Hz ) we /2T = Wy, /27 =

(a)

8t
= 61
o
Al
~
Zoaf
<
2t
ot — ga=1kKq
0 5 10 15 20 25 30
ﬂ/loﬁ

Km

K2 FRASHERTE nm BEREIR T 3RS0 190 —ALARIE eq/ rom BIZE LI

10 GHz, k./2% = 0.5MHz, kg = K = 2., K /27 =
1.56 uHz , ¢, /27 = 3 MHz, ¢,, /2% = 10Hz, g./2% =
1KHz, wp/27 = 10MHz, A,, =wp, Ay = —wp , Fl
Ac = 2wy, PT32330 1] 2 BT 7R 2 AE AN [R) 1R 00 - B
THEE R g, MDA G R g, F, FREHEIR
T n, BERGAR T 2K S35 0 A — LR IE 24/ ., AL
R A 2. 455 WoR I B R AT S, e
g fn, g DL KOs il 28 03 0 6 R T g /2n =
1,2, 3 MHz Fll g,, /2% = 10, 20, 30 Hz f¥ #8 & = %
(I 2(a), (b)). BAAMF, & 2(a) KB, FASREIR
T, BEIICIE -REHR TR IR g, PSSR ARG,
WA P R s 58 5 iR 15 2 ) Y RE R R R A%
RIS REN. 24 g./2n M 1 MHz % 3 MHz
Af, XSRS TS LR Wi 5. BEIS /AT 2Bl S5 1)
T - R4 AH AR FOR T 1 B e B 1 i g i
eIt H W E AT T R A, DA T B T ik
TR IR T B RS RER T80 A, [l 2(b)
MR T 7EsRER37 F, $& m i ALAH BAEH g,
B 25 B E PR SRR 740 2 gon/27 M 10 Hz
% 30 Hz i, SRS FHIE #4748 . 3% TG
P RE B A RE SR AR SN e S 2 75 TR, 7R T RE
FRORIE GRS T RGA S, SR AR
TR B IR ol B B R R, R, RS 4
W% 5 v R AR LM A sE 4 ks, NI S5 St
B, SECRFRASLERR AT BT BT SURA
47 . XA VR Tl i A 3 1 BE =
9, IWIMHETH T #ESR T B0% .

10F (b)

8 -
— gm = 60n Hz
2 6f g = 40m Hz
g — gm = 20n Hz
€ 4r
2 -
0 -l 1 1 1 1
0 10 20 30 40

£d /106
Hm/lo

(a) A - Bk T A G R go T, (o it 23R L

HE TR H, R BRI -0k TAL 5 BRI DR B i A 8 (b) AR REVLIRAE 53R E g T, 6 M L 7E 1 T 5K
IRAR, R BIREHUAE G 4% K BOR Ik 7 A8 82 0] 75 T FEHICE R, 5 e IR 338 % &) = 100 GHz

Fig. 2. The variation of steady-state photon number nn, as a function of the normalized amplitude of the optical cavity driving
field &4/ km : (a) Under different microwave-magnon coupling strength g, , the blue curve exhibits a wider bistable window, indi-
cating that strong microwave-magnon coupling enhances energy transfer efficiency; (b) under different magnomechanical coupling
strength g, , the blue curve corresponds to the lowest magnon number, suggesting that increased magnomechanical coupling leads
to enhanced dissipation of magnon energy into phonons, assuming a fixed magnon driving strength of ¢y = 100 GHz.
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Fig. 3. The variation of steady-state photon number n,, as
a function of the normalized amplitude of the optical cavi-
ty driving field €4/ km : (a) Under different magnon-pump
detuning A, , the blue curve exhibits a higher magnon
number and a wider bistable window, this is attributed to
the enhanced nonlinear frequency shift caused by the detun-
ing, which alters the energy transfer pathways; (b) under
different magnon dissipation rate Ky, , an increase in the
decay rate results in a narrower bistable hysteresis loop and
a rightward shift of the threshold, this indicates that high-
er decay rates suppress the accumulation of nonlinear ef-

fects.

ERCRTAE T ORI, (i i AR AR AR R sk
TR T3k XM E A I RE R A LA
T RIS R IR BE, ¥ T8 7R [, 7R
BORKE T, ARG 5 RN RE L A2 BRAC UL 1 P
G R CiE 5 N | SV N

KRG A5 DX 8] 98 B A i 5 it B 3 P AR 25 =2 T
e, Nk 3(b) Fs, SRR TAERCR ko 22
26/ N U AS I S st 1] B , 5 2 S vy A R Bl i 2
KA DRRE O hn i 5 |52 Ay B B 463 2 O 44 XUER:
. MHN, BEARTAEHCR AU R A T et AR
[, S0 7 AR L AL, TSRS A B T S AR L ik
ROV IEARSE, PRHFE R 5 B2 S BOMFE A 1 1
AR/, IX—Z5 R 5 SCHR [35] & TRERID B A Hh
LM T — 2L

3.2 EFEIWEE

ST E NIRRT ne BORRE, R
GERVTHEA RS BORE T Ot AR th 2 i 22 1k
R KNP BEBLE]. W& 4(a) s, 2087 178
ANRDEHURE 5 52 g BOFE R G A R SAT N
ARt TERES BT, Y g./2n = 1 kHz
I, BGRB8 35 DA AR . BEE LN
P 0 B8 AR O, OURR A A I B2 s/ 3k 2
T P32 G T RO G 2 23 I M B AR
PO O BE (S SR TS5 . GRS 5 P A
SRS % T AT, HOR T AR,
E ARSI 1Ot A A R FER, SEERLE
M S 55, e A SR ASRIE . 18] 4(b) #E—
OB R TS R A T U AT A Y 3
PR, Bl -2 S A R, OURR 2 t  3
5. X —BLGHR TAURBO G DG A I RE R AL
FREAR, o 2 H v B A S AR A5 AR [R] ) O 74K
(55 3CHIR [36] —2). BORRYRIEIE] 1 OG- st
SR AR, 4R T T U A £ A 1 i
PR, T2 R R i AU R AR LA R, B
FEEZME T AR 1] 2 1) R L e HE AU LA 285

K 4(c) s T AR IR ke MR 74K
ne BAFEAEH], $a78 1T AEROHLH RO AR A 1Y
M. SRR, B ke BIIER, DL BB AIR Wi
[ 24 (4 0 B2 B AL A, (E P AL E AR R E . IR
LR NI T R B 3 S i w8 1 4R SR S T 7 B9
e S 0K S MR 2, Ol U A I e ARk 1) A5 P 3%
Wy BRI FT U5 PR Y FE R R T D T

174203-4


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

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 17 (2025) 174203

n./108

n./108

n./108

€1
K—m/105

4 RAEIGTE ne WL K 3 3% 19 3 — L 4R I
1/ km WAL (a) AFEDCHUAS S B g T, &
2% BT L 1 SRR S R BE e/ | M R de s, SR TSRS 5 1 K
MHIELLS; (b) AIFDEEE-FRH R A T, 3O hLx
RS E, RIWE R IIEIH B = B ECE; (o) A
e EFEHOR ke T, FEBUR MG K3 BONAR 2 11 26 58 i
A7 B A F, Wm0 SR A A R A, [ E
AR T IR B SR eq = 10* GHz

Fig. 4. The variation of steady-state photon number n. as
a function of the normalized amplitude of the optical ca-
vity driving field €/ &m : (a) Under different optomecha-
nical coupling strength g., the blue curve exhibits the
smallest bistable amplitude and narrowest hysteresis loop,
indicating that stronger coupling enhances the suppression
of bistability; (b) under different optical cavity-pump de-
tuning A, the blue curve exhibits the most pronounced
bistability, demonstrating that larger detuning suppresses
energy transfer efficiency; (¢) under different optical cavity
damping rate k., an increase in the decay rate leads to a
narrower bistable hysteresis loop and a rightward shift of
the threshold, this indicates that higher losses require
stronger pumping to compensate for energy dissipation, as-
suming a fixed magnon driving strength of g4 = 104 GHz.
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Fig. 5. (a) Temporal evolution of magnon population
nm (t); (b) temporal evolution of optical cavity photon
population nc (t), parameter is fixed at x/2rn =1MHz
with initial condition (m (0)) = (c¢(0)) =0.
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Abstract

This study establishes a theoretical framework for realizing and dynamically controlling magnon and
optical bistability in a hybrid cavity optomagnomechanical system composed of microwave cavity mode,
magnon mode, phonon mode, and optical cavity mode. The objective is to investigate the synergistic interplay
among self-Kerr nonlinearity, magnetostrictive effect, and radiation pressure induced optomechanical coupling
in generating and modulating bistable behavior. Furthermore, this work aims to reveal the transient quantum
state transition dynamics between bistable states. The system Hamiltonian includes magnetic dipole interaction
between the magnon mode and microwave cavity mode, magnomechanical interaction between the magnon
mode and phonon mode, and optomechanical interaction between the phonon mode and optical cavity mode. In
addition, the self-Kerr nonlinearity of the magnon mode is considered. Numerical analysis of the system
dynamics is conducted using quantum Langevin equations that include dissipation and input noise terms.
Steady-state analytical solutions for the average magnon number and optical photon number are derived,
revealing a bistable characteristic with three possible solutions. Numerical simulations are performed using
experimentally feasible parameters, including coupling strengths, frequency detunings, and dissipation rates.
The results indicate that both magnon and optical bistabilities are tunable. Specifically, adjusting the
microwave cavity-magnon coupling efficiency enables modulation of the energy transfer efficiency from

microwave to magnon, thereby altering the hysteresis window and excitation threshold of the magnon

* Project supported by the Natural Science Foundation of Chongging, China (Grant No. CSTB2024NSCQ-MSX0746).
1 Corresponding author. E-mail: 2454673146(@qq.com

1 Corresponding author. E-mail: summit gao@ntsc.ac.cn

174203-7


https://doi.org/10.1364/OE.495656
https://doi.org/10.1364/OE.495656
https://doi.org/10.1364/OE.495656
https://doi.org/10.1364/OE.495656
https://doi.org/10.1364/OE.495656
https://doi.org/10.1364/OE.495656
https://doi.org/10.1364/OE.495656
https://doi.org/10.1364/OL.520039
https://doi.org/10.1364/OL.520039
https://doi.org/10.1364/OL.520039
https://doi.org/10.1364/OL.520039
https://doi.org/10.1364/OL.520039
https://doi.org/10.1364/OL.520039
https://doi.org/10.1364/OL.520039
https://doi.org/10.1088/1361-6455/ab68b5
https://doi.org/10.1088/1361-6455/ab68b5
https://doi.org/10.1088/1361-6455/ab68b5
https://doi.org/10.1088/1361-6455/ab68b5
https://doi.org/10.1088/1361-6455/ab68b5
https://doi.org/10.1088/1361-6455/ab68b5
https://doi.org/10.1103/PhysRevA.109.043512
https://doi.org/10.1103/PhysRevA.109.043512
https://doi.org/10.1103/PhysRevA.109.043512
https://doi.org/10.1103/PhysRevA.109.043512
https://doi.org/10.1103/PhysRevA.109.043512
https://doi.org/10.1103/PhysRevA.109.043512
https://doi.org/10.1103/PhysRevA.109.043512
https://doi.org/10.1103/PhysRevA.109.043512
https://doi.org/10.1063/1.5138193
https://doi.org/10.1063/1.5138193
https://doi.org/10.1063/1.5138193
https://doi.org/10.1063/1.5138193
https://doi.org/10.1063/1.5138193
https://doi.org/10.1063/1.5138193
https://doi.org/10.1016/j.physrep.2022.06.001
https://doi.org/10.1016/j.physrep.2022.06.001
https://doi.org/10.1016/j.physrep.2022.06.001
https://doi.org/10.1016/j.physrep.2022.06.001
https://doi.org/10.1016/j.physrep.2022.06.001
https://doi.org/10.1016/j.physrep.2022.06.001
https://doi.org/10.1016/j.physrep.2022.06.001
https://doi.org/10.1007/s10773-017-3303-0
https://doi.org/10.1007/s10773-017-3303-0
https://doi.org/10.1007/s10773-017-3303-0
https://doi.org/10.1007/s10773-017-3303-0
https://doi.org/10.1007/s10773-017-3303-0
https://doi.org/10.1007/s10773-017-3303-0
https://doi.org/10.1007/s10773-017-3303-0
https://doi.org/10.1063/5.0111516
https://doi.org/10.1063/5.0111516
https://doi.org/10.1063/5.0111516
https://doi.org/10.1063/5.0111516
https://doi.org/10.1063/5.0111516
https://doi.org/10.1063/5.0111516
https://doi.org/10.1080/09500340.2021.1967493
https://doi.org/10.1080/09500340.2021.1967493
https://doi.org/10.1080/09500340.2021.1967493
https://doi.org/10.1080/09500340.2021.1967493
https://doi.org/10.1080/09500340.2021.1967493
https://doi.org/10.1080/09500340.2021.1967493
https://doi.org/10.1080/09500340.2021.1967493
https://doi.org/10.1080/09500340.2021.1967493
https://doi.org/10.1063/5.0229979
https://doi.org/10.1063/5.0229979
https://doi.org/10.1063/5.0229979
https://doi.org/10.1063/5.0229979
https://doi.org/10.1063/5.0229979
https://doi.org/10.1063/5.0229979
https://doi.org/10.1063/5.0229979
https://doi.org/10.1103/PhysRevB.104.064423
https://doi.org/10.1103/PhysRevB.104.064423
https://doi.org/10.1103/PhysRevB.104.064423
https://doi.org/10.1103/PhysRevB.104.064423
https://doi.org/10.1103/PhysRevB.104.064423
https://doi.org/10.1103/PhysRevB.104.064423
https://doi.org/10.1088/1674-1056/ac9b02
https://doi.org/10.1088/1674-1056/ac9b02
https://doi.org/10.1088/1674-1056/ac9b02
https://doi.org/10.1088/1674-1056/ac9b02
https://doi.org/10.1088/1674-1056/ac9b02
https://doi.org/10.1088/1674-1056/ac9b02
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.7498/aps.69.20191632
https://doi.org/10.1038/nature08171
https://doi.org/10.1038/nature08171
https://doi.org/10.1038/nature08171
https://doi.org/10.1038/nature08171
https://doi.org/10.1038/nature08171
https://doi.org/10.1038/nature08171
https://doi.org/10.1038/nature08171
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
mailto:2454673146@qq.com
mailto:2454673146@qq.com
mailto:summit_gao@ntsc.ac.cn
mailto:summit_gao@ntsc.ac.cn
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. 74, No. 17 (2025) 174203

bistability. Tuning the magnon-phonon interaction can influence the energy transfer from magnon to phonon. A
larger magnon-pump detuning enhances nonlinear frequency shifts, alters energy transfer pathways, broadens
the hysteresis loop, and increases the magnon population on the upper branch of the bistable curve. Higher
magnon dissipation rate hinders the accumulation of nonlinear effect, narrowing the bistability window and
shifting the threshold to higher pump powers. For optical bistability, stronger optomechanical interaction
reduces the effective cavity loss and weakens the nonlinear response to the pump field, leading the amplitude of
bistability to decrease and the hysteresis loop to narrow. The increase of the optical cavity—pump detuning
suppresses energy transfer efficiency, necessitating higher pump power to achieve the same photon number,
thereby enhancing the prominence of the bistability. Elevating the optical cavity dissipation rate requires
stronger driving to compensate for photon losses, resulting in a narrower hysteresis loop and a rightward shift of
the threshold. Sharp vertical jumps observed in the bistability curves correspond to instantaneous transitions at
critical driving points, enabling switch-like behavior. Moreover, transient dynamics obtained by numerically
solving the Langevin equations reveal the time evolution of magnon and photon numbers under nonequilibrium
initial conditions. Within the bistability regime, the system exhibits quantum state transitions between low and
high steady states. The transition rates are determined collectively by the system parameters. Therefore, this
study provides a theoretical platform for the multi-parameter cooperative control of magnon and optical
bistability. The tunability mechanism is governed by the joint action of coupling strength, detuning, and
dissipation rate. The controllability of the bistability thresholds, hysteresis widths, and transient quantum state
transition dynamics demonstrated in this work highlights the significant potential for applications such as
tunable optical switches, quantum information processing devices, and fundamental studies of nonlinear

quantum dynamics in hybrid systems.
Keywords: cavity optomagnomechanical system, magnon bistability, optical bistability
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