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Magnons, the quanta of spin waves, have significant potential for use in modern technologies, especially
when they are strongly coupled to another mode for readout and control. Although magnons strongly
interact with microwave photons via the magnetic-dipole interaction to form hybrid cavity-magnon
polariton modes, the magnon-phonon interaction in micrometer-sized ferromagnetic spheres is typically
weak, which is further aggravated by the large polariton linewidths dominated by the magnon dissipation.
The material-limited magnon dissipation rate in particular has been regarded as an unavoidable limitation in
these systems. Here, we surpass this long-standing limitation by implementing an active microwave
feedback loop to suppress the linewidth of cavity-magnon polaritons and reduce their effective decay rate
below the magnon-limited linewidth, thereby enhancing the polariton-phonon cooperativity from C ~ 1 to
C ~300. As a key milestone, we achieved normal-mode splitting between a cavity-magnon polariton and a
mechanical mode, providing direct evidence of three-mode hybridization among photons, magnons, and
phonons. Our results establish feedback as a general route to accessing strong-coupling regimes in systems
previously thought to be limited by material properties and hence open new opportunities for coherent

control in hybrid quantum systems.
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I. INTRODUCTION

The premise of hybrid quantum systems is to use the best
properties of individual subsystems to create new comple-
mentary functionalities [1]. For example, magnons offer the
possibility of new magnetic sensing paradigms [2,3], or
nonreciprocity, enabling new circulators and isolators [4—6]
or nonreciprocal wavelength transducers [7]. When intro-
duced into a microwave cavity, magnons interact strongly
with cavity photons forming cavity polaritons [8—14],
deemed cavity magnonics. Magnons and MHz-frequency
phonons, e.g., from elastic breathing modes of sub-mm
spheres [15,16], couple via a radiation-pressure-like inter-
action: elastic vibrations modulate the magnon resonance
frequency, and the magnetization precession causes elastic
deformations. This effect forms the basis of cavity mag-
nomechanics, leading to the magnetostrictive version of
dynamical backaction effects [15,16]. A distinctive feature
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of cavity magnomechanics is the triple-resonance condi-
tion, in which the phonon frequency matches the frequency
difference between the hybrid cavity-magnon polariton
modes, enabling selective enhancement of magnon-phonon
scattering processes [15,16]. This regime has attracted
significant interest and motivated proposals for a wide
range of applications, including the generation of non-
classical entangled states [17-22], squeezed states [23],
classical and quantum information processing [24-26],
quantum correlation thermometry [27], quantum nonde-
molition measurement [28], and the exploitation of parity-
time (PT) symmetry [21,29].

Despite these appealing features, cavity magnome-
chanics has so far remained firmly in the weak-coupling
regime. While the photon-magnon interaction can readily
reach the strong-coupling regime, the parametric magne-
tostrictive magnon-phonon interaction is weak in sub-mm
spheres, where the photon-magnon interaction is the
strongest. More importantly, the linewidth of the hybrid
cavity-magnon polariton is dominated by intrinsic magnon
dissipation arising from material properties, since the
microwave photon dissipation rate can be tailored by
engineering the microwave cavity [30-32]. Such
material-limited dissipation rates cannot be overcome by
increasing the drive strength alone and therefore have been
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widely regarded as an unavoidable barrier preventing
access to the strong magnomechanical coupling regime.
As a result, although hybrid cavity-magnon interactions
have been studied both theoretically [13,14,33-37] and
experimentally [12,38-49], experimental investigations of
magnomechanical coupling have remained limited, with all
studies confined to the weak-coupling regime [15,16,50].

Feedback provides a powerful framework for controlling
hybrid quantum systems by actively modifying their
dynamical properties [51-60]. In conventional feedback
schemes, measurement outcomes are processed and fed
back to the system to engineer their effective response. In
cavity optomechanical systems, one widely used approach
is to feed the cavity output field back to the mechanical
oscillator, thereby providing force actuation that enables
efficient cooling of the mechanical motion [53,57,60].
Such mechanical feedback has proven highly successful,
particularly for enhancing cooling performance in the
unresolved-sideband regime. An alternative feedback con-
figuration feeds the cavity output field back to the cavity
mode itself [51,52]. In this case, the feedback modifies the
effective cavity susceptibility, which, in turn, alters the
optomechanical response in the strong-coupling regime.
However, applying feedback to the cavity mode does not
provide a similarly stunning advantage in enhancing the
optomechanical cooperativity. This is because the opto-
mechanical interaction is fundamentally parametric, and
the linearized coupling strength can be increased simply by
increasing the intracavity drive power. Consequently,
comparable enhancements of the optomechanical cooper-
ativity can generally be achieved without cavity feedback
by employing stronger drive tones [61,62]. This situation is
fundamentally different in cavity magnomechanical sys-
tems, where the intrinsic magnon dissipation constitutes a
material limitation that cannot be overcome by increasing
the drive power alone because of the resonant nature of the
photon-magnon interaction. Here, we demonstrate both
theoretically and experimentally that applying feedback to
the cavity mode overcomes this limitation, providing a
clear and unique advantage for cavity magnomechanical
systems.

We experimentally implement an active microwave
feedback loop to engineer the dissipation of cavity-magnon
polaritons. By feeding the cavity output back into the
system with tunable gain and phase, we suppress the
effective polariton decay rate by more than an order of
magnitude, reducing it below the intrinsic magnon dis-
sipation rate and thereby overcoming a fundamental limi-
tation of the system. As a result, the magnomechanical
cooperativity, which is inversely proportional to the polar-
iton dissipation rate, increases from C ~1 to C =~ 300,
enabling the magnomechanical coupling rate to
exceed the total dissipation rate and leading to the obser-
vation of normal-mode splitting between a mechanical
mode and a cavity-magnon polariton. The resulting high

magnomechanical cooperativity constitutes a key prerequi-
site for further studies of coherent energy exchange
[52,61,62], ground-state mechanical cooling [51,63-65],
and transduction between magnonic, mechanical, and
microwave degrees of freedom [7]. These results demon-
strate that microwave feedback provides a general route to
overcoming material-limited dissipation, enabling access to
strong-coupling regimes that were previously unattainable.
Our results establish a deterministic three-mode hybrid
system and represent a starting point for future experi-
mental studies in cavity magnomechanics, especially those
reaching into the quantum regime [12,17-22,25,66-70].

II. EXPERIMENTAL SETUP AND FEEDBACK-
ENABLED OVERCOMING INTRINSIC
MAGNON DISSIPATION

Our experiment employs a three-dimensional copper
microwave cavity, allowing application of bias magnetic
fields, with inner volume 30 x 30 x 2.5 mm?, operated at
room temperature and supporting a fundamental TE;,
mode [16] at @, /27 =~ 7.1338 GHz. The cavity is coupled
to two external ports, enabling independent access for weak
probing, coherent pump tones, and the implementation of
an active microwave feedback loop. The intrinsic cavity
decay rate is ki, /27 ~ 3.18 MHz, while the total external
coupling rate, with both ports connected, is k.. /27 =
)+ x2)) /27 ~ 1.24 MHz.

A single-crystal yttrium iron garnet (YIG) sphere with a
radius of 200 pm and an intrinsic magnon dissipation rate
K,,/27m = 2.20 MHz is positioned near the magnetic-field
antinode of the cavity mode yielding the magnon-micro-
wave coupling rate g,,,/27 = 5.84 MHz. The orientation
of the sphere is fixed by a static magnetic field applied
along its easy axis. This field is generated by a pair of
permanent magnets, as shown schematically in Fig. 1(a),
and can be finely tuned using a 104-turn solenoid wound
around a pure iron core and coupled via an iron yoke [71].
The bias magnetic field enables precise tuning of the
uniform magnon mode frequency w,, = yBj, where y =
28 GHz/T and B, is the bias field, thereby allowing control
of the cavity-magnon polariton modes, as shown in
Fig. 1(b).

To investigate feedback-induced modifications of the
cavity-magnon polariton modes in the absence of mechani-
cal excitation, the cavity is first probed through port 1 using
a weak microwave signal. The output field from port 2 is
divided using a power splitter: one arm is directed to a
vector network analyzer (VNA) for transmission measure-
ments, while the other arm is routed through a phase shifter
and tunable-gain microwave amplifier before being fed
back into the cavity through port 1 via a directional coupler,
as illustrated in Fig. 1(a).

In the absence of feedback, the microwave cavity-
magnon system is governed by the standard microwave
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FIG. 1. Feedback reduces the hybridized polariton dissipation below the magnon linewidth. (a) Simplified schematic of the cavity
magnomechanical system and microwave feedback loop. The copper cavity is surrounded by a tunable magnet and probed by a vector
network analyzer (VNA) through port 1. A fraction of the cavity output (port 2) is directed to the VNA for measurement, while the
remaining signal is routed through the feedback loop. In the feedback loop, the signal is phase shifted (PS), amplified (Amp), and
subsequently fed back into the cavity through port 1. A pump tone can be added to the circuit using an independent microwave source
(MWS). (b) Polariton spectra demonstrating strong coupling between magnons and cavity photons as the bias field is tuned.
(c) Transmission amplitude of the cavity-magnon polariton modes with increasing feedback gain gg,. Each trace is normalized and
vertically offset for clarity. For each spectrum, the bias magnetic field was adjusted to maintain symmetric polariton modes. In the
absence of feedback (NO-FB), the system exhibits broad hybrid modes, while increasing feedback gain progressively narrows the
polariton linewidths. (d) Extracted linewidths of the upper (k) and lower (k_) polariton modes, together with the intrinsic magnon
dissipation rate k,, and the effective cavity linewidth &,, as functions of the feedback gain gg,. The shaded orange band indicates the
uncertainty in the fits to the magnon linewidths, shown as the mean value (k,,) &= SEM, where SEM denotes the standard error of the
mean. The feedback-induced linewidth reduction suppresses the polariton dissipation more than an order of magnitude below the
magnon-limited linewidth.

photon-magnon interaction [10,38]. The introduction of an
active microwave feedback loop alters the cavity response
by effectively modifying its resonance frequency to

By = 0, + 20/ kSl gy sin ¢, (1)

and its decay rate to

KK 9 €08 . ()

K,=K,—2

In Egs. (1), (2), whose detailed theoretical derivations are
provided in Appendices 1 B and 1 C, the total cavity decay
1S K, = Kijne + KS& + Ké,{%, which is composed of the intrin-
sic contribution k;,, and the decay into two external ports

Ké}ﬁ. The parameters gy, and ¢ are the feedback gain

and feedback phase, respectively, both of which can be
experimentally tuned. Here, # denotes the effective

feedback-loop efficiency, which characterizes the net
coherent transmission between the cavity output and the
feedback input. This parameter accounts for the combined
effects of insertion losses, impedance mismatches, and
other imperfections throughout the microwave feedback
circuit. Experimentally, # is determined from an indepen-
dent calibration of the complete feedback loop, as
described in Appendix 2 A.

Correspondingly, the magnon-microwave polaritons
exhibit modified frequencies @, and decay rates &,
obtained by diagonalizing the linear Heiseberg-Langevin
equations governing the coupled mode dynamics (see
Appendix 1). In the simpler case where the magnon
frequency w,, is adjusted to always be on resonance with
the feedback modified cavity frequency @,, the polaritons
frequencies and decays are given by

by =0, £ \/ggna - (’z’a - Km)2/4’ (3)
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k:l: = (ka + Km)/27 (4)

where we have also assumed that g,,, > |k, — k,,|/2, which
is always the case for our experiment.

The strong photon-magnon hybridization implies that
the feedback provides direct control over the properties of
the hybrid cavity-magnon polariton modes, as we can infer
from Egs. (4) and (2): for —z/2 < ¢ < n/2, the effective
polariton linewidths &, are always reduced in comparison
with the no-feedback case. The optimum feedback phase is
¢ =0, which yields, at a fixed gain, the maximum
reduction of the polariton linewidths. In this regime, the
gain introduced by the feedback loop compensates for
intrinsic dissipation in the system. We engineer this
scenario with our setup and probe the transmission of
the system, which we show in Fig. 1(c) for different
feedback gains. As the feedback gain is increased, a
pronounced narrowing of the polariton resonances is
observed, indicating a strong suppression of the effective
polariton dissipation. Small deviations of the phase from
zero can lead to frequency shifts at high gain values. To
compensate for these shifts and maintain symmetric polar-
iton splitting throughout the measurement sequence, the
bias magnetic field was manually adjusted for each
spectrum. This enables a consistent comparison of line-
width suppression across different feedback gains. It is
noteworthy that while the symmetric polariton configura-
tion is used in Fig. 1(c), even narrower linewidths can be
achieved for one of the polariton modes through intentional
polariton linewidth asymmetry (see Sec. III), at the expense
of increased dissipation in the second mode.

The experimental data can be explained and fit using the
theoretical model developed in Appendix 1. From standard
input-output relations, we obtain the scattering matrix
describing the reflection and transmission amplitude from
the input to the output ports. The transmission amplitude
from port 1 to port 2 is given by
W]

NN A

(1) (
21/ Kex(K,
So1[y] ——

(5)

where @, is the swept VNA probe frequency, y,,[@,] =
[k, + i(w, —w,)]”" is the magnon susceptibility, and
Falws] = [&, +i(@, — w,)]"" shows the effective cavity
susceptibility in the presence of feedback. The transmission
coefficient, S,;, characterizes the resonant response of the
system. The poles of Eq. (5) are directly related to the
polariton frequency and linewidth. The absolute value
|Sy1]w]|, for the parameter regime of interest, has the
shape of two Lorentzians with peak frequencies and line-
widths corresponding to the frequencies and linewidths of
the polariton modes. We then use Eq. (5) to fit our
experimental data, shown in Fig. 1(c). The model, shown
in dashed lines, exhibits excellent agreement with the

experimental data. From these fits, the polariton linewidths
(at the maximally hybridized, symmetric polariton point)
extracted using Eq. (4) are reduced from approximately
3.24 MHz in the absence of feedback to as low as 174 kHz
at the highest feedback gain, thereby overcoming the
intrinsic magnon dissipation rate, k,,/2x = 2.20 MHz,
Fig. 1(d). The experimental results presented in Sec. III
correspond to the asymmetric polariton regime, in which
the linewidth of the narrower polariton mode can be
suppressed to as low as 300 Hz. This demonstrates that
intrinsic material-limited dissipation can be overcome
through feedback.

Figure 1(d) shows the extracted dissipation parameters,
including the effective cavity decay rate, K,, the intrinsic
magnon dissipation rate, k,,, and the polariton decay rates,
K, obtained from Eq. (4). The formally negative effective
cavity decay rate K, does not by itself imply instability of
the system, rather indicating that the cavity mode behaves
as an amplifying subsystem [44,47]. Since the cavity is
strongly coupled to the magnon mode, which is also
dissipative, the linear stability of the system is guaranteed
by the positiveness of the polariton decay rates, which is
always the case in our measurements. Note however, this
would not be the case for the bare cavity, which is
investigated in Appendix 2 B. There, we show that at
sufficiently high feedback gain the bare cavity becomes
unstable, resulting in distorted transmission spectra.

III. FEEDBACK-ENABLED STRONG
MAGNOMECHANICAL COUPLING

The radiation-pressure-like magnon-phonon interaction
in cavity magnomechanics manifests experimentally
through interference effects in the probe response. The
analog of optomechanically induced transparency/absorp-
tion in cavity optomechanics [72]—known as magnome-
chanically induced transparency/absorption (MMIT/
MMIA)—arises from coherent interference between the
weak probe field and the anti-Stokes (Stokes) scattering
generated by a strong red- (blue-) detuned control field via
mechanical motion. This interference produces a narrow
transparency window or absorption dip in the probe trans-
mission near the polariton resonance, with a linewidth set
by the mechanical dissipation rate [15,16]. In this section,
we investigate this effect, which provides a sensitive probe
of the magnomechanical coupling.

A key figure of merit characterizing the interaction
between the polariton and mechanical modes is the polar-
iton-phonon cooperativity,

c- G

— (6)

K Kp
where G, denotes the cavity-enhanced polariton-phonon
coupling strength, &, is the effective upper-polariton
dissipation rate, and k,, is the mechanical dissipation rate.
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The relatively large linewidth of cavity-magnon polaritons
constitutes a major obstacle to reaching the strong-coupling
regime and, because the cooperativity is inversely propor-
tional to the polariton dissipation rate, also hinders further
enhancement of the cooperativity. Consequently, increasing
the drive power alone is generally insufficient to substan-
tially enhance the cooperativity. Moreover, further
increases in drive power may introduce unwanted heating
and nonlinearities, motivating alternative strategies for
increasing the cooperativity.

The MMIT response of the upper polariton mode in
cavity magnomechanics, realized using a YIG sphere with a
mechanical resonance frequency of w,/2z = 15.61 MHz,
a single-magnon-phonon coupling rate g,,;,/27 =
4.83 mHz, and an intrinsic mechanical linewidth
k,/27 = 2.06 kHz, without the feedback loop is shown
in Fig. 2(b). As the drive is tuned to the red side of the upper
polariton mode [see Fig. 2(a)], a small transparency
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window appears at the top of the upper polariton resonance.
The weak magnetostrictive magnon-phonon interaction,
together with the intrinsically large polariton linewidth
prevents the formation of a wide transparency window. As
the results in Fig. 2(b) show, even increasing the drive
power up to 20 dBm is insufficient to observe cavity-
magnon polariton mechanical normal-mode splitting. This
is a direct consequence of an intrinsic limitation of the
system—the decay rates prevent the magnomechanical
cooperativity to be increased solely via a stronger drive.

Motivated by the experimentally demonstrated feed-
back-enabled polariton linewidth narrowing, we now
investigate the interaction between magnon-microwave
polaritons and phonons in a cavity magnomechanical
system inside the feedback loop. In the following, in
addition to the feedback circuit above, a drive tone is
applied to port 1 using a directional coupler [Fig. 1(a) with
switch closed]. This tone is tuned to the red sideband of the
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FIG. 2. Feedback-induced strong magnomechanical coupling. (a) Frequency schematic of the measurement showing the pump tone,
wy, approximately one mechanical frequency, @, red-detuned from the upper polariton mode, @, . (b) Transmission amplitude, |S,|, of
the upper cavity-magnon polariton as a function of the probe detuning A, = w; — @, in the absence of feedback. As the red-detuned
pump tone is increased, a transparency peak appears, reflecting interference with the mechanical resonance arising from the cavity-
enhanced coupling. Despite the increasing drive power, the transparency feature remains small and no normal-mode splitting is
observed. (c) When feedback gain is applied, there is a clear transparency peak that evolves into a well-defined normal mode splitting as
the gain is increased (with constant pump tone power, P, = 18 dBm). (d) Transmission amplitude, |S,;|, of the upper cavity-magnon
polariton measured as a function of increasing pump power (bottom to top) inside the microwave feedback-loop, shown for direct
comparison with the no-feedback measurements in panel (b). The feedback gain is fixed at g3, = 27 dB and the feedback phase is tuned
to ¢ ~ 0, corresponding to the regime of maximum polariton linewidth suppression. In contrast to panel (b), where increasing pump
power alone does not produce resolvable normal-mode splitting, the feedback induced linewidth suppression enables the drive-enhanced
magnomechanical interaction to overcome the dissipation rates, leading to the emergence of normal-mode splitting. Dashed lines

represent fits to the theoretical model.
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upper polariton mode and the drive power is fixed at
18 dBm, for which the mechanically induced transparency
window is not clearly visible in the setup without the
feedback loop. Under these otherwise identical conditions,
we examine the effect of feedback on the MMIT response.

Figure 2(c) shows the MMIT spectra measured at
different feedback gains, fixed optimum phase ¢ ~0,
and a red-detuned drive at a fixed power of P; =
18 dBm. As the feedback gain is increased, the progressive
suppression of the polariton linewidth enables the emer-
gence of a clear normal-mode splitting. This splitting
provides direct evidence for the onset of the strong-
coupling regime between the polariton mode and the
phonon mode. Because increasing the feedback gain shifts
the polariton resonance frequency, the external bias field is
adjusted during the measurement sequence to maintain the
hybrid polariton-phonon modes near symmetric mode
splitting. The adjustment is performed manually by mon-
itoring the polariton spectrum and maintaining an approx-
imately symmetric normal-mode splitting about the center
frequency, with a typical field correction of less than
~0.05, mT. This procedure ensures that the observed
normal-mode splitting arises from enhanced magnome-
chanical coupling rather than from frequency detuning-
induced asymmetry.

For direct comparison with the no-feedback measure-
ments shown in Figs. 2(b) and 2(d) presents the corre-
sponding transmission spectra measured under otherwise
identical conditions with the feedback loop enabled. In
these measurements, the feedback gain is fixed at gz =
27 dB and the feedback phase is tuned to ¢ ~0, corre-
sponding to the regime of maximum polariton linewidth
suppression. Under these conditions, the feedback-induced
reduction of the polariton linewidth allows the drive-
enhanced magnomechanical interaction to overcome the
dissipation rates, resulting in the clear emergence of
normal-mode splitting. A comparison of Figs. 2(b)
and 2(d) demonstrates that increasing the drive power
alone is insufficient to reach the strong-coupling regime.
Instead, the feedback-enabled suppression of the polariton
linewidth is the key mechanism that enables coherent
polariton-mechanical hybridization.

Driving the upper polariton mode in the red-detuned
regime, @, =&, —w,, the transmission amplitude
describing the upper polariton-mechanical interaction is
given by

~(1 2) ~
2 K(+.)exth(:x2)(+ [ASd]

1 + X [Asd])?+ [Asd] ‘G+

$a1[Asa] = 7 (7)

where f<$_)m is the effective external coupling rate of

the upper polariton to port 1 [see Eq. (A25) in
Appendix 11, 7, [Ag] = [k +i(@, —Ayg)] ™" and y, [Ayg] =
[k, +i(w, — Agy)]~! denote the effective upper polariton

and mechanical susceptibilities, respectively, A, =w, —wy,
is the probe-drive detuning, and G, represents the effective
upper-polariton-phonon coupling strength. Such a trans-
mission amplitude probes the response of the system
which, just as in the case of Sec. II, exhibits a resonant
behavior at the polariton mode frequency, including a
suppression due to MMIT in the weak coupling and mode
splitting in the strong coupling regime. This behavior can
be seamlessly tuned by varying the feedback gain gg,.
Alternatively, for a fixed feedback gain, it can be controlled
by increasing the drive power, which enhances the effec-
tive upper-polariton-phonon coupling strength G, (see
Appendix 1 E). The fit theoretical spectra obtained from
Eq. (7), shown as black dashed lines in Figs. 2(c) and 2(d),
exhibit excellent agreement with the experimental data. To
provide a more comprehensive comparison, the same
experimental and theoretical data shown in Fig. 2(c)
are displayed as two-dimensional contour plots in
Appendix 2 A.

To quantitatively analyze the measured spectra in
Fig. 2(c), each spectrum is fit using the theoretical model
described by Eq. (7). In the fitting procedure, the product of
the external dissipation rates, fci&?ezcgz, is fixed to inde-
pendently calibrated values, while the effective upper-
polariton dissipation rate X, the mechanical dissipation
rate k,, the cavity-enhanced polariton-phonon coupling
strength G, and the mechanical resonance frequency @,
are treated as free fitting parameters. The resulting theo-
retical fits, shown as black dashed lines in Fig. 2(c),
reproduce the measured line shapes with excellent agree-
ment over the entire feedback-gain range, confirming that
Eq. (7) accurately captures the feedback-modified polar-
iton-phonon dynamics. The fit parameters are summarized
in Fig. 3(a). To clarify the possibility of strong coupling,
only the extracted values of X, k,, and G are displayed.
Because the red-sideband drive power is fixed at
P, = 18 dBm, both the cavity-enhanced coupling strength
G, and the mechanical dissipation rate x;, depend on the
feedback gain only weakly. In contrast, the effective upper-
polariton dissipation rate, &, /2z, decreases substantially
with increasing feedback gain, from &, /2x = 74 kHz at
9 =24.77dB to &,/2x~300 Hz at gy = 25.12 dB,
demonstrating the feedback-induced suppression of polar-
iton damping. The extracted parameters provide a quanti-
tative criterion for identifying the onset of strong coupling.
At sufficiently high feedback gain, the system satisfies the
condition G, > K, k;, indicated by the shaded region in
Fig. 3(a). While the emergence of normal-mode splitting is
already evident in Figs. 2(c), the parameters in Fig. 3(a)
explicitly identify the strong-coupling threshold.

Finally, the polariton-mechanical cooperativity, C =
G? /&, K}, which quantifies the competition between
coherent coupling and dissipation, is shown in Fig. 3(b).
While at low feedback gain the cooperativity is of order
unity (C ~1), increasing the feedback gain enables
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FIG. 3. Extracted parameters characterizing the feedback-induced

strong-coupling regime. (a) Coupling and dissipation rates extracted
from fits to the transmission amplitude shown in Fig. 2(b) as functions
of the feedback gain gg,. The effective polariton-mechanical coupling
strength G, and the mechanical dissipation rate k;, remain approx-
imately constant, while the effective upper-polariton linewidth &, is
strongly suppressed with increasing feedback gain. The blue shaded
region highlights the parameter range in which the strong-coupling
condition G, > &, , k, is satisfied. (b) Polariton-mechanical coop-
erativity C = G% /(& k;,) calculated from the extracted rates as a
function of the feedback gain gg,, showing a significant enhancement
driven by feedback-induced linewidth suppression.

cooperativities as large as C ~ 300. This large cooperativity
establishes the cavity magnomechanical system as a prom-
ising platform for coherent quantum operations, including
mechanical cooling and microwave/magnon-mechanical
quantum transduction [51,52,61-64,73-76].

Having established the feedback-induced strong-cou-
pling regime through linewidth suppression, which con-
sequently enhances the polariton-phonon cooperativity, we
now present direct spectroscopic evidence of coherent
hybridization between the upper polariton mode and the
mechanical resonance. Figure 4 shows the transmission
amplitude of a weak probe with frequency @, with a strong
drive at a frequency w, red-detuned with respect to the
upper polariton. The double peaked structure indicates
polariton-phonon hybridization. As the drive frequency is
swept across the red-detuned regime of the upper polariton
resonance, a clear avoided crossing emerges, which is a
hallmark of coherent mode hybridization and cannot be
explained by interference or linewidth narrowing alone. At
the red-sideband condition, the transmission transforms
from a single resonance into two well-resolved peaks
accompanied by a characteristic dispersive phase response,
providing unambiguous evidence of normal-mode splitting
arising from coherent polariton-mechanical coupling.
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FIG. 4. Normal-mode (avoided level crossing) spectrum of the upper polariton-mechanical system enabled by feedback-induced
linewidth suppression. Unless otherwise stated, the measurements are performed at a fixed probe power of P, = 15, dBm, feedback gain
g = 29.75,dB, and feedback phase ¢ ~ 0. (a) Schematic diagrams illustrating the relative positions of the lower and upper polariton
modes (w_, @, ), the drive/pump tone w,, and the mechanical frequency w,, for three representative drive frequencies (blue, orange, and red).
(b) Corresponding line cuts of the transmission amplitude |S,;| (left column) and phase (right column) measured at the three drive
frequencies indicated in panel (a), plotted as functions of the probe detuning 6, = w, — @, where w,/2x denotes the center frequency of
each measurement sweep (roughly ). The evolution from a single resonance into two well-resolved peaks, accompanied by the
characteristic phase response, reveals normal-mode splitting in the strong-coupling regime. (c¢) Experimental color map of the transmission
amplitude | S| as a function of the probe and drive detunings, §; = @, — @y and §; = wy — w,. The clear avoided crossing demonstrates
coherent hybridization between the upper polariton mode and the mechanical resonance. Colored dotted lines indicate the three drive
frequencies corresponding to the line cuts shown in panel (b). (d) Theoretical simulation of the transmission amplitude |S,;| plotted in the
same detuning coordinates (5, 8,), showing excellent agreement with the experimentally observed avoided-crossing spectrum.
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IV. CONCLUSION

In this work, we have experimentally demonstrated that
active microwave feedback can overcome intrinsic material
dissipation in cavity magnomechanics, the main limiting
factor in practical applications. By implementing a tunable
feedback loop that modifies the effective dissipation of
cavity-magnon polariton modes, we achieve a substantial
suppression of the polariton linewidth to below the mag-
non-limited linewidth. This linewidth engineering enables
the effective polariton-phonon coupling strength to exceed
the total system decay rates, thereby allowing the system to
enter the magnomechanical strong-coupling regime.

As a direct consequence, we observe clear normal-mode
splitting between a cavity-magnon polariton and a
mechanical mode, providing conclusive spectroscopic evi-
dence of coherent hybridization among photons, magnons,
and phonons. Control measurements performed under
identical drive conditions but without feedback confirm
that increasing the drive power alone is insufficient to reach
this regime, demonstrating that feedback-enabled linewidth
suppression is the key mechanism enabling strong magno-
mechanical coupling.

Beyond the implementation presented here, our
results establish feedback-enabled linewidth engineering
as a general strategy for accessing strongly coupled
regimes in hybrid magnonic platforms that are otherwise
limited by intrinsic magnetic losses and weak single-
magnon magnomechanical coupling rates. This approach
opens new opportunities for the realization of coherent
information transfer [20,25,76], quantum-limited control of
mechanical motion [51,52,61-64,73—76], microwave-mag-
non-mechanical transduction [25,77], feedback-controlled
non-Hermitian and exceptional-point physics in hybrid
quantum systems [21,29,48], and generation of entangle-
ment between two remote mechanical resonators [20]. For
such implementations in the quantum regime, it will be
important to benchmark the noise introduced in the system
by the feedback loop, which is known to limit, for example,
the cooling performance of feedback-schemes in optome-
chanics [53,60,78]. Even with such added noise, feedback
cooling and squeezing schemes in optics and microwave-
based systems are known to enable quantum control [53],
which we also anticipate to be the case in this system.
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APPENDIX A: THEORETICAL BACKGROUND

1. Basic cavity magnon system

Magnons and microwaves couple via a magnetic-dipole
dipole interaction, and can be made close in frequency,
allowing for coherent exchange of energy. Microwave
cavities can be engineered to exhibit electromagnetic
modes at well-defined and separated frequencies, such as
the TE;j; mode used here we can consider the interaction
between a magnon mode, with annihilation operator /7 and
frequency w,,, and a single cavity mode, described with the
annihilation operator & and frequency w,. The Hamiltonian
of the cavity-magnon system is given by

+ i 2K£38S(2\1+€_iw*‘t — ae'st), (A1)

where the last term describes a coherent monochromatic
drive with amplitude &, applied via an external port that

couples to the microwave mode with a rate KQXZ The
magnon-microwave coupling rate g,,, depends on the
system architecture [36,79].

In our experiment, the microwave resonator is a 3D
cavity, supporting a fundamental TEM;,; mode, and the
magnet hosting the magnons is a yttrium iron-garnet sphere
with a diameter much smaller than the wavelength of the
fundamental mode of the cavity. In this case, the magnon-
microwave coupling depends on the position of the sphere
inside the cavity and its volume [10]. Systems like the one
used in this experiment can routinely achieve strong
magnon-microwave coupling [10,12,36,38], which results
in the formation of magnon-microwave polaritons [36,38].

The quantum Langevin equations (QLEs) describing the
system dynamics are
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Z\l = (_iwa - Ka)& - igmarh + V 2Ka~/2{in

1/ 2k Ve emiont (A2a)
fh = (_iwm - Km)ﬁl - lgma& + 2Kmﬁ/linv (AZb)

where x, and x,, denote the total decay rates of the cavity
and magnon modes, respectively, Kf;{ is the external
coupling rate through cavity port 1. The noise operator

i, describes vacuum and thermal noise acting on the

magnon mode, while Am includes both intrinsic cavity

noise, and noise fed to the cavity via its input ports.
Throughout these appendices, we will indicate the coher-

ent part of the fields as, e.g., a = (a). We further consider

~

white noise exclusively, such that (f,) = (A4;,) = 0.

2. Microwave feedback

We now introduce a feedback loop acting on the cavity
mode. As illustrated schematically in Fig. 1(a), the output
field from one port of the cavity (port 2) is amplified, phase
shifted, and then fed back into the cavity through port 1,
which is also used to apply the probe field. The coherent
amplitude of the input field at port 1 is therefore given by

1 2
ai(n)(t) =&+ \/ﬁgfbaf)u)t(t —Tsp)s

(A3)
where gy, is the feedback gain, 1 denotes the efficiency of
the feedback loop, and 7y, is the feedback delay time. The

feedback also adds contributions to the noise term Ain
appearing in Eq. (A2). We indicate the modified noise

contributions by flin.

When the delay time is much shorter than both the cavity
lifetime 1/k, and the characteristic interaction time 1/g,,,,
its effect can be absorbed into an effective phase shift,
which allows us to write the coherent part of the input as

al (1) = e, + /ngpatm(t)e ™, (Ad)

where

¢ = Hfb + (a)u - a)s)be (AS)
is the total feedback phase, with 6, controlled externally.
Taking the feedback into account and using standard input-

output theory [80], the output field from port 2, with

external coupling KS({, is given by

N A (2

agu(n) =\ 26Ga() + ) (). (A6)
We emphasize that in our experiment, no coherent drive is
(2)

in

applied via port 2, hence a
and vacuum noise.

is composed of only thermal

The cavity quantum Langevin equation is therefore
modified to
4= (=iw, = k,)a — igyaih

+ 2K.(3)1(2 <€s + 277Kg({gfb&e_i(/)> e logt (A7)

—+1/ 2Ka-’flin7

Equation (A8) explicitly shows that the feedback loop
introduces an effective self-interaction of the cavity field
through coherent extraction, processing, and reinjection of
the intracavity field.

(A8)

3. Effective cavity parameters

The feedback-induced self-interaction can be absorbed
into renormalized cavity parameters. We can thus rewrite
Eq. (A8) for the coherent amplitude of the cavity as

1)

a = (=i, — Ry)a — igpam + 2K£xtese_"m-g’. (A9)

The effective cavity frequency and decay rate are given by

By = 0y + 2\ nkbaxGlgpy sin g, (A10)
Ry = K, — 24/ ik g y cos . (Al1)

We emphasize that the feedback loop acts exclusively on
the cavity mode, leaving the intrinsic magnon parameters
,, and k,, unchanged. By tuning the feedback gain and
phase, the effective cavity frequency and decay rate can be
continuously engineered, enabling controlled enhancement
or suppression of cavity dissipation.

Nonlinear effects, such as those discussed in Ref. [44],
are expected to be negligible under the operating conditions
of the present experiment. To verify this assumption, we
performed additional measurements of the cavity-feedback
system while varying the VNA probe power. The resonance
frequency, linewidth, and overall line shape exhibited only
weak dependence on probe power, indicating that the
system remains well within the linear-response regime.
Consequently, the effective cavity dynamics are well
described by the linear model presented here.

4. Feedback-controlled polariton modes

Because the cavity and magnon modes are strongly
coupled, it is convenient to describe the system in terms of
hybrid cavity-magnon polaritons. The QLEs for the mag-
non and cavity coherent amplitudes in the presence of
feedback read
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a= (_i(ba - ’z'a)a - ignlam + 2Kc(=,)1(28se_[w:t7 (Alza)

m = (—iw,, — K;,)m — ig,,d.

(A12b)

The complex eigenfrequencies of the hybrid polariton
modes are given by

- . Wt o, K,t+Ky
W4 — Ky = 3 —1 3

o, — o
i\/g%na"i_( a2 =

where @, and X, denote the resonance frequencies and
dissipation rates of the hybrid polariton modes, respec-
tively. The corresponding hybrid polariton modes are

given by
A cos sin a
() (o o) (3) 9
A —siny  cosy m

where the mixing angle y is defined by

Ky —Kn\2
4" (A13
F2E) L an)

20ma

m a

tan(2y) = (A15)

Equation (A13) shows that, in general, the polariton line-
widths, &, are governed by the feedback-modified cavity
parameters. For analytical transparency, we consider the
resonant case @, = w,,, where the linewidths reduce to

K Ky — 24/ K“QK(? cos ¢ + K,
L Kyt Ky, NKextKext9fb ¢ . (A16)

T 2

Equation (A16) demonstrates that, although intrinsic mag-
non dissipation typically dominates cavity magnonic sys-
tems and limits the polariton lifetime, appropriately
engineered microwave feedback allows direct control over
the effective polariton dissipation. By tuning the feedback
gain and phase, the cavity mode can be driven into a regime
of reduced or even negative effective dissipation, effec-
tively behaving as an amplifying mode. When hybridized
with the lossy magnon mode, this feedback-induced
amplification compensates the magnon dissipation, result-
ing in a pronounced suppression of the polariton linewidth.
In the ideal limit, and within the stability bounds of the
feedback loop, the polariton linewidth can be made
arbitrarily small.

To obtain the transmission amplitude given in Eq. (5), we
use the standard input-output relations

aly(t) = &P (1) + J2ula(r),  (i=1,2).

(1)

We should notice that in the above equation &;,’ is to be

taken as the out-of-loop input field, i.e., ai(ri)(t) = g el

Working in the frequency domain via the Fourier trans-
form (for 0 = a, m)

o(t) = /dwb[w]e""‘”, (A18)

we can solve the linear Heisenberg-Langevin equation for
the coherent part of the fields, which gives us the relation
between inputs and outputs

sl =" S;[wlall o],

Jj=1

(A19)

where S is the scattering matrix of the system. Since

only port 1 is coherently driven ai(f) [w] =0 and
() ) (1)

a,’' [w] = e,6[w — wy]. Therefore agy[w]=2S,[w]|a,,’ [w]=
S»1[w]eg6[w—wy). The transmission amplitude of a coher-
ent tone with frequency w, is thus S,;[w,], as given
in Eq. (5).

5. Magnomechanical interaction
and polariton-phonon coupling

The magnon excitation inside the YIG sphere induces a
time-dependent magnetization, which in turn deforms the
sphere through magnetostrictive forces. Conversely,
mechanical vibrations modify the magnetization, resulting
in an intrinsic coupling between magnon and phonon
modes [15,16]. Owing to the large frequency mismatch
between magnons (GHz) and phonons (MHz), this inter-
action is naturally weak. To compensate for this mismatch
and enhance the effective interaction, a strong coherent
microwave drive is applied.

The magnetostrictive interaction is described by a
radiation-pressure-like dispersive Hamiltonian [15],

[:\Imb/h = gmb’/h}fh(l’; + l;-")’ (A20)

where ¢, is the intrinsic magnomechanical coupling

strength and b is the annihilation operator of the mechani-
cal mode with resonance frequency ;. The single-magnon
magnomechanical coupling g,,;, depends on the sphere size
and on magneto-elastic coefficients that are material-spe-
cific parameters [79,81].

Working in a frame rotating at the drive frequency w,,
the linearized Hamiltonian of the driven cavity magnome-
chanical system, expressed in terms of the hybrid polariton
modes, is given by
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H i . o
== (0, —0)ALA, + (0- - 0)ALA_ + w,b'
(G, AL+ LA )b+ b)
+(G_AL + G*A_) (b + b")
+ 2K5:.>ext8x (AJrei(ml‘ —wy)t =+ Aie—i(rns—a)d)t)
+ ZK(_1,>ext€S (A_ei(“’:_“’f’)’ + Aie‘i(“’s_“’d>’), (A21)
where
Gy = gup(sin® wA,  +sinpeosyA_),  (A22)
G_ = gmp (0082 l//A—,ss + siny cos WA+,ss)v <A23)

and the steady state excitation in the simple single mode
regime is

~(1)
B 2K i€
Apy=—Y2ot? (A24)
TR +i(@s —wy)
(1) L+cos2y () (A25)

+.ext — 2 ext-

The strong coupling regime of polariton-phonon inter-
action enabled by microwave feedback manifests exper-
imentally through interference effects in the probe
response, which is studied both with and without feedback
in Sec. IIL.

The transmission amplitude of the system S,; is obtained
using the same procedure outlined above. The frequency at
which the transmission amplitude in Eq. (7) is written is the
difference between the weak probe drive frequency and the
strong pump tone, as the Hamiltonian (A21) is written in a
frame rotating at the pump frequency w,.

APPENDIX B: ADDITIONAL EXPERIMENTAL
INFORMATION

1. Measured and theoretical transmission spectra
as a function of feedback gain

For completeness, Fig. 5 shows the same experimental
and theoretical data presented in Fig. 2(c), displayed as
two-dimensional color maps to provide a global view of the
evolution of the transmission spectra with increasing feed-
back gain. The theoretical spectra are obtained from Eq. (7)
using the fitting procedure described in Sec. III. The
excellent agreement between experiment and theory over
the entire feedback-gain range confirms that Eq. (7) accu-
rately captures the feedback-modified polariton-phonon
dynamics, including the evolution from magnomechani-
cally induced transparency to normal-mode splitting.
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FIG. 5. Measured (left) and theoretical (right) transmission
amplitude, |S,;|, of the upper cavity-magnon polariton as a
function of the feedback gain gg. The theoretical spectra are
obtained from Eq. (7) using the fitting procedure described in
Sec. III. The comparison demonstrates excellent agreement over
the entire feedback-gain range.

2. Experimental calibration of the
feedback-loop efficiency

The feedback-loop efficiency n appearing in Egs. (1) and
(2) quantifies the effective coherent transmission from the
cavity output to the feedback input. This parameter includes
the cumulative effect of insertion losses from the phase
shifter, directional couplers, microwave cables, connectors,
and residual impedance mismatches in the feedback path.

Experimentally, # is extracted by comparing the mea-
sured transmission of the complete feedback path with the
independently measured transmission of the amplifier
chain. Specifically, we define

|S31" (@, g

s O

n(w. gp) =

where SY is the measured transmission of the complete

feedback path and S5|" is the independently measured
transmission of the amphﬁer chain.
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FIG. 6. Experimental calibration of the feedback loop effi-
ciency. The extracted efficiency 7(w;, gp) = |S21 (w5, ) |*/
|S51F (wy, gn)|? is plotted as a function of frequency for different
feedback-gain settings. The efficiency accounts for insertion
losses from the phase shifter, directional couplers, isolator,
microwave cables, connectors, and residual impedance mis-
matches in the feedback path. In the gain range used for the
feedback measurements, the extracted efficiency is approxi-
mately 7 ~ 0.6.
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The extracted efficiency is shown in Fig. 6. Over the
frequency range relevant to the feedback measurements, #
lies between approximately 0.4 and 0.65, depending
weakly on frequency and feedback gain. In the gain range
used for the main feedback measurements, the efficiency is
approximately 7 ~ 0.6, indicating that the feedback path
introduces only moderate insertion losses while maintain-
ing efficient microwave transmission over the operating
frequency range. This level of efficiency is comparable to
those achieved in feedback-based cavity optomechanical
experiments [51,53], although the reported efficiencies
refer to different experimental implementations. We there-
fore treat  as an effective experimental parameter describ-
ing the overall coherent transmission of the feedback path
under the operating conditions of the experiment.

3. Physical meaning of negative effective
cavity damping

The measurements present throughout the paper concern
the hybrid cavity-magnon system, for which the physically
relevant dissipation rates are the polariton linewidths, &.
An interesting question, however, is the physical interpre-
tation of the effective cavity dissipation rate, ,, when
Eq. (A11) predicts negative values. In particular, a negative
i, formally corresponds to a regime in which the feedback-
induced gain exceeds the intrinsic cavity loss. To inves-
tigate the physical meaning of this regime and the validity
of the linear model, we performed independent measure-
ments of the bare cavity, which is used in the experiment,
operated inside the same feedback loop.
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FIG. 7. Measured transmission spectrum of the bare cavity for
different feedback gains. Increasing the feedback gain progres-
sively narrows the cavity resonance, consistent with the reduction
of the effective cavity damping rate predicted by the linear
feedback model. The right panel presents an enlarged view of the
spectra measured at the three highest feedback gains
(g = 20.50, 20.75, and 21.00 dB), showing the pronounced
linewidth narrowing at 20.50 dB and the onset of spectral
distortion at 20.75 and 21.00 dB as the system approaches the
instability threshold. Near the instability threshold, the cavity
response becomes distorted and can no longer be described by a
simple Lorentzian line shape.
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FIG. 8. Extracted bare-cavity linewidth as a function of the
feedback gain. The dashed line shows the prediction of the linear
feedback model, while the symbols represent the experimental
data. The blue symbols correspond to the stable operating regime,
where the measured linewidth is in good agreement with the
linear theory. The red symbols denote measurements performed
beyond the stability threshold. In this regime, the bare-cavity
spectrum becomes distorted due to the onset of instability,
preventing a reliable Lorentzian description. Consequently, the
extracted linewidth no longer follows the prediction of the linear
feedback model, indicating the breakdown of the linear steady-
state approximation.

Figure 7 shows the measured transmission spectrum of
the bare cavity for different feedback gains. As expected
from Eq. (A11), increasing the feedback gain progressively
reduces the cavity linewidth. However, as the gain
approaches the value for which the linear theory predicts
K, — 0, the cavity response becomes increasingly distorted
and can no longer be described by a simple Lorentzian
spectrum.

Figure 8 compares the experimentally extracted cavity
linewidth with the prediction of Eq. (A11). Good agreement
is observed at moderate feedback gains. Near the instability
threshold, however, the measured linewidth deviates from
the linear prediction and remains finite, indicating the
breakdown of the linear steady-state description.
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