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Deeply nonlinear magnon-photon hybrid excitation
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We investigate the microwave-power dependence of magnon-photon coupling in a yttrium iron garnet-
sphere/split-ring resonator hybrid system at room temperature and demonstrate that nonlinear spin-wave
interactions suppress the coupling through power-induced dissipation of magnetostatic modes. At low microwave
power, the modes exhibit pronounced level repulsion, evidencing strong coupling to the microwave field. As the
power increases, however, magnon-linewidth broadening progressively weakens the coupling and ultimately
suppresses it entirely below a threshold external magnetic field. We show that this behavior originates from
Suhl’s first-order instability: Magnetostatic modes, which couple to the resonator, parametrically excite two
counterpropagating magnons at half their frequency, causing modes below the threshold external magnetic field
to vanish. In contrast, magnon modes above the threshold field remain robust even at high power, as the instability
criterion is not satisfied in that regime. These results reveal a well-defined nonlinear boundary for magnon-photon
coupled systems and highlight a favorable regime for exploiting nonlinear magnonics for frequency conversion,
switching, and other functional magnonic devices.

DOI: 10.1103/h1pp-by3q

Introduction. Nonlinear interactions between magnons and
other physical platforms—including phonons [1], photons [2],
spin textures [3], and other magnons [4]—enable the forma-
tion and control of novel magnonic states for information
storage, manipulation, and processing [5]. Through these in-
teractions, magnon states can be stabilized, giving rise to
exotic phases such as magnon Bose-Einstein condensation
[6–8] and spin superfluidity [9,10], which support long-range
magnon-current transport.

Spin waves are inherently nonlinear, as described by the
Landau-Lifshitz-Gilbert (LLG) equation [11]. This intrinsic
nonlinearity makes them a compelling platform for emerging
technologies such as neuromorphic computing [12] and fre-
quency conversion via parametric pumping [13]. Furthermore,
nonlinear spin-wave coupling facilitates higher-harmonic gen-
eration [4,14] and efficient parametric pumping [15]. A
variety of instability mechanisms can also drive magnon pop-
ulations to high levels, further enriching the dynamic behavior
of nonlinear spin-wave systems [16–19].

Magnonic nonlinearity arises from the intrinsic nonlin-
earity of the LLG equation, which gives rise to three-
and four-magnon scattering processes [20–22], collectively
known as Suhl instabilities [23], which have also been
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studied in spherical geometries [24,25]. Three magnon split-
ting or confluence processes—first-order Suhl instabilities—
are important in frequency down-conversion and up-
conversion, making them essential for applications in
magnon-based signal processing and quantum information
technologies [26,27]. This process can also be harnessed to
control magnon-microwave photon coupling [2,28].

Hybrid quantum systems leverage the complementary
strengths of different physical platforms to overcome individ-
ual limitations and enable advanced functionalities. Among
them, magnon polaritons—quasiparticles formed through the
coupling of magnons with microwave photons [29–31]—are
particularly significant due to their potential applications in
coherent information processing [32,33] and the broader field
of quantum magnonics [5,34,35], including quantum trans-
duction [36], quantum sensors [37], and quantum memories
[38]. For efficient energy exchange between the subsystems
of a magnonic hybrid system, strong coupling and high coop-
erativity are essential [39]. Additionally, achieving controlled
coupling is crucial for the development of on-chip hybrid
magnonic devices [40].

Magnon polaritons have been widely investigated in the
linear-response regime under weak microwave excitation,
particularly in the strong- and ultrastrong-coupling regimes
[33,41]. While suppression of the coupling strength due to
nonlinear spin-wave interactions has been observed in yttrium
iron garnet (YIG) film/split-ring resonator (SRR) systems
at elevated microwave powers [2], the behavior of magnon
polaritons under a deeply nonlinear drive in other experi-
mental configurations and geometries, including spheres, has
remained largely unexplored.

Here, we demonstrate that deeply nonlinear spin-
wave interactions suppress magnon-photon coupling in a
YIG-sphere/SRR system through nonlinear dissipation of
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magnetostatic modes above a threshold microwave power and
below a threshold magnetic field. At low power, the modes
are coupled to microwave photons, but as the drive power in-
creases, magnon-linewidth broadening progressively weakens
the coupling until it eventually disappears. Once the threshold
microwave is exceeded, the modes undergo Suhl’s first-order
instability, causing magnon modes below the threshold mag-
netic field to completely vanish—only the resonator mode
remains detectable. In contrast, modes above the threshold
magnetic field remain intact even at high microwave powers,
as the criteria for instability are not satisfied in that regime.

Background. The threshold microwave field for three-
magnon scattering is [13,42]

hthr = min

⎡
⎢⎣

2ωrkωp

√
ω2

r0 + (ωp − ω0)2

γωM sin 2θk (ωp/2 + ωH + λexk2)

⎤
⎥⎦, (1)

where ωr0 is the damping rate of the resonantly excited mag-
netostatic modes (MSM) and ωrk is the damping rate of the
spin-wave mode with wave vector k, ωp is the pumping fre-
quency, and ω0 is the frequency of the MSM. The parameter
λex represents the exchange stiffness constant. Additionally,
ωM = −γμ0Ms and ωH = −γμ0Hext where Hext is the ap-
plied field and Ms is the saturation magnetization, γ is the
gyromagnetic ratio, and θk is the angle between wave vector
k and the externally applied field Hext. hthr is minimum when
ωp = ω0 and when θk = 45◦.

The instability occurs only if [13]

ωp < 2ωMNz ≡ ωcr, (2)

where Nz is the demagnetizing factor in the z direction. For
a spherical sample, Nx = Ny = Nz = 1/3 and the critical fre-
quency ωcr = 2ωM/3, which corresponds to approximately
3.27 GHz for a YIG sphere with μ0Ms = 178 mT.

Furthermore, for the first-order Suhl instability to occur,
the frequency ωp/2 must lie above the lower boundary of
the spin-wave spectrum. In the case of an ellipsoidal sample,
this requirement is met when the external magnetic field Hext

satisfies the relation [13,25]

Hext <
ωp

2γ
+ NzMs. (3)

Although spin-wave modes are often illustrated using a
continuous spin-wave dispersion relation, it is important to
note that in a spherical geometry, the spin-wave modes are
inherently discrete. Each of these MSMs is characterized by
a specific set of mode indices (n, m), and its frequency is
obtained from a characteristic equation in terms of associated
Legendre function Pm

n ; here, n and m are the spherical polar
and azimuthal indices, respectively. (1, 1) corresponds to the
special case of the uniform precession, or Kittel mode.

In contrast to the plane-wave in thin films, where a k ≈ 0
magnon decays into ±k modes, in spherical geometries the
modes generated via the three-magnon process are character-
ized by the same effective wave vector |keff | = nπ/d , where d
is the sphere diameter. The two resulting modes are degenerate
in n and in the polar angle θr , but have opposite azimuthal
angular momentum indices m and −m, where |m| ≈ 2nθr/π ,
forming a standing-wave pattern that can be decomposed into
clockwise and counterclockwise components [24].

Experiment. The magnonic hybrid system comprises a
SRR loaded with an epitaxial YIG sphere [see Fig. 1(a)]. The
SRR was fabricated by etching one side of a Rogers RO3010
laminate with a dielectric constant of 10.20 ± 0.30 and copper
thickness of 17.5 µm coated on both sides of the substrate. The
SRR with a quality factor of ∼70 was designed to exhibit a
resonance frequency of ∼2.5 GHz. This design supports both
three-magnon splitting and confluence [Figs. 1(b) and 1(c)],
and ensures that the minimum of the spin-wave dispersion
curve lies below half the SRR resonance frequency at the
target external magnetic field (e.g., 87 mT), satisfying the
threshold condition given in Eq. (2).

The spin-wave dispersions of a YIG sphere at external
fields of Hext = 87 and 130 mT, respectively, for spin waves
propagating at angles θk ranging from 0 (black solid line) to
π/2 (blue solid line) are shown in Figs. 1(d) and 1(e). Inter-
estingly, at lower magnetic fields (e.g., 87 mT), the uniform
magnon mode frequency ω0 lies outside the spin-wave dis-
persion manifold, with ω0/2 positioned above the minimum
frequency of the dispersion. In contrast, at higher magnetic
fields (e.g., 130 mT), ω0 falls within the dispersion manifold,
and ω0/2 lies below its minimum [13].

A commercially available single-crystal YIG sphere of di-
ameter 0.75 mm was positioned at the center of the SRR to
ensure maximum interaction between the magnon and photon
modes. An external static magnetic field was applied perpen-
dicular to the SRR feedline. The experiments were performed
under sufficiently large static magnetic fields to ensure that the
YIG sphere remains in a single-domain state. A microwave
current, generated by a vector network analyzer (VNA), was
applied to one end of the SRR feedline and the resulting
transmission was measured at the opposite end by record-
ing the S21 transmission parameter. To explore the effect of
high microwave power on the magnon-photon coupling, the
microwave power was systematically varied from nominally
−20 to +13 dBm. At each power level, the transmission
spectra were recorded to capture the changes in the coupling
dynamics.

Results. Figures 1(f) and 1(g) present the measured trans-
mission spectra as a function of magnetic field and microwave
frequency at an input power of –20 dBm. The color scale
corresponds to the S21 transmission parameter. Avoided
crossings in the spectra reveal the coupling between YIG
sphere MSMs and the SRR mode. Alongside the dominant
avoided crossing, several weaker avoided crossings appear
due to a coupling of the resonator to higher-order MSMs.
These higher-order modes are excited as a result of the
nonuniform microwave magnetic field across the sample [43].
The spacing between the modes decreases at lower magnetic
fields and increases at higher fields.

In general, MSM resonant frequencies depend nonlinearly
on the external magnetic field, except for the mode families
with n − |m| = 0 and 1; accordingly, to identify the observed
magnon modes, we focus on the MSM families [44–47],

f

γ Ms
− Hext,mm

Ms
+ 1

3
= m

2m + 1
(n = m), (4)

f

γ Ms
− Hext,m(m+1)

Ms
+ 1

3
= m

2m + 3
(n = m + 1). (5)
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FIG. 1. (a) Experimental setup: The split-ring resonator (SRR) is positioned near the microwave feedline, with a YIG sphere placed in the
center of the SRR. Transmission spectra are recorded by a VNA as a function of magnetic field and frequency. Schematic illustrations of the
three-magnon (b) splitting and (c) confluence processes in which momentum and energy are conserved. YIG sphere spin-wave dispersions at
(d) 87 mT and (e) 130 mT, respectively, for propagation angles ranging from θk = 0 (black curve) to π/2 (blue curve). The shaded regions
represent intermediate angles. Cyan and magenta dashed lines serve as guides to the eye for the frequencies ω0 and ω0/2, respectively. Three
magnon splitting is possible at 87 mT, but not at 130 mT. (f) Measured transmission spectra showing the coupling between magnon and the
SRR modes at −20 dBm. Overlaid are calculated magnetostatic mode families in the sphere: (m, m) modes shown as solid lines and (m + 1, m)
modes as dotted lines. (g) Avoided level crossing corresponding to the (1, 1) mode, i.e., the Kittel mode, and the SRR mode and a fit to the
coupled harmonic oscillator model.

The MSMs are overlaid on the measured spectra in Fig. 1(f)
using Eqs. (4) and (5). The (m, m) modes are plotted as solid
lines, while the (m + 1, m) modes are shown as dotted lines.
The most prominent avoided crossing arises from the coupling
between the SRR mode and the (1, 1) uniform mode, high-
lighted by the red solid line. The (m, m) family is degenerate
with the (3m + 1, 3m) family; therefore, the (1, 1) uniform
mode is degenerate with the (4, 3) MSM.

The red dashed curve in Fig. 1(g) represents the fitted result
based on the coupled harmonic oscillator model [48], applied
to the avoided crossing associated with the (1, 1) uniform
mode. This fit accurately captures the characteristic avoided
level crossing in the transmission spectra near the resonance.
From the fit, a coupling strength g of 70 MHz is obtained,
which quantifies the interaction between the uniform preces-
sion mode of the YIG sphere and the SRR mode. Since g

exceeds both the resonator dissipation rate κp = 38 MHz and
the magnon dissipation rate κm = 6 MHz (corresponding to
a Gilbert damping of ≈0.001) (fittings not shown here), the
system exhibits a cooperativity C = g2/(κpκm) > 1, confirm-
ing that the system operates in the strong-coupling regime.

The comparative study of the transmission spectra at differ-
ent microwave power levels of −20, −5, 0, and +10 dBm are
presented in Figs. 2(a)–2(d). At a nominal power of −20 dBm
[identical results as in Figs. 1(f) and 1(g)], a distinct repulsion
gap (coupling strength of 70 MHz) is observed around 87 mT,
signifying coherent coupling between the YIG uniform mode
and the SRR mode, as discussed above. However, as the input
microwave power is increased to −5 dBm [Fig. 2(b)], the
linewidth of the magnon mode broadens noticeably and the
avoided crossing gap begins to narrow. These effects lead
to a gradual smearing of the spectral features, eventually

L200402-3



WAGLE, RAI, AND JUNGFLEISCH PHYSICAL REVIEW B 114, L200402 (2026)

FIG. 2. Experimentally observed microwave-power-dependent magnon-photon coupling. (a)–(d) Transmission spectra as a function of
magnetic field and microwave frequency at input microwave powers of −20, −5, 0, and +10 dBm, respectively. (e)–(h) Corresponding inverse
Fourier transforms of (a)–(d). (i)–(l) Rabi-like oscillations at 87 mT extracted from the time-domain data in (e)–(h), extracted along the dashed
lines.

forming a bridgelike structure that connects the upper and
lower branches of the avoided crossing. This feature becomes
more pronounced at 0 dBm [Fig. 2(c)], where the magnon
broadening increases significantly, and the gap closes. At
+10 dBm [Fig. 2(d)], the SRR mode flattens out, and the
magnon modes vanish below ∼105 mT, making the spectrum
resemble that of a stand-alone resonator in this field range.
Interestingly, a smaller avoided crossing at ∼114 mT remains
unaffected by the increase in microwave power, which will be
discussed later.

The corresponding inverse Fourier transforms of the spec-
tra presented in Figs. 2(a)–2(d) in the magnetic field range
of 80–95 mT are shown in Figs. 2(e)–2(h). At −20 dBm
[Fig. 2(e)], a pronounced buildup of magnon amplitude is
observed. The time-dependent variation of S21 at 87 mT,
taken along the dashed line in Fig. 2(e), is shown in Fig. 2(i).
Clear Rabi-like oscillations are evident, accompanied by an
overall exponential decay, indicating both coherent energy
exchange and dissipation in the system. As the microwave
power increases, the temporal evolution of the magnon dy-
namics is progressively altered [see Figs. 2(f)–2(h). The
Rabi-like oscillations [Figs. 2(j)–2(l)] become increasingly
suppressed with increasing power, indicating a reduction in
the coherent energy exchange between the magnon and SRR
modes. Furthermore, the linewidth broadening of the anti-
crossing branches suggests a reduced magnon lifetime, while
the slight increase in the oscillation period from 0.006 99 µs at
−20 dBm to 0.007 05 µs at −5 dBm indicates a slight decrease

in the effective Rabi-like frequency. At +10 dBm, the time-
domain trace reflects an essentially uncoupled SRR response:
The Rabi-like oscillations are fully suppressed, and only the
exponential decay associated with the isolated SRR mode
remains.

We further investigated the power-dependent behavior in
the coupling region using smaller power increments to capture
the evolution of the spectral features more precisely. The
transmission parameter as a function of microwave power and
frequency in the coupling region at a fixed magnetic field of
87 mT is shown in Fig. 3(a). The corresponding line plots
extracted from the transmission spectra at various microwave
power levels and for a fixed magnetic field of 87 mT are
shown in Fig. 3(b). At lower-power levels, two strongly cou-
pled modes are observed. As the microwave power increases
beyond ∼−5 dBm, corresponding to hrf ≈ 1.0 × 10−4 mT
[obtained from COMSOL simulations; this value agrees reason-
ably well with hthr ≈ 3.6 × 10−4 mT obtained from Eq. (1)],
both coupled modes begin to broaden significantly while ap-
proaching one another. This behavior points to power-induced
mechanisms—including enhanced dissipation and nonlinear
interactions—governing the system’s response. At 0 dBm,
the magnon mode is largely suppressed, and the transmission
spectrum reflects only the SRR mode. Beyond the minimum
of ∼−2 dBm, the transmission parameter of the SRR mode
increases with increasing power. Our observations for a YIG
sphere closely resemble that observed in an YIG thin film
[2]. However, under strongly nonlinear driving conditions, the
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FIG. 3. (a) The transmission spectra as a function of frequency and microwave power at 87 mT. (b) Line plots of transmission spectra at
87 mT for various microwave power levels extracted from Fig. 2, showing the evolution of resonance features. (c) Transmission spectra line
plots of the magnon mode detuned from the coupling region as a function of external magnetic field at a fixed frequency of 2.4 GHz, presented
for different microwave power levels. (d) Transmission spectra as a function of frequency at 114 mT for various microwave power levels,
showing no noticeable power dependence in the spectral response—indicating that Suhl’s first-order instability condition is not satisfied. The
small kink above 2.55 GHz is from another nearby higher-order mode.

magnetostatic modes in our study completely disappear once
the microwave power exceeds a critical threshold.

Next, we will discuss the magnon-mode behavior in a
region slightly detuned from the coupling point. Figure 3(c)
presents the transmission parameter versus applied magnetic
field at a fixed microwave frequency of 2.4 GHz for different
input powers. Since the resonator frequency lies at 2.5 GHz,
we excite and detect only magnon modes in this measure-
ment. The plots clearly reveal how the magnon modes evolve
with increasing microwave power. At low microwave power,
the magnon mode is both intense and sharply defined. As
the microwave power increases, the magnon mode broadens
and the transmission drops significantly. At the highest-power
level of +13 dBm, the magnon mode disappears entirely
from the spectrum. Additionally, a foldover effect emerges
in the magnon mode as the power increases. This manifests
as a shift of the magnon resonance toward higher magnetic
fields, accompanied by an increasing asymmetry in the line
shape at elevated power levels. Such foldover behavior and
the associated frequency shifts are signatures of nonlinear
magnetization dynamics, arising when the magnetization pre-
cession enters the nonlinear regime under strong microwave
excitation [49].

From Fig. 3, we extracted the coupling strengths g, magnon
loss rates κm, and calculated cooperativities C at −20, −5, and
−2 dBm as shown in Table I.

The photon linewidth of 38 MHz remains unaffected by
the microwave power. The cooperativity drops below unity
between −5 and −2 dBm, marking the transition from
the strong- to the weak-coupling regime. At powers above

−2 dBm, the linewidth broadening becomes so strong that
a reliable extraction of the resonance frequencies is no
longer feasible. We note that, at −2 dBm, both the coupled
harmonic oscillator and Lorentzian fits used to extract the
coupling strength and linewidth respectively exhibit signifi-
cant deviations from the measured data due to the substantial
linewidth broadening. Consequently, the corresponding pa-
rameters were estimated by overlaying the respective model
curves with the experimental data and selecting the values that
provided the best agreement.

Discussions. At low microwave powers, the uniform
magnon mode (1, 1) and higher-order MSMs (n, m) in the
YIG sphere are coherently excited and strongly couple to the
SRR mode, giving rise to well-defined avoided crossings in
the transmission spectra. However, as the microwave power
is increased, nonlinear effects begin to dominate. Notably, the
linewidth of the uniform mode broadens significantly, indi-
cating increased damping and energy loss. This is a hallmark
of three-magnon scattering processes, specifically the first-
order Suhl instability, wherein a MSM mode decays into two

TABLE I. Power-dependent coupling (g) and magnon loss (κm),
and cooperativity (C).

Power (dBm) g (MHz) κm (MHz) C

−20 70 6 21.5
−5 67 35 3.4
−2 25 50 0.3
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magnons with opposite azimuthal angular momentum indices
±m, each carrying half the original frequency [see Figs. 1(b)
and 1(d)] [42]. This decay pathway effectively drains energy
from the coherent uniform mode into finite k magnons, mak-
ing the uniform mode appear lossy and weakening its coupling
to the SRR.

On the other hand, the foldover observed in Fig. 3(c)
originates from the nonlinearity of the uniform magnon mode.
This nonlinearity arises from magnetocrystalline anisotropy
in the YIG sphere, which leads to an amplitude-dependent
frequency shift of the Kittel mode [50]. Consequently, as the
drive power increases, the resonance becomes asymmetric and
eventually exhibits bistability (foldover). These two nonlinear
effects occur sequentially. The foldover (Kerr) nonlinearity
appears first as a continuous, self-induced frequency shift of
the driven mode. At higher drive powers, once the parametric
threshold condition is satisfied, the three-magnon process
sets in, leading to energy transfer out of the uniform mode
and the eventual suppression or disappearance of the original
resonance.

A similar power-dependent suppression is observed for
other MSMs located at bias fields below ∼104 mT. These
modes are also susceptible to the same three-magnon decay
mechanism, as their frequencies and effective wave-vector
configurations satisfy the conditions for Suhl’s instability [see
Eqs. (2) and (3)]. We note that the high-field MSMs exhibit a
higher hthr than the low-field modes, consistent with previous
reports in the literature [42]. In contrast, the (2, 1) mode,
which appears at a bias field of ∼114 mT, does not exhibit this
behavior (see Fig. 2). This observation can be understood by
considering the threshold condition given by Eq. (3), giving a
critical field value of ∼104 mT in our case. Above this thresh-
old magnetic field, ω0/2 lies below the bottom of the magnon
dispersion, and decay into ±k modes is no longer possible, as
shown in Fig. 1(e) for 130 mT. Therefore, the (2, 1) mode at
114 mT remains unaffected by high microwave powers. The
(2, 1) mode continues to exhibit coherent coupling to the SRR
mode, as observed in Fig. 3(d) for all microwave powers. In
contrast to Fig. 3(b), where magnon modes near a bias field
of ∼87 mT undergo damping due to three-magnon scattering,
the intensity and linewidth of the coupled modes at 114 mT
remain largely unchanged with increasing microwave power,
indicating the absence of significant nonlinear interactions.
Unfortunately, due to the limitations of the current
experimental setup, it is not possible to directly observe
the magnons generated as a result of three-magnon scattering.

Thermal heating can be ruled out as the origin of the
linewidth broadening for two reasons. First, the broaden-
ing observed in Fig. 3(c) is substantially larger and more
asymmetric than the thermal broadening typically reported
in YIG [51]. Second, no linewidth broadening is observed at
114 mT [Fig. 3(d)], where the condition for Suhl instability
is not satisfied. In contrast, microwave-induced heating would
not be expected to depend strongly on the applied magnetic
field.

We note that fine structure in the ferromagnetic resonance
spectrum near the threshold of the first-order Suhl instabil-
ity has previously been observed [24,25]. In addition, recent
demonstrations of pump-induced coupling between MSMs
and a magnon condensate [22], as well as time-resolved mea-
surements [52], facilitated by coherent three-magnon splitting
and confluence processes, together with the observation of
spectral splitting [53], provide promising routes for the direct
detection of such nonlinear magnons.

Conclusion. In summary, we investigated magnon-photon
coupling in the nonlinear regime, with an emphasis on how
high microwave power alters the coupling dynamics. At
low powers, two well-resolved hybrid modes—indicative of
strong coupling—are clearly visible. As the microwave power
increases, the magnon mode broadens substantially and, at
sufficiently high power, becomes strongly damped and ul-
timately vanishes, leaving only the resonator mode in the
transmission spectrum.

We attribute this power-dependent evolution to Suhl’s first-
order instability, a nonlinear three-magnon scattering process
activated above a critical threshold of microwave power and
magnetic field. In this process, a MSM decays into two
magnons of opposite effective wave vector (±keff) and half the
original frequency, conserving both energy and momentum.
The pronounced linewidth broadening observed in our exper-
iments is a definitive signature of this instability, confirming
the emergence of nonlinear magnon dynamics in the hybrid
system.
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