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The opto-electronic oscillators (OEOs) hosting self-sustained oscillations by a time-delayed
mechanism are of particular interest in long-haul signal transmission and processing. On the other
hand, owing to their unique tunability and compatibility, magnons—as elementary excitations of spin
waves—are advantageous carriers for coherent signal transduction across different platforms. In this
work, we integrated an opto-electronic oscillator with amagnonic oscillator consisting of amicrowave
waveguide and a yttrium iron garnet sphere. We find that, in the presence of the magnetic sphere, the
oscillator power spectrum exhibits sidebands flanking the fundamental OEO modes. The measured
waveguide transmission reveals anti-crossing gaps, a hallmark of the coupling between the opto-
electronic oscillator modes and the Walker modes of the sphere. Experimental results are well
reproduced by a coupled-mode theory that accounts for nonlinear magnetostrictive interactions
mediated by the magnetic sphere. Leveraging the advanced fiber-optic technologies in opto-
electronics, this work lays out a new, hybrid platform for investigating long-distance coupling and
nonlinearity in coherent magnonic phenomena.

Hybrid magnonics1–5 have witnessed immense developments in the past
decades,with successful demonstrations in the coherent coupling between
magnons and other fundamental excitations including microwave, light,
phonon, and qubit6–12. In addition to the continuous striving towards high
coupling strength (high cooperativity) as well as versatile control knobs
for hybridization, two other fundamental constituents in hybrid mag-
nonics, namely, the ‘nonlinearity’13,14 and ‘long-distance coupling’15 have
been receiving increasing attention. These two subjects were nurtured by
recent experimental discoveries, namely, the ‘gain-driven polariton
(GDP)’16, in which the light-matter interaction is activated and sustained
by sourcing from a dc gain (amplification) and the ‘pump-induced mode
(PIM)’17, where a collective excitation of non-saturated spins are pumped
(driven forcefully away) from its equilibrium, inmagnon–photon coupled
systems.

Thus far, these phenomena have only been explored in the ‘local, non-
distributed’ fashion dictated by the close proximity required for realizing
strong magnon–photon excitations. A natural candidate for overcoming
this constraint is the opto-electronic oscillator18. Some of its remarkable
attributes include: (i) high quality(Q)-factormicrowave photonmode in the
GHz regime, which is generated and sustained by a dc-gain driven

mechanism; (ii) the characteristic frequency and sidebands are governed by
the generic time-delay and other phase-delay components; (iii) long-haul
signal transmission with minimum insertion loss over kms leveraging fiber
optics and convenient Optical(O)-Electrical(E) conversion and vice versa
(E-O) by using electro-optic modulators (EOMs). This system, combined
with amagnonic time-delay component, e.g., a Y3Fe5O12 (YIG) delayline in
a magnonic-opto-electronic oscillator19, has been used and proposed in a
few relevant applications, including but not limited to, neuromorphic
computing20–24. However, the potential of such OEO mode in magnon-
based hybrid systems is yet vastly unexplored.

Similar to the GDP photon mode, the OEO photon mode sources
energy from the loop’s gain, and can travel over long distances to support
remote magnon–photon coupling beyond the near fields. In this sense, it is
therefore interesting to integrate such OEO photon mode with another
magnon mode from a magnonic resonator, e.g., YIG, and study their
coherent coupling andhybridization. Suchaunique systemwill also allow to
investigate how the self-sustainedOEOphotonmodecouples to amagnonic
system in the same loop, and how the energy transforms and dissipates
between respective photon and magnon modes upon changing the various
external control parameters.
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In this work, we develop a hybrid architecture consisting of an OEO
and aYIG sphere integrated on top of amicrowavewaveguide, as illustrated
in Fig. 1. We observe that, in the presence of the YIG sphere, the power
spectrum of the OEO exhibits sidebands that can be explained by invoking
nonlinear magnetostrictive interactions between the magnon and phonon
modes of the magnetic sphere. Our interpretation is substantiated by
numerical simulations of matching phonon modes with frequencies equal
to the separation between the fundamental OEO frequency and its side-
bands. The avoided level crossings observed in the transmission data can be
ascribed to thehybridizationbetween theOEOmodes andWalkermodes of
the YIG.We find that the level splitting at the fundamental OEO frequency
is significantly larger than the one observed in correspondence of the
sidebands. This disparity owes its origin to the emergence of a PIM at
the fundamental OEO frequency and its intensity-dependent coupling with
the photon mode. A coupled-mode theory in conjunction with input-
output analysis of the probe transmission is in excellent agreement with the
observed transmission data.

Results
Setup construction
As illustrated in Fig. 1, an intensity-stabilized fiber laser (1550 nm wave-
length, power outpout 17 dBm from Optilab LLC) sources a continuous-
wave (CW) light signal that first passes through an isolator, then an electro-
optic modulator (EOM) that is biased at the appropriate dc level (0.8–1.5 V
inour study). The signal is thendivided into twobranchesusing a 50:50fiber
light splitter. The right-hand branch can be used as a reference branch or a
monitor branch,where the light signal converts tomicrowave by anultrafast
diode and then amplifies to a power diode formonitoring the optical power
of the whole system.

The main branch (left) is one that entails the magnon resonator: after
the light splitting, the signal passes throughafiber delayline, then converts to
microwave via anultrafast diode (Detector), and anoptional bandpassfilter,
then amplifies by an “Amplifier-Attenuator-Amplifier" combo before
reaching the magnon resonator. The “Amplifier-Attenuator-Amplifier"
represents a tunable attenuator sandwiched between two fixed-gain
amplifiers (+30 dB) and effectively serves as a “tunable amplifier", thus
allowing the power level of the signal to be tuned before returning to the
EOM (at the rf port).

The magnon resonator consists of a YIG sphere with a nominal
diameter 1.0 mm placed on top of the signal line of a coplanar waveguide
(CPW), and the whole structure is placed between a pair of circulators, to
introduce an additional, reverse-circulating “probe loop" that measures
the ferromagnetic resonance (FMR) of themagnon resonator. An external
magnetic field,H, is applied to establish themagnon resonances and is set
parallel to the CPW’s stripline. The probe loop microwave power is kept
rather small (<−15 dBm) and causes no disturbance to the main loop
which typicallyflows amicrowave power > 10dBm.Once the signal leaves
themagnon resonator, it is directed back to the EOM (rf port). Additional
microwave splitters and/or couplers are inserted as needed for sampling
and monitor the signal power and spectra at desirable positions along
the loop.

OEO characteristics and YIG loading
Upon a certain microwave threshold power, self-sustained oscillation
sharply establishes in the loop, which we define as the unity-gain (0 dB), to
indicate the onset of the auto-oscillation.A seriesof eigen-modes in the form
of sharp peaks can be observed in the power spectra. These eigen-modes
arise because their frequencies satisfy the oscillation condition, which is
collectively determined by the loop gain (unity), loop phase (2πN with N
being an integer), and other active components in the loop, particularly the
amplifier gain profile and the attenuator loss profile.18 As shown in Fig. 2a,
for the genericOEOwithout loading themagnon resonator, the loop power
(asmeasured from the rf power diode in themicrowave branch) to establish
andmaintain a robust self-oscillation is ~7 dBm, and three eigen-modes can
be observed simultaneously. When the power increases, more eigen-modes
start to emerge; for example, in Fig. 2b, up tonine pronounced eigen-modes
were observed when the loop power is tuned to 14 dBm. The position of the
modes shift sensitively by the length of the inserted fiber delayline (5, 100,
1000mareused in thiswork) aswell as thephase shifter, butdependsweakly
on the looppower (gain). For example, at 14dBmpower andafiber lengthof
100 m, we observe a set of fundamental eigen-modes at 1864.4, 3729.6,
5594.8, 7459.4...MHz. These fundamental modes slightly shift to the lower
frequency once the magnon resonator is inserted. The shift in frequency,
Δf = fOEO− fYIG reflects an effective path-length change (increase) by
introducing the YIGmagnon resonator, as shown in Fig. 2c. Linearfitting of
Δf against the OEO harmonics, fOEO, in Fig. 2c, yields a slope of 0.012,

Fig. 1 | Schematic illustration of the setup consisting of the (main loop) optoe-
lectronic, magnonic (YIG sphere), and fiber delay parts. Bandpassing functions
are given by the enclosed circulator pair and dedicated bandpass filters while other rf
components are rated broadband. The fiber splitter splits half of the optical power to

a microwave diode for system power monitoring. In between the two circulators, a
ferromagnetic resonance probe (sub-loop) is installed that probes the YIGmagnonic
characteristics at a much lower rf power compared to the main loop (negligible
disturbance).
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corresponding to a ~1% of path increase after loading the YIG magnon
resonator.

Magnon-induced modulation of OEO power and spectra
Wefirst turnour attention to the1st fundamentalmodeunder the excitation
of the magnon resonator. As an example, we use a fiber of 100 m in length
and an additional phase shifter tuned to the optimized phase angle. The
mainmode resonates atω1 = 1698.4MHz, with two pronounced sidebands
at 1679.8 and 1715.7 MHz, shown in Fig. 3. These pronounced sidebands
maybe attributed to thenon-flat gainprofile.Near themainoscillation there
may exist other frequencies also satisfying the unity gain condition. So the
main eigen-modes, although being the most pronounced, may not be the
only series that can be supported by the loop. The nearby series can be also
prompted due to the small dispersion of the loop gain. By sweeping the
external magnetic field, this fundamental mode excites a YIG FMR at
around 665 Oe, inducing a disturbance to the local power spectra near the
FMR regime (from 650 to 680 Oe). At the same time, the probe-detected
FMR signal and the microwave diode signal (monitoring the loop’s optical
power) is measured concurrently. Due to the use of a negative video-out

diode, an rf power increase corresponds to a diode readout decrease (more
negative). As shown in Fig. 3b, when the FMR is excited as evidenced by the
FMR probe (orange trace), the optical power of the loop is also corre-
spondingly reduced as indicated by the change (increase) of the diode signal
(blue trace).

Different from using a conventional rf source, the property of the
system tomonitor themagnon resonatorby theOEOlooppower is aunique
and potentially useful feature of the present dc-gain-driven system. It is
likely caused by the similar timescale of the loop recovery to the YIG’s
relaxation. The YIG sphere we used has a damping of α = 1 × 10−4 and
absorbs/dissipates energy to theOEO’s photonmode in the scale of ns;while
the OEO relaxation is determined from its delay time, τd, can be estimated:
τd = τp+ τm, where τp and τm are the photonic and microwave (including
magnonic part) delays, respectively. For long fibers, the time is driven pri-
marily by the photonic delay, i.e., the fiber delay τp = nL/c, where L is the
fiber length and n the refractive index. The Corning SMF-28 fiber used in
our system has a core index of refraction as 1.4682 at 1550 nm, so the speed
of light can be estimated as v = c/n = 2.04 × 108 m/s. Therefore, the delay is
on the order of ~500 ns just from the photonic part. A more accurate
determination of the total delay can be obtained by analyzing the free-
spectral-range (FSR). The spectrum evolution upon sweeping the magnetic
field near the FMR regime is shown in Fig. 3c by series of snapshots of the
spectrum. As the magnetic field is tuned from 660 Oe to 670 Oe, the
amplitudes of the main resonance and its two sidebands gradually reduce,
while a denser oscillation pattern shows up in the spectrum, which has an
FSR of 1.55 MHz corresponding to a total time delay of ~645 ns for the
whole loop with a 100 m fiber and all other components.

The emergence of photonic sidebands and magnon–photon
coupling
Employing a probe sub-loop, we scanned the dispersion of the magnon
resonator near the 1st OEO main mode which resonates at around
H = 670 Oe, as shown in Fig. 4. A fiber delay of 5 m is used to mitigate the
sensitivity of the spectra to the magnetic field while still observing the
needed characteristics. The two sidebands are ≈13 MHz apart from the
central band, and all other harmonics aremore than 40dB lower in power,
as shown inFig. 4a.Under the strongOEOphotonmode (akin to a distinct
rf signal source), excitation of different magnetostatic modes at different

Fig. 2 | OEO eigen-modes (using a short fiber delayline of 100-m) under two
different loop power levels. a Low power: 7 dBm, and (b) high power: 14 dBm,
measured by the rf power diode in the microwave branch. Power spectra with and
without the YIG magnonic load are shown. At 7 dBm loop power, the first 3 eigen-
modes are observed. At 14 dBm loop power, a total of 9 discernible eigen-modes are
observed, labeled 1–9. c The extra magnonic-load induces a frequency shift
Δf = fOEO− fYIG, corresponding to a small additional time delay, which is linearly
proportional to the OEO harmonics, fOEO (mode index).

Fig. 3 | Magnon-inducedmodulation of OEO spectra. aContour plot of the power
spectrum scanned near the FMR regime of a magnon mode driven by the 1st OEO
photon mode. b The FMR signal (probed by the sub-loop at low power) and the
power diode signal (main loop) versus the external magnetic field. The power diode
measures primarily the power of the OEOmain mode, which is at least 20dB higher

than all other sidebands at off-resonance. c Power spectrum snapshots at selective
magnetic fields. Around the magnetic resonance, the OEO’s main photon mode is
attenuated, whose energy then smears out and distributes to the continuum. The
dense oscillations correspond to the free-spectral-range (FSR) of high-order OEO
modes, which is 1.55 MHz (645 ns delay) with a 100 m fiber.
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magnetic fields are anticipated. As shown in Fig. 4b, a total of six mag-
netostatic modes (i.e., Walker modes/Whisper-gallery modes)17 were
detected, which are launched near the 1st main OEO mode.

We can rationalize the emergence of sidebands as a consequence of the
nonlinear magnetostrictive interaction between a YIG phonon mode of

frequency Ω ≈ 13 MHz and the YIG spin waves, which in turn couple to
OEO modes. This interaction, which owes its origin to the deformation of
theYIGdue to the varyingmagnetization inside themagnetic sphere25, leads
to the generation of newer frequencies through scattering, e.g., the Stokes
and anti-Stokes frequencies of the form ω1−Ω, ω1+Ω around the first
fundamental frequency ω1, as shown in Fig. 4a, and their higher orders.
Owing to the dispersion in the loop gain, thesemodes become self-sustained
and can couple with the magnon modes via dipole-dipole interaction,
leading to the anti-crossings observed in Fig. 4b.

Our COMSOL simulations confirm the existence of a phonon S3,2,2
mode at 13MHz for the 1-mm-diameterYIG sphere, as shown inFig. 5. The
phonon S3,2,2 mode falls into the same symmetry class of the S1,2,2 mode
discussed in ref. 26 and thus also couples efficiently with themagnonmode.
On the other hand, its large radial mode order (3) leads to reduced dis-
placement at the sphere surface, which minimizes the contact loss to this
phonon mode and accordingly lower self-oscillation threshold. Hybridi-
zation between the magnon and the photonic sidebands generated by the
phonon modes were observed in the dispersion, i.e., as a series of anti-
crossing gaps that becomeapparent by afine-scannedwindow in the insetof
Fig. 4b. The coupling strength between the photonic sidebands andmagnon
modes can be extracted from the anti-crossing gap as gam ≈ 1.1 MHz.

Discussion
Magnon–photon coupling with the OEOmodes
Due to the relatively low frequency of the first OEO eigen-mode that lays
beyond the magnon manifold, the higher order magnetostatic (Walker)
modes of YIG cannot be effectively excited except for the main FMR in the
probe sub-loop.Therefore,we shift our focus to the 2ndOEOeigen-mode at
higher frequency, which resonates at ω2 = 2ω1 ≈ 3778.1 MHz. By choosing
the proper set of circulators and bandpass filters, we can pick out the 2nd
OEO mode while suppressing all other eigen-modes and sidebands.

In the sub-loop, themagnonmodes are probedby the transmissionof a
fixed-frequency rf tone (using the lock-in amplifier) while the biasmagnetic
field is scanned. Near this 2nd OEO eigen-mode, all the six magnetostatic
modes of YIG can be concurrently observed, which is evidenced from both
themagnon spectra using the probe sub-loop, in Fig. 6a, aswell as the power
diode from the main loop, in Fig. 6b. These modes are identified as the
magnetostaticmodeswithmode order (m,m, 0), wherem = 1, 2, 3, . . . is the
angular mode number, and the fundamental mode (m = 1) corresponds to
the ferromagnetic resonance (FMR) mode. These modes are circularly
polarized. In the direction perpendicular to the bias field, their precession
amplitude scales as ρm−1 andprecessionphase is (m− 1)ϕ. Them > 1modes
are non-uniformmodes, and they can be excited efficiently when the CPW
width is comparable to the YIG sphere radius, which is the present case in
our magnonic oscillator.

In addition, during theprocess, the strongOEOoscillation signal is also
present inside the YIG resonator, acting as a strong pump to the magnon
modes. Such a strong pump leads to a peculiar PIM17, which then causes a
pronounced back-action to the probed magnon resonance, depending on
the relative detuning of the probe frequency with respect to the OEO
oscillation frequency. Figure 7a plots the measured lock-in signal as a
function of bias magnetic field and probe signal frequency, with the OEO
oscillation frequency fixed at 3778.1 MHz.

We scan the probe signal (low power) near the OEO pump mode
ω2 ≈ 3778.1 MHz, shown in Fig. 7a. Notably, the pronounced back-
action to the probe signal caused by the OEO pump mode leads to a
reduction of the magnetostatic magnon amplitude, which, in turn,
suppresses the OEO pumping process. The net result is then the
observation of anti-crossing features in the f−H dispersion centered
around the OEO pump mode, which hybridizes with several magneto-
static modes. These features can be modeled as the coherent coupling
between the PIM and the associated magnon mode through a Jaynes-
Cummings type of interaction of strength G ≈ 11.5 MHz (from Fig. 7), a
function of the magnon occupancy of the mode, which in turn, depends
on the intensity of the pump17.

Fig. 5 | Phonon mode simulation. Simulated total displacement of the phonon
mode at 13 MHz on a 1-mm-diameter YIG sphere.

Fig. 6 | Magnetostatic modes. a The magnon signal (probed by the sub-loop) and
(b) the power diode signal (main loop) versus the external magnetic field. A total of
six magnetostatic modes (m = 1, 2, 3, 4, 5, 6) of YIG can be observed due to the
OEO pump.

Fig. 4 | Emergence of photonic sidebands. a Power spectrum at zero magnetic field
showing the main OEOmode and the two pronounced sidebands at a fiber length of
5 m. The left and right sidebands are 13 MHz away from the central band. b The
scanned [f,H] dispersion near the OEOmode by using the probe sub-loop. A series
of anticrossing gaps are observed by the hybridization between the mixed photon
mode series and the YIG distinct magnetostatic (Walker) modes.
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Theory of magnon-induced nonlinear sideband generation and
magnon–photon coupling
In the absence of YIG, the frequency response of the OEO above the
threshold displays equally spaced peaks analogous to that of a Fabry-Perot
resonator. Therefore, we model the OEO modes as harmonic oscillators
with ladder operators anðaynÞ; n 2 Z > 0, possessing resonance frequencies
ωn = nω1, where ω1 characterizes the frequency of the first fundamental
OEO mode. The Hamiltonian of the OEO system is given by

Hoeo=_ ¼
X

i

ωia
y
i ai: ð1Þ

The Hamiltonian of the YIG sphere, which accounts for spin-spin, dipole-
dipole and Zeeman interactions, can be diagonalized as27,28

Hm=_ ¼
X

k

ωkm
y
kmk; ð2Þ

where mk (m
y
k) is the magnon annihilation (creation) operator and ωk the

magnon dispersion, which depends linearly on the applied bias magnetic
field H. The magnon and the OEO modes interact coherently through the
evanescent fields emanating from the waveguide. Furthermore, magnons
can couple to the YIG phonon modes (depicted in Fig. 5) via the magne-
tostrictive interaction as discussed earlier.

There are several magnon and OEO modes interacting coherently
through the evanescent fields. For the sake of brevity, here we focus on the
interaction between the second fundamental OEO mode and one of the
Walker modes, where the operator a2 (mk) is superseded by a (m) with
corresponding frequency ωa (ωm). The approximate Hamiltonian of the
interacting system, which can be straightforwardly generalized into other
modes of the system, is given by

H=_ ¼ ωaa
yaþ ωmm

ymþΩbybþ gamðaymþ amyÞ
þgmbm

ymðbþ byÞ þ iϵðaye�iωat � aeiωatÞ:
ð3Þ

Here b (b†) denotes the annihilation (creation) operator of a phonon mode
of frequency Ω, gam and gmb are respectively, the magnon–photon and
magnon–phonon interaction strengths, whereas ϵ parameterizes the
strengthof thefieldpumping theOEOmode.Thedynamics of the system in
the frame rotating at frequency ωa is provided by the following mean-field
equations:

_a ¼ �κa� igammþ ϵ;

_m ¼ �iðΔm � iγmÞm� igama� igmbmðbþ byÞ;
_b ¼ �iðΔb � iγbÞb� igmbm

ym;

ð4Þ

where Δα =ωα−ωa (α∈ {m, b}) while κ and γα are, respectively the
damping rates of the associated modes. In the long-time limit, the general
solution to the modes in Eq. (4) takes the form

a ¼ P
n2Z

Ane
�inΩt;

m ¼ P
n2Z

Mne
�inΩt;

b ¼ P
n2Z

Bne
�inΩt :

ð5Þ

Equation (5) shows that the nonlinear interactions∝ gmb lead to the gen-
eration of sidebands oscillating at frequencies displaced by an integer
multiple of Ω around ωa. The coefficients Oj (O 2 fA;M;Bg) can be
obtained by substituting Eq. (5) into Eq. (4). For instance,

A0 ¼ ϵðγmþi~ΔmÞ
κðγmþi~ΔmÞþg2am

; ð6Þ

where ~Δm ¼ Δm þ 2g2mbΔbjM0j2
Δ2
bþγ2

b
. The sidebands get self-sustained through the

OEOand the correspondingmodes appear in the power spectra as shown in
Fig. 2. The approximate Hamiltonian of the second fundamental OEO
mode and associated sidebands interacting with the magnon mode can be
modeled as

Heff =_ ¼ ωaa
yaþ P

n2Z�0
ðωa þ nΩÞaynan þ ωam

y
dmd

þωmm
ymþ P

n2Z�0
gamðaynmþ h:c:Þ þ gamðaymþ h:c:Þ

þGðmymd þ h:c:Þ;
ð7Þ

where an (ayn) denotes the annihilation (creation) operator of the nth side-
band while md is the pump-induced mode. The strength of coupling G
between the magnon and the pump-induced mode is a function of the
intensity of the incident electromagnetic field. Information regarding the
eigenstructure of the system can be extracted from the transmission to a
weak probe field of frequency ωp applied on the system. The input-output
relation relevant to the probe transmission is given by

ain � aout ¼ ffiffiffi
Γ

p P
n2Z�0

ðan þ aþmd þmÞ; ð8Þ

where ain and aout characterize the input and transmitted fields respectively,
while Γ is the strength of coupling between the probe field and themodes of
the system. In Fig. 8, we plot the numerically calculated transmission
coefficient t ¼ aout

ain by keeping eight sidebands of the fundamental OEO
modes (The frequency ωm = γe(H+H0) where γe represents the gyro-
magnetic ratio andH0 is a shift chosen tomatch one of theWalkermodes in
Fig. 7). We take the rate of coupling between OEO and magnon modes
approximately equal to the coupling between the input probe field and the
modes of the system, i.e., gam ≈ Γ. It is also worth mentioning that small
variations to the coupling strengths do not impact the physics of Fig. 8.
Other parameters κ andG are respectively obtained from aGaussian fit and
level-splitting in Fig. 7. Clearly, the level-splitting at the fundamental OEO
frequency (due to photon-magnon couplingwith the pump-inducedmode)
is significantly larger than the one displayed by the sidebands (due to
phonon-magnon coupling), in agreement with the experimental observa-
tions of level-repulsion showcased in Fig. 7.

In summary, we investigate a new hybrid platform comprising of an
optoelectronic oscillator coupled with a YIG sphere integrated on a
microwave waveguide. We find that both the OEO loop’s power and
spectrumare significantly affected by the additionalmagnon resonator. The
presence of strong electromagnetic fields from the OEO excites the mag-
netostrictive interaction between magnon and phonon modes of the

Fig. 7 | Magnon–photon coupling. aThe sub-loop probe signal detected by the lock-
in amplifier, showing the coherent coupling between themagnetostatic modes and the
OEOpump-inducedmodes. b Power spectrum (from the spectrum analyzer) showing
the 2ndOEOfundamentalmode, resonating atω2 ≈ 3778.1MHz.AGaussianfit to this
mode yields a photon mode linewidth of 1.53 MHz, which we use in our subsequent
theoretical modeling. All other modes are suppressed by more than 20 dB.
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magnetic sphere, leading to the generation of new frequency components
around the fundamental OEO modes displaced by phonon frequency.
These new frequency components become self-sustained through the OEO
by the time delay of the system and get manifested as sidebands in both the
power spectrum of the OEO and waveguide transmission.

Due to the system’s complexity, a number of characteristic oscillations
are observed: (i) the high order OEO modes featuring dense oscillation
pattern with 1.55 MHz FSR in Fig. 3(c); (ii) the OEO eigenmodes, i.e., the
main, pronounced oscillation shown in Fig. 2a and b, which are frequencies
that satisfy the OEO oscillation condition; (iii) additional oscillation series
due to the non-flat gain profile, which manifest as sidebands near the main
oscillationmodes (with a splitting of 18.6MHz and 17.3MHz); (iv) phonon
modes induced by themagnetostrictive interaction, forming sidebandswith
a 13MHz FSR, in Fig. 4; (v) magnetostatic (Walker) modes shown in Fig. 7
with mode order (m,m, 0).

Our experimental observations are well-reproduced by a coupled
mode theory and numerical simulations. Thanks to the excellent tunability
of magnon system and the “long-range-coherent" OEO system, our appa-
ratus renders a novel platform to explore both classical and quantum
phenomena involving solid-state systems and may potentially be used for
achieving remote magnon–photon coupling beyond the near fields.

Data availability
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.
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