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Fig. 1. (a), (b) OMM system scheme. A magnon mode m in
a YIG crystal couples to a microwave cavity mode a and to
an optical cavity mode ¢ via the mechanical vibration b in-
duced by the magnetostriction. The blue (red) line in Fi-
gure (b) denotes the effective parametric down-conversion
(beam-splitter) interaction; (c) mode frequency and band-
width used adopted in the protocol. When the optical ca-
vity is resonant with the (blue) anti-Stokes sideband of the
driving laser at frequency (wo — wy ), and the magnon and
microwave cavity modes are resonant with the (red) Stokes
sideband of the microwave drive field at frequency (w; + wy ),
microwave-mechanics entanglement FE,, and magnon-optics

entanglement E., can be generated at steady state.
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Fig. 2. Density plot of steady-state entanglement versus effective detunings A, and Anm: (a) Microwave-mechanics entanglement

E,,; (b) magnon-optics entanglement E_ .
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Fig. 3. Stationary microwave-mechanics entanglement £,
magnon-optics entanglement E_, and microwave-optics en-

tanglement F,. versus squeezing parameter 7.
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Fig. 4. Stationary magnon-optics entanglement E_, and microwave-mechanics entanglement E,, versus effective coupling strength:

(a) The effective optomechanical coupling strength G,; (b) the effective magno-mechanical coupling strength G,; (c) the microwave-

magnon coupling rate g,,-
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Fig. 5. Stationary microwave-mechanics entanglement E, and magnon-optics entanglement E_ versus dissipation rates: (a) Mi-

crowave cavity mode dissipation rate a ; (b) magnon mode dissipation rate xm ; (c) optical cavity mode dissipation rate kc .
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Abstract

Quantum entanglement is a key resource for performing quantum computing and building quantum
communication networks. By injecting a microwave-optical dual-mode entanglement field into the system, as
well as pumping the optical and microwave cavities, and by appropriately choosing the detuning relationship
between the pumping field and the modes, it is shown in this work that microwave-phonon entanglement E,;

and magnon-optics entanglement FE_, can be generated simultaneously in the cavity opto-magnomechanic

em
system, and the entanglement can be in a steady state. Specifically, the model is based on a hybrid quantum
system of magnons, where a microwave-light entanglement generated by an optically pulsed superconducting
electro-optical device through spontaneous parametric down-conversion process is injected as the intracavity
field, and a blue-detuned microwave field is used to excite the magnon modes to produce magnon-phonon
entanglement. Through the interaction between an optomechanical beam splitter and microwave-magnon state-
swap, steady microwave-phonon entanglement F,, and magnon-optics entanglement FE_, are successfully
realized. The entanglement E,, and F,, in the system are analyzed using the logarithmic negativity. The effects
of several parameters of the system, such as environment temperature, coupling strength and dissipation rate,
on the degree of entanglement are investigated. In particular, the entanglement E,, and E, generated in this
system can exist both simultaneously and individually. Especially when g,,, = 0, the entanglement E,;, and E_,
still exist. Moreover, directly injecting entangled microwave-light into the system can significantly enhance the
robustness of the entanglement against temperature, which will have broad application prospects in quantum
information processing in quantum networks and hybrid quantum systems. Notably, the entanglement E,; and
E., exist even at a temperature of 1.3 K. Our research has potential value for applications in the fields of

quantum information processing and quantum networks.
Keywords: quantum entanglement, opto-magnomechanics, two-mode squeezing
PACS: 42.50.—p, 42.65.—k, 03.67.Bg DOI: 10.7498/aps.74.20241664

CSTR: 32037.14.aps.74.20241664

* Project supported by the National Research and Develoment Program of China (Grant No. 2021YFC2201802), the National
Natural Science Foundation of China (Grant Nos. 11874248, 11874249), and the Foundation of National Key Laboratory of
Radar Signal Processing, China (Grant No. JKW202401).

1 Corresponding author. E-mail: yrg@sxu.edu.cn

054202-8


http://doi.org/10.7498/aps.74.20241664
https://cstr.cn/32037.14.aps.74.20241664
mailto:yrg@sxu.edu.cn
mailto:yrg@sxu.edu.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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

B 75 - R RS 7
WAL XA M K KE HRE R

Generation of microwave—phonon and magnon—optics entangled states

XU Minghui  LIU Xiaomin ~ SHI Jiajia  ZHANG Chong ZHANG Jing YANG Rongguo  GAO Jiangrui
5] Fi{ &, Citation: Acta Physica Sinica, 74, 054202 (2025) DOI: 10.7498/aps.74.20241664

CSTR: 32037.14.aps.74.20241664

TELR L View online: https://doi.org/10.7498/aps.74.20241664

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

FT PRGN AR A IR 7 T4 T

Analysis of quantum properties of two—mode coupled harmonic oscillator based on entangled state representation

PyFEEEAR. 2024, 73(23): 230302 https:/doi.org/10.7498/aps.73.20241303

BT PR LU TR (Y 2R T A S 2 A
Phonon-mediated many—body quantum entanglement and logic gates in ion traps

PIBR2AHR. 2022, 71(8): 080301  https://doi.org/10.7498/aps.71.20220360

LT TR AL AR B LN PDE R
Amplification of entangled beam based on four—wave mixing process

YrH2EAR. 2022, 71(5): 050301  https:/doi.org/10.7498/aps.71.20211324

X T 2B A PO 20 Ay 2N 9637
Quadripartite entanglement from two—port resonator with second—order harmonic generation

WIFEAEAR. 2024, 73(7): 074203 https://doi.org/10.7498/aps.73.20231630

R AR 5T R AR S SR AR R A 5 740 2

Correlated collective excitation and quantum entanglement between two Rydberg superatoms in steady state

WIRAEAR. 2023, 72(12): 124202 hitps://doi.org/10.7498/aps.72.20222030

XURE P 4 25 AR TR A S SR 5T
Experimental demonstration on quantum coherence evolution of two—mode squeezed state

WAL 2023, 72(3): 034202 hitps://doi.org/10.7498/aps.72.20221923


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20241664
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20241303
https://doi.org/10.7498/aps.71.20220360
https://doi.org/10.7498/aps.71.20211324
https://doi.org/10.7498/aps.73.20231630
https://doi.org/10.7498/aps.72.20222030
https://doi.org/10.7498/aps.72.20221923

	1 引　言
	2 理论模型
	3 结果与讨论
	4 结　论
	参考文献

