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Abstract

We present a novel cavity opto-magno-mechanical hybrid system to gen-
erate entanglements among multiple quantum carriers, such as magnons,
mechanical resonators, and cavity photons in both the optical and
microwave domains. Two Yttrium iron garnet (YIG) spheres are embed-
ded in two separate microwave cavities which are joined by a communal
mechanical resonator. Because the microwave cavities are separate, the
ferromagnetic resonate frequencies of two YIG spheres can be tuned
independently, as well as the cavity frequencies. We show that entan-
glement can be achieved with experimentally reachable parameters. The
entanglement is robust against environmental thermal noise, owing to
the mechanical cooling process achieved by the optical cavity. The max-
imum entanglement among different carriers is achieved by optimizing
the parameters of the system. The individual tunability of the separated
cavities allows us to independently control the entanglement properties
of different subsystems and establish quantum channels with different
entanglement properties in one system. This work could provide promis-
ing applications in quantum metrology and quantum information tasks.
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1 Introduction

Quantum entanglement is the key resourse for quantum information science,
such as quantum computing[1–4], quantum key distribution[5, 6], quantum
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secret sharing [7–9], quantum teleportation [10], quantum dense coding[11],
quantum secure direct communication[12, 13], and so on. Entanglement
has been generated in many systems such as photons[14], atoms[15], and
superconductors[16]. To coherently couple different quantum systems, mechan-
ical oscillators have been widely used [17, 18], which lead to the development in
the research area known as optomechanics. Ferromagnetic systems, which have
been widely studied since 1946[19–21], provide an alternative way to couple
different quantum information carriers. Strong coupling between the collec-
tive excitation of magnetization in ferrimagnetic materials (which is known as
magnon) and photon inside microwave (MW) cavity has been achieved[22, 23].
Yttrium iron garnet (YIG, Y3Fe5O12) is an excellent ferrimagnetic material
for quantum information processing, owing to its very high spin density and
low loss[24, 25]. YIG sphere inside the MW cavity provides strong coupling
between magnons and cavity photons near the resonance point, which can
be flexibly tuned by adjusting the bias magnetic field. Meanwhile, a mem-
branous mechanical resonator can be coupled to a MW cavity as a vibrating
capacitor[26–28]. In addition, direct coupling between magnons and vibra-
tion modes of YIG sphere can be achieved by magnetostrictive interaction[29].
These magnon-photon-phonon hybrid systems provide a privileged platform
for coherently transferring quantum states among different systems.

The entanglement properties of hybrid opto-magno-mechanical systems
have been widely studied at both mean field level[29] and full quantum
level[30]. Several protocols to generate entanglement among cavity magnome-
chanics system have been reported [31–37]. Schemes to entangle two YIG
spheres in a single cavity have been proposed in previous work[33], but to
entangle YIG spheres in separate cavities is still a pending problem. The use of
separated cavities will make it more convenient to study the frequency-tunable
characteristics of entanglement among YIG spheres and MW cavities.

Distinguished from all previous approaches, we present a hybrid opto-
magno-mechanical system that includes two magnons embedded in two
separate MW cavities, a mechanical oscillator, and an ancilla optical cavity.
Because the microwave cavities are separate, the ferromagnetic resonate fre-
quencies of two YIG spheres can be tuned independently, as well as the cavity
frequencies. Entanglements are generated by the nonlinearity of the system
such as the magnetic dipole interaction and radiation pressure. Meanwhile,
the mechanical oscillator is cooled by the ancilla optical cavity, which plays
an important role in obtaining steady state and decresing thermal noise. We
consider the quantum fluctuations and solve the system via linearized quan-
tum Langevin equations. We calculate the entanglement properties by solving
the Lyapunov equation and calculating the logarithmic negativity[38–40]. The
results show that our model can yield strong entanglements by optimizing
the detunings between driven fields and cavities or magnons. The individ-
ual tunability of the separated cavities allows us to independently control
the entanglement properties of different subsystems and establish quantum
channels with different entanglement properties in one system. Besides, the
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entanglements are robust against environmental temperature at the millikelvin
level.

2 The Model

OC

MC1

MC2

MR MR

MC1 MC2

YIG1 YIG2

OC

Fig. 1 Schematic diagram. A mechanical resonator (MR) is coupled to an optical cavity
(OC) and two microwave cavities (MCs). An yttrium iron garnet (YIG) sphere is embedded
at the magnetic-field antinode of the microwave cavity. The YIG spheres inside MCs are
driven by microwaves ω1 and ω2 respectively. At the position of the YIG sphere, the bias
magnetic field is along the z direction, the driving magnetic field is along the y direction,
and the magnetic field of the cavity mode is along the x direction.

The magnon-photon-phonon coupling system is shown in Fig.1. A com-
munal mechanical resonator (MR) is coupled to an optical cavity (OC) and
capacitively coupled to two microwave cavities (MC)[26–28]. An yttrium iron
garnet (YIG) sphere is embedded in each microwave cavity. The resonate
frequencies of OC and two MCs are ωa, ωA1, and ωA2, respectively. The ferro-
magnetic resonate frequencies of two YIG spheres are ωm1

and ωm2
, which can

be tuned by the static bias magnetic field Bj (j = 1, 2) via ωmj
= γBj (γ/2π

= 28GHz/T is the gyromagnetic ratio). The MR couples with cavity fields
through radiation pressure interaction, with coupling rates gab (MR-OC), gA1b

(MR-MC1), and gA2b (MR-MC2). The magnons inside MCs couple with cav-
ity fields through magnetic dipole interaction, with coupling rates g1 and g2.
The OC is driven by an optical field ω0, while the YIG spheres inside MCs
are driven by microwaves ω1 and ω2 respectively. The direct coupling between
the YIG sphere and the microwave driving field is adopted in previous work
[30, 41, 42]. The decay rates of OC, two MCs, and two magnons are κa, κAi

,
and κmi

(i=1,2). The total Hamiltonian is:

H =~ωaa
†a+ ~

∑

i=1,2

(ωmi
m†

imi + ωAi
A†

iAi) + ~ωbb
†b− gaba

†a(b+ b†)

+ ~

∑

i=1,2

[gi(Ai +A†
i )(mi +m†

i )− gAibA
†
iAi(b+ b†)]
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+ i~Ω0(a
†e−iω0t − aeiω0t) + i~

∑

i=1,2

Ωi(m
†
ie

−iωit −mie
iωit), (1)

where a(a†), b(b†), Ai(A
†
i ), and mi(m

†
i ) are the creation (annihilation) oper-

ators for the optical cavity mode, the mechanical mode, the i-th microwave
cavity mode, and the i-th magnon mode, respectively. The Rabi frequencies Ω0,
Ω1, and Ω2 denote the strength of the driven fields ω0, ω1, and ω2, respectively.

In the rotating frame with respect to ω0a
†a+ω1m

†
1m1+ω2m

†
2m2+ω1A

†
1A1+

ω2A
†
2A2 and applying the rotating-wave approximation (Ai+A†

i )(mi+m†
i ) ≈

Aim
†
i +A†

imi (when ωAi
, ωmi ≫ gi, κAi

, κmi
), the effective Hamiltonian is:

H =~∆a0
a†a+ ~

∑

i=1,2

(∆mi
m†

imi +∆Ai
A†

iAi) + ~ωbb
†b− gaba

†a(b+ b†)

+ ~

∑

i=1,2

[gi(Aim
†
i +A†

imi)− gAibA
†
iAi(b + b†)] + i~Ω0(a

† − a)

+ i~
∑

i=1,2

Ωi(m
†
i −mi), (2)

where ∆a0
= ωa − ω0, ∆mi = ωmi

− ωi, and ∆Ai = ωAi
− ωi denote the

detunings of the driven fields. The quantum Langevin equations (QLEs) of the
system are:

ȧ =− (i∆a0
+ κa)a+ igab(b+ b†)a+Ω0 +

√
2κaa

in, (3)

ḃ =− (iωb + κb)b + igaba
†a+ igA1bA

†
1A1 + igA2bA

†
2A2 +

√
2κbb

in, (4)

ṁi =− (i∆mi
+ κmi

)mi − igiAi +Ωi +
√

2κmi
min

i , (5)

Ȧi =− (i∆Ai
+ κAi

)Ai + igAib(b + b†)Ai − igimi +
√

2κAi
Ain

i , (6)

where ain, bin, min
i , and Ain

i are input noise operators for the optical cavity
mode, the mechanical mode, the magnon modes, and the microwave cav-
ity modes, respectively, which are characterized by the following correlation
functions:

〈ain(t)ain†(t′)〉 =[Na(ωa) + 1]δ(t− t′), (7)

〈bin(t)bin†(t′)〉 =[Nb(ωb) + 1]δ(t− t′), (8)

〈min
i (t)min†

i (t′)〉 =[Nmi
(ωmi

) + 1]δ(t− t′), (9)

〈Ain
i (t)ain†(t′)〉 =[NAi

(ωAi
) + 1]δ(t− t′), (10)

where Ni(ωi) = {exp[(~ωi/kBT )−1]}−1 (i= a, A1,A2,m1,m2, b) are the Bose-
Einstein distribution of thermal photons, magnons and phonons.

The QLEs can be linearized in the strongly driven approximation, namely,
for a, b,mi, and Ai, their steady state amplitude 〈O〉 (O = a, b,m1,m2, A1, A2)
is much larger than their fluctuation δO. Substitute O = 〈O〉 + δO into



Springer Nature 2021 LATEX template

Article Title 5

the QLEs and ignore the higher-order terms of δO, we got the steady state
solutions:

〈a〉 = Ω0

i∆̃a0
+ κa

, (11)

〈mi〉 =
(i∆̃Ai

+ κAi
)Ωi

g2i + (i∆mi
+ κmi

)(i∆̃Ai
+ κAi

)
, (12)

〈Ai〉 =
gi〈mi〉

−∆̃Ai
+ iκAi

, (13)

〈b〉 =gab|〈a〉|2 + gA1b|〈A1〉|2 + gA2b|〈A2〉|2
ωb − iκb

, (14)

where ∆̃a0
= ∆a0

− gab(〈b〉 + 〈b†〉) and ∆̃Ai
= ∆Ai

− gAib(〈b〉 + 〈b†〉) are
the effective detunings of the optical cavity and two microwave cavities. We
also get the equations of the quadrature fluctuations δXO and δYO (δXO =
(δO + δO†)/

√
2 and δYO = (δO − δO†)/i

√
2, with O = a, b,m1,m2, A1, A2):

u̇(t) = Au(t) + n(t), (15)

where u(t) = [δXa(t), δYa(t), δXb(t), δYb(t), δXA1
(t), δYA1

(t), δXm1
(t),

δYm1
(t), δXA2

(t), δYA2
(t), δXm2

(t), δYm2
(t)]T , n(t) = [

√
2κaX

in
a (t),√

2κaY
in
a (t),

√
2κbX

in
b (t),

√
2κbY

in
b (t),

√
2κA1

X in
A1

(t),
√
2κA1

Y in
A1

(t),√
2κm1

X in
m1

(t),
√
2κm1

Y in
m1

(t),
√
2κA2

X in
A2

(t),
√
2κA2

Y in
A2

(t),
√
2κm2

X in
m2

(t),√
2κm2

Y in
m2

(t)]T , and

A =











































−κa ∆̃a0
−2GI

ab 0 0 0 0 0 0 0 0 0

−∆̃a0
−κa 2GR

ab 0 0 0 0 0 0 0 0 0
0 0 −κb ωb 0 0 0 0 0 0 0 0

2GR
ab 2GI

ab −ωb −κb 2GR
A1b 2GI

A1b 0 0 2GR
A2b 2GI

A2b 0 0

0 0 −2GI
A1b 0 −κA1

∆̃A1
0 g1 0 0 0 0

0 0 2GR
A1b 0 −∆̃A1

−κA1
−g1 0 0 0 0 0

0 0 0 0 0 g1 −κm1
∆m1

0 0 0 0
0 0 0 0 −g1 0 −∆m1

−κm1
0 0 0 0

0 0 −2GI
A2b 0 0 0 0 0 −κA2

∆̃A2
0 g2

0 0 2GR
A2b 0 0 0 0 0 −∆̃A2

−κA2
−g2 0

0 0 0 0 0 0 0 0 0 g2 −κm2
∆m2

0 0 0 0 0 0 0 0 −g2 0 −∆m2
−κm2











































(16)

Here GR
ab = gabRe〈a〉, GI

ab = gabIm〈a〉, GR
Aib

= gAibRe〈Ai〉, and GI
Aib

=
gAibIm〈Ai〉are the effective coupling rates.

Owing to the linearized dynamics of the QLEs, the Gaussian nature of the
quantum noises will be preserved. Thus the steady state of the quantum fluc-
tuations is a continuous variable (CV) six-mode Gaussian state characterized
by a 12×12 covariance matrix (CM) V : Vij(t, t

′) = 1
2 〈ui(t)uj(t

′)+uj(t
′)ui(t)〉,

which can be obtained by solving the Lyapunov equation [43, 44]:

AV + V AT = −D, (17)
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where the diffusion matrix D=diag[κa(2Na + 1), κa(2Na + 1), κb(2Nb + 1),
κb(2Nb + 1), κA1

(2NA1
+ 1), κA1

(2NA1
+1), κm1

(2Nm1
+ 1), κm1

(2Nm1
+1),

κA2
(2NA2

+ 1), κA2
(2NA2

+ 1), κm2
(2Nm2

+ 1), κm2
(2Nm2

+ 1)] is defined
through Dijδ(t− t′) = 1

2 〈Ni(t)Nj(t
′) +Nj(t

′)Ni(t)〉
The bipartite entanglement of subsystems s1 and s2 can be measured by

the logarithmic negativity EN [45]:

EN = max[0,− ln 2ν̃−], (18)

where ν̃− = min eig|iΩPCs1s2P | (Ω =
⊕2

j=1 iσy) is the symplectic matrix, σy

is the y-Pauli matrix, P = diag(1,−1, 1, 1), and Cs1s2 is a part of the CM
matrix that describes subsystems s1 and s2.

3 Entanglement Analysis
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Fig. 2 (a)-(d) Steady condition of the system. The system is unsteady in the white area,
while the rest part of the figure shows the entanglement EN between two magnons m1 and
m2 versus the effective detunings ∆̃a0

and ∆̃A1
(with ∆̃A1

=∆̃A2
= ∆m1

=∆m2
). Corre-

sponding optomechanical coupling rates of the optical cavity gab are: (a) 0.8 κb, (b) κb, (c)
1.2 κb, (d) 1.4 κb. (e) The width of the vertical unsteady strip in (a)-(d) and the entanglement
at the point (∆̃a0

, ∆̃A1
) = (ωb, 0) versus gab.

In this section, we analyze the entanglement between different components
of the system in the steady state. For the complex hybrid coupling system
including three driving sources, it’s important to analyze the steady-state con-
dition. The criterion of stability is that all of the eigenvalues (real parts) of
the drift matrix A in Eq. (16) are negative, as a result of the Routh–Hurwitz
criterion[46]. In Fig.2 we analyze the steady-state condition of the system with
the following experimentally feasible parameters : ωa/2π = 370 THz, (ωA1

,
ωA2

, ωm1
, ωm2

)/2π = (10, 10, 10, 10) GHz, ωb/2π = 10MHz, (κa, κA1
, κA2

,
κm1

, κm2
) = (0.4, 0.1, 0.1, 0.1, 0.1)ωb, κb/2π = 100Hz, and g1/2π = g2/2π =

1.7MHz [29, 30, 35], Ω0 = 1.43× 1012 Hz, and Ω1 = Ω2 = 7.13× 1014 Hz [30].
The result indicates that the detunings of the optical cavity and MW cavity
play different roles in the steady condition. This is because the optical light
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frequency leads to a higher optomechanical coupling rate than the microwave
cavity[18]:

g0 = GxZPF = ωcavxZPF/L, (19)

where g0 is the vacuum optomechanical coupling rate, ωcav is the cavity fre-
quency, L is the cavity length, and xZPF is the zero-point fluctuation amplitude
of the mechanical oscillator. Fig.2 shows that the stability of the system
is mainly determined by the optical cavity. The red detuned optical cav-
ity (∆̃a0

> 0) leads to the cooling process of the mechanical resonator and
increases the robustness against temperature accordingly. An unsteady white
strip appears in the red detuned area when gab is larger than the dissipa-
tion rate of the mechanical oscillator κb. As gab increases, the unsteady strip
becomes wider. This is because the strong optomechanical coupling rate com-
pared with the dissipation rate κb of the mechanical oscillator will accumulate
the energy of the driving field and bring the system to an unsteady state.
Fig.2 also shows that the entanglement increases with gab because the larger
optomechanical coupling rate of the optical cavity leads to a stronger cool-
ing process. Hereafter this text we take the value of gab as 1.2κb in order to
avoid instability in the parameter regime that we investigate. According to
the distribution Ni(ωi) = {exp[(~ωi/kBT ) − 1]}−1, the mechanical oscillator
has larger thermal noise than cavities and magnons owing to its lower eigen
energy ~ωb. Fig.3 shows the robustness against environmental temperature.
The entanglement remains constant until 60 mK and survives up to 120 mK.
Fig.3 also indicates that the larger optomechanical coupling rate of the optical
cavity gab increases the robustness against temperature because it enhances
the cooling process and decreases the thermal noise.

0 0.04 0.08 0.12 0.16 0.2
0

0.02

0.04

0.06

0.08

0.1

Fig. 3 The robustness of entanglement against environmental temperature. The four lines
in the figure are the entanglement EN between magnons of the two YIG spheres with
different optomechanical coupling rate of the optical cavity gab. The detuning ∆̃a0

= ωb

and other detunings are zero.
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0.5 0.75 1 1.25 1.5
0

0.05

0.1

0.15

0.2

0.25

0.3

Fig. 4 Entanglement EN versus the detuning of optical driving field ∆̃a0
while

∆̃A1
=∆̃A2

=∆m1
=∆m2

=0. Solid line: EN between optical cavity field and MR; dash-solid
line: EN between MW cavity (MC1) field and MR; dash line: EN between two MW cavity
fields; dot line: EN between magnons of two YIG spheres.

The components of the hybrid coupling system are individually tunable.
Therefore it’s important to analyze the effect of detunings on the entangle-
ment of the system. Fig.4 indicates that the optical cavity detuned at the red
sideband ∆̃a0

= ωb materializes the best cooling process and achieves the max-
imum MR - MC, MC - MC, and magnon - magnon entanglements, which have
been discussed earlier. Fig.5(d) shows the variation of three types of bipar-
tite entanglements when the frequencies of the MW-driven fields change. The
complementary variation of EN (OC-MR) and EN (MC1-MC2) and EN (YIG1-
YIG2) indicates that entanglement is transferred from the optomechanical
subsystem in the optical domain to the opto-magno-mechanical subsystem in
the MW domain. This phenomenon is pronounced when the MW cavities are
resonantly driven because a resonantly driven cavity has the maximum average
cavity photon number ncav and the maximum effective optomechanical cou-
pling strength g = g0

√
ncav. The complementary variation of entanglements is

demonstrated in more detail in Fig.5(a)-(c), where we assume that the MW
cavity and the inside YIG sphere have the same eigenfrequency. The case that
the MW cavity and the inside YIG sphere are tuned independently is discussed
next.

The ferromagnetic resonant frequency of YIG spheres determined by the
bias magnetic field can be tuned independently of the cavity frequency. Thus
for a certain MW driving frequency, the detuning of the MW cavity ∆̃A1

and
the detuning of the inside YIG sphere ∆m1

can be different. The variation of
entanglements EN versus ∆̃A1

and ∆m1
is demonstrated in Fig.6, where the

detunings of the other MW cavity ∆̃A2
and ∆m2

remain zero. Fig.6(a) and (b)
show that the maximum cavity-cavity and magnon-magnon entanglements are
achieved when the driving MW field resonates with the MW cavity and the
internal magnon simultaneously.
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Fig. 5 (a)-(c): Entanglement EN versus ∆̃A1
and ∆̃A2

while ∆̃a0
=ωb, ∆̃A1

=∆m1
, and

∆̃A2
=∆m2

. (a) EN between cavity modes of MC1 and MC2; (b) EN between magnons of
YIG1 and YIG2; (c) EN between OC and MR. (d) Entanglement EN versus the detuning
of MW driving field ∆̃A1 while ∆̃a0

=ωb, ∆̃A1
=∆m1

, and ∆̃A2
=∆m2

=0.15ωb. Dash-solid
line: EN (MC1-MC2); solid line: EN (YIG1-YIG2); dash line: EN (OC-MR).

.

-1 0 1
-1

0

1

0

0.03

0.06

0.09

0.12

-1 0 1
-1

0

1

0

0.02

0.04

0.06

0.08

Fig. 6 Entanglement EN versus the detuning of the MW cavity ∆̃A1
and the detuning of

the inside YIG sphere ∆m1
while ∆̃A2

and ∆m2
remain zero. (a) EN between cavity modes

of MC1 and MC2; (b) EN between magnons of YIG1 and YIG2.

Our scheme, distinguished from previous works, inserts two YIG spheres
into two separate MW cavities respectively. Therefore the ferromagnetic res-
onate frequencies determined by the static bias magnetic fields can be tuned
individually, as well as the cavity frequencies. In Fig.7 we present the vari-
ation of entanglements versus different resonate frequencies of YIG spheres
while the cavity eigenfrequencies remain constant. Fig.7(a) shows the entan-
glement between the cavity field of MC1 and the magnon of YIG1. In Fig.7(a),
along the x direction there is a double-peak structure of the entanglement
EN (MC1-YIG1). This structure is presented in detail in Fig.7(c), where the
peaks exist at ∆m1

≈ ±1.24g1. The double-peak structure can be explained
by the Rabi split. For the simple coupling model with Hamiltonian H/~ =
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ωA1
A†

1A1+ωm1
m†

1m1+ g1(A
†
1m1+A1m

†
1) and taking ωA1

= ωm1
for the sake

of simplicity, the Hamiltonian can be diagonalized by the supermode operators
c± = (A1 ±m1): H/~ = ω+c

†
+c+ + ω−c

†
−c−, with supermode eigenfrequencies

ω± = ωA1
± g1. The coupling system is resonantly driven when the driving

field frequency ω1 = ω±, thus the maximal local cavity-magnon entanglement
is achieved at ∆m1

≈ ±g1. The deviation from ±g1 is because of the additional
coupling with MR and MC2. In addition, along the y direction in Fig.7(a)
there is a dip around ∆m2

= 0, while in Fig.7(b) the maximal cross-cavity
entanglement EN (MC1-YIG2) is achieved around ∆m2

= 0. The comple-
mentary variation of EN (MC1-YIG1) and EN (MC1-YIG2) indicates that the
entanglement in the local cavity is transferred to the cross-cavity subsystem.
Fig.7(d) and (e) present that the maximal entanglements EN (MC1-MC2) and
EN (YIG1-YIG2) are achieved around ∆m1

= ∆m2
= 0, because MC1 and

MC2 are connected by MR and the maximal entanglement EN (MC1-MR) is
achieved when ∆m1

= 0 (as shown in Fig.7(f)). The four types of bipartite
entenglement in Fig.7 have different features when independently tuning ∆m1

and ∆m2
, which indicates that by independently tuning the two YIG spheres

in separated MW cavities one can establish quantum channels with different
entanglement properties in one system.
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Fig. 7 Entanglement EN versus the detuning of the two YIG spheres ∆m1
and ∆m2

.
(a) EN between MC1 and YIG1; (b) EN between MC1 and YIG2; (c) The double-peak
structure of EN (MC1-YIG1) while ∆m2

=ωb; (d)EN between MW cavity MC1 and MC2;
(e) EN between YIG1 and YIG2; (f) EN between MC1 and MR while ∆m2

=ωb.

The dissipation rate of cavity is determined by the quality factor Q =
ωcav/κ while the dissipation rate of magnon is determined by the shape of
YIG and the Gilbert damping process [47]. In Fig.8(a) we analyze the effect
of the cavity dissipation rate κA1

while κA2
remains 0.2ωb. The entangle-

ment EN (MC1-YIG1), EN (MC1-MC2) and EN (YIG1-YIG2) increase at first
because the increase of the steady-state solution 〈m1〉 according to Eq(12)
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leads to the increase of the effective coupling rate. After the initial increase
EN (MC1-YIG1), EN (MC1-MC2) and EN (YIG1-YIG2) decrease because 〈A1〉
decreases according to Eq(13) and decreases the effective coupling rate. Mean-
while, the entanglement EN (MC2-YIG2) increases because the entanglement
is transferred to MC2 as the entanglement in MC1 decreases. The similar result
is presented in Fig.8(b) where we keep κm2

=0.1ωb and increase κm1
.

0 0.2 0.4 0.6 0.8 1
0

0.01

0.02

0.03

0.04

0.05

0.06(a)

0 0.2 0.4 0.6 0.8 1
0

0.02

0.04

0.06

0.08

0.1

0.12(b)

Fig. 8 (a) Entanglement EN versus the dissipation rate κA1
of MC1 while κA2

=0.2ωb. (b)
Entanglement EN versus the dissipation rate κm1

of YIG1 sphere while κm2
=0.1ωb.
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Fig. 9 Entanglement EN versus the coupling rate between two YIG spheres. (a) g1 varies
individually while g2/2π=1.7MHz. The variation of the steady state solution 〈A1〉 is shown
with the right y axis. (b)EN (YIG1-YIG2) versus g1 (g2=g1) which varies over a wide range.

The magnetic dipole coupling rate g1 (g2) between the MW cavity field and
the YIG sphere is determined by the size and the position of the YIG sphere
and can vary over a wide range [48], therefore g1 and g2 are also important
parameters to be optimized. Fig.9(a) shows the variation of EN (MC1-MC2)
and EN (YIG1-YIG2) versus g1 while g2/2π=1.7MHz. The entanglements
increase at first and then begin to decrease. The variation of entanglement is
determined by the effective coupling rate which is proportional to 〈A1〉. The
variation of 〈A1〉 according to Eq(13) is shown in Fig.9(a). In addition, as the
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ultrastrong coupling has been realized[48], we analyze the optimal value of
g1 over a wide range in Fig.9(b) while g1=g2. The result shows that entan-
glement exists in a wide parameter regime and the optimal parameter is
g1 = g2 ≈ 1.7× 2π MHz which matches the parameter that we have chosen in
this work.

4 Conclusion and Remarks

We present a novel cavity opto-magno-mechanical hybrid system to create
entangled MW photons and YIG magnons, assisted by a cavity in the opti-
cal domain. Steady states are obtained by the red detuning of the optical
driving field. Owing to the mechanical cooling process of the optical cavity,
the system is robust against environmental temperature. We analyze the vari-
ation of entanglements versus different parameters and present the optimal
condition. The two YIG spheres are embedded into two separate MW cavi-
ties respectively, therefore the ferromagnetic resonate frequencies of the two
YIG spheres can be tuned independently, as well as the cavity frequencies. We
analyze the individual tunability of the system and present the different entan-
glement features in the local-cavity and cross-cavity subsystems. The hybrid
system provides a platform to generate entanglements between different phys-
ical systems. The entanglements of Gaussian states in this system represent
two-mode squeezed states, which can be used to improve the precision beyond
the standard quantum limit in quantum metrology [49, 50]. In addition, the
entangled Gaussian states can be used in quantum information tasks such as
quantum teleportation [51, 52]. The individual tunability of the separated cavi-
ties allows us to independently control the entanglement properties of different
subsystems and establish quantum channels with different entanglement prop-
erties in one system, and therefore provides potential applications in quantum
information tasks.
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