
PRX QUANTUM 2, 040344 (2021)

Quantum Network with Magnonic and Mechanical Nodes

Jie Li ,* Yi-Pu Wang,† Wei-Jiang Wu, Shi-Yao Zhu, and J.Q. You
Interdisciplinary Center of Quantum Information, State Key Laboratory of Modern Optical Instrumentation, and

Zhejiang Province Key Laboratory of Quantum Technology and Device, Department of Physics, Zhejiang
University, Hangzhou 310027, China

 (Received 1 September 2021; accepted 5 November 2021; published 1 December 2021)

A quantum network consisting of magnonic and mechanical nodes connected by light is proposed.
Recent years have witnessed a significant development in cavity magnonics based on collective spin exci-
tations in ferrimagnetic crystals, such as yttrium iron garnet (YIG). Magnonic systems are considered to
be a promising building block for a future quantum network. However, a major limitation of the system is
that the coherence time of the magnon excitations is limited by their intrinsic loss (typically in the order
of 1 μs for YIG). Here, we show that by coupling the magnonic system to a mechanical system using
optical pulses, an arbitrary magnonic state (either classical or quantum) can be transferred to and stored
in a distant long-lived mechanical resonator. The fidelity depends on the pulse parameters and the trans-
mission loss. We further show that the magnonic and mechanical nodes can be prepared in a macroscopic
entangled state. These demonstrate the quantum state transfer and entanglement distribution in such a
novel quantum network of magnonic and mechanical nodes. Our work shows the possibility to connect
two separate fields of optomagnonics and optomechanics, and to build a long-distance quantum network
based on magnonic and mechanical systems.
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I. INTRODUCTION

Hybrid quantum systems, composed of distinct physical
systems with complementary functionalities, provide
diverse novel platforms and promising opportunities
for applications in quantum technologies, quantum-
information processing, and quantum sensing [1–3]. It
merits our particular attention that, during the past decade a
rapid and significant progress has been made in the field of
cavity magnonics, based on coherently coupled microwave
cavity photons and collective spin excitations in the fer-
rimagnetic material of yttrium iron garnet (YIG) [4–35].
Cavity magnonics has now become a new platform for the
study of strong interactions between light and matter, in the
context of cavity QED with magnons. As one of the main
advantages, the magnonic system shows an excellent abil-
ity to coherently interact with diverse quantum systems,
including microwave [7–9] or optical photons [12–14],
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phonons [15,23,32,35], and superconducting qubits [10,16,
29,33]. Hybrid cavity magnonic systems promise potential
applications in quantum-information processing [4], quan-
tum sensing [36–38], and in searching dark-matter axions
[39], to name a few.

In this paper, we show the potential to build a quantum
network [40,41] based on magnonic systems in view of
their aforementioned excellent properties. A future quan-
tum network could be constructed based on single atoms
in optical cavities [42], or atomic ensembles following the
Duan-Lukin-Cirac-Zoller protocol [43], or trapped atomic
ions [44], etc. Compared to these platforms as quantum
nodes, where the atomic energy levels are fixed, a major
advantage of magnonic systems lies in the fact that their
resonance frequencies can be continuously adjusted by
altering the external magnetic field. This offers a large flex-
ibility to couple to different quantum systems, like super-
conducting qubits, photons, and phonons [4]. Therefore, a
quantum network based on magnonic systems shows its
unique advantages. However, a major obstacle for such
a magnon-based quantum network is that its coherence
time is limited by its intrinsic loss (typically with damp-
ing rate γm/2π∼1 MHz), and is in the order of 1 μs
for YIG. The coherence time can indeed be significantly
extended by transferring the magnonic quantum state to
the mechanical mode (i.e., the vibrational phonon mode)
of the same YIG ferrimagnet [45–48], which can act as a
long-lived quantum memory [49,50]. However, this local
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operation via magnomechanics does not allow to build
a quantum network with its nodes distributed in a long
distance.

Here, we show that this obstacle can be elimi-
nated by using light, an optimal candidate for transmit-
ting quantum information over a long distance, through
which the magnonic system is connected to a dis-
tant mechanical system. We, for the first time, prove
that light can connect two separate fields of opto-
magnonics and optomechanics, and be used to accom-
plish some basic functions of a quantum network, such
as quantum state transfer and entanglement distribu-
tion among different nodes of the network [40,42,51].
The quantum network with magnonic and mechanical
nodes combines the advantages of both systems, i.e., the
great magnonic compatibility and tunability as well as
the long mechanical coherence time. Remarkably, a recent
optomechanical experiment has demonstrated a mechani-
cal coherence time longer than 100 ms [52]. Specifically,
we show that an arbitrary magnonic state, either quantum
or classical, can be transferred to a distant mechanical res-
onator by using optical pulses to successively activate the
optomagnonic and optomechanical anti-Stokes processes.
This allows the transfer of the magnonic state to the anti-
Stokes optical pulse, and then the mapping of the pulse
state to the mechanical mode. The magnonic state can be
stored in the mechanical mode within its coherence time
and retrieved by sending a weak red-detuned read pulse to
the optomechanical cavity, of which the output field carries
the magnonic state. We study the fidelity in this magnon-
to-phonon state transfer process, and show its dependence
on the system parameters, e.g., the pulse strengths and
durations, and the transmission loss.

We further show that the magnonic and mechanical
nodes can be prepared in a macroscopic entangled state
by using pulses to successively activate the optomagnonic
Stokes and optomechanical anti-Stokes processes. The for-
mer process realizes a two-mode squeezed vacuum state
of the magnons and the pulse, and the latter process maps
the pulse state onto the mechanical mode, thus establish-
ing a nonlocal entangled state between the magnonic and
mechanical nodes.

The paper is organized as follows. In Sec. II, we intro-
duce some basic interactions in cavity optomagnonics and
optomechanics, which are necessities for realizing our pro-
tocol. In Sec. III, we show how to operate the system via
optical pulses such that an arbitrary magnonic state can be
transferred to a distant long-lived mechanical resonator.
We further analyse the fidelity in this state transfer pro-
cess and show its dependence on the system parameters,
especially on those related to optical pulses. We then study
the effects of the transmission loss of the pulse on the
transferred mechanical state and the fidelity. In Sec. IV,
we show how to prepare a nonlocal macroscopic entan-
gled state between the magnonic and mechanical nodes,

and provide a strategy to detect it. Finally, we draw the
conclusions in Sec. V.

II. BASIC INTERACTIONS IN OPTOMAGNONICS
AND OPTOMECHANICS

We start with the introduction of the basic interactions
in cavity optomagnonics and optomechanics that are key
building blocks for realizing our protocol. These include
the optomagnonic (optomechanical) two-mode squeezing
and beam-splitter interactions that are used for realizing
the entangling and state-swap operations, respectively. We
explicitly show how to operate the two subsystems to
realize these interactions and provide their effective Hamil-
tonians. With the successful implementation of these local
operations, we prove in the next section that a remote quan-
tum network based on magnonic and mechanical systems
can be built using optical pulses.

A. Magnon-induced Brillouin light scattering in
optomagnonics

We consider a cavity optomagnonic system of a YIG
sphere [12–14] that simultaneously supports a magneto-
static mode of magnons and whispering gallery modes
(WGMs) of optical photons, as depicted in Fig. 1(a). The

YIG

B

(a)

(b)

(c)

to TE

to TM

FIG. 1. (a) An optomagnonic system of a YIG sphere sup-
porting two WGMs and a magnon mode. (b) Mode frequencies
of the optomagnonic Stokes BLS. (c) Mode frequencies of the
optomagnonic anti-Stokes BLS.
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photons in a WGM are scattered by the lower-frequency
magnons, typically in GHz [12–14], yielding sideband
photons with their frequency shifted by the magnon fre-
quency. This process is known as the magnon-induced
Brillouin light scattering (BLS). When the scattered pho-
tons go into another WGM (the so-called triple-resonance
condition), the BLS scattering probability is then maxi-
mized. This triple resonance can be conveniently achieved
by tuning the magnon frequency realized by altering the
strength of the bias magnetic field. Owing to the selection
rule [53–56] imposed by the conservation of the angular
momenta of WGM photons and magnons, the BLS shows a
pronounced asymmetry in the Stokes and anti-Stokes scat-
tering strengths. This asymmetry is the basis for realizing
the proposals for preparing macroscopic quantum states of
magnons in optomagnonics [57–62].

The magnon-induced BLS is intrinsically a three-wave
process, which can be described by the Hamiltonian

H = H0 + Hint + Hd, (1)

where H0 is the free Hamiltonian of two WGMs and a
magnon mode

H0/� = ω1a†
1a1 + ω2a†

2a2 + ωmm†m, (2)

with aj and m (a†
j and m†, j = 1, 2) being the annihila-

tion (creation) operators of the WGMs and magnon mode,
respectively, and ωi (i = 1, 2, m) being their resonance fre-
quencies, which satisfy the relation ωm � ωj and |ω1 −
ω2| = ωm, imposed by the conservation of energy in the
BLS. The interaction Hamiltonian Hint of the three modes
is given by

Hint/� = G0
(
a†

1a2m† + a1a†
2m

)
, (3)

where G0 is the single-photon coupling rate. This cou-
pling is weak due to the large frequency difference between
the optical and magnon modes, but it can be significantly
enhanced by intensely driving one of the WGMs. The
driving Hamiltonian is

Hd/� = iEj
(
a†

j e−iωdt − aj eiωdt), (4)

where Ej =
√

Pj κ
e
j /�ωd is the coupling strength between

the j th WGM (with external decay rate κe
j ) and the driv-

ing field (with frequency ωd and power Pj ). To maximize
the BLS scattering probability, we resonantly pump either
the WGM a1 or a2 [12–14] (i.e., ωd = ω1 or ω2) to
selectively activate the anti-Stokes or Stokes scattering,
which is responsible for the optomagnonic state-swap or
two-mode squeezing interaction. Note that the selection
rule also causes different optical polarizations of the two
WGMs. Without loss of generality, we assume a2 (a1)

mode to be the TM (TE) mode of a certain WGM orbit,
and ω2(TM) > ω1(TE) due to the geometrical birefringence
of the WGM resonator [12,61]. It is worth noting that this
is true for WGMs with the same angular momentum, but
when the optical angular momentum changes the dominant
optomagnonic coupling occurs between WGMs satisfying
ωTM < ωTE [53,55,56].

The Hamiltonian H takes a compact form in the frame
rotating at the drive frequency ωd, which is

H/� = �1a†
1a1 + �2a†

2a2 + ωmm†m

+ G0
(
a†

1a2m† + a1a†
2m

) + iEj
(
a†

j − aj
)
, (5)

where �j = ωj − ωd (j = 1, 2) is the cavity-drive detun-
ing. We now consider the case where mode a2 is resonantly
pumped by a strong optical field, i.e., �2 = 0, and thus
�1 = −ωm, cf. Fig. 1(b). This can be realized by, e.g., cou-
pling the laser field with a certain polarization to the TM
mode of the anticlockwise WGM orbit [12]. In this case,
the strongly driven WGM a2 can be treated classically
as a number α2 ≡ 〈a2〉 = 2E2/κ2, with κ2 the linewidth
(FWHM) of the mode, and N2 = |α2|2 is the intracav-
ity photon number. The linearized Hamiltonian in the
interaction picture can then be obtained

H St
int/� = G1

(
a†

1m†e−i(�1+ωm)t + a1mei(�1+ωm)t
)

, (6)

where G1 = G0α2 is the effective coupling rate. Since we
consider a resonant pump, �2 = 0 and thus �1 = −ωm,
the above Hamiltonian reduces to

H St
int = �G1

(
a†

1m† + a1m
)
, (7)

which accounts for the two-mode squeezing interac-
tion between the optical mode a1 and magnon mode
m, and can be used to prepare optomagnonic entangled
states. This corresponds to the Stokes scattering process,
where pump (TM-polarized) photons convert into lower-
frequency sideband (TE-polarized) photons by creating
magnon excitations. The corresponding quantum Langevin
equations (QLEs), when taking into account the dissipation
and input noise of each mode, are given by

ȧ1 = −κ1

2
a1 − iG1m† + √

κ1ain
1 ,

ṁ = −κm

2
m − iG1a†

1 + √
κmmin, (8)

with κ1 (κm) being the linewidth and ain
1 (min) the input

noise of the WGM a1 (magnon mode). Note that, for
simplicity, we assume the intrinsic decay rate of each
WGM κ i

j � κe
j � κj (j = 1, 2), such that for each WGM

we can approximately write a single input noise operator
associated with the total decay rate κj .
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Similarly, when mode a1 is resonantly pumped by a
strong field [i.e., �1 = 0 and �2 = ωm, cf. Fig. 1(c)],
e.g., by coupling the laser field to the TE mode of the
anticlockwise WGM orbit [12], we obtain the linearized
Hamiltonian in the interaction picture

H AS
int = �G2

(
a2m† + a†

2m
)
, (9)

where G2 = G0α1 and α1 = 2E1/κ1. This is the state-
swap interaction between the optical mode a2 and magnon
mode m, and can be used to read out the magnon state
by measuring the created anti-Stokes field a2. This anti-
Stokes scattering corresponds to the process where pump
(TE-polarized) photons convert into higher-frequency anti-
Stokes (TM-polarized) photons by annihilating magnons.
Hamiltonian (9) leads to the following QLEs:

ȧ2 = −κ2

2
a2 − iG2m + √

κ2ain
2 ,

ṁ = −κm

2
m − iG2a2 + √

κmmin, (10)

where ain
2 is the input noise entering the WGM a2.

B. Mechanical motion-induced light scattering in
optomechanics

The cavity optomechanical system consists of an optical
cavity mode and a mechanical resonator that are coupled
by the radiation pressure [63], as depicted in Fig. 2(a).
The cavity is driven by a laser field that is tuned on
either the red or the blue mechanical sideband for realiz-
ing the optomechanical state-swap or two-mode squeezing
interaction. In particular, the former state-swap interac-
tion will be utilized in the present protocol for build-
ing a magnon-phonon quantum network. We now show
how to realize these operations and derive their effective
interaction Hamiltonians. The Hamiltonian of a typical
optomechanical system reads

H/� = ωcc†c + ωM b†b − gc†c(b+b†)

+ iε(c†e−iωLt−ceiωLt), (11)

where c and b (c† and b†) are the annihilation (creation)
operators of the cavity and mechanical modes, respec-
tively, ωc and ωM are their resonance frequencies, g is
the single-photon optomechanical coupling rate, and ε =√

PLκe
c /�ωL is the coupling strength between the cavity

(with external decay rate κe
c ) and the laser field (with fre-

quency ωL and power PL). This Hamiltonian leads to the
following QLEs, by including the dissipations and input
noises of the two modes, in the frame rotating at the laser

=

(a)

(b)

(c)
= −

FIG. 2. (a) A cavity optomechanical system: a cavity mode
couples to a mechanical resonator via radiation pressure. (b)
A red-detuned drive field to activate the optomechanical anti-
Stokes process for realizing state swap. (c) A blue-detuned drive
field to activate the optomechanical Stokes process for realizing
two-mode squeezing.

frequency

ċ = −
(κc

2
+ i�c

)
c + igc(b + b†) + ε + √

κccin,

ḃ = −
(γ

2
+ iωM

)
b + igc†c + √

γ bin, (12)

where �c = ωc − ωL is the cavity-laser detuning, κc (γ )
is the linewidth and cin (bin) is the input noise of the cav-
ity (mechanical) mode. When the cavity is strongly driven,
the cavity field amplitude |〈c〉| 	 1, which allows us to
linearize the system dynamics around the classical aver-
ages (by writing the operators as c = 〈c〉 + δc and b =
〈b〉 + δb) and obtain the linearized QLEs for the quantum
fluctuations

δċ = −
(κc

2
+ i�̃c

)
δc + iG(δb + δb†) + √

κccin,

δḃ = −
(γ

2
+ iωM

)
δb + iG(δc + δc†) + √

γ bin, (13)

with �̃c = �c − 2gRe〈b〉 being the effective detuning,
which includes the frequency shift caused by the optome-
chanical interaction, and G = g〈c〉 the effective coupling

040344-4



QUANTUM NETWORK WITH MAGNONIC... PRX QUANTUM 2, 040344 (2021)

rate, where < c >= ε/[(κc/2) + i�̃c]. Note that in getting
QLEs (13), we choose a phase reference such that 〈c〉 (and
thus G) is real, and the expression of 〈c〉 is the steady-state
solution.

To see more clearly how to operate the system to real-
ize the two basic optomechanical interactions, we move to
another interaction picture by introducing the slowly mov-
ing operators δc̃(t) = δc(t)ei�̃ct and δb̃(t) = δb(t)eiωM t.
The QLEs then take the following form in the interaction
picture (for simplicity we remove the tilde signs on the
operators):

δċ = −κc

2
δc + iG

[
δb ei(�̃c−ωM )t + δb†ei(�̃c+ωM )t

]
+√

κccin,

δḃ = −γ

2
δb + iG

[
δc ei(ωM −�̃c)t + δc†ei(ωM +�̃c)t

]
+√

γ bin.

(14)

For a red-detuned driving field, �̃c = ωM [cf. Fig. 2(b)],
we obtain the approximate equations

δċ ≈ −κc

2
δc + iGδb + √

κccin,

δḃ ≈ −γ

2
δb + iGδc + √

γ bin, (15)

which corresponds to the linearized interaction Hamilto-
nian

H AS
int = −�G(c†b + cb†), (16)

and the process of anti-Stokes scattering for realizing the
state-swap interaction between the mechanics and the cav-
ity field. While for a blue-detuned driving field, �̃c =

−ωM [cf. Fig. 2(c)], we get

δċ ≈ −κc

2
δc + iGδb† + √

κccin,

δḃ ≈ −γ

2
δb + iGδc† + √

γ bin, (17)

which corresponds to the interaction Hamiltonian

H St
int = −�G(c†b† + cb), (18)

and the process of Stokes scattering for achieving the
two-mode squeezing interaction between the mechani-
cal and cavity modes. Note that in deriving Eqs. (15)
and (17) we assume γ , κc, G � ωM , such that the nonreso-
nant fast oscillating terms play a negligible role and can be
neglected.

III. DISTANT MAGNON-TO-PHONON STATE
TRANSFER

Equipped with all the necessary tools, we now pro-
ceed to describe our protocol. Note that the cavity opto-
magnonic system using a YIG sphere currently works
in the weak coupling regime, where the enhanced opto-
magnonic coupling rate (potentially in MHz) is much
smaller than the decay rate of the WGM (from 102 MHz
to GHz), Gj � κj [12–14]. The large cavity decay dis-
ables many quantum protocols that require the cooperativ-
ity C = G2

j /(κj κm) > 1, considering also κm/2π is hardly
below 1 MHz for YIG [7–9]. However, this deficiency
of the system can be evaded by using fast optical pulses
[60–62,64,65].

= +

= −

Anti-stokes Anti-stokes

=

= −

= −

=

Stokes Anti-stokes

YIG

YIG

(a)

(b)

(c) (d)

FIG. 3. Sketch of the
distant magnon-to-phonon
state transfer protocol (a)
and the corresponding
mode frequencies (c). The
nonlocal magnon-phonon
entanglement protocol (b)
and the associated mode
frequencies (d).
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In the first part, we aim to realize a distant magnon-
to-phonon (quantum) state transfer. Specifically, as shown
in Fig. 3(a), by using laser pulses to successively acti-
vate the anti-Stokes scatterings in the optomagnonic and
optomechanical systems, an arbitrary magnonic state can
be transferred to a mechanical resonator that can have a
much longer coherence time. We have introduced the inter-
action Hamiltonian (10) of the optomagnonic anti-Stokes
scattering in Sec. II A , associated with the process where
a TE-polarized pulse couples to a WGM and generates
TM-polarized anti-Stokes photons in another WGM by
annihilating magnons. We consider laser pulses with dura-
tion much shorter than the magnon lifetime [66]. In this
case, the dissipation of the magnon mode within the pulse
duration is negligibly small, and we thus neglect it for sim-
plicity. This leads to the following QLEs during the pulse
interaction:

ȧ2 = −κ2

2
a2 − iG2m + √

κ2ain
2 ,

ṁ = −iG2a2. (19)

To simplify the model, we consider a flattop pulse
and thus a constant coupling G2 during the pulse. Given
also the fact that a weak coupling G2 � κ2, one can
then adiabatically eliminate the cavity, and obtain a2 �
2/κ2

( − iG2m + √
κ2ain

2

)
. By using the input-output rela-

tion aout
2 =√

κ2a2 − ain
2 [67], we obtain

aout
2 = −i

√
2G2m + ain

2 ,

ṁ = −G2m − i
√

2G2ain
2 , (20)

where G2 ≡ 2G2
2/κ2. Following Ref. [68], we define a set

of normalized temporal modes for the WGM driven by a
pulse of duration τ2

Ain
2 (τ2) =

√
2G2

e2G2τ2 − 1

∫ τ2

0
eG2sain

2 (s) ds,

Aout
2 (τ2) =

√
2G2

1 − e−2G2τ2

∫ τ2

0
e−G2saout

2 (s) ds, (21)

which satisfy the canonical commutation relation [Aj , Aj †]
= 1, j = {in, out}. Therefore, by integrating (20) we obtain
the following solutions (see Appendix):

Aout
2 (τ2) = −i

√
1 − e−2G2τ2m(0) + e−G2τ2Ain

2 (τ2),

m(τ2) = e−G2τ2m(0) − i
√

1 − e−2G2τ2Ain
2 (τ2). (22)

From these solutions, we can extract a propagator L2(τ2)

that satisfies Aout
2 (τ2) = L†

2(τ2) Ain
2 (τ2) L2(τ2) and m(τ2) =

L†
2(τ2) m(0) L2(τ2), given by [60]

L2(τ2) = e−i
√

S′Ain †
2 meG2τ2(Ain †

2 Ain
2 −m†m)ei

√
S′Ain

2 m†
, (23)

where S′ = Se2G2τ2 , with S = 1 − e−2G2τ2 (0 < S < 1)
being the optomagnonic state conversion efficiency, which
depends on the pulse strength and duration. It is clear
that when G2τ2 	 1, S → 1, and we thus get Aout

2
(τ2) � −im(0), which implies that the magnon state is per-
fectly transferred to the optical mode, apart from a phase
difference −i. A similar mechanism by using the light
anti-Stokes scattering has been adopted to read out the
mechanical state in optomechanics [64,65,68–70].

We assume that the optomagnonic system is in an initial
state

ρm,2(0) =
∞∑

n,s=0

cn,s|n〉〈s|m ⊗ |0〉〈0|2, (24)

before sending the TE-polarized pulse to couple to the
WGM. To be generic, the magnon mode is assumed in an
arbitrary state, which can be expanded in the Fock-state
basis with arbitrary real coefficients cn,s ≥ 0, i.e., ρm(0) =∑∞

n,s=0 cn,s|n〉〈s|m [71], and the WGM a2 in vacuum state.
As discussed, the TE-polarized pulse (with duration τ2 and
strength yielding an effective coupling G2) activates the
anti-Stokes BLS, associated with the time-evolution prop-
agator L2(τ2). The system, at the end of the pulse, evolves
to be

ρm,2(τ2) =
∞∑

n,s=0

cn,s(−i)nisS(n+s)/2|0〉〈0|m ⊗ |n〉〈s|2. (25)

Clearly, the initial magnon state ρm(0) is transferred to
the TM-polarized pulse (anti-Stokes photons) in the state
ρTM(τ2) = ∑∞

n,s=0 cn,s(−i)nisS(n+s)/2|n〉〈s|2. The fidelity in
this state transfer is reduced owing to a nonunity con-
version efficiency S < 1 [apart from a phase difference
(−i)nis].

The TM-polarized pulse then transmits, through a fiber,
to a distant optomechanical system and resonantly drives
the optomechanical cavity, see Figs. 3(a) and 3(c). Mean-
time, the cavity is driven by another red-detuned pulse,
which activates the optomechanical anti-Stokes process
for realizing the state-swap between the cavity field and
the mechanics. Such a configuration has been employed
to transfer the state of an electromagnetic field to a
mechanical resonator [45,46,70,72,73]. Owing to the sim-
ilarity between the optomagnonic and optomechanical
anti-Stokes scatterings [in their interaction Hamiltoni-
ans (9) and (16)], following the same approach as from
Eqs. (19)–(23), we can extract a propagator associated with

040344-6



QUANTUM NETWORK WITH MAGNONIC... PRX QUANTUM 2, 040344 (2021)

the pulse (with duration τb) that activates the optomechan-
ical anti-Stokes process

Lom(τb) = ei
√

W′Cinb†
eGτb(b†b−Cin †Cin)e−i

√
W′Cin †b, (26)

where Cin denotes the temporal mode of the input field
(entering the optomechanical cavity), G ≡ 2G2/κc, and
W′ = We2Gτb , with W = 1 − e−2Gτb being the optomechan-
ical state conversion efficiency, 0 < W < 1. Similarly, we
assume the pulse duration to be much shorter than the
mechanical lifetime and a weak coupling G � κc, which
can be easily satisfied because of a relatively longer
mechanical lifetime [63].

We further assume that the mechanical mode is prepared
in the ground state |0〉M (for a GHz resonator requiring a
bath temperature of tens of mK [64,65]). Alternatively, the
mechanical resonator can also be precooled to its ground
state using a red-detuned light [74]. The previously gen-
erated TM-polarized pulse now acts as the input field into
the optomechanical cavity, and the evolution of the system
can be solved by applying the propagator Lom(τb) onto the
initial state [75]

ρom(0) =
∞∑

n,s=0

cn,s(−i)nisS(n+s)/2|n〉〈s|o ⊗ |0〉〈0|M . (27)

At the end of the pulse, we obtain the state ρom(τb) =
Lom(τb)ρom(0)L†

om(τb), given by

ρom(τb) =
∞∑

n,s=0

cn,s(SW)(n+s)/2|0〉〈0|o ⊗ |n〉〈s|M . (28)

It shows that the state of the TM-polarized pulse ρTM(τ2)

is transferred to the mechanical resonator, which is in
the state ρM (τb) = ∑∞

n,s=0 cn,s(SW)(n+s)/2|n〉〈s|M , with a
reduced fidelity due to a nonunity conversion efficiency
W < 1.

Looking at the whole process, after two state-swap
operations (magnon-to-photon and photon-to-phonon), an
arbitrary magnon state ρm(0) is successfully transferred to
the mechanical mode in the state ρM (τb). The fidelity is
determined by the product of the two conversion efficien-
cies S and W in the two anti-Stokes processes. We provide
two concrete examples: when the magnon mode is initially
in a Fock state |φ〉m = |n〉, we obtain the final transferred
mechanical state |φ′〉M = (SW)n/2|n〉. The fidelity is F =
|〈φ|φ′〉|2 = (SW)n, which reduces with an increasing n. For
an initial superposition state |φ〉m = 1/

√
2(|0〉 + |1〉), we

get |φ′〉M = 1/
√

2
(|0〉 + √

SW|1〉), and the fidelity F =
1/4

(
1 + √

SW
)2. For perfect state conversions S, W → 1,

so the fidelity F → 1. Note that, because of the nonunity
state conversion efficiencies in actual experiments, the
experiment will be repeated many times using a sequence

of pulses. The fidelity then can be interpreted as the proba-
bility of the successful or perfect magnon-to-phonon state
transfer in a single experiment run [50]. The mechani-
cal state can be stored within the mechanical coherence
time and retrieved by sending a weak red-detuned read
pulse to the cavity and measuring the cavity output field
[49,50,64,65].

It should be noted that, for simplifying the calculations,
we adopt laser pulses with duration much shorter than the
magnon lifetime approximately 1 μs for the optomagnonic
system. This allows us to neglect the loss of the magnons.
However, the small pulse duration also reduces the con-
version efficiency and thus the fidelity in the state transfer.
This can be compensated by increasing the pulse strength
or the single-photon coupling rate G0, e.g., by reducing
the mode volumes and increasing the mode overlap of the
magnon and optical fields, purifying and doping YIG [76],
coupling WGMs to a magnetic vortex [77], and utilizing
the epsilon-near-zero medium [78], etc. Let us estimate
the optomagnonic conversion efficiency using promising
parameters. Taking a cavity decay rate κ2/2π∼500 MHz,
an effective coupling G2/2π∼10 MHz [13,79], and a pulse
duration τ2 = 40 ns, we obtain G2τ2 = 2G2

2/κ2τ2 � 0.10,
and a moderate efficiency S = 1 − e−2G2τ2 � 0.18.

For the mechanical system, because of its much
longer lifetime, longer pulses could be used to increase
the conversion efficiency. We adopt the parameters
from an optomechanical experiment [64]: a mechanical
mode of frequency ωM/2π=5.3 GHz and damping rate
γ /2π=4.8 kHz (corresponding to lifetime 2π/γ�0.2 ms),
a cavity decay rate κc/2π=1.3 GHz, a pulse duration
τb=55 ns, and an effective coupling G/2π=50 MHz.
These parameters yield Gτb=2G2/κcτb�1.33, and a high
conversion efficiency W=1 − e−2Gτb � 0.93. Note that
there are many different types of optomechanical devices
(see Fig. 7 and Table II in Ref. [63] for their characteris-
tic parameters), among which a high conversion efficiency
together with a long mechanical lifetime is preferred for
our protocol.

A. Effect of the linear loss in pulse transmission

In the preceding section, for simplicity, we neglect the
transmission loss of the pulse from the magnonic to the
mechanical system. However, for building a long-distance
quantum network, this loss can be significant. The trans-
mission loss is linear with the transmission distance, and
thus can be modeled by a linear beam splitter [80], as
depicted in Fig. 4. The pulse enters one input port of the
beam splitter with the other input in vacuum, of which
the reflected part denotes the loss and the transmitted part
represents the pulse after suffering the loss.

Including the loss in the transmission time �t, the gen-
erated TM pulse state ρTM(τ2) (for an arbitrary magnon
state) turns into the following state when reaching the
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optomechanical cavity [71]:

ρTM(τ2 + �t) =
∞∑

n,s=0

cn,s(−i)nisS(n+s)/2

×
min(n,s)∑

m=0

√
n!s!

(m!)2(n − m)!(s − m)!

× RmT
n+s

2 −m|n−m〉〈s−m|2, (29)

where R (T) is the reflectance (transmittance) of the beam
splitter, and we assume a lossless beam splitter R + T = 1.
Then the initial state of the optomechanical system, before
activating the optomechanical anti-Stokes process, is [75]

ρ ′
om(0) = ρTM(τ2 + �t) ⊗ |0〉〈0|M . (30)

We obtain the state ρ ′
om(τb) = Lom(τb)ρ

′
om(0)L†

om(τb)

soon after the state-swap interaction, which is

ρ ′
om(τb) =

∞∑

n,s=0

cn,sS(n+s)/2
min(n,s)∑

m=0

√
n!s!

(m!)2(n − m)!(s − m)!

× Rm(TW)(n+s)/2−m|0〉〈0|o ⊗ |n − m〉〈s − m|M .
(31)

The above state does not look intuitive. Let us con-
sider some specific cases to see the physics more clearly.
For an initial magnon Fock state |φ〉m = |n〉, Eq. (31)
yields the following transferred mechanical state after the
transmission loss:

ρ ′
M (τb) = Sn

n∑

m=0

n!
m!(n − m)!

Rm(TW)n−m|n−m〉〈n−m|M .

(32)

More specifically, for n = 1, i.e., an initial single-
magnon state |1〉m, we get

ρ ′
M (τb) = S

(
TW|1〉〈1|M + R|0〉〈0|M

)
. (33)

Trans. loss

FIG. 4. The transmission loss modeled by a beam splitter (BS),
of which the reflection denotes the loss and the transmission
represents the pulse after suffering the loss.

The fidelity between the initial magnon state and the
transferred mechanical state is thus

F = 〈φ|ρ ′
M (τb)|φ〉 = STW, (34)

which agrees with our previous result for a magnon Fock
state F = (SW)n (n = 1) for a lossless transmission T = 1.
Apparently, the fidelity is proportional to the two con-
version efficiencies and the proportion of the transmitted
pulse after the loss. Considering fiber loss of 0.2 dB/km
at telecom wavelengths, for a distance of 1 km (10 km),
the total fiber loss is 0.2 dB (2 dB), corresponding to
T � 0.955 (0.631). Taking the two realistic conversion
efficiencies S = 0.18 and W = 0.93 estimated in the pre-
ceding section, we obtain fidelity F = STW = 0.16 (0.10)
for transferring a single-magnon state |1〉m to a long-lived
mechanical mode. This means that for 100 runs of the
experiment, about 16 (10) times the mechanical mode is
in the single-phonon state |1〉M .

For the initial superposition state |φ〉m = 1/
√

2(|0〉 +
|1〉), using the result of Eq. (31), we obtain the mechanical
state

ρ ′
M (τb) = 1

2

[(
1 + SR

)|0〉〈0|M +
√

STW|0〉〈1|M

+
√

STW|1〉〈0|M + STW|1〉〈1|M
]
. (35)

The fidelity is then

F = 1
4

(
1 + SR + 2

√
STW + STW

)
, (36)

and in the loss-free limit T → 1 (R → 0), it becomes
F = 1/4

(
1 + √

SW
)2, which agrees with the result in the

preceding section for a lossless transmission.

IV. NONLOCAL MACROSCOPIC
MAGNON-PHONON ENTANGLEMENT

Under certain circumstances, the quantum network
requires its nodes to be entangled [40,41] and many quan-
tum protocols, like quantum repeaters [81] and teleporta-
tion [50], require quantum entanglement. In this section,
we show that our system also allows preparation of a non-
local macroscopic magnon-phonon entangled state using
optical pulses. Specifically, laser pulses are sent to suc-
cessively activate the optomagnonic Stokes scattering and
the optomechanical anti-Stokes scattering, see Figs. 3(b)
and 3(d). The former generates an entangled state of the
magnons in YIG and the Stokes photons in the pulse,
and the latter maps the pulse state to the mechanical res-
onator, and thus a nonlocal magnon-phonon entangled
state is established. The maximum distance between the
two entangled subsystems is determined by the relatively
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short magnon lifetime, beyond which the magnon state
degrades and the entanglement dies out.

We introduce the interaction Hamiltonian (8) account-
ing for the optomagnonic Stokes scattering. As before, we
neglect the magnon dissipation during the short pulse, and
obtain the QLEs

ȧ1 = −κ1

2
a1 − iG1m† + √

κ1ain
1 ,

ṁ = −iG1a†
1. (37)

By adiabatically eliminating the cavity field, we
get a1 � 2/κ1

( − iG1m† + √
κ1ain

1

)
, and using the input-

output relation aout
1 = √

κ1a1 − ain
1 , we obtain

aout
1 = −i

√
2G1m† + ain

1 ,

ṁ = G1m − i
√

2G1ain †
1 , (38)

where G1 ≡ 2G2
1/κ1. Again, we define the normalized tem-

poral modes for the WGM driven by a pulse of duration τ1

Ain
1 (τ1) =

√
2G1

1 − e−2G1τ1

∫ τ1

0
e−G1sain

1 (s) ds,

Aout
1 (τ1) =

√
2G1

e2G1τ1 − 1

∫ τ1

0
eG1saout

1 (s) ds. (39)

By integrating Eq. (38), we obtain

Aout
1 (τ1) = −i

√
e2G1τ1 − 1m†(0) + eG1τ1Ain

1 (τ1),

m(τ1) = eG1τ1m(0) − i
√

e2G1τ1 − 1Ain †
1 (τ1), (40)

from which a propagator L1(τ1) is extracted, sat-
isfying Aout

1 (τ1) = L†
1(τ1) Ain

1 (τ1) L1(τ1) and m(τ1) =
L†

1(τ1) m(0) L1(τ1), which is [69]

L1(τ1) = e−i tanh r Ain †
1 m†

cosh r(−1−Ain †
1 Ain

1 −m†m)ei tanh r Ain
1 m,
(41)

where we introduce the squeezing parameter r through
cosh r = eG1τ1 and tanh r = √

1 − e−2G1τ1 . It is clear that
the squeezing r increases with the product G1τ1, i.e., the
product of the pulse strength and duration.

For an initial state |0〉m|0〉1 [82], the optomagnonic
system is prepared, at the end of the pulse, in the state

|φ〉m,1(τ1) = (cosh r)−1
∞∑

n=0

(tanh r)n|n, n〉m,1, (42)

which is a two-mode squeezed vacuum state (TMSVS)
of the magnon mode and the TE-polarized pulse (Stokes

photons). The entanglement of this state is linked to the
squeezing parameter as the logarithmic negativity EN =
2r. Using the parameters κ1/2π∼500 MHz, G1/2π ∼
10 MHz [13,79], and a pulse duration τ1 = 30 ns, we
obtain G1τ1 � 0.075, and a squeezing parameter r � 0.39,
and the entanglement EN � 0.78.

The TE pulse then transmits to the optomechanical
system and resonantly drives the optical cavity, which
is simultaneously driven by another red-detuned pulse
for realizing the optomechanical state-swap operation [cf.
Fig. 3(d)]. The corresponding propagator Lom(τb) has been
introduced in Eq. (26). As in the preceding section, the
mechanical resonator is prepared in the ground state. By
applying the propagator Lom(τb) onto the initial state

|φ〉m,1,M (0) = (cosh r)−1
∞∑

n=0

(tanh r)n|n, n〉m,1 ⊗ |0〉M ,

(43)

we obtain the joint state |φ〉m,1,M (τb) = Lom(τb)|φ〉m,1,M (0),
at the end of the red-detuned pulse, given by

|φ〉m,1,M (τb) = (cosh r)−1
∞∑

n=0

(i tanh r)nWn/2|n, 0, n〉m,1,M .

(44)

By tracing over the optical mode and writing in the
density matrix form, we get

ρm,M (τb) = (cosh r)−2
∞∑

n=0

(tanh r)2nWn|n, n〉〈n, n|m,M ,

(45)

which, in the limit of a unity conversion efficiency W→1
(Gτb 	 1), becomes exactly the TMSVS of the magnon

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

r

E
N

FIG. 5. Magnon-phonon entanglement (logarithmic negativity
EN ) versus the squeezing r for different conversion efficiencies
W. From upper to lower curves: W = 1, 0.8, 0.5, and 0.2.
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and mechanical modes, and thus the magnon and mechan-
ical nodes are remotely entangled. For a realistic efficiency
W � 0.93 estimated in the preceding section, the entan-
glement is only slightly reduced. By comparing the states
in Eqs. (42) and (45), we see that the nonunity conver-
sion efficiency plays a role in degrading the squeezing and
thus the entanglement. This can be seen by making the
replacement tanh r′ = tanh r

√
W, where r′ is the effective

squeezing including the effect of the nonunity conversion
efficiency, and r′ ≤ r. In Fig. 5, we show the entanglement
(logarithmic negativity EN = 2r′) versus the squeezing r
for different conversion efficiencies W.

We remark that the survival time of the entangle-
ment is determined by the relatively short magnon life-
time approximately 1 μs, during which the transmission
loss of the pulse is negligibly small. Therefore, in the
entanglement protocol we do not include the transmis-
sion loss. The entanglement can be verified by activating
the optomagnonic and optomechanical anti-Stokes pro-
cesses, which transfer the magnonic and mechanical states
to their respective anti-Stokes photons. By measuring the
anti-Stokes photons, one can build a joint magnon-phonon
covariance matrix, from which the entanglement can be
verified and quantified. This approach has been used to
measure the optomechanical [83] and mechanical [84]
entanglement in optomechanics.

V. CONCLUSION

We present a protocol for building a quantum net-
work based on magnonic and mechanical systems. The
magnonic and mechanical nodes are connected by opti-
cal pulses. We show that the quantum network can real-
ize (both quantum and classical) state transfer from the
magnonic node to the long-lived mechanical node, tak-
ing into account the transmission loss for a long-distance
network. We also show that the two systems can be pre-
pared in a nonlocal macroscopic entangled state. All these
utilize the Stokes and anti-Stokes light scatterings in opto-
magnonics and optomechanics, and optical pulses to trans-
fer quantum states or distribute quantum correlations. As
is known, quantum state transfer and entanglement dis-
tribution among different nodes are basic functions for a
quantum network [40,42,51]. Our work shows the possi-
bility to connect the seemingly separate research fields of
optomagnonics and optomechanics, and to build a quan-
tum network based on magnonic systems, which can be
readily extended to a complex network with various nodes
by coupling to other quantum systems, e.g., long-lived
phonons, optical and microwave photons, and supercon-
ducting qubits [4]. We expect our work may offer a promis-
ing vision for the realization of a hybrid quantum network
based on magnonic systems, and find potential applica-
tions in quantum-information science and in the study of
macroscopic quantum states.
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APPENDIX

In this section, we provide details on the derivation
of the solutions in Eq. (22), which account for the opto-
magnonic state-swap operation. By integrating the second
equation in Eq. (20), we obtain the following solution:

m(τ2) = e−G2τ2m(0) − i
√

2G2 e−G2τ2

∫ τ2

0
eG2sain

2 (s) ds.

(A1)

Using the definition of the temporal mode Ain
2 (t) provided

in Eq. (21), the above equation can be rewritten as

m(τ2) = e−G2τ2m(0) − i
√

1 − e−2G2τ2Ain
2 (τ2), (A2)

that is the second equation in Eq. (22).
The second equation of Eq. (20) can also be written in

the form of

ain
2 = 1

−i
√

2G2
(ṁ + G2m). (A3)

Substituting it into the first equation of Eq. (20), we obtain

ṁ = G2m − i
√

2G2aout
2 , (A4)

and its solution is given by

m(τ2) = eG2τ2m(0) − i
√

2G2 eG2τ2

∫ τ2

0
e−G2saout

2 (s) ds.

(A5)

By using the definition of the temporal mode Aout
2 (t), we

have

m(τ2) = eG2τ2m(0) − i
√

e2G2τ2 − 1Aout
2 (τ2). (A6)

Using the result of Eq. (A2), we get the solution of Aout
2 (τ2),

which is

Aout
2 (τ2) = −i

√
1 − e−2G2τ2m(0) + e−G2τ2Ain

2 (τ2). (A7)

Equations (A2) and (A7) are just the solutions of Eq. (22)
in the main text. In the same way, one can derive the
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solutions of Eq. (40), which lead to an optomagnonic
two-mode squeezed state.

[1] Z.-L. Xiang, S. Ashhab, J. Q. You, and F. Nori, Hybrid
quantum circuits: Superconducting circuits interacting with
other quantum systems, Rev. Mod. Phys. 85, 623 (2013).

[2] G. Kurizki, P. Bertet, Y. Kubo, K. Molmer, D. Petrosyan,
P. Rabl, and J. Schmiedmayer, Quantum technologies with
hybrid systems, PNAS 112, 3866 (2015).

[3] A. A. Clerk, K. W. Lehnert, P. Bertet, J. R. Petta, and Y.
Nakamura, Hybrid quantum systems with circuit quantum
electrodynamics, Nat. Phys. 16, 257 (2020).

[4] D. Lachance-Quirion, Y. Tabuchi, A. Gloppe, K. Usami,
and Y. Nakamura, Hybrid quantum systems based on
magnonics, Appl. Phys. Express 12, 070101 (2019).

[5] P. Pirro, V. I. Vasyuchka, A. A. Serga, and B. Hillebrands,
Advances in coherent magnonics, Nat. Rev. Mater. (2021).

[6] B. Z. Rameshti, et al., ArXiv:2106.09312.
[7] H. Huebl, C.W. Zollitsch, J. Lotze, F. Hocke, M. Greifen-

stein, A. Marx, R. Gross, and S.T. Goennenwein, High
Cooperativity in Coupled Microwave Resonator Ferrimag-
netic Insulator Hybrids, Phys. Rev. Lett. 111, 127003
(2013).

[8] Y. Tabuchi, S. Ishino, T. Ishikawa, R. Yamazaki, K. Usami,
and Y. Nakamura, Hybridizing Ferromagnetic Magnons
and Microwave Photons in the Quantum Limit, Phys. Rev.
Lett. 113, 083603 (2014).

[9] X. Zhang, C. L. Zou, L. Jiang, and H. X. Tang, Strongly
Coupled Magnons and Cavity Microwave Photons, Phys.
Rev. Lett. 113, 156401 (2014).

[10] Y. Tabuchi, S. Ishino, A. Noguchi, T. Ishikawa, R.
Yamazaki, K. Usami, and Y. Nakamura, Coherent coupling
between a ferromagnetic magnon and a superconducting
qubit, Science 349, 405 (2015).

[11] L. Bai, M. Harder, Y. P. Chen, X. Fan, J. Q. Xiao, and
C.-M. Hu, Spin Pumping in Electrodynamically Coupled
Magnon-Photon Systems, Phys. Rev. Lett. 114, 227201
(2015).

[12] A. Osada, R. Hisatomi, A. Noguchi, Y. Tabuchi, R.
Yamazaki, K. Usami, M. Sadgrove, R. Yalla, M. Nomura,
and Y. Nakamura, Cavity Optomagnonics with Spin-Orbit
Coupled Photons, Phys. Rev. Lett. 116, 223601 (2016).

[13] X. Zhang, N. Zhu, C.-L. Zou, and H. X. Tang, Opto-
magnonic Whispering Gallery Microresonators, Phys. Rev.
Lett. 117, 123605 (2016).

[14] J. A. Haigh, A. Nunnenkamp, A. J. Ramsay, and A. J.
Ferguson, Triple-Resonant Brillouin Light Scattering in
Magneto-Optical Cavities, Phys. Rev. Lett. 117, 133602
(2016).

[15] X. Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, Cavity
magnomechanics, Sci. Adv. 2, e1501286 (2016).

[16] D. Lachance-Quirion, Y. Tabuchi, S. Ishino, A. Noguchi,
T. Ishikawa, R. Yamazaki, and Y. Nakamura, Resolving
quanta of collective spin excitations in a millimeter-sized
ferromagnet, Sci. Adv. 3, e1603150 (2017).

[17] C. Braggio, G. Carugno, M. Guarise, A. Ortolan, and G.
Ruoso, Optical Manipulation of a Magnon-Photon Hybrid
System, Phys. Rev. Lett. 118, 107205 (2017).

[18] L. Bai, M. Harder, P. Hyde, Z. Zhang, C.-M. Hu, Y. P.
Chen, and J. Q. Xiao, Cavity Mediated Manipulation of
Distant Spin Currents Using a Cavity-Magnon-Polariton,
Phys. Rev. Lett. 118, 217201 (2017).

[19] Y.-P. Wang, G.-Q. Zhang, D. Zhang, T.-F. Li, C.-M. Hu, and
J. Q. You, Bistability of Cavity Magnon Polaritons, Phys.
Rev. Lett. 120, 057202 (2018).

[20] A. Osada, A. Gloppe, R. Hisatomi, A. Noguchi, R.
Yamazaki, M. Nomura, Y. Nakamura, and K. Usami, Bril-
louin Light Scattering by Magnetic Quasivortices in Cavity
Optomagnonics, Phys. Rev. Lett. 120, 133602 (2018).

[21] O. Johansen and A. Brataas, Nonlocal Coupling between
Antiferromagnets and Ferromagnets in Cavities, Phys. Rev.
Lett. 121, 087204 (2018).

[22] M. Harder, Y. Yang, B.M. Yao, C.H. Yu, J.W. Rao, Y.S.
Gui, R.L. Stamps, and C.M. Hu, Level Attraction Due
to Dissipative Magnon-Photon Coupling, Phys. Rev. Lett.
121, 137203 (2018).

[23] J. Li, S.-Y. Zhu, and G. S. Agarwal, Magnon-Photon-
Phonon Entanglement in Cavity Magnomechanics, Phys.
Rev. Lett. 121, 203601 (2018).

[24] Y. Li, T. Polakovic, Y.L. Wang, J. Xu, S. Lendinez, Z.
Zhang, J. Ding, T. Khaire, H. Saglam, R. Divan, and J. Pear-
son, Strong Coupling between Magnons and Microwave
Photons in On-Chip Ferromagnet-Superconductor Thin-
Film Devices, Phys. Rev. Lett. 123, 107701 (2019).

[25] J. T. Hou and L. Liu, Strong Coupling between Microwave
Photons and Nanomagnet Magnons, Phys. Rev. Lett. 123,
107702 (2019).

[26] Y.-P. Wang, J.W. Rao, Y. Yang, P.C. Xu, Y.S. Gui, B.M.
Yao, J.Q. You, and C.M. Hu, Nonreciprocity and Unidi-
rectional Invisibility in Cavity Magnonics, Phys. Rev. Lett.
123, 127202 (2019).

[27] W. Yu, J. Wang, H. Y. Yuan, and J. Xiao, Prediction of
Attractive Level Crossing via a Dissipative Mode, Phys.
Rev. Lett. 123, 227201 (2019).

[28] X. Zhang, K. Ding, X. Zhou, J. Xu, and D. Jin, Experi-
mental Observation of an Exceptional Surface in Synthetic
Dimensions with Magnon Polaritons, Phys. Rev. Lett. 123,
237202 (2019).

[29] D. Lachance-Quirion, S. P. Wolski, Y. Tabuchi, S. Kono, K.
Usami, and Y. Nakamura, Entanglement-based single-shot
detection of a single magnon with a superconducting qubit,
Science 367, 425 (2020).

[30] H. Y. Yuan, P. Yan, S. Zheng, Q. Y. He, K. Xia, and M.-
H. Yung, Steady Bell State Generation via Magnon-Photon
Coupling, Phys. Rev. Lett. 124, 053602 (2020).

[31] N. Crescini, et al., , (QUAX Collaboration), Phys. Rev.
Lett. 124, 171801 (2020).

[32] M. Yu, H. Shen, and J. Li, Magnetostrictively Induced
Stationary Entanglement between Two Microwave Fields,
Phys. Rev. Lett. 124, 213604 (2020).

[33] S. P. Wolski, D. Lachance-Quirion, Y. Tabuchi, S. Kono, A.
Noguchi, K. Usami, and Y. Nakamura, Dissipation-Based
Quantum Sensing of Magnons with a Superconducting
Qubit, Phys. Rev. Lett. 125, 117701 (2020).

[34] Y. Yang, Y.-P. Wang, J. W. Rao, Y. S. Gui, B. M. Yao,
W. Lu, and C.-M. Hu, Unconventional Singularity in Anti-
Parity-Time Symmetric Cavity Magnonics, Phys. Rev. Lett.
125, 147202 (2020).

040344-11

https://doi.org/10.1103/RevModPhys.85.623
https://doi.org/10.1073/pnas.1419326112
https://doi.org/10.1038/s41567-020-0797-9
https://doi.org/10.7567/1882-0786/ab248d
https://arxiv.org/abs/2106.09312
https://doi.org/10.1103/PhysRevLett.111.127003
https://doi.org/10.1103/PhysRevLett.113.083603
https://doi.org/10.1103/PhysRevLett.113.156401
https://doi.org/10.1126/science.aaa3693
https://doi.org/10.1103/PhysRevLett.114.227201
https://doi.org/10.1103/PhysRevLett.116.223601
https://doi.org/10.1103/PhysRevLett.117.123605
https://doi.org/10.1103/PhysRevLett.117.133602
https://doi.org/10.1126/sciadv.1501286
https://doi.org/10.1126/sciadv.1603150
https://doi.org/10.1103/PhysRevLett.118.107205
https://doi.org/10.1103/PhysRevLett.118.217201
https://doi.org/10.1103/PhysRevLett.120.057202
https://doi.org/10.1103/PhysRevLett.120.133602
https://doi.org/10.1103/PhysRevLett.121.087204
https://doi.org/10.1103/PhysRevLett.121.137203
https://doi.org/10.1103/PhysRevLett.121.203601
https://doi.org/10.1103/PhysRevLett.123.107701
https://doi.org/10.1103/PhysRevLett.123.107702
https://doi.org/10.1103/PhysRevLett.123.127202
https://doi.org/10.1103/PhysRevLett.123.227201
https://doi.org/10.1103/PhysRevLett.123.237202
https://doi.org/10.1126/science.aaz9236
https://doi.org/10.1103/PhysRevLett.124.053602
https://doi.org/10.1103/PhysRevLett.124.213604
https://doi.org/10.1103/PhysRevLett.125.117701
https://doi.org/10.1103/PhysRevLett.125.147202


JIE LI et al. PRX QUANTUM 2, 040344 (2021)

[35] C. A. Potts, E. Varga, V. Bittencourt, S. V. Kusminskiy, and
J. P. Davis, Dynamical Backaction Magnomechanics, Phys.
Rev. X 11, 031053 (2021).

[36] Y. Cao and P. Yan, Exceptional magnetic sensitivity of
PT-symmetric cavity magnon polaritons, Phys. Rev. B 99,
214415 (2019).

[37] N. Crescini, C. Braggio, G. Carugno, A. Ortolan, and G.
Ruoso, Cavity magnon polariton based precision magne-
tometry, Appl. Phys. Lett. 117, 144001 (2020).

[38] M. S. Ebrahimi, A. Motazedifard, and M. Bagheri Harouni,
Single-quadrature quantum magnetometry in cavity elec-
tromagnonics, Phys. Rev. A 103, 062605 (2021).

[39] N. Crescini, D. Alesini, C. Braggio, G. Carugno, D.
D’Agostino, D. Di Gioacchino, P. Falferi, U. Gambardella,
C. Gatti, G. Iannone, and C. Ligi, Axion Search with
a Quantum-Limited Ferromagnetic Haloscope, Phys. Rev.
Lett. 124, 171801 (2020).

[40] H. J. Kimble, The quantum internet, Nature 453, 1023
(2008).

[41] S. Wehner, D. Elkouss, and R. Hanson, Quantum inter-
net: A vision for the road ahead, Science 362, 303
(2018).

[42] S. Ritter, C. Nölleke, C. Hahn, A. Reiserer, A. Neuzner,
M. Uphoff, M. Mücke, E. Figueroa, J. Bochmann, and G.
Rempe, An elementary quantum network of single atoms
in optical cavities, Nature 484, 195 (2012).

[43] L. M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller, Long-
distance quantum communication with atomic ensembles
and linear optics, Nature 414, 413 (2001).

[44] L. M. Duan and C. Monroe, Colloquium: Quantum net-
works with trapped ions, Rev. Mod. Phys. 82, 1209 (2010).

[45] J. Li, S.-Y. Zhu, and G. S. Agarwal, Squeezed states of
magnons and phonons in cavity magnomechanics, Phys.
Rev. A 99, 021801(R) (2019).

[46] J. Li and S. Gröblacher, Entangling the vibrational modes of
two massive ferromagnetic spheres using cavity magnome-
chanics, Quantum Sci. Technol. 6, 024005 (2021).

[47] S.-F. Qi and J. Jing, Magnon-assisted photon-phonon con-
version in the presence of structured environments, Phys.
Rev. A 103, 043704 (2021).

[48] B. Sarma, T. Busch, and J. Twamley, Cavity magnome-
chanical storage and retrieval of quantum states, New J.
Phys. 23, 043041 (2021).
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