

View

Online


Export
Citation

RESEARCH ARTICLE |  APRIL 15 2025

Dissipation-induced nonreciprocal second-order sideband
generation in cavity magnonics
Xiao-Hu Lu  ; Bao Wang   ; Hao Xiong  

J. Appl. Phys. 137, 153902 (2025)
https://doi.org/10.1063/5.0262946

Articles You May Be Interested In

Nonreciprocal genuine steering of three macroscopic samples in a spinning microwave magnonical system

Appl. Phys. Lett. (September 2023)

Distant bipartite entanglement generation in a hybrid opto-magnomechanical system

AIP Advances (May 2024)

Phase control of the transmission in cavity magnomechanical system with magnon driving

J. Appl. Phys. (December 2020)

 16 April 2025 14:18:58

https://pubs.aip.org/aip/jap/article/137/15/153902/3344200/Dissipation-induced-nonreciprocal-second-order
https://pubs.aip.org/aip/jap/article/137/15/153902/3344200/Dissipation-induced-nonreciprocal-second-order?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0009-0008-1351-5819
javascript:;
https://orcid.org/0000-0002-1708-5579
javascript:;
https://orcid.org/0000-0002-5194-4971
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0262946&domain=pdf&date_stamp=2025-04-15
https://doi.org/10.1063/5.0262946
https://pubs.aip.org/aip/apl/article/123/13/134003/2913093/Nonreciprocal-genuine-steering-of-three
https://pubs.aip.org/aip/adv/article/14/5/055201/3287829/Distant-bipartite-entanglement-generation-in-a
https://pubs.aip.org/aip/jap/article/128/23/233101/288234/Phase-control-of-the-transmission-in-cavity
https://e-11492.adzerk.net/r?e=&s=Uz2neYC6S9irkGbQXXThPih3Ci0


Dissipation-induced nonreciprocal second-order
sideband generation in cavity magnonics

Cite as: J. Appl. Phys. 137, 153902 (2025); doi: 10.1063/5.0262946

View Online Export Citation CrossMark
Submitted: 3 February 2025 · Accepted: 27 March 2025 ·
Published Online: 15 April 2025

Xiao-Hu Lu,1 Bao Wang,1,a) and Hao Xiong2,a)

AFFILIATIONS

1Academy for Electronic Information Discipline Studies, Nanyang Institute of Technology, Nanyang 473004, China
2School of Physics, Huazhong University of Science and Technology, Wuhan 430074, China

a)Authors to whom correspondence should be addressed: baowang@hust.edu.cn and haoxiong@hust.edu.cn

ABSTRACT

Dissipative coupling generally results in complex effective spin–photon interactions, which have significant applications in nonreciprocal
transport and enhanced sensing technologies. In this paper, we consider the cooperative effect of coherent and dissipative magnon–photon
couplings in an open cavity magnonical system. By enhancing the magnon Kerr nonlinearity with an additional microwave driving field,
magnon-induced nonlinear phenomena such as bistability and second-order sideband generation (SSG) can be obtained. By continuously
adjusting the ratio of dissipative to coherent coupling strengths, nonreciprocal SSG is observed near the zero-damping condition.
Furthermore, the results show that the isolation ratio (the efficiency of the nonreciprocal SSG) can reach up to 82 dB. In addition, increasing
the power of the microwave driving field broadens the control range of the dissipative coupling strength, within which the isolation ratio
remains above 10 dB. These findings have potential implications for high-precision measurement and on-chip manipulation of light
propagation.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0262946

I. INTRODUCTION

Cavity magnonics1–3 have become an important platform for
exploring the interaction between microwave photons and magnons.
Magnons are quantized spin waves that can be obtained in ferromag-
netic materials such as yttrium iron garnet (YIG). Based on YIG
spheres, significant progress has been made in the coherent coupling of
magnons to various modes, including microwave photons,4–7 optical
photons,8–10 phonons,11–13 superconducting qubits,14,15 and sky-
rmions.16,17 Among them, the cavity magnonical system has achieved
some remarkable results in theory and experiment, such as the prep-
aration of quantum states,12,18 ground state cooling,19,20 quantum
memories,21 and transducers.22 In particular, magnon-induced
nonlinear phenomena have also been widely discussed, such as
magnon-induced transparency/absorption23,24 and slow light,25

Kerr effect,26,27 bistability,28–30 and higher-order sidebands.31,32

Recently, dissipative coupling that requires the imaginary cou-
pling constant between two modes has drawn considerable atten-
tion due to its important applications to nonreciprocal transport
and enhanced sensing, such as chiral mode switching33 and highly
sensitive optical gyroscope for the precision measurement of

rotations.34 The dissipative coupling that originates from reservoir-
mediated damping has also been discovered in cavity magnonics,35

for example, the dissipative magnon–photon coupling36,37 and the
dissipative magnon–magnon coupling.38,39 Both coherent coupling
and dissipative coupling have now been achieved in cavity magnon-
ical systems consisting of a cross-line microwave circuit and a YIG
sphere where the interaction between a magnon mode and a cavity
mode is mediated by the standing photons and the traveling
photons. Based on the cooperative effect of coherent and dissipative
magnon–photon couplings, many interesting and important phe-
nomena such as nonreciprocity and unidirectional invisibility for
microwave propagation,40–42 nonreciprocal magnon blockade,43

nonreciprocal magnon entanglement,44 enhanced sensing of weak
anharmonicities,45 exceptional-point-engineered optical transmis-
sion,46,47 and observation of unconventional singularity48 have
been reported. In addition, the dissipative coupling can be uti-
lized to achieve anti-parity-time-symmetry (anti-PTS) cavity
magnonic systems, which provides a new tool to study
non-Hermitian physics of cavity magnonics. Furthermore, some
important and useful nonlinear effects have been explored such
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as dissipative-coupling-mediated magnon bistability49,50 and
high-order sidebands.51 The nonlinear phenomena can offer
insight into the understanding of the magnon–photon interaction
and promote the development of non-Hermitian magnonics.

It is worth mentioning that second-order sideband generation
(SSG) in optomechanical systems52–55 and cavity magnonic
systems56–58 is a typical nonlinear phenomenon, which plays an
important role in exploring the nonlinear interactions between
photons, phonons, and magnons. Studies have shown that the SSG
mainly comes from the intrinsic nonlinearity of the system, which
can be divided into three categories: optomechanical nonlinear
interaction, magnomechanical nonlinear interaction, and Kerr non-
linearity. Different from optomechanically/magnomechanically
induced transparency,59,60 the SSG is a two-photon conversion
process excited by the strong control field. Generally, the SSG can
be obtained by preserving high-order minima of the nonlinear
interaction terms, but it is relatively inefficient. In order to further
explore the nonlinear interactions between photons, phonons, and
magnons, some methods have been proposed to enhance SSG,
including the atom-cavity coupling system,61,62 nonlinear Kerr
medium-coupled optomechanical system63 or PT-symmetric
optical cavities,64 PT-symmetric optomechanical systems,65,66 single
quantum dot cavities-coupled PT-symmetric optical cavities,67 and
hybrid cavity–magnon optomechanical system.68 Additionally,
nonreciprocal phenomena based on SSG have been discussed.
Nonreciprocal SSG has been realized in spinning optomechanical69

and magnomechanical70 systems via the Sagnac effect, as well as in
a cavity magnonics system71 with two microwave cavities and a
YIG sphere, utilizing magnon Kerr nonlinearity.

Inspired by recent experimental and theoretical work,40,72–75

we propose a scheme to realize nonreciprocal SSG in an open
cavity magnonical system. In the work, the cavity magnonical
system consists of a cross-line microwave circuit and a YIG sphere,
where coherent coupling and dissipative magnon–photon coupling
are considered simultaneously. Based on the magnon Kerr nonline-
arity, the bistable behavior of the magnon population can be regu-
lated by the microwave driving field. The results show that the
dissipative coupling strength can regulate the efficiency of the SSG.
Compared to the SSG in the cavity magnonical system considering
only coherent magnon–photon coupling, our system can enhance
the efficiency of SSG by about 40 times. In particular, the efficiency
of SSG can be significantly enhanced under zero dissipation condi-
tions (ZDCs). By appropriately adjusting the ratio of dissipative to
coherent coupling strengths, nonreciprocal SSG can be realized
under ZDC. In addition, the efficiency of the nonreciprocal SSG
can be regulated by the microwave driving field. Selecting a larger
microwave driving field power can broaden the regulation range of
the dissipative coupling strength and enable the nonreciprocal SSG
to be realized.

II. PHYSICAL SETUP AND DYNAMICAL EQUATION

We consider an open cavity magnonical system consisting of a
cross-line microwave circuit and a yttrium iron garnet (YIG)
sphere with a diameter of 1 mm, as shown in Fig. 1(a). This physi-
cal model contains coherent and dissipative magnon–photon cou-
pling.40 Specifically, the magnon mode in the YIG sphere is

coupled to the standing cavity mode with the coherent magnon–
photon coupling strength λ via the magnetic dipole interaction. In
addition, the magnon mode interacts with the cavity mode through
the dissipative magnon–photon coupling strength G, while the
traveling wave contributes to the external damping of both the
cavity mode and the magnon mode. The traveling wave induces
magnon dissipation by radiating energy into the open environment,
distinct from the intrinsic dissipation of magnons and photons.76

The radiative broadening of the magnon linewidth at and off cavity
resonance enables the determination of coherent and dissipative
coupling strengths, respectively. The interaction between the
magnons and the standing or traveling cavity modes can be tuned
by adjusting the torque exerted by the microwave magnetic field on
the magnetization or by adjusting the position of YIG sphere. A
static magnetic field Bz ¼ Bez in the z direction can magnetize the
YIG sphere to form the magnon modes. The Hamiltonian of the
uniformly magnetized YIG sphere is given by

Hm ¼ �
ð
Vm

M � Bzdτ � μ0
2

ð
Vm

M �Handτ, (1)

where M ¼ �hγS=Vm ; (Mx , My , Mz) is the magnetization of the
YIG sphere, γ is the gyromagnetic ratio, Vm is the volume of the
YIG sphere and μ0 is the vacuum permeability. S ; (Sx , Sy , Sz)
denotes the collective spin operator. Herein, setting the 100 crystallo-
graphic axis of the YIG sphere in the z direction, which is aligned
along the direction of the applied static magnetic field. Subsequently,
the anisotropic field Han, arisen from the magnetocrystalline anisot-
ropy in the YIG crystal, is given by �2KanMz=M2ez with Kan and M
being the dominant first-order anisotropy constant and the

FIG. 1. (a) Schematic diagram of the cavity magnonical system, which consists
of a cross-line circuit and a YIG sphere. An additional microwave driving field
(with frequency ωd ) is introduced to enhance the magnon Kerr nonlinearity. A
ring coil, positioned above the YIG sphere, enables precise control over the
decay rate of the magnon mode. In addition, the cavity mode formed between
ports 3 and 4 supports both coherent and dissipative interactions with the
magnon mode. The spectroscopy is measured with a vector network analyzer
through ports 1 and 2. (b) Schematic diagram of the coherent and dissipative
couplings among the cavity mode and the magnon mode with the coupling
strengths λ and �iGeiϑ, respectively. κ and γm are, respectively, the damping
rates of the cavity and magnon modes. (c) Frequency spectrogram of the cavity
magnonical system.
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saturation magnetization, respectively. The Holstein–Primakoff trans-
form states Sz ¼ S�mym, where S and Sz represent, respectively,
the total spin number of the YIG sphere, and the z component of
the spin operator, and m (my) is the annihilation (creation) operator
of the magnon mode. Then, the Hamiltonian in Eq. (1) can be
rewritten as

Hm=�h ¼ �BzMzVm þ μ0KanM2
z

M2
Vm ¼ �γBzSz þ μ0Kanγ2

M2Vm
S2z

¼ ωmm
ymþ Kmymmym, (2)

where ωm ¼ γBz � 2μ0Kanγ2S=(M2Vm) is the analytical expression
of the frequency of the magnon mode, and K ¼ μ0Kanγ2=(M2Vm) is
the Kerr nonlinear coefficient. Excitingly, Eq. (2) is the starting point
of our following discussion. Additionally, we consider that the cavity
magnonical system is driven by a strong control field and a relatively
weak probe field with frequencies ω‘, ω p and amplitudes ε‘, ε p,
respectively. To enhance the strength of magnon Kerr nonlinearity
K , a microwave driving field with frequency ωd and amplitude εd is
applied to the YIG sphere. In a rotating frame of the control field fre-
quency ω‘, the total Hamiltonian reads

H ¼ �hΔcâ
yâþ �hΔmm̂

ym̂þ �hKm̂ym̂m̂ym̂

þ �h(λ� iGeiϑ)(âym̂þ m̂yâ)

þ i�h
ffiffiffiffiffiffiffiffi
κ=2

p
ε‘(â

y � â)þ i�h
ffiffiffiffiffiffiffiffi
κ=2

p
εp(â

ye�iΩt � âeiΩt)

þ i�h
ffiffiffiffiffiffiffiffiffiffiffi
γm=2

p
εd(m̂

ye�iΔmt � m̂eiΔmt), (3)

which is transformed into the rotation coordinate by unitary trans-
formation U(t) ¼ exp[�iω‘(âyâþ m̂ym̂)t]. â (ây) is the annihilation
(creation) operator of the cavity mode. The propagation direction is
determined by the phase ϑ, which is 0 and π for microwaves loaded
from ports 1 and 2, respectively. Δc(m) ¼ ωc(m) � ω‘ denotes the
detuning from the cavity (magnon) mode, and Ω ¼ ω p � ω‘

indicates the beat frequency between the control field and the probe
field. The normalized amplitudes of the driving fields are
εi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pi=(�hωi)

p
(i ¼ ‘, p, d) with P‘, Pp, Pd being the powers of the

control, probe, and microwave fields, respectively.
Based on the Hamiltonian in Eq. (3), the system dynamics can

be well described by the Heisenberg–Langevin equations
( _ρ ¼ i

�h [H, ρ]) including the dissipation,

da
dt

¼ �iΔca� κ=2a� i(λ� iGeiϑ)mþ
ffiffiffiffiffiffiffiffi
κ=2

p
(ε‘ þ ε pe

�iΩt),

dm
dt

¼ �iΔmm� γm=2m� i(λ� iGeiϑ)a� i(2Km�mþ K)m

þ
ffiffiffiffiffiffiffiffiffiffiffi
γm=2

p
εde

�iΔmt , (4)

where κ (γm) is the decay rate of the cavity (magnon) mode. All
operators are reduced to their expectation values in the case of con-
sidering the mean response of the system, viz., a ¼ hâi, m ¼ hm̂i,
as well as m� ¼ hm̂yi, and the quantum correlations and noise
terms can be safely dropped based on the semiclassical approxima-
tion. In addition, the mean-field approximation by factorizing

averages, i.e., hm̂ym̂i ¼ m�m, is used to deal with the nonlinear
term �i(2Km�mþ K)m.

Assuming that the control field is much stronger than the
probe field, we can employ the perturbation method to solve the
evolution equation (4); that is, the solution of Eq. (4) can be
written as the sum of the steady-state values and small perturba-
tions. Physically, the strong driving fields, including the control
field and the microwave field, provide the steady-state solutions of
the cavity magnonical system, and the weak probe field provides
the perturbations around the steady states. The perturbations
include first-, second-, third-, and higher-order sidebands, which
are generated by the parametric frequency conversion arising from
the nonlinear interaction. Consequently, the solution can be
completely expressed in the following series form:

a ¼ A0 þ Aþ
1 e

�iΩt þ A�
1 e

iΩt þ Aþ
2 e

�2iΩt þ A�
2 e

2iΩt þ � � � ,
m ¼ M0 þMþ

1 e
�iΩt þM�

1 e
iΩt þMþ

2 e
�2iΩt þM�

2 e
2iΩt þ � � � ,

(5)

where A0 and M0 are the steady-state solutions of intracavity
field and magnon caused by the control field and microwave
driving field in the absence of the probe field (εp ¼ 0), which
shows that the system dynamics will enter into a steady state
after a short-time evolution. The frequency components +2Ω in
Eq. (5) are the second-order sideband in a frame rotating with
the control field frequency ωc. In the perturbative regime, the
higher-order sidebands, such as third- and four-order sidebands,
as well as other higher-order frequency components, are of great
weak in contrast to the second-order sideband and are validly
ignored.

Setting dA0=dt ¼ 0 and dM0=dt ¼ 0, we can obtain

A0 ¼ �i(λþ iG)M0 þ
ffiffiffiffiffiffiffiffi
κ=2

p
ε‘

iΔc þ κ=2
,

M0 ¼ εd � i(λþ iG)A0

iΔm þ γm=2þ 2iKjM0j2
:

(6)

Here, jA0j2 and jM0j2 denote, respectively, the steady-state average
intracavity photon number and magnon number. According to
Eq. (6), we can obtain the following function relationship of jM0j2:

γ2m=4þ (2KjM0j2 þ Δm)
2 � (λþ iG)2C

h i
jM0j2 ¼ ε2d þ Cκε2‘=2,

(7)

where C ¼ (λþ iG)2=(Δ2
c þ κ2=4). By calculating Eq. (7), in Fig. 2,

we display the steady-state magnon number jM0j2 as a function of
power of the microwave driving field Pd for the three different
values of the detuning (Δm) of the probe field frequency ωp from
the frequency of magnon mode ωm, that is, Δm ¼ �0:3GHz,
Δm ¼ �0:25GHz, Δm ¼ �0:2GHz, respectively, correspond to the
blue curve line, the red curve line, and the magenta curve line. As
clearly shown in Fig. 2, the magnon number jM0j2 experiences a
bistable behavior of Pd in a certain parameter region, which states
that the magnonic response exhibits two different stable states,
namely, although jM0j2 possesses three real roots, but the dashed
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lines in Fig. 2 signify the unstable solutions. Note furthermore that
the system undergoes from the lower steady state to the upper
steady state and the opposite process with increasing and decreas-
ing Pd , which is similar to the hysteresis loop in ferromagnetic
materials.

Next, we calculate the amplitude of the SSG analytically to
describe the underlying physical process. By substituting the ansatz
equations (5) into the Heisenberg–Langevin equation (4), we can
obtain

(δc � iΩ)Aþ
1 ¼ �i(λ� iGeiϑ)Mþ

1 þ
ffiffiffiffiffiffiffiffi
κ=2

p
εp,

(δc þ iΩ)A�
1 ¼ �i(λ� iGeiϑ)M�

1 ,

(δc � 2iΩ)Aþ
2 ¼ �i(λ� iGeiϑ)Mþ

2 ,

(δc þ 2iΩ)A�
2 ¼ �i(λ� iGeiϑ)M�

2 ,

(δm � iΩ)Mþ
1 ¼ �i(λ� iGeiϑ)Aþ

1 � 2iKjM0j2(M�
1 )

�,

(δm þ iΩ)M�
1 ¼ �2iKM2

0(M
þ
1 )

� � i(λ� iGeiϑ)A�
1 ,

(δm � 2iΩ)Mþ
2 ¼ �2iK[M�

0 (M
þ
1 )

2 þM2
0(M

�
2 )

�

þ 2M0M
þ
1 (M

�
1 )

�]� i(λ� iGeiϑ)Aþ
2 ,

(δm þ 2iΩ)M�
2 ¼ �2iK[M�

0 (M
�
1 )

2 þM2
0(M

þ
2 )

�

þ 2M0M
�
1 (M

þ
1 )

�]� i(λ� iGeiϑ)A�
2 ,

(8)

where δc ¼ iΔc þ κ=2, δm ¼ iΔm þ γm=2þ 4iKjM0j2. It is worth
noting that, according to (8), the physical mechanism of the SSG is
demonstrated clearly. That is, the control field with frequency ω‘ and

the probe field with frequency ωp are converted into second-order
sideband via anti-Stokes scattering (2ωp ! ω‘ þ ω2, ω2 ¼ ω‘ þ 2Ω),

which can be illustrated by �2iK �2iKM�
0 Mþ

1ð Þ2þM0Mþ
1 M�

1

� ��h i
resulting from the Kerr nonlinearity. By solving for the algebraic
equation (8), we can derive the analytical expressions of the ampli-
tudes of first-order sideband generation (FSG) and SSG in the cavity
magnonics, yielding

Aþ
1 ¼ i(λ� iGeiϑ)Mþ

1 � ffiffiffiffiffiffiffiffi
κ=2

p
εp

iΩ� iΔc � κ=2
,

Aþ
2 ¼ i(λ� iGeiϑ)Mþ

2

2iΩ� iΔc � κ=2
,

Mþ
1 ¼ i(λ� iGeiϑ)

ffiffiffiffiffiffiffiffi
κ=2

p
εpϖ(Ω)

�

[iΩ� (iΔc þ κ=2)][ϖ(�Ω)ϖ(Ω)� � 4K2jM0j4]
,

Mþ
2 ¼ (τ(Ω)þ f(Ω))(Mþ

1 )
2

(ϖ(�2Ω)ϖ(2Ω)� � 4K2jM0j4)(ϖ(Ω)�)2
,

(9)

with

ϖ(x) ¼ iΔm þ γm=2þ 4iKjM0j2

þ (λ� iGeiϑ)
2
=(iΔc þ κ=2� ix)� ix,

τ(Ω) ¼ �16K4jM0j6M�
0 þ 8K2jM0j2M�

0ϖ(2Ω)
�(ϖ(Ω)�)2,

f(Ω) ¼ 16iK3jM0j4M�
0ϖ(Ω)

� � 2iKM�
0ϖ(2Ω)

�(ϖ(Ω)�)2:

(10)

Furthermore, performing the standard input–output relation
Aout ¼ Ain �

ffiffiffiffiffiffiffiffi
κ=2

p
a, the amplitudes of the SSG from the output

field can be obtained as � ffiffiffiffiffiffiffiffi
κ=2

p
Mþ

2 . To reveal substantially the SSG
process, we define the dimensionless and normalized amplitudes

Π1 ¼ 1�
ffiffiffiffiffiffi
κ=2

p
ε p

Aþ
1

����
���� and Π2 ¼

ffiffiffiffiffiffi
κ=2

p
ε p

Aþ
2

����
���� to describe the efficiency

of the upper FSG and SSG. The main parameters we use are
from recent experiments,40,48,77 as follows: ωc=2π ¼ 4:724GHz,
λ=2π ¼ 7:9MHz, K=2π ¼ 10�10 Hz, κ=2π ¼ 880MHz,
γm=2π ¼ 0:071MHz, Δc ¼ 0:05 κ, and Δm ¼ �0:05 κ.

III. NUMERICAL RESULTS AND DISCUSSION

In order to better understand the physical process of second-
order sideband induced by magnon Kerr nonlinearity, in Fig. 3, we
plot the efficiency of upper FSG and SSG as a function of detuning
of the probe field Ω under different dissipative magnon–photon
coupling strength. When G ¼ 0, there is only coherent magnon–
photon coupling in the system, and no dissipative magnon–photon
coupling. However, when G ¼ λ, coherent coupling and dissipative
magnon–photon coupling exist simultaneously in the system. As
shown in Fig. 3(a), when only coherent magnon–photon coupling
is considered, magnon-induced transparency occurs with an effi-
ciency of about 82:51%. When coherent coupling and dissipative
coupling are considered simultaneously, the phenomenon of
magnon-induced transparency amplification can be realized.
Compared with the magnetically induced transparency generated

FIG. 2. Magnon bistability as seen through the steady-state magnon number
jM0j2 varied with the power of the microwave driving field Pd for the three differ-
ent detunings Δm ¼ �0:3, � 0:25, � 0:2 GHz corresponding to blue, red,
and magenta curve lines, respectively. The other system parameters are
P‘ ¼ 0W, κ=2π ¼ 881:1MHz, Δc ¼ 0:05κ.
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in other cavity magnonic systems, the system we consider can
utilize the dissipative coupling strength to achieve the amplification
and broadening of magnetically induced transparency.
Furthermore, the efficiency of the SSG is discussed in two cases. In
Fig. 3(b), when only coherent coupling is considered, the efficiency
of the SSG is only 1:49� 10�7. However, when both coherent cou-
pling and dissipative coupling are considered, the efficiency of the
SSG is 5:95� 10�5, which is about 40 times higher. Generally, the
SSG is derived from the upper first-order sideband (the probe field
with frequency ωp), so the stronger upper first-order sideband can
enormously increase the power and efficiency of the SSG. The ana-
lytical results match well with the analysis of the physical process.
In addition, the effect of the microwave driving field on the effi-
ciency of the SSG is discussed. As illustrated in Fig. 3(c), when the
detuning ratio Ω=Δc remains constant, the efficiency of the SSG
exhibits a monotonic increase with increasing microwave driving
power Pd . In particular, as shown in Fig. 3(d), both the efficiency
and spectral broadening of SSG are enhanced; this trend can be
understood in conjunction with the results shown in Fig. 2.
Physically, the increase in microwave driving power leads to a non-
linear growth in the magnon number, which, in turn, strengthens
the magnon–photon coupling interaction and enhances the
magnon Kerr nonlinearity, thereby significantly improving the
efficiency of SSG.

In the following, we focus on the effects of the system parame-
ters on the nonreciprocal SSG under the condition that the driving
fields input from the forward and backward directions, correspond-
ing to ϑ ¼ 0 and π, respectively. As shown in Fig. 4(a), under the
condition of G . 0, the efficiency of SSG has a maximum value,
and the direction of the driving field input is forward, that is,
ϑ ¼ 0. Similarly, when the direction of the driving field input is
backward (G , 0), corresponding to ϑ ¼ π, the efficiency of SSG
reaches a maximum value that is significantly higher than that
shown in Fig. 3(b). Theoretically, when λ ¼ G, the supermode of
two mode coupling will produce two degenerate points, which is
defined as the zero dissipation condition (ZDC).40 Under the ZDC,
the imaginary part of the eigenvalue of the effective Hamiltonian
becomes zero when the driving term is not considered. The results
show that the system can break the time-reversal symmetry of
microwave propagation by considering the direction-dependent rel-
ative phase between coherent and dissipative magnon–photon cou-
pling. Here, when the correction caused by magnon Kerr
nonlinearity is taken into account, the ratio of G to λ is not strictly
equal to 1. As shown in Fig. 4(b), we take G=λ ¼ 0:9395, and the
results show that the efficiency of SSG in the forward transmission
is much larger than that in the reverse transmission. Similarly,
when G=λ ¼ �1:3387, the efficiency of SSG in reverse transmission
is much larger than in forward transmission [as shown in

FIG. 4. (a) The efficiency (in logarithmic form) of SSG as a function of fre-
quency detuning Ω and dissipative magnon–photon coupling strengths G. The
efficiency of SSG as a function of Ω under (b) G=λ ¼ 0:9395 and (c)
G=λ ¼ �1:3387. ϑ ¼ 0 and ϑ ¼ π represent the driving fields input from the
forward and backward directions, respectively, and P‘ ¼ Pd ¼ 20 μW,
Pp ¼ 1 μW.

FIG. 3. The efficiency of (a) FSG and (b) SSG as a function of Ω under differ-
ent dissipative magnon–photon coupling strength G. (a) and (b): Π1, Π2 is in
the condition of G ¼ 0 (black dashed line), G ¼ λ (blue solid line). (c) The effi-
ciency of SSG varied with frequency detuning Ω and the power of the micro-
wave driving field Pd . (d) The efficiency of SSG as a function of Ω under
different the power of the microwave driving field Pd . The other system parame-
ters are ϑ ¼ π, P‘ ¼ 0:1 mW, Pp ¼ 0:005 mW.
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Fig. 4(c)]. This shows that the non-reciprocal transmission of SSG
can be achieved under the ZDC.

We define an isolation ratio Φ to describe the efficiency of the
nonreciprocal SSG, which can be explicitly given by (the unit of Φ
is dB)

Φ ¼ 10 � log10
Π2(π)
Π2(0)

����
����: (11)

Figure 5 discusses the functional relationship between isolation
ratio Φ and the dissipative coupling strength under different micro-
wave driving powers. As shown in Fig. 5(a), in the area between the
two gray dashed lines, corresponding to G=λ [ (0:68, 2:48), the
isolation ratio Φ is greater than 10 dB, and the maximum value is
77.52 dB. Here, the interval with an isolation ratio greater than
10 dB can be regarded as an effective isolation interval, in which
nonreciprocal SSG can be achieved by adjusting the ratio of dissipa-
tive to coherent coupling strengths. In Fig. 5(b), when the micro-
wave driving field power Pd ¼ 100 μW, the isolation ratio Φ is
enhanced and the maximum value is 81.62 dB, and, the effective
isolation interval increases to G=λ [ (0:60, 4:49). When
Pd ¼ 200 μW [as shown in Fig. 5(c)], the maximum isolation value
is 82.33 dB, and the effective isolation interval (G=λ [ (0:60, 6:58))
is about three times that of Fig. 5(a). Furthermore, although the

range of dissipative coupling strength regulation can be expanded
by continuing to increase the microwave driving field power, the
maximum value of the isolation ratio Φ is decreasing. As shown in
Fig. 5(d), when Pd ¼ 400 μW, within the range of
G=λ [ (0:60, 9:68), Φ . 10 dB; but the maximum value of Φ is
82.15 dB, which is smaller than the maximum value of Φ in
Fig. 5(c). The results show that there is a suitable microwave
driving field power to make the isolation Φ reach the maximum
value, and increasing the microwave driving field power within a
certain range can ensure the efficiency of nonreciprocal SSG.

IV. CONCLUSION

In summary, the cavity magnonical system we considered can
realize the generation and control of nonreciprocal second-order
sidebands. Based on the magnon Kerr nonlinearity, the bistability
of the magnons is discussed. The microwave driving field can be
used to change the bistability of the magnons, which has potential
advantages in controlling the number of magnons. Specifically, the
efficiency of SSG is affected by the dissipative magnon–photon
coupling strength. Taking the dissipative magnon–photon coupling
into account can enhance the efficiency of the SSG. By appropri-
ately tuning the ratio of dissipative to coherent coupling strength, a
higher SSG efficiency can be achieved. In addition, the results show
that nonreciprocal SSG can be achieved when the system is under
the ZDC, and the impact of nonreciprocal SSG can be controlled
by the microwave driving field and the dissipative coupling
strength. Compared with the hybrid quantum system that realized
nonreciprocal SSG in the past, the system we considered has two
advantages: First, the structure does not require multiple optical
cavities or rotating optical cavities. Second, it relies on the inherent
magnon Kerr nonlinearity, which makes it simpler to control the
efficiency of the nonreciprocal SSG.

The cavity magnonical system,40 integrating both coherent
and dissipative magnon–photon coupling, can be implemented
using a cross-line microwave circuit and a 1 mm YIG sphere. A
tunable loop antenna positioned above the YIG sphere enables
precise control over the magnon mode’s decay rate. It should be
noted that when the YIG sphere is coupled to such a planar cavity
to form an open cavity magnonical system, the external decay rate
of the cavity mode is much larger than its intrinsic decay rate. By
adjusting the position of YIG, an anti-PT-symmetric cavity mag-
nonical system48 with purely dissipative coupling (λ ¼ 0) was real-
ized, and an unconventional bound state in the continuum (BIC)
was observed. It has been experimentally shown that the nonrecip-
rocal device possessing both a high isolation ratio and a broad
operating bandwidth can be achieved by locally controlling the
radiation damping of the magnon mode.77 Based on this system,
the nonlinear effects of magnons such as magnon frequency
combs72,78 and quantum effects such as magnon blockade79 and
steady-state entanglement80 can be further explored.
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