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We show how to implement stationary one-way quantum steering with strong entanglement in a cavity
magnonic system that consists of two magnon modes and a microwave cavity. The cavity is driven by a
squeezed vacuum field generated by a flux-driven Josephson parameter amplifier and coupled to two Kittel
modes via magnetic dipole interaction. We find that the steering directivity only depends on the ratio of
two coupling rates (i.e., the ratio of coherent information exchange frequencies) and is barely affected by
the dissipation of the system. Meanwhile, the entanglement and steering can be significantly enhanced
due to the squeezed vacuum field and thus are more robust against thermal noises. This provides an active
method to manipulate the steering directivity instead of adding asymmetric losses or noises to subsystems
at the cost of reducing steerability.
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I. INTRODUCTION

In 1935, Einstein, Podolsky, and Rosen (EPR) presented
a famous argument against the completeness of quantum
mechanics [1]. Since then, many researchers have argued
whether quantum mechanics is complete. To solve this
problem, Schrödinger introduced the term “entanglement”
to discuss the EPR paradox that implies the existence of
steering [2,3]. Quantum steering, as a strict subset of entan-
glement, refers to the nonclassical correlations in a bipar-
tite scenario (say Alice and Bob) in which one of the par-
ties (say Alice) can deduce the state that the other distant
one holds according to her local measurement outcomes
applied on the part of the entangled state in her side. Quan-
tum steering may be achieved in various systems such as
optomechanical systems [4–8], atom-mechanical systems
[9,10], antiferromagnetic (AFM) systems [11], etc. And it
can be applied to quantum key distribution [12–14], quan-
tum secret sharing [15–17], one-way quantum computing
[18], quantum teleportation [19–21], subchannel discrimi-
nation [22], etc. However, in practice, achieving one-way
quantum steering with strong entanglement and flexible
controllability remains a demanding issue, especially in the
situation of lack of experimental resources.
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In recent years, ferrimagnetic (FiM) materials, espe-
cially yttrium-iron-garnet (YIG) spheres, have attracted
great interest due to their high spin density and low damp-
ing rate. The hybrid quantum system containing magnons
is different from traditional optomechanical systems [23].
The Kittel mode [24], a spatially uniform mode of the
FiM spin waves in a YIG sphere, can strongly couple to
the microwave photons, called cavity-magnon polaritons
[25–29]. In addition, the Kittel mode can also couple with a
variety of different systems [30–47], no matter continuous-
variable or discrete-variable systems. The coherent inter-
action between microwave photons and spin waves is a
key ingredient for the development of complex hybrid sys-
tems and also a current focus of research. Indeed, quanta
of excitation of the spin wave modes, called magnons,
can also interact coherently with microwave photons and
optical photons in the fields of cavity magnonics and
cavity optomagnonics, respectively. Cavity magnonics is
an emerging field that studies magnons strongly coupled
to microwave photons via the magnetic dipole interac-
tion [48,49]. Many interesting phenomena are observed in
cavity magnonics, such as exceptional point [30], remote
manipulation of spin current [31], bistability [32], cavity-
mediated magnon long-range coupling [47], etc. However,
cavity optomagnonics [48,50] mainly explores the hybrid
system in which light and magnons are coupled through
the magneto-optical effect, where the interaction between
optical photons and spin waves in FiM crystals is indirect,
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which is similar to the interaction between magnetostatic
modes and superconducting qubits [33]. Thus, there are
also many notable physical phenomena revealed in cavity
optomagnonics, such as optical probe spin wave physics
[51–53], the observation of Bose-Einstein condensation in
YIG thin films [54,55], optical whispering-gallery modes
in YIG spheres [36,56], etc. In this article, we focus on
a cavity magnonic system that consists of a microwave
cavity and two YIG spheres. In fact, based on similar
systems, many interesting results are revealed in cavity
magnonics, such as Kerr-effect-induced magnon entangle-
ment [43], dissipative magnon-photon coupling [45,47],
long-distance YIG sphere coupling [57], higher-order
exceptional point [58], etc.

Here we use a full quantum theory of the cavity
magnonic system to prove that it is possible to implement
a controllable one-way steering with strong entanglement,
wherein “controllable” refers to that we can implement
1 → 2 one-way steering, 2 → 1 one-way steering, or 1 �
2 two-way steering with different parameter mechanisms.
The steering directivity only depends on the ratio of two
cavity-magnon coupling rates rather than the dissipations
of the system. The generated entanglement and steering
are robust against temperature, and can be enhanced by
increasing the squeezing parameter. We also show that
squeezed vacuum field driving is significant for the imple-
mentation of one-way steering with strong entanglement
by using experimentally feasible parameters. The magnon-
magnon entanglement and steering arise from the squeezed
field within the system and the steering directivity can
be manipulated by adjusting the position of YIG spheres
in the cavity. Therefore, our scheme may have potential
applications for quantum information science.

II. MODEL

A hybrid system is considered with cavity magnonics
depicted schematically in Fig. 1(a), which is composed of
two identical YIG spheres and a three-dimensional (3D)
microwave cavity. Two Kittel modes couple directly to a
common microwave cavity mode through magnetic dipole
interaction shown in Fig. 1(b). We assume that the size
of the two spheres is much smaller than the microwave
wavelength, so that the effect of radiation pressure act-
ing on the two spheres can be ignored [39,40,42,46]. The
Hamiltonian for the whole system is [59]

H/� = ωaa†a +
2∑

j =1

[
ωj m†

j mj + gj (m
†
j a + mj a†)

]
, (1)

where a† and m†
j (a and mj ) are, respectively, the cre-

ation (annihilation) operators of the cavity mode with
frequency ωa and the j th magnon mode with frequency
ωj and satisfy standard commutation relations for bosons.
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FIG. 1. (a) Sketch of the cavity magnonic system. Two
magnon modes in two YIG spheres are placed inside a
microwave cavity. The cavity field is driven by a weak squeezed
vacuum field generated by a flux-driven Josephson parametric
amplifier. The bias magnetic field for producing the Kittel mode
is along the z axis whereas the magnetic field of the cavity mode
is along the ±y axis. (b) Two Kittel modes are, respectively, cou-
pled to the microwave cavity mode with coupling rates g1 and g2
via the magnetic dipole interaction. The microwave cavity mode
and two magnon modes have dissipation rates κa, κ1, and κ2,
respectively. See text for more details.

In addition, the frequency of the j th magnon mode ωj can
be adjusted in a large range by altering the bias magnetic
field H in the z direction with amplitude Hz via ωj = γ0Hz,
where γ0/2π = 2.76 MHz/Oe is the gyromagnetic ratio.
The parameter gj denotes the cavity-j th-magnon coupling
rate that can be modulated by varying the direction of the
bias field or the position of the YIG spheres inside the
microwave cavity [35]. Furthermore, the cavity mode is
driven by a weak squeezed vacuum field (with driving
frequency ωs) generated by a flux-driven Josephson para-
metric amplifier (JPA) with a pump field at frequency 2ωs
and vacuum fluctuations at the signal input port [60–72].
In this case, quantum Langevin equations for the system
can be given by

ȧ = −(i�a + κa)a − i
2∑

j =1

gj mj +
√

2κaain,

ṁj = −(i�j + κj )mj − igj a + √
2κj min

j , (2)
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where �a = ωa − ωs and �j = ωj − ωs. κa and κj
(ain and min

j ) are, respectively, the dissipation rates
(input noise operators) of the cavity mode and the
j th magnon mode. In this article, the JPA is used to
shape the noise properties of quantum fluctuations of
the cavity field, leading to a squeezed cavity field.
Thus, the input noise operators are zero mean and
characterized by the following correlation functions
[73]: 〈ain†(t)ain(t′)〉 = Nδ(t − t′), 〈ain(t)ain†(t′)〉 = (N +
1)δ(t − t′), 〈ain(t)ain(t′)〉 = Mδ(t − t′), 〈ain†(t)ain†(t′)〉 =
M ∗δ(t − t′), 〈min†

j (t)min
j (t′)〉 = nj δ(t − t′), and 〈min

j (t)min†
j

(t′)〉 = (nj + 1)δ(t − t′), where N = (na + 1) sinh2 r + na

cosh2 r, M = (2na + 1)eiθ sinh r cosh r, and no = [exp
(�ωo/kBT) − 1]−1, (o = a, j ) with r being the squeezing
parameter and θ the phase of the squeezed vacuum field.

III. ENTANGLEMENT AND STEERING

To quantify the entanglement and steering between the
two Kittel modes, we introduce three sets of quadra-
ture components, X (in)

a , Y(in)
a , X (in)

1 , Y(in)

1 , X (in)

2 , Y(in)

2 , which
are defined as X (in)

a = (a(in) + a(in)†)/
√

2, Y(in)
a = (a(in) −

a(in)†)/
√

2i, X (in)
j = (m(in)

j + m(in)†
j )/

√
2, and Y(in)

j =
(m(in)

j − m(in)†
j )/

√
2i. Then, the linearized Langevin equa-

tions can be written in the matrix form

σ̇ (t) = Aσ(t) + 
(t) (3)

with σ(t) = [Xa(t), Ya(t), X1(t), Y1(t), X2(t), Y2(t)]T and

(t) = [

√
2κaX in

a (t),
√

2κaYin
a (t),

√
2κ1X in

1 (t),
√

2κ1Yin
1 (t),√

2κ2X in
2 (t),

√
2κ2Yin

2 (t)]T being the vectors for quantum
fluctuations and noises, respectively. The drift matrix A
reads

A =

⎡

⎢⎢⎢⎢⎢⎣

−κa �a 0 g1 0 g2
−�a −κa −g1 0 −g2 0

0 g1 −κ1 �1 0 0
−g1 0 −�1 −κ1 0 0

0 g2 0 0 −κ2 �2
−g2 0 0 0 −�2 −κ2

⎤

⎥⎥⎥⎥⎥⎦
. (4)

Because of the linearity of the Langevin equations and
the Gaussian nature of the quantum noises, the system
will decay to a stationary Gaussian state that can be
completely characterized by a 6 × 6 covariance matrix
(CM) V in phase space: Vij = 〈σi(t)σj (t′) + σj (t′)σi(t)〉/2,
(i, j = 1, 2, . . . , 6). The steady-state CM V can be obtained
straightforwardly by solving the Lyapunov equation [74]

AV + VAT = −D (5)

with D = Da
⊕Dm. Here [59]

Da =
[
κ+ κa

κa κ−

]
, Dm =

⎡

⎢⎣

κm
1 0 0 0
0 κm

1 0 0
0 0 κm

2 0
0 0 0 κm

2

⎤

⎥⎦ (6)

with κ+ = κa(2N + 1 + M + M ∗), κ− = κa(2N + 1 −
M − M ∗), κa = iκa(M ∗ − M ), and κm

j = κj (2nj + 1). It
is noted that Eq. (6) is defined through Dij δ(t − t′) =
〈
i(t)
j (t′) + 
j (t′)
i(t)〉/2.

For the continuous-variable two-mode Gaussian state of
two magnon modes, a computable criterion of quantum
steering based on quantum coherent information has been
introduced [75]. While for quantum entanglement, it is
convenient to use the logarithmic negativity EN to quantify
its level [76–79]. It is noted that all the above-mentioned
measures can be computed from the reduced 4 × 4 CM Vm
for the two magnon modes:

Vm =
[V1 V3
VT

3 V2

]
, (7)

where V1, V2, and V3 are 2 × 2 sub-block matrices of Vm.
In this case, the logarithmic negativity for the two magnon
modes is expressed as

EN = max [0, − ln(2ν)], (8)

where ν =
√
E − (E2 − 4R)1/2/

√
2 and E = R1 + R2 −

2R3, with R1 = detV1, R2 = detV2, R3 = detV3, and
R = detVm being symplectic invariants. Moreover, the
Gaussian quantum steering is given by

G1→2 = max
[

0,
1
2

ln
R1

4R
]

,

G2→1 = max
[

0,
1
2

ln
R2

4R
]

. (9)

In order to check the asymmetric steerability of the two-
mode Gaussian state, we introduce the steering asymmetry
defined as [80]

G = |G1→2 − G2→1|. (10)

IV. NUMERICAL RESULTS AND ANALYSIS

The foremost task of studying properties of the entan-
glement and steering in such a cavity magnonic system
is to find optimal detunings �a, �1, and �2, i.e., opti-
mal effective interactions between magnon modes that
can generate entanglement and steering. The related den-
sity plots are shown in Fig. 2 with the magnon-magnon
entanglement EN and symmetric steering (the 1 → 2
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(a) (b)

FIG. 2. (a) The entanglement EN and (b) steering (G1→2 =
G2→1) versus �a and �. We have chosen ωa,1,2/2π = 10 GHz,
κa/2π = 5κ1,2/2π = 5 MHz, g1,2 = 4κa, r = 2, θ = 0, and T =
20 mK.

steering G1→2 and the 2 → 1 steering G2→1) as func-
tions of the frequency detunings, where the following
experimentally feasible parameters are utilized [30,35]:
ωa,1,2/2π = 10 GHz, κa/2π = 5κ1,2/2π = 5 MHz, g1,2 =

(a)

(b)

FIG. 3. (a) The entanglement EN and steering (G1→2 and
G2→1) and (b) populations of modes versus g2/g1 for a fixed g1.
We have chosen �a = � = 0, and other parameters are the same
as those in Fig. 2.

4κa, and a low temperature T = 20 mK. In addition, two
250-μm-diameter YIG spheres are used and their spin
numbers are both about NYIG � 3.5 × 1016. For the sake
of simplicity, we assume the two YIG spheres are mag-
netized by a common bias magnetic field, such that they
share the same frequency ω1,2 = γ0Hz, i.e., ω1 = ω2 and
�1 = �2 = �. All results are in the steady state guaran-
teed by the negative eigenvalues (real parts) of the drift
matrix A [59,81]. Figure 2 shows that �a = � = 0 (i.e.,
ωa = ω1,2 = ωs) is optimal for entanglement and steer-
ing. At the resonant frequency, we observe the maximum
amount of entanglement and steering. Note that we have
set g1 = g2 = 4κa in Fig. 2(b) to allow system symmetry
such that they are the same for the 1 → 2 steering G1→2
and the 2 → 1 steering G2→1.

In the following, our aim is to obtain a controllable one-
way quantum steering in the strong cavity-magnon inter-
action rates. To demonstrate the idea, we plot in Fig. 3(a)
the entanglement EN and steering (G1→2 and G2→1) and
in Fig. 3(b) the populations of modes versus the ratio of
couplings g2/g1 for a fixed g1, where �a = � = 0 and the
other parameters are the same as the previous ones shown
in Fig. 2. From Fig. 3(a), we see that EN first increases and
then slowly decreases with an increase of g2/g1. It reaches
its maximum value when g2 = g1. The steering from the
first magnon mode to the second one G1→2 has a similar
property to EN : it decreases to and then remains zero when
g2/g1 ≥ 2. On the contrary, the steering from the second
magnon mode to the first one G2→1 first remains zero when
g2/g1 ≤ 1/2, and then has a similar property to EN . These
results tell us that 1 → 2 (2 → 1) one-way steering G1→2
(G2→1) can be implemented with g2/g1 ≤ 1/2 (g2/g1 ≥
2). Otherwise, when the ratio satisfies 1/2 < g2/g1 < 2,
two-way steering occurs. Therefore, when certain condi-
tions are met, there exist entangled states that are 1 → 2
(2 → 1) one-way steerable. The 1 → 2 one-way steering
implies that Alice can convince Bob that their shared state
is entangled, while the converse is not true [80]. The most
obvious application is that it provides security in one-sided
device-independent quantum key distribution, where the
measurement apparatus of one party only is untrusted. The
result comes from the fact that the magnon mode with
larger population is more difficult to steer by the other
one [see Fig. 3(b)]. Interestingly, when g2/g1 = 1, we
have G1→2 = G2→1 and the entanglement EN = max [EN ].
Thus, the asymmetric steering is carried out at the cost of
a decrease of the entanglement of the system. Our scheme
shows one advantage: the system creates one-way steer-
ing without imposing additional conditions of asymmetric
losses or noises in the subsystems, but changes the popula-
tion of the two magnon modes through the ratio of coherent
information exchange frequencies. In order to show the
steering directivity clearly, we use the pink area to repre-
sent the presence of no-way steering, the yellow and green
areas to separately depict the presence of one-way steering
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(a)

(c) (d)

(b)

FIG. 4. The entanglement EN and steering (G1→2 and G2→1)
versus (a),(c) r and (b),(d) T. We have chosen g2 = 2κa in (a),(b),
g2 = 8κa in (c),(d), and the other parameters are the same as
those in Fig. 3.

for 1 → 2 and 2 → 1, and the blue area to demonstrate
the presence of 1 � 2 two-way steering. The gray area
represents the presence of no entanglement, and G �= 0
stands for asymmetry of steering. Note that similar rules
are suitable for the rest passages.

Besides the ratio of two coupling rates between the
magnon modes and cavity mode, let us continue by illus-
trating the influence of the squeezing parameter r and
environment temperature T, which is shown in Fig. 4, with
the entanglement EN and steering (G1→2 and G2→1) as
functions of r and T for g2 = 2κa and g2 = 8κa. The other
parameters are the same as those in Fig. 3. We observe
that EN and G1→2 (G2→1) increase with an increase of r
in Fig. 4(a) [Fig. 4(c)] and they are fairly robust against
temperature when T � 0.1 K, which is shown in Fig. 4(b)
[Fig. 4(d)], while the steering on the other side is blocked.
The result means that the squeezing rate of the cavity mode
can increase the level of steering to some extent, but it can-
not change the steering directivity. Similarly, the thermal
noises induced by environment temperature also cannot
affect the steering directivity, but it may deteriorate the
steerability and entanglement. Moreover, the steerability
is more sensitive to the environment temperature than the
entanglement. For example, the one-way steering (G1→2 or
G2→1) disappears at T � 0.21 K, while the entanglement
EN decreases to zero until T � 0.44 K.

In order to explore the upper-limit temperature at which
the present scheme can work, we further study the effect
of the critical temperature with some other parameters

relaxed, such as resonance frequencies and dissipative
rates. At first, the temperature-dependent behavior of a
cavity-magnon polarization is experimentally revealed in
a recent article, where the cavity-magnon polarization can
occur at a temperature from 0.03 to 290 K [82]. The main
factor affecting the cavity-magnon coupling rates g1,2 is the
saturation magnetization, which is dependent on tempera-
ture according to Bloch’s T3/2 law when T ≥ 100 K [83].
While for T < 100 K, the behavior of coupling rates g1,2 is
different. Additional anti-crossings of much smaller cou-
pling rate appear at lower values of the applied external
field but still rather close to the resonance field of the Kit-
tel mode [82]. In addition, the other parameters are hardly
affected by temperature (e.g., ωa,1,2 and κa,1,2) so that their
effect can be ignored. Although strong cavity-magnon cou-
pling rates can be achieved at high temperatures, we can
see from Figs. 4(b) and 4(d) that the entanglement (steer-
ing) only exists at T � 0.44 (0.21) K if we maintain the
resonance frequencies to be only below 10 GHz. Taking
this into account, if we increase the resonance frequencies
of the two magnon modes to ω1,2/2π = 90, 250, 600 GHz
and a microwave cavity (squeezed pump field) match-
ing two resonance frequencies, the critical temperature of
entanglement (steering) will be expanded to T � 4.7, 13,
31.3 (2, 5.7, 13.6) K. In fact, the resonance frequency of
magnons in the YIG sphere is only related to the amplitude
Hz of the bias field [84]. Magnon modes with frequen-
cies ω1,2/2π = 90, 250, 600 GHz need a bias field with
amplitude Hz � 3.26 × 104, 9.06 × 104, 2.17 × 105 Oe to
magnetize two YIG spheres to saturation. Nevertheless,
due to the high cost of the realization of an ultrastrong
bias magnetic field, the resonance frequency of magnon
modes in most current experiments is generally of the order
of tens of gigahertz. Additionally, reducing the dissipation
rates of the cavity and magnon modes can also effectively
increase the critical temperature [46]. In Fig. 5, we show
the entanglement and steering as functions of T and κ ,
where κ1,2 = κ and κa = 5κ . From the trend of the contour
lines in the figure, we can observe that the changes of the
resonance frequencies and dissipation rates of the cavity
and magnon modes have a very large impact on the critical
temperature to let our present scheme work at higher tem-
perature. If the resonance frequencies can be increased to
several hundred gigahertz, then the present protocol may
work at a temperature of tens of kelvins. Of course, we
should admit that a high frequency has not been used in the
current experiment using YIG spheres or other FiM mate-
rials. Fortunately, we note that some other researchers have
utilized AFM materials that can work at a frequency of a
few terahertz. We hope that our proposal may be realized
in the AFM-cavity system [11].

Finally, we investigate the effect of individual magnon
mode dissipation rate on the entanglement and steering,
which is shown in Fig. 6 with the entanglement EN and
steering (G1→2 and G2→1) as functions of the dissipation
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(a) (b)

(c) (d)

FIG. 5. (a),(c) The entanglement EN and (b),(d) steering
(G1→2 = G2→1) versus κ and T. We have chosen r = 2, θ = 0,
κ1,2 = κ , κa = 5κ , g1,2/2π = 20 MHz, and ωa,1,2/2π = 90 GHz
in (a),(b) and ωa,1,2/2π = 250 GHz in (c),(d).

rates of the two magnon modes for g2 = 3κa and g2 = 6κa.
The other parameters are chosen to be the same as those
in Fig. 3. The figure shows that an increase of κ1,2 has a

(a) (b)

(c) (d)

FIG. 6. The entanglement EN and steering (G1→2 and G2→1)
versus (a),(c) κ1/κa and (b),(d) κ2/κa for fixed κa. We have
chosen g2 = 3κa in (a),(b) and g2 = 6κa in (c),(d). The other
parameters are the same as in Fig. 3.

negative effect on the entanglement and steering. In addi-
tion, no matter which directivity of the steering we would
like to control, the increase of κ1,2 can only deteriorate the
entanglement and steering level, although it cannot change
the steering directivity.

V. EXPERIMENTAL IMPLEMENTATION

Let us discuss the feasibility of the present configura-
tion. It contains two undoped single-crystal YIG spheres
and a 3D rectangular cavity. The reason for using spher-
ical samples is to avoid the effect of an inhomogeneous
demagnetization field. In addition, to suppress the interac-
tion of the YIG spheres with other magnetostatic modes,
we utilize a nearly uniform microwave field in a large cav-
ity with cavity volume being 4.4 × 2 × 0.6 cm3 [30]. The
cavity can be made of high-conductivity copper with TE120
at ωa/2π � 10 GHz and its internal dissipation is about
κin/2π � 1 MHz at low temperature T � 20 mK, which
can be implemented using a dilution refrigerator (or using
a 4He continuous-flow cryostat [82]). Taking into account
external dissipation of the cavity κex, which arises from
the port connected to the JPA, we assume the total dis-
sipation of the microwave cavity to be κa = κin + κex �
2π × 5 MHz (corresponding to cavity quality factor Qa =
ωa/κa � 2 × 103). The dissipation rates of the two YIG
spheres, which come from the surface roughness as well as
the impurities or defects of the YIG spheres, are chosen to
be κ1,2/2π � 1 MHz [26,85]. Additionally, the two YIG
spheres are both magnetized to saturation by a common
bias magnetic field with amplitude Hz � 3.62 × 103 Oe
(corresponding to the resonance frequencies of the magnon
modes ω1,2/2π � 10 GHz).

Due to the high spin density of the YIG spheres and
few excitations of magnons, the present system can be
described by the Hamiltonian represented in Eq. (1) and
a strong coherent coupling mechanism (g1,2 > κa,1,2) can
easily be achieved [25–29], which can be reflected by
the reflection spectrum under continuous driving of the
microwave cavity. In this case, we can get the relation
between cavity-magnon coupling rates and the location of
YIG spheres [30,86]. In order to change the coupling rates,
we can move the position of the YIG spheres to obtain
different ratios between the two magnon-cavity coupling
rates. For example, the first YIG sphere can be fixed at the
1/4 (3/4)-length position away from the left-hand side of
the first normalized microwave magnetic field of the cav-
ity TE120 mode, while the second one glued on a wooden
rod is inserted into the cavity through a hole to adjust its
location along the y direction using a displacement plat-
form [see Fig. 1(a) or the device structure in Ref. [30] ].
For the sake of clarity, we illustrate the intensity and direc-
tion of the magnetic field distribution of the cavity TE120
mode and the position of the two YIG spheres in Fig. 7.
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FIG. 7. The intensity and direction of magnetic field distri-
bution of the cavity TE120 mode and the position of two YIG
spheres (top view).

Finally, the generated entanglement or steering can be
verified by measuring the corresponding CMs [73,87], in
which the state of the magnon mode can be determined
by sending a weak microwave probe field and measur-
ing with homodyne detection. This requires the dissipation
rate of the cavity mode to be much larger than that of
the two magnon modes (i.e., κa � κ1 = κ2 > 0) and the
two cavity-magnon coupling rates be unequal [e.g., g2 =
2g1 > 0 in order for 〈m†

2m2〉 � 〈m†
1m1〉 > 0; see Fig. 3(b)].

In this case, even if all cavity photons and magnons (the
first magnon mode) decay, magnons (the second magnon
mode) remain almost unchanged when the driving field is
switched off but a probe field is sent to the cavity.

VI. CONCLUSION AND OUTLOOK

In summary, we have presented a scheme to obtain a
controllable one (two)-way quantum steering with strong
entanglement, which can be modulated by the ratio of
coherent information exchange frequencies between two
Kittel modes and the cavity mode based on experimen-
tally feasible parameters. Instead of introducing different
amounts of losses or noises to subsystems, our scheme pro-
vides inspiration for manipulating the asymmetric quan-
tum steering with enhanced steerability via a JPA. The
entanglement and steering are quite robust against tem-
perature. Therefore, one-way steering may be realized in
cavity magnonic systems and it may have important appli-
cations in quantum key distribution, quantum secret shar-
ing, one-way quantum computing, quantum teleportation,
subchannel discrimination, etc.

Finally, let us make a brief outlook and discuss some
related issues. Our present scheme is realized with two
YIG spheres coupled to a microwave cavity and may
be limited by the resonance frequency only to tens of
gigahertz. But it is still very significant to utilize this
configuration because it can easily be coupled to circuit
quantum electrodynamic systems that are now candidates

for quantum computers. Additionally, due to the ultralow
magnetic damping of YIG, magnons may be considered as
high-quality (high-Q1,2) memories with Q1,2 = ω1,2/κ1,2,
which describes the ratio between the stored and per-cycle-
dissipated amount of energy [88]. Furthermore, our idea
may be extended to other similar systems with higher res-
onance frequencies, for example cavity optomagnonics via
magneto-optical effect [89,90] and cavity spintronics with
spins driven by femtosecond laser pulses [91]. The use of
THz emission spectroscopy and spin-orbit interaction pro-
vides an idea for the realization of quantum steering in
higher-frequency bands. Moreover, with the rapid develop-
ment of THz spintronics and all-optical spin manipulation,
this idea may be used for ultrafast magnetic control [92],
i.e., THz spintronic devices. We expect that the present
idea may provide an inspiration for quantum control.
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