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Strong coupling effects in magnonic systems are highly promising. They combine the advantages of different quasi-
particles and enable energy transfer for coherent information processing. When driven by microwave, electric, or optical
pumps, these coupling effects can give rise to intriguing nonlinear phenomena, which have become a focal point in the field
of magnonics. This review systematically explores pump-engineered magnon-coupling systems from three perspectives:
(1) pump-induced hybridization of magnon modes, (2) nonlinear manipulation of magnon dynamics, and (3) implementa-
tion of functional magnonic devices. Unlike conventional cavity—magnon interactions that are constrained by electromag-
netic boundaries, pumped coupled magnons are liberated from these restrictions. They can operate over a broad frequency
band rather than being confined to discrete modes. An example is the recently discovered pump-induced magnon mode
(PIM). These magnons arise from the collective excitations of unsaturated spins driven by microwave pumps. They exhibit
reduced damping and photon-number-sensitive splitting characteristics, facilitating waveform-controlled coupling strength
and enhanced nonlinearity — features that support phenomena such as magnonic frequency combs (MFCs). By expand-
ing this principle to electric pumping schemes, we bridge fundamental physics and practical device applications, enabling
nonreciprocal switching and meter-scale strong coupling. These advances establish high-dimensional control capabilities
for coupled magnonics and pave the way for their use as a promising platform for dynamically programmable devices,

magnetic-field sensing, and coherent networks.

Keywords: magnon, strong coupling, magnonic frequency comb, spintronics
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1. Introduction

Light-matter interaction, which serves as a cornerstone
of photodetection, occupies a key position in advanced infor-
mation processing. Its critical role becomes particularly evi-
dent in weak-signal detection regimes — from single-photon
counting!"? and deep-space communication*>! to biofluo-
rescence tracking!®”! — where detection efficiency fundamen-
tally governs the system’s signal-to-noise ratio and, conse-
quently, its sensitivity. This capability has enabled a wide
range of applications across civilian, military, and commer-
cial domains. Recent advances in strong-coupling physics
have revolutionized photoelectric conversion, including en-
hanced electronic transport via hybridized states in quantum
devices,!®! cavity-enhanced charge conductivity,”) and cur-
rent enhancement in strongly coupled organic semiconduc-
tors and plasmonic modes.['”) Novel properties have also
been discovered in nonequilibrium coupled systems, demon-
strating coupling enhancement through photocarriers,!!! ul-
trafast lasers,['? local strain,['3 and dynamical condensates
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controlled by voltage.!'"*! These dynamic control mechanisms
have transcended the limitations of conventional equilibrium
systems, bridging fundamental physics and functional device
engineering.

Platforms for studying strong light-matter coupling in-
clude cavity quantum electrodynamics (QED) systems with

(151 phonons, 1! and plasmons.[!7! These systems en-

excitons,
able the precise measurement and manipulation of individ-
ual quantum systems, advancing the realization of quantum
computers. For his groundbreaking contributions to cavity-
QED, Serge Haroche was awarded the 2012 Nobel Prize.
Magnons, as collective spin excitations, are rapidly gaining at-
tention due to their potential as a complementary technology
to CMOS and their applicability in wave-based computing and
devices. Magnonic systems offer several unique advantages:
their high spin density (~ 10?2 cm~3)!!%1°] enhances their in-
teraction strength with photons, their low Gilbert damping co-
efficient (down to 107> in yttrium iron garnet, YIG)" en-
sures long coherence times, and their charge neutrality and
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(211 help to minimize

millimeter-scale spin wave propagation
ohmic losses. Moreover, magnons possess excellent tunability
and can readily couple directly or indirectly with microwave
photons, optical photons, phonons, and quantum circuits. This
enables the integration of complementary physical properties
and facilitates coherent information transfer across diverse
material platforms.

The utilization of strongly coupled magnon systems and
the control of their coupling strength (or Rabi oscillations) are
key to advancing magnon-based technologies. However, dy-
namically controlling these strongly coupled magnonic sys-
tems remains challenging, as the photon—magnon coupling
strength is typically fixed once the system is configured.??! Tt
is often modified only through inefficient “static” approaches,
such as cavity redesign, material optimization, or resetting the
mode overlap. These limitations hinder the real-time modula-
tion of polariton states and constrain the development of pro-
grammable magnonic devices and reconfigurable logic gates.
Overcoming these constraints is essential for the realization of
functional magnonic technologies.

In this article, we review how pumping creates new ways
to control strong coupling in magnonic systems. Pumps intro-
duce additional degrees of freedom from external fields be-
yond the intrinsic coupled system. By simply varying the
parameters of the pump, such as electromagnetic waves or
bias voltage, the coupling strength can be freely tuned without
the need to reconfigure the subsystems. This decouples the
tuning process from constraints imposed by the electromag-
netic boundaries of cavities or material structures. In terms
of coupled-state construction, pumping enables the connec-
tion of magnons with other quasiparticles, allowing for on-
demand enhancement or suppression of coupling strength (up
to the ultrastrong regime). The resulting hybrid states form
the basis for multidimensional tunability of coupling. Regard-
ing control performance, precise and continuous modulation
of the coupled states can be achieved through adjustments to
the pump’s power, frequency, phase, and polarization. Pump-
ing can also drive the coupled magnonic system into nonlin-
ear regimes, giving rise to phenomena such as multistabil-
ity, chaos, and frequency mixing. These effects underpin the
recent development of magnonic frequency combs (MFCs).
From the perspective of device functionality, the flexibility of
pump control expands operational capabilities, offering advan-
tages for signal transmission, amplification, radiation, logic
operations, and data storage. Leveraging the advanced tun-
ability afforded by pump control opens promising pathways
for the dynamic manipulation of coupled magnon states.

2. Pumped magnon dynamics

Magnons, the quasiparticles associated with collective
spin excitations in magnetic materials, have attracted consider-
able attention as information carriers in hybrid systems. >3 In

magnetic insulators, magnons propagate without the involve-
ment of conduction electrons,>*! thereby eliminating ohmic
losses. Moreover, due to the intrinsic isolation of spin degrees
of freedom from environmental noise, magnons exhibit a low
loss rate (on the order of megahertz!>!) and possess a long

coherence length reaching several tens of micrometers or even

up to millimeters.[26-7)

Apart from these favorable transport properties,

magnons can coherently interact with a wide range of

quantum and classical systems, such as superconducting

[28-30 31,32] 33,34]

] phonons, [ microwave photons, [ and

35,36

qubits,
optical photons, 333 through mechanisms including virtual
photon exchange, magnetostrictive interaction, dipolar inter-
actions, and exchange coupling. Strong light—matter coupling
allows two distant systems to exchange information under
external control. In the microwave regime, cavity magnon po-
laritons (CMPs) are hybrid quasiparticles that emerge from the
strong coherent coupling between collective spin excitations
(magnons) in a magnetic material and the electromagnetic
field (photons) confined in a microwave cavity. This coupling
is mediated by the magnetic dipole interaction and gives rise
to new hybridized eigenmodes. CMPs,*”! which combine the
high-speed nature of photons with the low-loss, long-lifetime
features of magnons, offer a route to spin-based cavity QED
and high-performance hybrid spintronic devices.

Beyond establishing coupling between magnons and cav-
ity photons, preserving coherence during information trans-
duction requires the coupling strength g to exceed the dis-
sipation rates k7 and k» of the respective subsystems. This
requirement is quantified by g/x; > 1, g/x > 1, defining
the strong coupling regime essential for coherent informa-

s.38] Strong coupling between magnons and

tion operation
cavity photons began with Soykal and Flatté¢’s 2010 theory
of quantum-coherent magnon—photon interaction in a ferro-
magnetic nanomagnet!®®! and the first experimental realiza-
tion of hybridization at low temperatures by Huebl et al. in
2013.121 While the preceding discussion focuses on coher-
ent coupling, characterized by level repulsion in the dispersion
and linewidth attraction, the practical implementation of inte-
grated devices necessitates the consideration of open systems.
In open systems, dissipative coupling naturally arises. 04?1 Tt
exhibits the exact opposite behavior — level attraction in the
dispersion and linewidth repulsion.*}! Dissipative coupling
offers a way to realize nonreciprocal signal transmission 4441
and also contributes to chiral magnonics through unidirec-
tional coupling and energy accumulation.[+>47]

In a given magnonic system, direct control over magnon—
photon coupling remains limited. Conventional tuning meth-
ods, such as modifying the cavity structure or adjusting the
magnetic sample’s position, are inherently slow, often exceed-
ing the signal lifetime. Consequently, real-time modulation of

coupling becomes difficult. Pump-based control offers a po-
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tential solution, as it enables in situ tuning of magnon—photon
coupling.[??!

A pump can drive magnons across a broad range
of frequencies, each relying on distinct physical mecha-
nisms. Acoustic waves, either surface or bulk, excite spin
waves via magnetoelastic coupling in ferro- and antifer-

SL38I offering the advantage of low-

romagnetic materials,|
loss operation. Optical pumping induces magnon dynamics
through magneto—optical interactions®>°! and is particularly
suited for ultrafast information processing.[*! Owing to their
gigahertz-range eigenfrequencies, magnons directly couple to
microwave photons via magnetic dipole interactions, making
microwave pumping a particularly direct and efficient method
for magnon control, [22-38:43.61]

So far, various microwave pumping techniques have been
developed, including continuous-wave (CW) pumping, ]
short-pulsed pump—probe methods, *8?! incoherent (noise)
pumping,®’! and Floquet engineering (temporal modula-

tion by periodic drives),?>%1 etc. By modulating the

r.[22,29,52,57
64,65]

powe I frequency, [*>°>7! and phase of microwave

pumps, ! we can flexibly control the temporal evolution of
magnon states, as well as their interactions with other excita-
tions.

When magnon systems absorb sufficient pump energy

to exceed critical thresholds, their dynamics exhibit a range

5254551 For instance, direct

of intriguing nonlinear behaviors. !
microwave pumping can induce Bose-Einstein condensation
(BEC) of magnons at room temperature, [°%7 where a macro-
scopic population of magnons accumulates at the lowest en-
ergy state. In addition to individual magnon dynamics, richer
nonlinear phenomena emerge in coupled systems. In cavity
magnonic systems, the strong coupling between magnons and
cavity photons leads to bistability of CMPs under microwave
pumping. 2! Furthermore, in coupled magnon systems, MFCs
can be generated through four-magnon scattering or the mag-
netostrictive effect. 3681

These nonlinear phenomena provide an important phys-
ical basis for the development of functional magnonic de-
vices. For instance, the BEC of pumped magnons has en-
abled magnon lasers, which serve as coherent magnon sources
for magnonic circuits.’* The bistability of CMPs facili-
tates the development of switching devices with controllable
state transitions.[?] Extending this further, multistability of-
fers multivalued logic capabilities without increasing sys-
tem complexity or requiring additional components.[®] Addi-
tionally, MFCs %791 have practical applications in frequency

(68701 significantly advanc-

conversion®?l and measurement,
ing the development of nonlinear magnonic devices, as shown

in Fig. 1.
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Fig. 1. Overview of pump-driven magnonic hybrid systems and their functionalities. Frequency bands ranging from acoustic and microwave
to optical frequencies enable coherent and nonlinear control of magnon interactions across different platforms. These interactions underpin
diverse nonlinear phenomena, including bistability, BEC, and MFCs, offering pathways toward tunable, reconfigurable, and low-loss magnonic
devices for coherent signal processing and hybrid quantum systems. Reproduced with permission from Refs. [22,29,48-57].
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3. Pump-induced continuous coupled magnon
states

Recent experimental advances have demonstrated a se-
ries of continuous pump-induced coupled magnon states, in
which the parameters of the magnonic systems are dynami-
cally controlled via different forms of pump. As summarized
in Figs. 2(a)-2(f), various physical mechanisms have been
employed to engineer coherent, nonlinear, and hybridized
magnon states that evolve smoothly with the pump parameters
such as frequency and power.

3.1. Continuously tunable qubit-magnon splitting via
double dressing

In Fig. 2(a), a qubit-magnon hybrid system is subject to
an external microwave drive applied directly to the qubit.[>’]
The system is governed by a time-dependent Hamiltonian

N 1 PN N ~
H/h = 5@40;+ Onb'b+ gqm(01b+ o_b")

1 . .
+ZQd(G+e_‘“’dt+G,elw“’). (1)

Here, @q and oy, are the frequencies of the qubit and magnon
modes, associated with the Pauli operators o;, o+ and the
magnon annihilation operator b, respectively; gqm represents
the strength of the qubit-magnon coupling, while 4 and wqy
denote the strength and frequency of the external microwave
pump.

At zero detuning (@q = @), the system exhibits four res-
onant peaks due to the emergence of doubly dressed states.
The outer and inner frequency splittings evolve continuously
with increasing drive power, revealing symmetric particle—
hole behavior. As shown in Fig. 2(a) (right), the theoretical
prediction based on the driven Hamiltonian matches the ex-
perimental data with excellent accuracy, confirming the con-
trolled tunability and underlying hybridization dynamics.

3.2. Suppression of magnon—photon coupling via Suhl in-
stability

A representative example of the pump-induced effect in
magnon—photon coupled systems is the suppression of the
magnon—photon coupling based on the Suhl instability. The
onset of Suhl instability in cavity magnonics can be described
by an effective Hamiltonian

H="H+Ha+Hs. )
The microwave drive term is
i /h= {he_i“” (UriyT +U0z32;) +H.c.}7 3)
and the linear interaction reads

Ha/h = 0cbTh+ wyblbo + [g0bfh+He | + ¥ @iblbi. ()
k#0

Here, . and 130 denote the annihilation operators for the cav-
ity and Kittel modes, respectively; their frequency is @y, and
go is their coupling strength. The pump field with amplitude
h and frequency @ couples to both modes via U; and Uy. The
nonlinear three-magnon process is represented by

Ha/h = % Y (Vkiaol},tiik +H.c.) . (5)
0
It describes the decay of a Kittel magnon into a pair of spin
waves via three-magnon scattering, with nonlinear coupling
Vi.

As illustrated in Fig. 2(b), increasing pump power acti-
vates a nonlinear three-magnon scattering channel, which re-
distributes energy from the Kittel mode into high-k spin-wave
excitations. This back-reaction progressively suppresses the
magnon—photon coupling, leading to the reduction and even-
tual collapse of the avoided crossing. The magnitude of the
magnon—photon splitting thus becomes continuously tunable
via the pump power. When nonlinear damping dominates,
the avoided crossing collapses entirely. This illustrates how
the spin-wave back-reaction reshapes the spectral structure ac-
cording to the pump power!’! offering a new route for dy-
namic control of CMP behavior through pumping.

3.3. Floquet-modulated magnon—photon hybrid splitting
via Autler-Townes splitting and floquet ultrastrong
coupling
Floquet engineering refers to the control of quan-

tum systems through time-periodic modulation of system
parameters.[’>73 In analogy with Bloch’s theorem in spa-
tially periodic systems, the Floquet theorem allows time-
periodic Hamiltonians to yield a spectrum of quasi-energy
states, known as Floquet states. These states provide an in-
tuitive framework with which to understand the stroboscopic
dynamics of driven systems. Originally developed in atomic
and condensed matter systems, Floquet techniques are now
widely used to engineer hybrid interactions and induce novel
nonequilibrium phenomena, such as coherent control of cou-
pling strength. [??]

The Floquet modulation of the magnon—photon cou-
pling is realized by applying an alternative drive to period-
ically modulate the magnon frequency. This Floquet cavity
magnonic system can be described by a time-periodic Hamil-
tonian

H/h= 0:"é+ onb b+ J(&Th+eb") + Qb beos(wpt), (6)

where J is the coherent magnon—photon coupling strength, and
the last term represents a Floquet drive applied to the magnon
mode, with amplitude 2 and frequency wp.

As shown in the right panel of Fig. 2(c), this configura-
tion provides two independent tuning parameters — the am-
plitude and frequency of the drive field — enabling precise
in-situ modulation of the magnon—photon coupling strength.
It reveals a drive-controlled tunable hybridization and leads
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to magnonic Autler—Townes splitting (ATS), where the mode
separation varies continuously with the drive strength. ATS,
originally observed in atomic physics,!”#! describes the split-
ting of energy levels into doublets under the influence of a
strong coherent field, where the splitting magnitude directly
proportional to the drive strength and there is no reliance
on quantum interference.!”>! As the drive strength increases,
the Floquet-induced mode splitting can approach or exceed

the energy level spacing between the two interacting modes,
marking the onset of the Floquet ultrastrong coupling (FUSC)
regime. Unlike conventional ultrastrong coupling, FUSC is
characterized by both the breakdown of the rotating-wave
approximation and a dynamically induced splitting that sur-
passes the level separation, representing a fundamentally dis-

tinct mechanism.

(a) Driven Qubit-Magnon System

~ [A4) Suf/dB 150 <)
—— — s
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Fig. 2. Mechanisms for constructing continuous magnon states via pumping. (a) Qubit-magnon hybridization leads to pump-dressed states.
(b) Suhl instability triggers nonlinear damping via three-magnon scattering. (c) Floquet driving induces tunable hybrid mode splitting. (d) Self-
Kerr effect causes frequency shifts and bistability. (e) Pump-induced magnon modes (PIMs) emerge from the cooperative precession of
unsaturated spins under pumping. Reproduced with permission from Refs. [22,28,52,57,71].

3.4. Pump-controlled hysteresis of cavity photon-magnon systems via Kerr nonlinearity

When a cavity magnon—photon coupled system is driven by a strong microwave pump, the magnon mode’s oscillation devi-
ates from the harmonic approximation and behaves as a Duffing oscillator. Consequently, the CMPs exhibit bistable oscillations.

This behavior can be described by an effective Hamiltonian
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A/h = 0."¢+ omb'b+Kb'bb"D
+J(@ b+ &b+ Qu(bT e @ el (7)

where m, and @y, are the frequencies of the cavity photon and
magnon modes, respectively; ¢, b are their annihilation oper-
ators; K is the Kerr coefficient stemming from magnetocrys-
talline anisotropy; J is the coherent coupling strength; and €24,
@y represent the strength and frequency of the pump field.
This Hamiltonian incorporates the Kerr nonlinearity of
the magnon model>7® and leads to a bistable transmis-
sion response under continuous-wave pumping. As shown in
Fig. 2(d), adjusting the pump power or detuning produces a
clear hysteresis loop, with its area continuously tunable in situ
via pump parameters. This marks the first experimental real-
ization of bistability in CMPs, enabling dynamic control for
nonlinear magnonic switching and memory functionalities.

3.5. Pump-tunable coupling between the PIM and WM via
phenomenological interaction model

At low magnetic fields, a novel spin-wave excitation, re-
ferred to as the pump-induced magnon mode (PIM), emerges
in a ferromagnetic insulator sphere. It is phenomenologi-
cally understood as the collective precession of unsaturated
spins coherently driven by a microwave pump, as illustrated
in Fig. 3(a). Unlike conventional magnon modes, the PIM
is not tied to intrinsic geometric boundary conditions but is
dynamically formed and tunable via the external microwave
pump. The PIM enables the realization of strong coupling at
low pump power, offering an energy-efficient pathway to en-
gineer coherent magnonic hybrid states.

3.5.1. Theory of PIM-WM coupling

Walker modes (WMs) are quantized magnetostatic spin-
wave resonances in a ferromagnetic sphere, under spherical
boundary conditions. They appear as standing spin-wave pat-
terns in YIG spheres,!”’! interacting with the PIM through
magnetic dipole—dipole coupling between their collective spin
precessions. When the pump power exceeds the probe power,
both modes oscillate at the pump frequency. This allows us to
model their interaction using a coupled-mode Hamiltonian

A/h = @nd'a+ d@ab'b+g(a'b+ab")
+ (Qda*e*i“’df+.QgBTe*iwdf+H.c.). ®)

In this equation, the complex mode frequencies @y, = Wy —
i(a+7v)and @g = ®q —i& are defined, where @y, is the WM
frequency and @y is the pump frequency. The parameters y
and o represent the external and intrinsic damping rates of the
WM, respectively, while € is the total damping of the PIM. g
is the coupling strength between the PIM and the WM. Q4 and
Q| correspond to the effective intensities of the pump field felt
by the WM and PIM, respectively.

By applying the Heisenberg equation of motion to the
system Hamiltonian and incorporating the input—output rela-
tion, the transmission spectrum of the system can be derived
as follows:

Y
i(0—on)— (7+0)+ 155

0—0g)—E

Sor~1+ 9

By further analyzing the dynamical equations, the effective
coupling strength can be derived as

&= /&AL~ (E — qA)?A2 — (E —gAd)(y+ @), (10)

where go and g are two constants, Ay is the drive amplitude,
and A is the detuning between the two modes.

The transmission spectrum formula exhibits clear level
repulsion behavior, manifesting as an avoided crossing when
the pump frequency approaches the WM frequency oy,. This
spectral feature predicts the coherent coupling between the
WM and the PIM. Equation (10) indicates that the PIM-WM
coupling strength can be tuned by both pump power and fre-
quency, in contrast to the coupling between cavity photons and
magnons that remains unaffected by variations in microwave
power.
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Fig. 3. (a) Schematic diagram of the experimental setup, in which a
YIG sphere is placed on a CPW. The probe and pump detect and excite
magnon modes in the YIG sphere. (b) The measured transmission mag-
nitudes (|S21]) of the Walker mode (2,2,0) upon turning the pump off
and on. (c) Transmission spectra of coupled PIM and WM at different
pump frequencies. (d) Coupling strength g is extracted from (c), with
the red line indicating theoretical calculation. (e) Pump-induced split-
ting under different pump powers. (f) Coupling strength g is a function
of the pump power. Reproduced with permission from Ref. [57].

3.5.2. Experimental features of PIM-WM coupling

To verify the PIM-WM coupling, an experiment is de-
signed in an open electromagnetic environment using a copla-
nar waveguide (CPW), as illustrated in Fig. 3(a). The key
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point lies in the absence of discrete cavity photon modes in
the CPW, where magnon—photon avoided crossings are not
expected to occur. When the pump field is introduced, mode
splitting emerges around the WM frequency (Fig. 3(b)). This
contrasts sharply with all previous pump-induced phenomena
in hybrid magnonic systems. When we continuously scan the
pump frequency while keeping the magnetic field fixed, the
linear dispersion of the WM splits into two hybridized reso-
nant modes, producing an anticrossing (Fig. 3(c)). The cou-
pling strength g exhibits an “arch-shaped” dependence on the
pump frequency (Fig. 3(d)), unveiling a novel degree of free-
dom for in-situ tunability.

Furthermore, the coupling strength can be tuned by vary-
ing the pump power Py according to the relation g o< Pd1 /4
(Fig. 3(f)). This significantly differs from conventional cav-
ity magnon—polariton systems, where the coupling strength is
independent of drive power. This relation is well captured by
Eq. (9). Notably, careful analysis of the transmission spectra
under different pump powers reveals that mode splitting is al-
ready present at a low power of —20 dBm, indicating a low
activation threshold for PIM generation (Fig. 3(e)). This en-
ables the construction of strong coupling magnonic systems
under low-power conditions.

3.5.3. Hybridization of the PIM and CMP

To extend the controllability of CMPs, the PIM mode is
introduced into the cavity system. Due to its dynamic nature,
the PIM can be continuously tuned via microwave pumping
and strongly couples to normal magnon modes in YIG, en-
abling hybridization of the CMP and PIM (see Fig. 4(a)).[*’]
In the experiment, both the pump and probe signals are in-
jected into a CPW-based microwave cavity, forming a three-
mode system involving the cavity photon, the WM, and the
PIM. The system is described by the following Hamiltonian:

H/h = @nad'a+ @gh'b+ @.é'¢
+g(a'b+ab")+J(e"h+bTe)
+ iﬁAde*i“’d’euH.c.}. (11)

When the pump frequency matches the cavity mode fre-
quency, coherent coupling between the PIM and CMP leads
to clear anticrossing in the transmission spectrum, as observed
in Fig. 4(b). This confirms the formation of a hybrid PIM-
CMP system. Moreover, Fig. 4(c) reveals that the coupling
strength g can be continuously tuned by both pump power and
frequency — g follows a Pd1 /4 dependence and peaks when the
pump frequency approaches the cavity resonance. These two
independent parameters provide a route for high-dimensional
control of hybrid cavity magnonic systems.

3.5.4. The advantages of the PIM

Based on the above discussion, we identify the following
advantages of the PIM.

(1) Breaking boundary condition constraints Unlike

s,[”71 which strongly depend on the

conventional magnon mode:
sample’s boundary conditions, PIMs emerge from equilibrium
pump-driven excitations. This allows them to exist beyond
traditional eigenmode constraints.

(2) Achieving a narrower linewidth PIMs exhibit a
linewidth as narrow as 0.55 MHz, 57 lower than that of Walker
modes. This implies that the PIM has a lower dissipation rate.

(3) Enabling power-tunable coupling Unlike cavity
magnon—photon coupling, the PIM coupling strength can be
tuned by adjusting the microwave pump power.

(4) Facilitating nonlinearity at low power PIMs offer
distinct advantages for meeting the nonlinear requirements of
magnonic systems. Their lower magnetic moment and damp-
ing rate enable large-angle precession under low pump powers,
making them ideal for tunable, low-power MFC generation.
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Fig. 4. (a) Schematic diagram of PIM—CMP hybridization. (b) Transmission
spectra measured under different magnetic fields when the pump is turned on
and the power is set to 10 dBm. The black dashed lines represent the theo-
retically calculated eigenfrequencies. (c) Coupling strength as a function of
pump power and frequency. This figure is adapted from Ref. [49].

4. MFCs and their nonlinearity

Among various magnon-coupled systems, pump-induced
nonlinear effects have emerged as a rapidly advancing fron-
tier in both theoretical and experimental studies. A prominent
example is the generation of MFCs, which illustrates how dy-
namic pump control can effectively modulate magnon interac-
tions in the nonlinear regime. MFCs constitute a distinct class
of frequency conversion phenomena arising from nonlinear
magnon dynamics. These combs hold significant promise for
diverse applications, from frequency conversion®?! to high-
precision sensing,[®] and may enable ultrafast signal pro-
cessing in the terahertz (THz) regime.!”®! Here, we system-
atically examine the underlying mechanisms responsible for
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MEFC generation and analyze the key factors governing their
tunability, nonreciprocity, bandwidth expansion, and temporal
evolution.

4.1. Magnon-topological magnetic defects

MFCs can arise from nonlinear interactions between
propagating spin waves and localized topological magnetic
textures, such as skyrmions,!”! bimerons,!®°! domain walls
(DWs),1811 and magnetic vortices,!3?! as illustrated in Fig. 5.
Among these, skyrmions have attracted particular attention
due to their rich internal dynamics and huge potential for use
in information storage. The timeline of MFCs generated by
the nonlinear interactions between magnons and skyrmions
is summarized in Fig. 6. Peng Yan er al.'®¥ first proposed
the generation of MFCs via a nonlinear three-magnon pro-
cess involving the breathing mode of skyrmions. A strong
microwave-driven MFC appears when the microwave field
amplitude exceeds a threshold, with comb spacing determined
by the frequency of the skyrmion breathing mode. Applying
external strain to the magnetic material can tune the generation
of MFCs. [84]

Given the strong exchange interaction in antiferromag-
netic materials, MFCs in these systems naturally extend into
the terahertz domain.® Electromagnetic pumping in such
systems typically requires higher threshold amplitudes and ex-
hibits distinct frequency-dependent coupling behavior com-
pared to that of their ferromagnetic counterparts.!’®! In syn-
thetic ferrimagnets, the comb spacing becomes tunable by ad-
justing material composition and temperature.*! Moreover,
directional and asymmetric MFC generation can be realized
through two-tone microwave excitation. In this case, non-
linear mixing within skyrmion walls and whispering-gallery

we amplitude

modes enables unidirectional comb emission. Such effects are
observed in waveguide—skyrmion structures.®”! In skyrmion
crystal systems, collective breathing modes excited by a
single-frequency microwave field can couple with nodal gy-
ration modes, forming low-lying MFCs through three-wave

[88

mixing. 8] Bimerons, the in-plane counterparts of skyrmions,

also support MFC generation. In antiferromagnetic bimeron
systems, the visibility and spectral profile of MFCs are highly
anisotropic, depending on both the driving frequency and the

propagation direction of the incident magnons. (8!

Optical
photon
Magnon

Quasi-particle

Fig. 5. Coupled magnonic systems involved in MFC generation. In the
inner ring, magnons interact with various quasi-particle systems, including
phonons, optical photons, microwave photons, and other magnons, as well
as with PIMs. These interactions correspond to distinct coupling pathways
for realizing MFCs, such as nonreciprocal and plateau MFCs. In the outer
ring, magnons couple with topological magnetic textures, including DWs,
skyrmions, and magnetic vortices, providing alternative platforms for MFC
generation.
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Fig. 6. Timeline of MFCs generated via nonlinear interactions between magnons and skyrmions. Reproduced with permission from Refs. [78,80,83,84,86—88].

4.2. Magnon—-quasiparticles

Besides the aforementioned topological magnetic defects,
MECs can also be produced via nonlinear interactions be-
tween magnons and other quasiparticles (see Fig. 5), such

as phonons, optical photons, microwave photons, and other

magnons. The corresponding nonlinear mechanisms include

magnetostrictive effects,[08:89:90] Kerr nonlinearity,m] Bril-

[92

louin scattering,®?! and four-magnon scattering.!5>! Notably,

spin-wave frequency combs generated via nonlinear four-

magnon interactions in microstructured waveguides marked

(55

the first experimental realization of MFCs.!5! Researchers
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have proposed the concept of nonreciprocal MFCs in cavity
magnonic systems by leveraging photon—-magnon coupling,
specifically exploiting an asymmetrical nonlinear response in
two different directions.®!]

4.2.1. Nonlinear magnetostrictive effect between

magnons and phonons

As another class of quasiparticles, phonons can couple
with magnons to generate MFCs, as shown in Fig. 5. Mi-
crowave pumping modulates the nonlinear interaction between
magnons and phonons in magnomechanical systems, lead-
ing to the formation of MFCs. The progress of these MFCs
arising from the nonlinear magnetostrictive effect between
magnons and phonons is summarized in Fig. 7. A single-
tone drive can induce magnetostrictive four-wave mixing un-
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der high-power conditions.®° Subsequent experiments!®®! re-
vealed that strong pumping leads to heating, which shifts both
the magnon and phonon resonant frequencies. Stabilization
techniques, such as injection locking, have been used to main-
tain comb coherence under these conditions. By contrast, a
(%01 reduces the threshold by generat-

ing beat-frequency modulation that enhances magnon—phonon

two-tone drive scheme

coupling. Further development!®3! introduced dissipative cou-
pling in open cavities, enabling ultra broadband MFCs with
hundreds of comb lines. These results demonstrate that pump
parameters — frequency, amplitude, and spectral composition
— directly affect the comb bandwidth, spacing, and stability
by shaping the nonlinear response of the hybrid system. MFCs
in magnomechanics are evolving toward low-power operation
and multimode hybrid control.
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Fig. 7. Progress of MFCs based on nonlinear magnetostriction, from theoretical proposals to low-power, ultra-wideband, and tunable imple-

mentations. Reproduced with permission from Refs. [68,89,90,93].

4.2.2. Nonlinear coupling between the PIM and the
WM

Among various quasiparticle excitations, the PIM also ex-
emplifies a nonlinear route to the generation of MFCs, as illus-
trated in Fig. 5.

Conventional MFC generation relies on intrinsic ma-
terial nonlinearity, which is often weak and requires high
power densities or cavity enhancement to exceed the nonlinear
threshold.!”"!

A promising alternative approach to generating frequency
combs exploits the nonlinear dynamics of the PIM—WM hy-
brid system. This nonlinearity originates from the periodic
modulation of the coupling strength between the two modes.
This modulation is driven by probe-induced perturbations to
the pump field. The PIM—WM hybrid system can be described

by a non-Hermitian Hamiltonian. Exceptional points (EPs),
defined as the coalescence of both eigenvalues and eigenvec-
tors in non-Hermitian systems, [°*?! inherently exhibit strong
sensitivity to perturbations.”") When the system is tuned to an
EP via polarization control of the pump, these perturbations
are greatly amplified. As a result, the nonlinear response is
significantly enhanced, enabling efficient MFC generation at
low power.

Besides enhancing nonlinearity at low power, the combi-
nation of EPs and PIMs enables an open, cavity-free architec-
ture suitable for on-chip integration, while inherently avoid-
ing charge noise and Joule heating. More importantly, it al-
lows direct in situ tuning of the coupling strength via pump
parameters, without relying on material nonlinearity or struc-
tural reconfiguration, thereby supporting efficient engineering
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of frequency combs.

Based on the original PIM system, we introduce the driv-
ing term induced by the weak probe field to account for the
oscillations in coupling strength. The Hamiltonian of this cou-
pled PIM—WM system is given by

A/h = @nad'a+ d@ab'b+g(a'b+ab")
+ (defe*i‘%’ L Olbteiont +H.C.)
T (Qda*e—i“’df+9313"'e—i“’d’+H.C.>. (12)

In this system, EPs occur at the critical condition g = d_/2,
with 6_ = a + v — & representing the damping difference be-
tween the PIM and WM modes. At EPs, the two eigenfrequen-
cies coalesce:

2
Ai:—i&”i\/(AH—i(s_) + g%, (13)

where 6, = o+ ¥+ &. The presence of EPs enhances the

system’s sensitivity to perturbations, leading to an increase
in nonlinear coupling. Under a two-tone drive, as illustrated
in Fig. 8(b), the PIM-KM coupling becomes time-dependent,
causing a periodic modulation of the coupling strength

8(0) = g0y/|B2 -+ |8b[2 +2|B||8b] cos (s — 97),  (14)

where B represents the steady-state oscillation amplitude of
the PIM, and 65 is the fluctuation induced by the probe. The
oscillatory nature of g(¢) leads to frequency conversion and
results in MFC generation.
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Fig. 8. (a) Schematic diagram of the experimental setup used to generate
MFCs by driving a magnetic sphere. (b) Schematic diagram showing the
use of EPs to enhance MFCs. The fluctuations of the PIM caused by the
slight perturbation of the weak probe modify the conventional constant cou-
pling strength g into periodic oscillations, resulting in nonlinear PIM—KM
coupling. (c) Top: transmission spectra measured at different pump polar-
izations with the magnetic field detuning set to zero. Bottom: extracted g
values from the above figure; the black solid line represents the half damp-
ing difference. (d) Top: evolution of the two eigenfrequencies with pump
polarization. Bottom: radiation spectra under different pump polarizations;
the MFC is significantly enhanced near EPs. Reproduced with permission
from Ref. [70].

The EP-assisted amplification method has been experi-
mentally verified. A cross-CPW was constructed to adjust the
polarization of the pump field at the center of the cross by
changing the phase difference (¢) between the two orthogo-
nal arms using a phase shifter [Fig. 8(a)].!”%! Figure 8(b) re-
veals the generation mechanism of MFCs and their enhance-
ment near EPs. In the absence of probe perturbation, the PIM—
WM coupling strength g is constant (red solid line), depending
solely on the pump polarization. The probe introduces a pe-
riodic perturbation dg(t), causing g to oscillate over time and
form a nonlinear coupling. As the system approaches the EPs,
the slope of g significantly increases, amplifying the perturba-
tion and resulting in an increase in comb teeth.

Following Eq. (14), we can approach the EP by modulat-
ing g via tuning the phase difference between two input mi-
crowave pumps (¢). Figure 8(c) shows the measured trans-
mission spectra at different ¢. As the pump field is tuned from
right to left circular polarization by adjusting ¢, the two reso-
nance dips gradually coalesce. The EPs of the coupled system
are denoted by stars. Figure 8(d) shows the radiation spectra
measured at different polarizations. During the measurement,
the frequency of the WM is fixed at the pump frequency, and
the probe frequency is set at @, /27 = 3.0001 GHz, 0.1 MHz
higher than the pump frequency. As the polarization of the
pump field is tuned by ¢, the number of comb teeth near
the two EPs dramatically increases from a few to more than
32. This work bridges non-Hermitian physics and MFCs in
a cavity-free platform and may find applications in coherent
information conversion and sensitive detection.

5. Pump-tunable magnonic devices
5.1. Microwave pumping

To date, plenty of cavity magnonic devices have been
realized by exploiting the tunability provided by microwave
pumping, as summarized in Table 1. In Table 1(a), a ternary
logic gate device is realized in a multistable cavity magnonic
system.[%) By driving the YIG sphere with variable pump
powers, three stable frequency-shifted CMP states emerge
from the Kerr nonlinearity, corresponding to logic outputs “0”,
“1”, and “2”.
power via a phase-engineered combination, and the resulting

The inputs A and B control the total drive

tristable response enables a compact and power-controllable
ternary OR gate. This pump-controlled multistability of-
fers a scalable route toward multivalued logic operations in
magnonic computing architectures. In Table 1(b), a cavity
magnonic on-demand storage device is demonstrated using
Floquet engineering.[®®! Two YIG spheres, driven by indepen-
dently tunable phase-controlled microwave pumps, form col-

[23

lective bright and dark modes.!?*! By modulating the ampli-

tude and phase of the pump fields, the central magnon mode
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can be dynamically decoupled from or re-coupled to the cav-  grammable and low-loss approach to magnonic memory, high-
ity, effectively achieving reversible isolation and retrieval of  lighting the role of pump phase and amplitude as dynamic con-
the signal. This pump-enabled Floquet control provides a pro-  trol knobs for hybrid mode formation in cavity magnonics.

Table. 1. Pump-tunable magnonic devices. (a) A tristable cavity system realizes a ternary logic gate. (b) A Floquet-engineered platform
stores and retrieves magnon modes on demand. (c) A pump-tunable isolator achieves dynamic nonreciprocity via PIM-BIC hybridization.
(d) Nonreciprocal MFC via PIM in a dissipative cavity. (e) Longitudinal spin magnetometer based on phase-modulated CMP and sideband-
resolved magnetic field detection. Reproduced with permission from Refs. [69,96-99].
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LSM electronics

The pump-tunable isolator (see Table (1(c)) demonstrates  ulated through microwave pump parameters (frequency and
dynamic electromagnetic control of nonreciprocal microwave  power), enabling dynamic reconfiguration of nonreciprocal
transmission through dissipative coupling between a PIM and  spectral characteristics without modifying the physical struc-
a bound state in the continuum (BIC).!”’! The resonant fre- ture of the cavity magnonic system. Experimental results show
quency and spin number of the PIM can be precisely reg-  that direct manipulation of pump parameters achieves con-
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trollable nonreciprocal bandwidth (16 MHz) and signal iso-
lation (40 dB), overcoming the inherent limitations of con-
ventional cavity magnonic devices that rely on static magnetic
field tuning. This approach enables programmable nonrecip-
rocal mode reconfiguration via microwave pumping control,
offering a versatile platform for fast microwave switches, dy-
namically tunable isolation, and quantum information process-
ing.

Moreover, using this pump-tunable nonreciprocal mi-
crowave transmission, a nonreciprocal MFC is realized in a
dissipative cavity magnonic device, as shown in Table 1(d). %3]
This study experimentally demonstrates nonreciprocal MFC
transmission and control in an on-chip dissipative cavity—
magnon system by integrating the PIM in a YIG sphere with
the asymmetric dissipation of a BIC. Leveraging the strong
nonlinearity of PIM under microwave pumping, we achieved
unidirectional selectivity with a 14-tooth difference between
forward and reverse transmissions through the nonreciprocal
absorption at the BICs. This work establishes a paradigm for
combining nonlinear magnonics with non-Hermitian cavity—
magnon systems, demonstrating potential applications in high-
precision frequency metrology, unidirectional signal process-
ing, and multichannel magnon diode design.

In the longitudinal spin magnetometer (LSM) configu-
ration, the pump signal can enhance sensitivity and enable
precise detection of oscillating magnetic fields parallel to a
static bias field Bo,!”"! as illustrated in Table 1(e). By strongly
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coupling a YIG sphere to a microwave cavity, the CMP is
formed, whose resonance frequency becomes highly sensi-
tive to changes in By. When a microwave pump is applied
at this hybrid resonance ®,, a weak oscillating magnetic field
by sin(w;t) modulates the CMP frequency, imparting a phase
modulation onto the pump. This phase modulation gives rise
to spectral sidebands at @, &= @, directly encoding the mag-
netic field information. Through cavity design and frequency
engineering, the LSM achieves spectral isolation between the
pump signal and the sideband, preventing pump noise from
affecting the sideband signal. This enables the use of high
pump power to enhance the signal without introducing addi-
tional noise. This decoupling of signal and noise channels is a
key innovation of the LSM, enabling highly sensitive detection
of oscillating magnetic fields.

In summary, by leveraging the tunable dynamics of
magnons driven by pumps, a diverse range of device function-
alities — computation, isolation, memory, radiation, switch-
ing, and sensitive magnetic field detection — has been
achieved. These results highlight the potential of pump-
controlled coupled magnonic systems as a versatile platform
for programmable and nonreciprocal information processing.

5.2. Electric pumping

In practical device-level applications, electrical excita-
tion is currently preferred over direct pumping with photons.
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Fig. 9. (a) Left: schematic of the gain-driven polariton. Middle: schematic of the experimental setup for the gain-driven polariton. Right: the power
spectral density of the emitted photons measured at ®/27 = 3.600 GHz.['91 (b) Top: schematic of the long-range coupling experimental setup. Bottom:
bistability of the frequency of the synchronization mode, measured at a transmission coefficient of one, in both coherent and dissipative cases.['! (c) Left:
schematic of the experimental setup for nonreciprocal microwave amplification. Right: measured transmission spectra for the forward and backward directions
at @/2m = 3.003 GHz.11%%! (d) Left: microscope image of a quarter-wave resonator. Right: the linewidth of magnon and photon modes as functions of the
magnetic field, showing current-induced linewidth modulation.!'%3! (¢) Top: schematic of a skyrmion shift memory device. Bottom: experimental process for

controlling the movement of individual magnetic skyrmions using current pulse:

s.[194 Reproduced with permission from Refs. [100-104].
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This preference is due to the superior controllability of elec-
tronic devices, which enables on-demand tuning of system
frequency, dissipation, amplitude, and nonlinearity. The high
customization capability of modern electronic circuits allows
polariton devices to be easily integrated into optoelectronic
systems and on-chip architectures, thus facilitating the devel-
opment of magnon—polariton devices.

In strongly coupled magnonic devices, energy loss is in-
evitable during operation. By integrating an amplifier into the
microwave cavity to form an active cavity—polariton system,
energy can be continuously replenished via electrical pump-
ing to compensate for losses in the strongly coupled system
(Fig. 9(a)).1'%1 This manifests itself as narrowed linewidth
and enhanced amplitude. This approach offers two main ben-
efits: (1) it achieves phase synchronization and bright mode
selection between photons and magnons. Leveraging the gain
to maintain polariton coherence realizes coherent microwave
amplification based on polaritons (approximately 40 dB) and
high-quality coherent microwave emission (with a Q value
exceeding 10%). (2) Further coupling of the active cavity
with magnon modes via long coaxial cables, combined with
the control of traveling waves using phase shifters, enables
strong coupling between magnons and photons over meter-
scale distances. The coherent coupling distance is approxi-
mately 20 m, while the dissipative coupling distance is about
7.6 m (Fig. 9(b)).[101]

Integrating split resonant rings, amplifiers, and ferro-
magnetic materials on chip enables nonreciprocal microwave
amplification, with 11.5 dB signal amplification in the for-
ward direction and 34.7 dB attenuation in the reverse direc-
tion, achieving an isolation ratio of 46.2 dB (Fig. 9(c)).['%?]
By leveraging the spin Hall effect for electrical control
(Fig. 9(d)),['%3! dynamic tuning of system dissipation rates
and coupling cooperativity is realized. This research holds
promise for integrating tunability, on-chip compatibility, and
scalability, addressing challenges in practical applications of
magnon-based hybrid systems.

A skyrmion shift device operating at room temperature
has been realized by manipulating individual skyrmions via
current-induced spin—orbit torques (Fig. 9(e)).['%* With low
energy dissipation and high data transport efficiency, it offers
a scalable approach for future memory storage technologies,
potentially bridging the gap between spintronics and conven-
tional data storage solutions.

6. Conclusions

Pump-based control of coupled states in magnonics is
a rapidly developing field, with many puzzles waiting to be
solved. The coexistence of nonequilibrium dynamics and
nonlinear mechanisms in such systems enables rich physi-
cal phenomena that transcend conventional paradigms. Tradi-
tional electromagnetic/spin-wave boundary confinement con-
ditions lose their dominant role in governing coupled systems

when pumping is possible. For example, the introduction of
PIM brings new opportunities for the control of magnon Rabi
splitting, enabling the coupling to be continuously adjusted
through the waveform, amplitude, and frequency of the pump,
instead of being confined to discrete modes determined by mi-
crowave structures or spin sample sizes. Such increased con-
trol flexibility also advances the development of nonlinear ef-
fects in magnonics. For example, pumped magnons can better
serve the exploration of magnon frequency combs, multista-
bility, or chaotic!195:106] physics.

Thanks to the rapid evolution and powerful capabilities of
pumping techniques, electromagnetic wave pumping can in-
troduce time-domain control, along with the closely related
Floquet engineering and time-varying materials. These ad-
vances may give rise to novel concepts and behaviors not
found in existing coupled magnonics systems. Meanwhile,
electrical pumping, with its precise matching of gain and
loss to the zero-dissipation condition, can induce interesting
phenomena such as magnon—photon synchronization, high-
coherence radiation, and long-range (meter-scale) strong cou-
pling. Moreover, the study of these physical principles is not
limited to the specific realm of magnons as a carrier. Instead,
it holds promise for applications in many cutting-edge and in-
terdisciplinary fields of modern physics. Given the excellent
ability of magnons to form hybrid states with high coherence,
we anticipate that control methods based on pumping coupled
magnons can make further contributions to various fields.

The development of quantum information processing
brings both opportunities and challenges for pump-controlled
magnonics. To realize its merits in practical quantum sys-
tems, it is essential to suppress power consumption and ther-
mal effects while enhancing scalability. Regarding power con-
sumption, the generation of PIMs and their strong coupling
behaviors requires milliWatt-level (nT level) 481y microwave

r.57] Concerning thermal effects, the heat generated by

powe
the PIM-based isolator is roughly estimated to be less than
1.34 mW, comparable to the heat dissipated by the active de-
vices used in dilution refrigerators.'®’! Moreover,with meter-
scale strong photon—magnon coupling realized in electrically
pumped devices, traveling-wave control can be used to facili-
tate the construction of large-scale quantum networks.!'!1 To
meet the demands of quantum applications, it is necessary to
develop field control techniques with higher sensitivity and to
lower the nonlinear threshold of the pumping process in or-
der to reduce energy consumption. Coupling with supercon-
ducting circuits may help lower conductive loss and improve
thermal management. It is also important to explore strate-
gies for suppressing decoherence under pumped excitation to
better support device scalability. Current research has shown
positive results for pump-controlled magnons. Further resolv-
ing technical challenges will better reveal their advantages for
advanced information processing and related quantum control.
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Appendix A: Summary of pump-induced coupled magnonic states

Table Al. Summary of pump-induced continuously tunable coupled magnonic states.

Section Continuously tunable feature Hybrid systems Underlying mechanism

3.1 Dual-frequency splitting that evolves with Qubit—-magnon Parametric microwave driving of the qubit
drive power (double dressing)

3.2 Gradual suppression and collapse of avoided Magnon—cavity photon Suhl instability via three-magnon scattering
crossing

33 Drive-dependent mode splitting (ATS), tran- Magnon—cavity photon Floquet modulation with periodic driving of
sition to Floquet ultrastrong coupling magnon frequency

34 Bistable transmission and hysteresis loops Magnon—cavity photon Kerr nonlinearity induced by magnetocrys-
controlled by pump power and detuning talline anisotropy

3.5 Level repulsion and frequency comb enabled PIM-WM Phenomenologically understood as the cou-

at low pump powers

pling between conventional magnons and
pump-induced magnons

Appendix B: List of abbreviations

Table B1. List of abbreviations and their full names used in the manuscript.

Hybrid quasiparticles formed by magnon—microwave cavity photon coupling.

Spin-wave eigenmodes in a YIG sphere, obtained as analytical solutions of the
coupled Maxwell and Landau-Lifshitz equations under spherical boundary con-

A spin-wave excitation induced by a microwave pump, phenomenologically un-
derstood as originating from the collective precession of unsaturated spins in a

A non-Hermitian spectral degeneracy where two or more eigenvalues coalesce.

A coherent-field-induced splitting of energy levels into doublets, with a split-
ting magnitude proportional to the drive strength and independent of quantum

A dynamic coupling regime where Floquet-induced splitting approaches or ex-
ceeds the energy level spacing, breaking the rotating-wave approximation and

involving counter-rotating interactions.

Abbreviation Full name Definition
CMP Cavity magnon polaritons
WM Walker modes

ditions.
PIM Pump-induced magnon mode

YIG sphere.
EP Exceptional point
ATS Autler—Townes splitting

interference.
FUSC Floquet ultrastrong coupling
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