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Nonlinear Magnon Polaritons
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We experimentally and theoretically demonstrate that nonlinear spin-wave interactions suppress the

hybrid magnon-photon quasiparticle or “magnon polariton” in microwave spectra of a yttrium iron garnet
film detected by an on-chip split-ring resonator. We observe a strong coupling between the Kittel and
microwave cavity modes in terms of an avoided crossing as a function of magnetic fields at low microwave

input powers, but a complete closing of the gap at high powers. The experimental results are well explained
by a theoretical model including the three-magnon decay of the Kittel magnon into spin waves. The gap
closure originates from the saturation of the ferromagnetic resonance above the Suhl instability threshold

by a coherent backreaction from the spin waves.

DOLI: 10.1103/PhysRevLett.130.046703

The spectral properties of many-body systems can often
be understood in terms of weakly interacting quasiparticles.
When tuning the energies of two elementary excitations into
degeneracy by an external parameter, their coupling leads to
a level repulsion. When the resultant gap is larger than the
level broadening, it becomes observable in the spectrum.
This so-called strong coupling generates a hybrid quasipar-
ticle that shares the properties of both ingredients. The strong
coupling between magnons, phonons, photons, excitons,
plasmons, etc., has important consequences and applications
in condensed matter physics [1-6]. Here we address the
magnon polariton, i.e., the mixed state of a spin wave in a
ferromagnet and a microwave magnetic field [7-10]. While
magnon polaritons are often discussed in the context of
quantum computing by discrete qubits [11], they are more
generally relevant for the control of continuous magnon
variables by electromagnetic fields. Although they have been
extensively studied in the linear response regime of weak
microwave excitation, their nonlinearities have so far
escaped similar attention.

In comparison, nonlinearities in magnetic excitations have
been known for many decades [12—14]. They can be useful
in, for instance, probabilistic bits [15,16], and offer con-
tinuous variables with controllable squeezing and entangle-
ment that act as resources in quantum information [17,18].
The magnon nonlinearities can be treated systematically
by the Holstein-Primakoff power expansion of a spin
Hamiltonian in creation and annihilation operators b,t, by.
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With increasing excitation, progressively higher-order terms
of the expansion become important. We focus on the three-
magnon scattering; the leading nonlinear term that involves
the splitting of a magnon into two and the reciprocal
confluence [13,19]. The interaction causes the first-order
Suhl instability of a uniform precession of the magnetic
order, or Kittel mode represented by b, at a threshold power
that can be very small in low-damping magnets [19-26].
Figure 1(a) illustrates the scattering process in which a Kittel
magnon excited by ferromagnetic resonance (FMR) decays
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FIG. 1. (a) Spin-wave dispersion of a YIG film. Red arrows
indicate the split of a Kittel magnon with the frequency w, into
two magnons of frequency wg/2. (b) Schematic of the magnon
polariton with the spin-wave instability as explained in the main

text. (c) Measurement setup.
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into two magnons of half its frequency and opposite
momenta +k. This three-magnon splitting is allowed only
when magnetic dipole-dipole interactions render a non-
monotonic magnonic dispersion with minima at half the
Kittel mode frequency or below. When the Kittel mode is
excited, the three-magnon splitting pumps the magnon pair
amplitude (b;b_;) at a rate proportional to that of the Kittel
mode |(by)|. When the pumping rate exceeds the relaxation
rate of the magnons 7, a nonthermal magnon population
accumulates in the valleys of the magnon dispersion. This
first-order Suhl instability manifests itself in microwave
reflection spectra by, e.g., distortions of the spectral line
shape from a Lorentzian [13].

In this Letter, we study this nonlinear instability under
the condition that the Kittel magnon strongly couples to the
photon in a discrete microwave cavity [Fig. 1(b)]. Since
magnon-photon coupling can be used to read information
out or distill entanglement in these applications, nonlinear
magnon-polariton phenomena may become a crucial
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ingredient in novel computing and information-technology
paradigms [7,16,17]. Our main result is the observation and
modeling of the suppression of the strong-coupling gap by
the instability. The nonlinear spin-wave equation coupled
to the cavity mode explains our observations in terms of the
saturation of the Kittel mode by a dynamical phase
correlation between the cavity photons and the magnon
pairs in the valleys. To the best of our knowledge, a tunable
strong coupling has not been reported for magnon polar-
itons and adds to the appeal of magnetic materials for
classical and quantum information technologies [7,17,27].

We study a 5-pm-thick yttrium iron garnet (YIG) film
grown on a gadolinium gallium garnet substrate by liquid-
phase epitaxy [28-30] and placed on a split-ring microwave
resonator (SRR) as depicted in Fig. 1(c) [31,32]. We
measured microwave absorption or reflection spectra
|S11| at room temperature using a vector network analyzer.
Figure 2(a) shows |Sy;| for different input microwave
powers P as a function of frequency w/2z and magnetic
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(a) Microwave absorption spectra [|S1;| (dB)] as a function of microwave frequency and magnetic field strength, for

different microwave power ranging from —-20 to 8 dBm. (b),(c) Collection of frequency domain scans for a fixed
magnetic field of 16.8 mT. (d) Comparison between measured and calculated gaps. Peak frequencies are extracted from individual fits
for different microwave powers. (e) Microwave power evolution of the observed and calculated linewidths of the Kittel mode in the

weak-coupling regime (yoH = 26.1 mT).
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field pyH. For P = —20 dBm, a prominent avoided cross-
ing between the Kittel mode frequency w,/2z and the
cavity photon mode w,/27 =~ 1.5 GHz is evidence for
strong magnon-photon coupling. The minimum frequency
difference, half of which is the coupling strength
g/2x = 41 MHz, occurs at the resonance field pgH ., =

16.8 mT. In linear response, |g| = nyv/hApgw,/N/V.,
where 7, y, h, py, N, and V. are the filling factor that
characterizes the spatial mode overlap between the photon
and magnon modes, the gyromagnetic ratio, reduced
Planck constant, vacuum permeability, number of spins,
and the cavity mode volume, respectively [7]. The indi-
vidual linewidths of the photon and magnon are obtained
by Lorentzian function fittings of the respective resonances
k.(ko)/2m = 52.0(28.0) MHz at uoH = 26.1 mT far from
the avoided crossing. With increasing P, the avoided-
crossing gap narrows and the two peaks eventually merge
[Fig. 2(a)]. Figures 2(b) and 2(c) show that the two peaks
on resonance H = H . coalesce into a single one at high
powers, seemingly canceling the magnon-photon coupling.
Figure 2(d) summarizes the frequencies of the peaks in the
spectra, illustrating the vanishing of the gap that constitutes
our main result. As argued in the following, we attribute it
to the first-order Suhl instability.

The Suhl instability alters magnetic susceptibility
[19,33,34] and line shape [13] by the nonlinear back-
reaction of the excited magnon pairs on the Kittel magnon.
We confirm an implied increased broadening by measuring
the P dependence of the Kittel mode linewidth at
uoH = 26.1 mT > pyH,,, far away from the cavity reso-
nance. As shown in Fig. 2(e), we observe an increase in
broadening for P 2 0 dBm, which is expected for entering
the power regime of the first-order Suhl instability. The
critical number of Kittel magnons per spin at the threshold
is |(bo)|?/N = const x ni /w3, where wy, = yuoM; is the
saturation magnetization. The difference between the onset
powers for the gap closure in Fig. 2(d) and the broadening
in Fig. 2(e) implies that the dimensionless constant of order
unity depends on the system parameters including H and .
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We can corroborate our interpretation by increasing H to
couple the Kittel mode with a higher SRR cavity mode.
Energy conservation w, = 2wy, where wy, is the frequency
of a magnon with wave vector k, demands that oy > 2w,
where @, is the band edge frequency. Since both @, and w,,
increase roughly linearly with H, the three-magnon split-
ting is forbidden above a critical field value H, at which
wo(H)/2n = 2.59 GHz for our YIG sample with a thick-
ness of 5pum, M, =126x10° A/m, and a stiffness
constant of Ay =3 x 1071 m? [35] [see Supplemental
Material (SM) [36]]. The magnon polariton of the
3.0 (3.5) GHz SRR mode in Fig. 3(a) (in Fig. S5 in
SM [36]) should therefore depend much less on the
microwave power. By increasing P up to 8 dBm as before,
the reflection spectrum [Fig. 3(b)] and the fixed-field plot in
Fig. 3(c) confirm that the avoided-crossing gap does not
vanish and the Kittel mode linewidth in Fig. 3(d) remains
unchanged, which supports our hypothesis that the Suhl
instability explains Fig. 2.

We substantiate the above arguments by the kinetic
theory of nonlinear spin-wave dynamics [13,39] extended
to incorporate the magnon polariton. We start from the
model Hamiltonian H = H; +H, + H3 (in frequency
units), in which

My =,bib, + [ghib, + H.c] + wobiby+ Y aybib (1)
k#0

describes noninteracting fields as coupled harmonic oscil-
lators, where b, is the annihilation operator for the selected
cavity photon, and w, is its frequency. The microwave
stripline drive contributes

H, = [he™ ™ (U,b} + Uyb}) + H.c.], (2)

where /1 and @ are the amplitude (in frequency units) and
frequency of the stripline field, and U, and U, are its
(dimensionless) coupling strengths to the Kittel and cavity

mode, respectively. The nonlinear coupling Vy, ~ @,,/+/N in

|S11] (dB)
0 -10 -20 -30
UoH = 63 mT
(d) 30 T
N
£
=3
& 15 &%
Q
<
i ol L .
2.8 3.0 3:2 3.4 -20 -10 0 10
w/2n (GHz) P (dBm)

|S11| as a function of microwave frequency and magnetic field strength, for low (a) and high (b) microwave powers.

(c) Microwave absorption spectra for the 3.0 GHz SRR mode at a fixed magnetic field of 60 mT, at which the frequency difference
between the two peaks is the smallest. (d) Power evolution of Kittel mode linewidth (k) at a fixed magnetic field above the avoided

crossing (63 mT) for the 3.0 GHz SRR mode.
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I
My =5 Vibobibl, +H.c.
k#0

(3)

is a function of the material parameters [13]. Overlines
denote complex conjugation throughout. We omitted four-
magnon scattering terms because in the present setup the
critical power of the first-order Suhl instability is much
smaller than the second-order one (see SM [36]). At room
temperature, one may safely interpret the field operators as
classical amplitudes with thermal fluctuations. In the film
geometry with an in-plane static magnetic field, only a
narrow band of magnons are involved in the onset of the
instabilities [40], which we approximate here by the single
pair +k||[H with smallest #;/|Vy|. The steady-state
solutions are characterized by the thermal averages
(bo.,) and (byb_). The coherent amplitude of the Kittel
mode (by) is aroot of a (complex) cubic algebraic equation
[Eq. (S25) in the SM [36] ], which at sufficiently high
powers |h| — oo approaches

Wy —w/2+ ing
Vi ’

—iot+iyy =
—e Vi CCI’ s

{bo) = (4)

Cor =

where y;, is the phase of the magnon pair amplitude
(bb_y). The absence of h on the rhs implies saturation,
i.e., the number of Kittel magnons n, cannot exceed the
critical value |c,|?, which depends only on the magnonic
parameters. Furthermore (for all |A|),

9(bo) + hU,e™""

Ccr<b0> kBT

_ Cal%/ 2B (6
cal? = | (bo) oy )

(bxb_i) = —

where T is the temperature and kp the Boltzmann constant.
Photon and magnon pair amplitudes coherently oscillate
with the Kittel mode, whose phase in turn locks to that of
the driving field /. The saturation limit Eq. (4) is valid in a
nonvanishing interval above the critical power [40] and
explains the main features of the observations.

Figures 4(a) and 4(b) summarize the theoretical results
with the standard parameters for YIG, i.e., an extracted sa-
turation magnetization M; = 1.26 x 10° A/m for y/2n =
28 GHz/T, and a magnetic-relaxation-rate parameter
Ko/27 = 22 MHz. We model the microwaves system by
w,/2r=1.53GHz, k,/2x = 52 MHz, U, = 0.95 x "4,
and U, = 0.31. We take magnon-photon coupling g/27 =
41 MHz directly from the gap of the avoided crossing at

low P. The Kittel formula is wy = poy+/H(H + M). For
the coherently coupled magnon pair at w; = w/2, we
assume 7, = 0.01 x wp/2 and V; = wy, x 107'1/2 (see
SM [36]). The calculated spectra compare favorably with
the observed gap closure and the line shapes [Figs. 2(d) and
2(e)]. Considering the simplifications made in the model
[36] that always tend to predict a faster development of
instability with more extreme spectral distortions, the
agreement is satisfactory. It reproduces the asymmetry
between the avoided-crossing peaks at low powers, which
is caused by the broadening [36]. Note that the spectra at
high powers cannot be explained by the dissipative cou-
pling observed in very different regimes in Refs. [41,42].
We can instead attribute the quenching of the avoided

(b,) = i , (5) crossing to the saturation of the Kittel mode [Eq. (4)].
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parameters in the text and an arbitrary reference input power h.. (b) |S1,| at yoH =

growth with 4 for magnon polaritons beyond the Suhl instability.
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(a) Microwave reflection spectrum |S; | (defined in the Supplemental Material [36]) calculated from Egs. (4) and (5) for model

16.8 mT. (c) Schematic of the particle number



PHYSICAL REVIEW LETTERS 130, 046703 (2023)

mixing with a Kittel magnon causes the avoided crossing.
Above the critical power, however, cavity photons are
much more numerous than the Kittel magnons limited by
the coherent backreaction from the magnon pairs, as
illustrated in Fig. 4(c). The excess photons become effec-
tively decoupled and therefore do not show the avoided
crossing. Their spectral characteristics overwhelm the gap
opened by the few saturated magnons, thereby causing an
apparent closure of the gap.

In summary, we discovered suppression of the strong
magnon-photon coupling in highly excited microwave
cavities at the first-order Suhl instability. The closure of
the hybridization gap calculated with a nonlinear spin-
wave model coupled to a microwave cavity photon mode
agrees quantitatively with the observations. This effectis a
result of the phase coherence between the photons and the
entire spin-wave system that saturates the number of Kittel
magnons under large microwave drives. The ability to
coherently excite or detect magnon pairs in the low energy
valleys not only contributes to studying and controlling
quantum entanglement of magnons [17,18], but also
opens new avenues in magnonics, such as the microwave
spectroscopy of magnon Bose-Einstein condensates [43].
The present Letter promises ample room for unexpected
discoveries in nonlinear magnonics as an exciting research
frontier.
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