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Microwave-Optics Entanglement Via Cavity
Optomagnomechanics

Zhi-Yuan Fan, Liu Qiu, Simon Gröblacher, and Jie Li*

Microwave-optics entanglement is a vital component for building hybrid
quantum networks. Here, a new mechanism for preparing stationary
entanglement between microwave and optical cavity fields in a cavity
optomagnomechanical system is proposed. It consists of a magnon mode in a
ferrimagnetic crystal that couples directly to a microwave cavity mode via the
magnetic dipole interaction and indirectly to an optical cavity through the
deformation displacement of the crystal. The mechanical displacement is
induced by the magnetostrictive force and coupled to the optical cavity via
radiation pressure. Both the opto- and magnomechanical couplings are
dispersive. Magnon–phonon entanglement is created via magnomechanical
parametric down-conversion, which is further distributed to optical and
microwave photons via simultaneous optomechanical beamsplitter
interaction and electromagnonic state-swap interaction, yielding stationary
microwave-optics entanglement. The microwave-optics entanglement is
robust against thermal noise, which will find broad potential applications in
quantum networks and quantum information processing with hybrid
quantum systems.

1. Introduction

Optical entanglement is a crucial resource and finds a wide range
of applications in quantum information science, such as quan-
tum teleportation,[1–3] quantum networks,[4,5] quantum logical
operations,[6] quantum metrology,[7] and fundamental tests of
quantum mechanics.[8–10] Entangled optical fields can be pro-
duced in various different ways, such as by exploiting para-
metric down-conversion in nonlinear crystals,[11,12] four-wave
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mixing in optical fibers[13,14] and atomic
vapors,[15,16] semiconductor quantum
dots,[17,18] and periodically poled lithium
niobate waveguide.[19] In the microwave
domain, entangled fields are normally
generated using Josephson paramet-
ric amplifiers.[20–22] They can also be
created by reservoir engineering of
an atomic beam,[23] and injecting a
squeezed vacuum through a microwave
beamsplitter.[24] In addition, optical
(microwave) fields can be entangled in
an optomechanical system by coupling
them to a commonmechanical resonator
via radiation pressure.[25–30]

Despite the above mentioned ap-
proaches, there are much fewer efficient
ways to produce microwave-optics en-
tanglement due to large frequency
mismatch. This special type of optical
entanglement finds particularly impor-
tant applications in quantum informa-
tion processing with hybrid quantum

systems,[31–33] and hybrid quantum networks with distinct quan-
tum nodes working in the microwave and optical frequency
ranges.[34–38] It can be generated by exploiting optomechanical
interactions, where both optical and microwave cavity modes
couple to a common mechanical oscillator (forming the opto-
electromechanical system[39–41]), and by activating the paramet-
ric down-conversion and state-swap interactions in the electro-
and optomechanical subsystems, respectively.[25–28] Alternatively,
it can also be produced by the parametric down-conversion in di-
rectly coupled electro-optic systems.[42–44]

In this work, we present a new mechanism to prepare sta-
tionary microwave-optics entanglement in a cavity optomag-
nomechanical (OMM) configuration exploiting nonlinear mag-
netostrictive and radiation-pressure interactions. The OMM sys-
tem consists of a magnon mode in a ferrimagnetic crystal,
e.g., yttrium-iron-garnet (YIG), that is dispersively coupled to
a phonon mode of the magnetostrictively induced mechanical
vibration,[45–49] and the mechanical motion further couples to an
optical cavity via radiation pressure.[50] The magnon mode fur-
ther couples to a microwave cavity mode via the magnetic dipole
interaction,[51–53] forming the cavity-OMM system. We show that
by simultaneously driving the magnon mode (the optical cavity)
to activate the magnomechanical parametric down-conversion
(optomechanical beamsplitter) interaction, magnon–phonon en-
tanglement is created. The entanglement is further transferred
to optical and microwave cavity photons due to the effective op-
tomechanical and electromagnonic state-swap interactions, and
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Figure 1. a,b) Sketch of the cavity-OMM system. A magnon mode m in a
YIG crystal couples to a microwave cavity mode a and to an optical cav-
ity mode c via the mechanical vibration b induced by the magnetostric-
tion. The blue (red) line in (b) denotes the effective parametric down-
conversion (beamsplitter) interaction. c)Mode frequencies and linewidths
used in the protocol. When the optical cavity is resonant with the (blue)
anti-Stokes sideband of the driving laser at frequency 𝜔L + 𝜔b, and the
magnon and microwave cavity modes are resonant with the (red) Stokes
sideband of the microwave drive field at frequency 𝜔0 − 𝜔b, and when
themechanical sidebands are resolved (𝜔b ≫ 𝜅j), a stationary microwave-
optics entangled state is generated.

consequently, a stationary microwave-optics entangled state is
prepared. Our system is one of the configurations of hybrid quan-
tum systems based on magnons,[54] which find many promising
applications, such asmagnon laser and optomagnonic frequency
combs etc.[55–58].

2. System and Model

We consider a cavity-OMM system, as depicted in Figure 1a,b,
which consists of a microwave cavity mode, a magnon mode
(e.g., the Kittel mode[59]) in a YIG crystal, a mechanical vibra-
tion mode, and an optical cavity mode. The magnonmode is em-
bodied by the collective motion (spin wave) of a large number
of spins in the YIG crystal, and is activated by placing the crys-
tal in a uniform bias magnetic field and applying a microwave
drive field with its magnetic component perpendicular to the bias
field. The magnon mode couples to a microwave cavity field via
the magnetic dipole interaction[51–53] by putting the crystal near
the maximum magnetic field of the cavity mode. The magne-
tostrictive interaction of the ferrimagnet leads to a dispersive cou-
pling between magnons and lower-frequency vibration phonons
for a relatively large size of the crystal.[45–49] The magnomechani-
cal displacement further couples to an optical cavity via radiation
pressure.[60,61] The magno- and optomechanical dispersive cou-
plings play a key role in cooling the mechanical motion and gen-
erating entanglement in the system. The YIG crystal can be either
a sphere[45,48,49] or a micro bridge structure.[61,62] For the conve-
nience of optical cavity fabrication, we adopt the latter and the op-
tical cavity can be realized by attaching a small highly-reflective
mirror pad to the surface of the micro bridge.[50,63] The attached
mirror should be fabricated sufficiently small and light, such that
it will not appreciably affect the mechanical properties of the mi-
cro bridge, e.g., the mechanical displacement. The deformation
displacement can be approximately regarded as uniform in the
direction perpendicular to the attached surface (with negligible
bending displacement), such that the YIG bridge and the mirror

pad can stick together tightly and are integrated into one body,
which oscillate approximately with the same frequency. Alter-
natively, one may consider using the ‘membrane-in-the-middle’
approach[64] to achieve the optomechanical dispersive coupling.
Besides, the micro bridge can be made small to obtain a rela-
tively large magnomechanical bare coupling. We, however, do
not use thin YIG films, where high-frequency (GHz) phonon
modes couple linearly (and strongly) to the magnon mode[65,66].
The linear coupling is not desired for our purpose of produc-
ing entanglement. One can also consider using the direct me-
chanical contact approach to realize the optomagnomechanical
coupling.[67] The red-detuned driven optical cavity is used to cool
the lower-frequencymechanicalmotion, while the activatedmag-
nomechanical Stokes scattering (by driving the magnons with a
blue-detuned microwave field) is sufficient to create entangle-
ment. This is a key difference from the entanglement mecha-
nism in ref. [46], where the mechanical motion is cooled by a
red-detuned microwave drive field.
TheHamiltonian of such a hybridmicrowave cavity-OMM sys-

tem reads[46,50]

H∕ℏ =
∑

j=a,m,c
𝜔j j

†j +
𝜔b

2

(
q2 + p2

)
+Hdri∕ℏ

+ ga
(
a†m + am†) + gmm

†mq − gcc
†cq

(1)

where j = a,m, c (j†) are the annihilation (creation) operators of
the microwave cavity mode, the magnon mode, and the opti-
cal cavity mode, respectively, satisfying the canonical commuta-
tion relation [j, j†] = 1. q and p ([q, p] = i) denote the dimension-
less position and momentum of the mechanical vibration mode,
and 𝜔k (k = a,m, c, b) are the resonant frequencies of the four
modes. ga is the electromagnonic coupling strength, responsi-
ble for the microwave-magnon state swapping, and gm (gc) is the
vacuum magnomechanical (optomechanical) coupling strength,
which can be significantly enhanced by driving the magnon
mode (optical cavity) with a strong field. The drivingHamiltonian
Hdri∕ℏ = iΩ(m†e−i𝜔0t −H.c.) + iE(c†e−i𝜔Lt −H.c.), where the Rabi

frequencyΩ =
√
5
4
𝛾
√
NHd

[46] describes the coupling strength be-
tween the magnon mode and the microwave drive field, with
the gyromagnetic ratio 𝛾 , the total spin number N of the ferri-
magnet, and the amplitude of the drive magnetic field Hd. E =√
2𝜅cPL∕(ℏ𝜔L) denotes the coupling strength between the opti-

cal cavity and the driving laser, where PL (𝜔L) is the power (fre-
quency) of the laser field, and 𝜅c is the cavity decay rate.
Including the dissipation and input noise of each mode

and working in the interaction picture with respect to
ℏ𝜔0(a

†a +m†m) + ℏ𝜔Lc
†c, we obtain the quantum Langevin

equations (QLEs) of the system, given by

ȧ = − iΔaa − 𝜅aa − igam +
√
2𝜅aain

ṁ = − iΔmm − 𝜅mm − igaa − igmmq + Ω +
√
2𝜅mmin

q̇ = 𝜔bp, ṗ = −𝜔bq − 𝛾bp + gcc
†c − gmm

†m + 𝜉

ċ = − iΔcc − 𝜅cc + igccq + E +
√
2𝜅ccin

(2)
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whereΔa(m) = 𝜔a(m) − 𝜔0,Δc = 𝜔c − 𝜔L, and 𝛾b and 𝜅j (j = a,m, c)
are the dissipation rates of the mechanical, microwave cavity,
magnon, and optical cavity modes, respectively. jin are the cor-
responding input noise operators, which are zero-mean and
obey the following correlation functions: ⟨jin(t)j†in(t′)⟩ = [Nj(𝜔j) +
1]𝛿(t − t′), and ⟨j†in(t)jin(t′)⟩ = Nj(𝜔j)𝛿(t − t′). 𝜉(t) is a Brownian
stochastic force acting on the mechanical oscillator, which is
non-Markovian by nature, but can be assumed Markovian for
a large mechanical quality factor Qb = 𝜔b∕𝛾b ≫ 1.[68,69] It then
takes a 𝛿-autocorrelation: ⟨𝜉(t)𝜉(t′) + 𝜉(t′)𝜉(t)⟩∕2 ≃ 𝛾b[2Nb(𝜔b) +
1]𝛿(t − t′). The mean thermal excitation number of each mode
Nk(𝜔k) = [exp(ℏ𝜔k∕kBT) − 1]−1(k = j, b), with T being the envi-
ronmental temperature.
The creation of microwave-optics entanglement requires suf-

ficiently strong magno- and optomechanical coupling strengths.
To this end, we apply strong drive fields onto the magnon and
optical cavity modes, respectively, which lead to large coherent
amplitudes |⟨m⟩|, |⟨c⟩| ≫ 1 at the steady state. This enables us to
linearize the system dynamics around the large average values by
neglecting small second-order fluctuation terms.[70] We therefore
obtain a set of linearized QLEs for the quantum fluctuations of
the system, which can be written in the matrix form of

u̇(t) = Au(t) + n(t) (3)

where u(t) = [𝛿Xa(t), 𝛿Ya(t), 𝛿Xm(t), 𝛿Ym(t), 𝛿q(t), 𝛿p(t), 𝛿Xc(t),
𝛿Yc(t)]

T is the vector of the quadrature fluctuations of the sys-
tem, n(t) = [

√
2𝜅aX

in
a (t),

√
2𝜅aY

in
a (t),

√
2𝜅mX

in
m (t),

√
2𝜅mY

in
m (t),

0, 𝜉(t),
√
2𝜅cX

in
c (t),

√
2𝜅cY

in
c (t)]

T is the vector of the input noises,
where the quadratures are defined as Xj(t) =

1√
2
(j + j†) and

Yj(t)=
i√
2
(j†−j), and 𝛿Xj(t) and 𝛿Yj(t) (X

in
j (t) and Yin

j (t)) represent

the corresponding fluctuations (input noises), and the drift
matrix A is given by

A =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−𝜅a Δa 0 ga 0 0 0 0
−Δa −𝜅a −ga 0 0 0 0 0
0 ga −𝜅m Δ̃m Gm 0 0 0
−ga 0 −Δ̃m −𝜅m 0 0 0 0
0 0 0 0 0 𝜔b 0 0
0 0 0 −Gm −𝜔b −𝛾b 0 −Gc
0 0 0 0 Gc 0 −𝜅c Δ̃c
0 0 0 0 0 0 −Δ̃c −𝜅c

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(4)

We define the effective magno- and optomechanical coupling
strengths as Gm = −i

√
2gm⟨m⟩ and Gc = i

√
2gc⟨c⟩, where the

steady-state amplitudes are

⟨m⟩ = Ω(𝜅a + iΔa)

g2a + (𝜅m + iΔ̃m)(𝜅a + iΔa)
, ⟨c⟩ = E

𝜅c + iΔ̃c

(5)

and the effective detunings Δ̃m = Δm + gm⟨q⟩ and Δ̃c = Δc −
gc⟨q⟩, including the frequency shifts due to the mechanical
displacement, which is jointly induced by the magnetostric-
tion and radiation pressure interactions. The steady-state dis-
placement ⟨q⟩ = (gc|⟨c⟩|2 − gm|⟨m⟩|2)∕𝜔b. Note that the above
drift matrix A is derived under the optimal conditions for
the microwave-optics entanglement, i.e., |Δa|, |Δ̃m|, Δ̃c ≃ 𝜔b ≫

𝜅j (see Figure 1c). This yields approximate expressions of the am-
plitudes, ⟨m⟩ ≃ iΩΔa∕(g2a − Δ̃mΔa) and ⟨c⟩ ≃ −iE∕Δ̃c, which are
pure imaginary and thus give rise to approximately real coupling
strengths Gm and Gc.
We aim to prepare stationary entanglement between mi-

crowave and optical cavity fields. The steady state of the system is
a four-mode Gaussian state, because of the linearized dynamics
and the Gaussian input noises. A Gaussian state is fully charac-
terized by the first and secondmoments of the quadrature opera-
tors. The firstmoments can be adjusted by local displacement op-
erations in phase space and such operations do not change quan-
tum correlations like entanglement. The state of interest is there-
fore characterized by an 8 × 8 covariancematrix (CM)V , of which
the entries are defined as Vij = ⟨ui(t)uj(t′) + uj(t

′)ui(t)⟩∕2 (i, j =
1, 2,… , 8). The CM in the steady state can be obtained by solv-
ing the Lyapunov equation[70]

AV + VAT = −D (6)

where D = diag [ 𝜅a(2Na + 1), 𝜅a(2Na + 1), 𝜅m(2Nm + 1),
𝜅m(2Nm + 1), 0, 𝛾b(2Nb + 1), 𝜅a(2Nc + 1), 𝜅a(2Nc + 1)] is the
diffusion matrix and defined by Dij𝛿(t − t′) = ⟨ni(t)nj(t′) +
nj(t

′)ni(t)⟩∕2. We adopt the logarithmic negativity[71–73] to quan-
tify the microwave-optics entanglement, i.e.,

Eca = max
[
0,−ln(2𝜂−)

]
(7)

where 𝜂− ≡ 2−1∕2[Σ − (Σ2 − 4 detV4)
1∕2]1∕2, and V4 is the 4 × 4

CM associated with the microwave and optical modes. V4 =
[Va, Vac;V

T
ac, Vc], with Va, Vc, and Vac being the 2 × 2 blocks of

V4, and Σ ≡ detVa + detVc − 2detVac. Similarly, we can calcu-
late the magnon-optics entanglement (Ecm) and the microwave-
mechanics entanglement (Eab).

3. Results and Discussion

The mechanism of producing microwave-optics entanglement
is as follows. First, the highly thermally populated mechanical
mode should be cooled (close) to its quantum ground state in or-
der to generate entanglement in the system. This can be achieved
by driving the optical cavity with a red-detuned laser field (Δ̃c ≃
𝜔b) to activate the optomechanical anti-Stokes scattering, opti-
mally in the resolved sideband limit 𝜔b ≫ 𝜅c (Figure 1c).

[60] The
effective optomechanical coupling is then a beamsplitter type,
which takes the same form as the electromagnonic coupling.
As is known, such beamsplitter couplings solely will not create
any entanglement, and the system requires a parametric down-
conversion process to generate entanglement. This can be real-
ized by driving themagnonmodewith a blue-detunedmicrowave
field (Δ̃m ≃ −𝜔b) to activate themagnomechanical Stokes scatter-
ing, which yields magnon–phonon entanglement. Further, due
to the effective beamsplitter (state-swap) interaction in the op-
tomechanical and electromagnonic couplings, the optical, and
microwave cavity photons therefore get entangled.
The optimal detunings Δ̃c ≃ −Δ̃m ≃ 𝜔b adopted in the tripar-

tite OMM system are analogous to those used to produce opti-
cal entanglement in a tripartite optomechanical system, where
two cavity fields, either optical or microwave, couple to a com-
monmechanical resonator.[25–28] The optical entanglement is the
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Figure 2. a,b) Density plot of the steady-state magnon-optics entanglement Ecm and microwave-optics entanglement Eca versus effective detunings Δ̃m
and Δ̃c. c) Ecm (red dashed), Eca (black solid), and microwave-mechanics entanglement Eab (blue dot-dashed) versus the microwave-magnon coupling
rate ga at optimal detunings Δ̃c = −Δ̃m = 𝜔b, and Δa = Δ̃m. d) Eca versus temperature T at the optimal detunings. ga∕2𝜋 = 4 MHz is used in (a,b,d).
See the text for the rest of the parameters.

result of the combination of simultaneous parametric down-
conversion and state-swap interactions associated with the two
cavity fields and the mechanical oscillator being an interme-
diary to distribute the entanglement. This is the fundamental
mechanism of producing optical entanglement in optomechani-
cal systems.[25–28,74,75] Due to their similarHamiltonians and scat-
tering processes, magnons, and optical photons are expected to
be entangled in ourOMMsystem. This is confirmed byFigure 2a.
Further, the microwave-magnon state-swap interaction enables
the distribution of the entanglement to the microwave photons,
thus establishing the microwave-optics entanglement, as shown
in Figure 2b. The complementary distribution of the entangle-
ment in Figure 2a,b is a clear sign of the entanglement trans-
fer from the magnon-optics subsystem (Ecm) to the microwave-
optics subsystem (Eca). Such entanglement transfer is optimally
achieved in the strong-coupling regime, where the microwave-
magnon coupling rate is larger than their dissipation rates, ga >
𝜅a, 𝜅m,

[76,77] see Figure 2c. The microwave-optics entanglement
Eca achieves its maximum around ga∕2𝜋 ≃ 4 MHz and starts to
decline as ga continues to increase. This is because the entangle-
ment is further distributed to the microwave-mechanics subsys-
tem (Figure 2c, the dot-dashed line). The distribution of entan-
glement among different subsystems is a typical feature of the
entanglement in multipartite systems[46] where entanglement is
considered as a finite quantum resource.
Figure 2 is plotted with experimentally feasible

parameters[45–49,62]: 𝜔a∕2𝜋 = 10 GHz, 𝜔b∕2𝜋 = 40 MHz, an op-
tical wavelength 𝜆c = 1550 nm, 𝜅a(m)∕2𝜋 = 1.5 MHz, 𝜅c∕2𝜋 = 2

MHz, 𝛾b∕2𝜋 = 102 Hz, ga∕2𝜋 = 4 MHz, Gm∕2𝜋 = 2 MHz,
Gc∕2𝜋 = 8 MHz, T = 10 mK, and the magnon frequency is
tuned to be resonant with the microwave cavity (Δa = Δ̃m).
All the entanglements are in the steady state confirmed by
the negative eigenvalues (real parts) of the drift matrix. Under
these parameters and the optimal detunings, the effective mean
phonon number is n̄effb ≃ 0.17, indicating that the mechanical
mode is significantly cooled to its ground state. The microwave-
optics entanglement is robust against thermal noises, and is
present at an environmental temperature up to T ≃ 380 mK
(Figure 2d). Note that a relatively large optomechanical cou-
pling Gc∕2𝜋 = 8 MHz is used for cooling, under which the
system remains stable due to the multi dissipation channels
in our quadripartite system. This corresponds to a laser power
PL ≃ 2.56 mW for gc∕2𝜋 = 2 kHz. The magnomechanical cou-
pling Gm∕2𝜋 = 2 MHz corresponds to a microwave drive power
P0 ≃ 0.91 mW (the drive magnetic field Hd ≃ 8.7 × 10−4 T) for a
5 × 2 × 1 𝜇m3 YIG cuboid with gm∕2𝜋 = 20 Hz. Note that a much
stronger gm is used than ≈10 mHz for a large-size YIG sphere
with the diameter in the 102 𝜇m range,[45,48,49] because we adopt
a much smaller micron-sized YIG crystal, which permits a much
stronger yet dispersive magnon–phonon coupling. To determine
the power, we have used the relation of the drive magnetic field
Hd and the power P0, i.e., Hd =

√
2𝜇0P0∕(lwc), where 𝜇0 is the

vacuum magnetic permeability, c is the speed of the electro-
magnetic wave propagating in vacuum, and l and w are the
length and width of the YIG crystal. This is derived as follows.
The time average of energy density is 𝜌e = H2

d∕(2𝜇0) and thus

Laser Photonics Rev. 2023, 2200866 © 2023 Wiley-VCH GmbH2200866 (4 of 7)
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Figure 3. Stationary microwave-optics entanglement Eca versus a) the cavity-magnon detuning Δam and the cavity decay rate 𝜅a∕𝜅m (with fixed 𝜅m and
Δ̃m = −Δ̃c = −𝜔b); b) temperature T and mechanical damping rate 𝛾b. The other parameters are the same as in Figure 2b.

the microwave drive power P0 = 𝜌eAc, where A = l × w is the
cross-sectional area of the YIG cuboid. The drive magnetic field
is applied in the direction perpendicular to the cross-section.
This then yields the relation between the drive magnetic field
Hd and the power P0, i.e., Hd =

√
2𝜇0P0∕(lwc). We remark that

a stronger magnomechanical coupling strength yields a greater
microwave-optics entanglement but also a narrower parameter
regime of the system being stable. For example, under the
parameters of Figure 2b and the optimal detunings, the coupling
can be as high as Gm∕2𝜋 = 4.6 MHz while keeping the system
stable, which yields Eca ≃ 0.4.
Having determined the optimal working conditions of the

OMM system for the entanglement (i.e., Δ̃c ≃ −Δ̃m ≃ 𝜔b, and
𝜔b ≫ 𝜅m,c for resolved sidebands), we optimize the entangle-
ment over two parameters of the microwave cavity, i.e., the
cavity-magnon detuningΔam ≡ Δa − Δ̃m and the cavity decay rate
𝜅a, as shown in Figure 3a. Clearly, the resonant case Δam = 0
maximizes the microwave-optics entanglement, indicating that
the entanglement is transferred from the magnomechanical
subsystem (explicitly, the magnon–phonon parametric down-
conversion process) via the microwave-magnon and optome-
chanical beamsplitter couplings (c.f. Figure 1b). It also shows
that small cavity loss is always helpful as long as the stability is
maintained. Figure 3b studies the effect of the temperature and
mechanical damping on the optical entanglement. The entan-
glement is robust against temperature: For moderate damping
rates 𝛾b∕2𝜋 < 103 Hz, the entanglement can survive up to ≈ 0.3
K, whereas for a significantly large damping rate 𝛾b∕2𝜋 = 105 Hz
(quality factor Qb = 400), the entanglement can still be present
up to ≈ 0.1 K.

4. Conclusion

We have presented a feasible and efficient approach to generate
stationarymicrowave-optics entanglement in amicrowave cavity-
OMMsystem. The entanglement is achieved by exploiting disper-
sivemagnetostriction and radiation pressure interactions. Specif-
ically, by realizing the effective magnomechanical parametric
down-conversion and optomechanical beamsplitter interactions,
magnon–phonon entanglement is created and the entanglement

is further distributed to optical and microwave cavity photons
via the optomechanical and electromagnonic state-swap interac-
tions, yielding stationary microwave-optics entanglement. Opti-
mal working conditions are analyzed and the entanglement is ro-
bust against temperature even for significantly large mechanical
damping. Such microwave-optics entanglement will find many
distinctive applications in quantum networks and quantum in-
formation processing with hybrid quantum systems.
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