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Supplementary Note 1: Resonator characteristics

The one-port surface acoustic wave (SAW) resonator employed in this study features a reflection-mitigating double-
electrode interdigital transducer (IDT) centrally positioned between two Bragg mirrors, which function as reflective
gratings for the acoustic waves. The double-electrode geometry of the IDT is implemented to suppress internal acoustic
reflections, which can interfere with the establishment of a coherent standing wave within the planar resonator cavity.
Each Bragg mirror comprises Ny = 100 reflector stripes with a uniform finger width and spacing of 500nm. The IDT
exhibits an effective finger number Nipt of 41, where each effective finger consists of two spatially separated fingers
(250 nm width and spacing) connected to the same electrical contact. This geometry facilitates the excitation and
resonant enhancement of a SAW with a wavelength of 2 um.

Building on Reference [1] and our previous work on the YIG/ZnO heterostructure [2], we selected a ZnO thickness
to wavelength ratio of hyz,o/A & 0.5 to ensure sufficient electromachanical coupling.

A: SAW Wavelength measurement using Brillouin Light scattering

The excited wavelength can directly be accessed using microfocussed Brillouin light scattering (uBLS) spec-
troscopy [3]. The uBLS signal intensity (IpLs) is proportional to the time averaged absolute value of the out-of-plane
displacement |u,| [4]:

Iprs(x) / |u,|? dt o< sin? (k) . (1)
To

Assuming a simplified standing wave u, (x,t) = u, osin(kz)sin(wt), the intensity is proportional to sin?(kz). Here,
U0 denotes the amplitude, k the wavenumber and w the angular frequency. To determine the wave length of the
excited standing wave, the uBLS laser spot was positioned between the mirror and the IDT. A 25 um long linescan
with a stepsize of 130 nm between mirror and IDT was conducted (x-direction). A microwave frequency exciting the
central high-@) mode of the resonator was applied and the resulting data is presented in Supplementary Fig. 1.
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Supplementary Fig. 1: Measured integrated yBLS intensity over x-Position. Expected sin? behavior is observed,
from which a wavelength of A = 2.09 pm is determined.

By fitting the data to a function of the form I(z) = Asin?(kx 4 ) + B, the wave length was determined to be
A = 2.09pm, which agrees well with the expected wavelength of 2pm theoretically supported by the resonator’s
geometry. The observed variations in peak height can be attributed to several factors, including changes in reflection
depending on the laser spot position on the ZnO surface. Additionally, the laser spot has a diameter of approximately
300 nm, depending on the focus position, and follows a Gaussian profile. This implies that the measured intensity is
averaged over a region approximately one-sixth of the wavelength. Consequently, the intensity does not completely
drop to zero, resulting in a constant offset.

B: SAW group velocity measurement using Brillouin Light scattering

To determine the group velocity (vegaw) of the excited surface acoustic wave, a time-resolved pBLS measurement
was performed at a fixed frequency of 1.4 GHz. In this experiment, a short SAW pulse was generated at a specific
time using an IDT distinct from the resonator structures. As the puBLS laser spot was incrementally positioned at
increasing distances from this excitation IDT, the arrival time of the detected SAW pulse exhibited a corresponding
shift due to the increased propagation path. The temporal profile of the detected SAW pulses was analyzed by fitting
a sigmoidal Boltzmann function:

A-C
Igis(t) =C+ ——— , (2)
1+e B

where the time delay parameter ty, representing the arrival time of the pulse leading edge at the laser spot, was
extracted for each spatial position. Subsequently, a linear fit was applied to the extracted ty values as a function of the
distance between the excitation IDT and the laser spot. The slope of this linear fit directly yields the group velocity
of the SAW. A detailed description of this procedure can be found in Supplementary Ref. [2]. The group velocity
determined through this method was found to be vgrs = (2382.09 4 2.57) ms~!. The experimental data illustrating
this measurement is presented in Supplementary Fig. 2, which displays the integrated uBLS intensity of the measured
SAW pulses as a function of both the distance from the sending IDT to the laser spot and time. The dashed red line
overlaid on the figure represents the linear fit applied to the inflection points of the Boltzmann fits (Supplementary
Eq. (2)) for each spatial position.
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Supplementary Fig. 2: Integrated uBLS intensity in dependence of time and laser spot distance from the sending
IDT. A SAW pulse is excited and detected at the position of the laser spot. By fitting the pulse flanks, the group
velocity of the excited SAW was determined.

C: Evaluated resonator properties

From the electrical measurement presented in the main text [Fig. 2d)], combined with the pBLS measurements
shown above, further resonator properties can be accessed. Having three high-Q modes within the first resonator
stopband, which represent well-defined cavity resonances, we can determine the free spectral range (F'SR) of these
resonances. Knowing the geometric parameters of the mirror electrode width ¢ = 500 nm and the distance between
mirrors d = 302 pm, the reflection per single electrode in the mirror (rg) is calculated via [5]:

2a
VgSAW
FSR d

=2.01%. (3)

rs =

Knowing rg, the effective penetration depth into the mirrors (L,) can now be evaluated via [6]:

tanh[(Ng — 1)rg]a
b= i $C —24.91pm . (4)

L

From these quantities, the effective resonator length L.g = d + 2L, is found to be L.g = 351.82um. This quantity
allows us to calculate the group velocity from the time domain data presented in the main text [Fig. 4c)]. Further, it
is now possible to determine an effective quality factor of the resonator mirrors (Qg) [5]:

m(d+2L
Q=2 o)
Asaw |1 — tanh(rsNg)]
Here, A, denotes the acoustic wavelength.

Due to the external quality factor being significantly larger than the internal quality factor @, the total @ factor
is dominated by Q;, which can be separated into contributions from losses in the mirrors and propagation losses [5]:

A1 vgsaw (6)
Qi Qg 7 f-lsaw

In this equation f denotes the frequency of the supported mode and [, denotes the SAW decay length. It is now
possible to calculate the decay length from the previously established parameters: [, = 730.47 pm, which agrees well
with the one found by evaluating the time domain data as seen in Supplementary Note 1D (757 um).



D: Resonator in time domain

Following the approach detailed in the main text methods section, the frequency domain data of the resonator
can be transformed into the time domain. Here, we demonstrate how information extracted from this time-domain
transformation can be used to further characterize the resonator properties. Therefore, Supplementary Fig. 3 displays
the off-resonant blue line cut presented in Fig. 4f) of the main text. Each peak visible corresponds to the SAW passing
the IDT which is located in the center of the resonator. Knowing the effective resonator length L.g, we can now
calculate the SAW group velocity and the decay length. These values can then be compared to those obtained through
other evaluation methods.
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Supplementary Fig. 3: Natural logarithm of the time domain |5'11| reflection parameter in dependence of time ¢.
The local maxima marked by the red points identify the single passes of the SAW through the resonator. By fitting
a linear function to these maxima (blue line) the exponential decay (1/b) is accessed. Further, t..; marks the time
the SAW takes to pass the resonator 8 times.

To better visualize the exponential nature of the SAW decay, the natural logarithm of the |S’11| data is shown in
Supplementary Fig. 3. To find the decay length, the local maxima (red dots) are fitted using the linear function
f(t) = a+(1/b) - t, where a is the y-axis offset and 1/b represents the exponential decay constant. Knowing the SAW
group velocity presented in Note 1B (vprs = 2382ms~1), the decay length is calculated via Isaw = b-vprs = 757 m.
This value agrees well with the previously calculated decay length of 730 pm.

In Supplementary Fig. 3, tio denotes the total time taken for the SAW to complete eight passes through the
resonator. The group velocity is now calculated via vggaw = % = 2344 ms~!, which is again in agreement with

the directly accessed group velocity employing timeresolved uBLS spectroscopy of 2382ms™".
The strong consistency between the results obtained from various, distinct evaluation methods presented in Sup-
plementary Note 1 underscores a comprehensive understanding of our SAW resonator’s behavior.

Supplementary Note 2: Broad band FMR and VSM measurements

To find the saturation magnetization M, a vibrating sample magnetometer measurement was conducted on a
reference YIG chip from the same wafer, utilizing the Physical Property Measurement System (PPMS) by Quantum
Design. A hysteresis loop at room temperature was recorded, resulting in a saturation magnetization of My =
127kAm~', which is in reasonable agreement with literature values around 140kA m~!. Broadband ferromagnetic
resonance spectroscopy was subsequently performed to find the crystal anisotropy field M,,; and the g-factor. However,
for YIG films that are no longer thin films, many PSSW modes arise very close to the FMR frequency. This can be
seen in Supplementary Fig. 4a), where the magnetic field derivative of the real part of the transmission parameter Sa;
is color-coded as a function of frequency and magnetic field [7]. From the lowest frequency signal visible as a function
of field, the resonance positions are extracted and subsequently fitted to the Kittel equation [8]:

g
f = %\/(HOHI‘CS + NJOHani) ‘ (,UOHrcs + ,LLOHani + NOMS) 3 (7)
where f denotes the frequency, H,es the found resonance field, and h Planck’s constant. The found g-factor is
g = 2.18, and the anisotropy field is small, as expected: poHani = 0.99mT. Due to the presence of numerous



other magnetic excitations near the FMR frequency, the extracted g-factor and anisotropy field should be considered
approximate. A linecut at a fixed magnetic field is shown in Supplementary Fig. 4c), where clearly many magnetic
excitations are visible. These excitations are compared to the first 10 calculated PSSW modes with an in-plane
k-number of 0, as depicted on top of the measurement data in Supplementary Fig. 4b). The calculations agree well
with the measured excitations and show that this behavior is predicted.
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Supplementary Fig. 4: a) Broadband FMR measurement of YIG/ZnO sample. The lowest frequency mode
exhibiting a clear field dependence represents the FMR and is used to characterize resonance positions. Kittel fit is
shown as a black dashed line. b) First 10 calculated SW modes with an in-plane k-number of 0, depicted on top of
the measurement data. Calculated modes agree well with the measured excitations. ¢) Signal at a fixed magnetic
field showing a multitude of magnetic excitations.

Supplementary Note 3: Direct SW excitation and SW loss rate evaluation

As discussed in main text Sec.2.1 , the spin wave (SW) loss rate is extracted from the direct SW excitation
located in the center of the anticrossing. This direct excitation is attributed to a spurious RF current present in the
microstructures [9]. A depiction of the central high-Q mode at 0° is shown in Supplementary Fig. 5a). The direct
excitation is visible as the line centered in the anticrossing. This direct excitation also exhibits a smaller anticrossing
feature, highlighted by the red dashed ellipse. To obtain the SW loss rate xy,, the frequency linewidth of the direct
excitation is extracted by fitting a Lorentzian to the linecut shown by the dashed red line. The fit and cut are shown
in Supplementary Fig. 5b). Here, we find a loss rate of ky, /27 = (1.24 + 0.02) MHz. To determine x,, for other
angles, we employed the approach outlined in Supplementary Ref. [10]. This method utilizes a simplified version
of the Kalinikos-Slavin spin wave dispersion relation, from which the following expression for the angular frequency
linewidth (Aw) is derived:

1 : S\
Aw = a\/ (2WO<H:3“> - H;i”’)) e, ®)
where w is the angular frequency of the SW mode. The contributing fields H3P and H}‘,lip are given by:

1— efkd

g — pp-— = gdr_ a7 (1= 1= e sin® ¢ 9)
x S kd v ; kd '

In these Supplementary equations, My denotes the saturation magnetization, k the in-plane wavenumber, d the film
thickness, ¢ the angle between the external field and the magnetization direction, and « denotes the Gilbert damping.
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Supplementary Fig. 5: a) Anticrossing with fundamental SW excitation at 0° of central high-@Q mode. Central
line corresponds to direct SW excitation, exhibiting a secondary anticrossing (red dashed ellipse). Dashed red line
marks the linecut used to evaluate the loss rate. b) Red line depicts the extracted linecut from a). It is fitted with a
Lorentzian function (black) to extract the SW loss rate.

At the fixed angle of 0°, where all parameters in Supplementary Eq. (8) are known except for «, we solved for «,
yielding o = 9 x 104, which is in the right order of magnitude for YIG.

Additional magnetic-field—dependent spectral features are observed in the anticrossing region. The upper edge of
the polaron branch associated with the high-@) mode at lower frequency appears at a slightly higher field than the
direct SW excitation. When the field is decreased in this region, several narrow spectral lines emerge, which shift
systematically with magnetic field.

The exact origin of these features is unclear. They cannot be attributed to PSSWs with the same in-plane wavevector
as the SAW, as verified by the calculated PSSW dispersions shown in Fig. 2e) of the main text. One possibility is that
these signals originate from weakly excited SW modes with different wavevectors, potentially driven by different stray
magnetic fields generated by the microstructure. Alternatively, they may arise from modified boundary conditions at
the YIG/ZnO interface, possibly due to surface roughness or defects introduced during ZnO sputtering, which can
alter the magnetic pinning.

However, these features are low in amplitude and do not display clear hybridization behavior or anticrossing with
the SAW mode. Importantly, they do not affect the frequency-domain analysis of the main anticrossing features and
were therefore excluded from the quantitative evaluation presented in this work.

Supplementary Note 4: Angle dependent SW velocity

Our system enables coupling to magnons with a non-zero group velocity. To determine this velocity, we calculated
the derivative of the spin wave angular frequency w with respect to the wave vector k, dw/dk, derived from the
general Kalinikos-Slavin dispersion relation. For each measured angle, this dispersion relation was evaluated at a
fixed magnetic field corresponding to the observed anticrossing (Ba,c). The spin wave group velocity (vgsw) was
then obtained by evaluating this derivative at the wave vector of the SAW. The calculated velocities are presented
in Supplementary Fig. 6, which clearly shows that the maximum coupling observed at 0°, for instance, occurs at an
angle where the SW group velocity is indeed non-zero.

Knowing the group velocity and the decay rate of the SWs, it is possible to calculate the maximum decay length

Isw = 275 ~ 500 pm.
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Supplementary Fig. 6: Spin wave group velocity vegw as a function of magnetic field direction ¢.

Supplementary Note 5: Angle dependent coupling strength of all SW evaluated modes

Complementing the n = 0 mode presented in main text Fig. 3g), Supplementary Fig. 7 displays the coupling strength
as a function of the angle ¢ (between the external magnetic field and the SAW wave vector) for all evaluated spin
wave modes. The coupling strength g exhibits distinct qualitative and quantitative angular dependencies for different
SW modes. This behavior is attributed to the varying degree of mode overlap between the spin wave and surface
acoustic wave profiles as the angle changes.
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Supplementary Fig. 7: Coupling strength of the evaluated SW modes with respect to external field direction ¢.

Supplementary Note 6: Simple model of Rabi-like oscillations

As discussed in main text Sec. 2.3, the Rabi frequency of the coupled magnon-phonon system can be calculated
from the detuning § and the coupling strength g, both accessible through frequency domain analysis. Following the
standard approach for two-level systems [11], the probability Py, (¢) of finding the system in the uncoupled magnon
eigenstate at time ¢ is given by Rabi’s formula:

4 2 rabi
Pu(t) = 2L sin® (‘*’2*’ t) , (10)

Wrabi

where w;ap; 18 the angular Rabi frequency, defined as:

Wrabi = V49?2 + 62 ,with § = v|Bac — Bext] - (11)



Here, the ¢ is determined by the linear shift of the SW dispersion with the applied magnetic field in the vicinity of
the anticrossing, as discussed in the main text. This field shift is quantified by the difference between the anticrossing
field B,. and the external field Bey;. The resulting theoretical calculation of Py, (¢) as a function of time and magnetic
field is presented in Supplementary Fig. 8. The characteristic hat-like shape, also observed in the time-domain
experimental data, is clearly visible.
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Supplementary Fig. 8: Rabi-like oscillations evaluated using the coupling strength ¢ and detuning 4, accessed via
frequency domain analysis. The characteristic hat-shaped probability to find the system in the magnon eigenstate
P (t) is visible as a function of time and magnetic field (implied by the use of §).

From the time-domain data shown in Fig. 4a) of the main text, we can further extract the coupling strength and
decay rates of the system. To illustrate this, we analyze the two representative traces shown in main text Fig. 4c)
in more detail. These traces are shown again in Supplementary Fig. 9. The blue curve corresponds to the uncoupled
case, while the orange curve represents a coupled trace, chosen slightly off the exact anticrossing center.
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Supplementary Fig. 9: Time-domain representation of the |§11| reflection parameter. The blue and orange
curves correspond to the same line cuts shown in Fig. 4c) of the main text, representing the uncoupled SAW
resonator (blue) and the coupled case (orange). Red dots indicate the local maxima used to fit exponential decay
functions (green dashed lines) to determine the decay times. For the coupled case, the mean time interval between
successive maxima provides the Rabi frequency.

We first determine the local maxima of the oscillations. For the coupled case (orange curve), the mean interval
between successive maxima is taig = (88.4 & 3.9) ns, corresponding to a Rabi frequency of frap; = (11.3 £ 0.5) MHz.
Using the detuning § and rearranging Supplementary Eq. (11), we obtain a coupling strength g/27 = (5.394+0.53) MHz
in agreement with the value extracted from the frequency-domain analysis. We then compare the decay rates derived
from time-domain and frequency-domain data. Assuming exponential decay, we fit the amplitude of the local maxima

of the oscillations to A(t) = Ap - exp (—2t( + —)) From the uncoupled trace, we extract the SAW decay

Tm



time 7, = (642 £ 6)ns. This value is then fixed when fitting the coupled case, yielding a magnon decay time
Tm = (728 + 163) ns, corresponding to a decay rate xn, /27 = (1.37 £ 0.31) MHz. This value agrees well with the
magnon decay rate determined from the direct SW excitation shown in Supplementary Note 3.

It is important to note that the simplified two-level model used here does not fully capture the complexity of our
experimental system. In particular, it neglects the multiple concurrent SAW passes within the resonator, as well
as the influence of spurious signals and the directly excited spin-wave mode observed at the anticrossing center (see
Supplementary Note 3). Additional contributions, such as the polaron branch from a lower-frequency SAW mode,
further reduce the quality of the time-domain data, leading to larger uncertainties in the extracted parameters. A
more complete theoretical description, incorporating the full mode structure and accounting for the transient SAW
resonator response, would be required to accurately model the time evolution of the strongly coupled system. Here, we
employ the simplified model to demonstrate that decay rates and the coupling strength can be extracted consistently
with the evaluation from the frequency domain, despite the complexities mentioned above.

Supplementary Note 7: Theoretical description of magnon-phonon coupling

This section discusses in detail the theoretical framework describing the magnon—phonon coupling strength in
our device. The overall procedure entails an appropriate quantization of the magnetization and strain components
resulting in their expression in terms of the magnon and phonon quasiparticles. This typical procedure allows us to
obtain familiar expressions for coupled bosonic quasiparticles in terms of their ladder operators. We note two key
features relevant to our device architecture. First, since we consider a system with low damping, we disregard the
latter in our quantization procedure and reintroduce it at the end, as is typical in such considerations [12]. Second,
our device architecture defines a magnetoacoustic cavity in a small fraction of the total inplane space available to the
quasiparticles. This requires confinement of the quasiparticles of interest to this small inplane space and is intertwined
with the effects of magnon-phonon coupling. In our analysis below, we assume that the magnons and phonons of
interest are confined to the same physical inplane space thereby obtaining results that agree well with our experiments.
The interplay between this confinement and magnon-phonon hybridization that allows us to make this assumption in
the first place are then discussed further in Sec. 7D.

Due to the YIG film being 1.98 um thick, the numerical tool TetraX [13, 14] is used to access the SW mode profiles
in this film. For the simulations, a saturation magnetization of My = 127 kA m~! was used, as determined by vibrating
sample magnetometry measurements on a reference chip. The exchange stiffness was set to A = 3.75 x 10712 Jm~".
The geometry was modeled as a single-layer film with a thickness of 1980 nm and a uniform mesh spacing of 5 nm.
Mode profiles were extracted at a wave vector of k = 3.02rad pm~!, corresponding to the SAW wave vector in the
resonator discussed in Supplementary Note 1B.

From previous work it is known, that the initially excited SAW modes in a similar material stack are Rayleigh-like
surface acoustic waves [2], however they have a nonvanishing shear-displacement component which can be amplified by
the SAW resonator. We therefore allow all displacement components to enter the calculation. These elastic displace-
ments are assumed to decay exponentially from the surface. This classical description of elastic and magnetization
dynamics is then quantized and expressed in terms of quasiparticles- phonons and magnons. Employing the ensu-
ing relations, magnetoelastic energy is expressed in terms of a Hamiltonian involving phonons and magnons, which
directly yields the magnon-phonon coupling strength. We largely follow the approach in Supplementary Ref. [15]
correcting and generalizing it as per the requirements of our system.

A: Outline of the quantization procedure

We introduce the relation between classical and quantum formalisms using the simple example of elastic displace-
ments on a 1D string [16]. Consider the classical Hamiltonian:

B 1, 1 (ou)”

describing a one-dimensional elastic displacement u on a string. Here, p is the mass density, T' parametrizes the elastic
potential energy, and L is the string length. In order to obtain the eigenmode profiles and frequencies, one typically
expresses the displacement in terms of orthonormal functions ¢ (x) that satisfy the boundary conditions imposed on



the system:
u(@) = 3 quon(a), (13)
k

where ¢, parametrize the different contributions and & labels the distinct orthonormal functions which satisfy the
orthonormality condition:

/L 4z 61(@) 9 () = S (14)

With these substitutions, one can proceed towards bringing the classical Hamiltonian [Supplementary Eq. (12)] into
a diagonal form in terms of the different ¥ modes. From this point on, one can quantize by identifying the canonical
position and momentum, making them operators, and postulating the appropriate commutation relation between
them. The procedure is described, for example, in Supplementary Ref. [16].

We pause to discuss the key points in this mathematical procedure. First, the orthonormal functions ¢y (x) that
satisfy Supplementary Eq. (14) become the quasiparticle wavefunctions after the quantization procedure. Thus, within
the quantum framework, their orthonormality ensures that the different quasiparticles do not interact (disregarding
higher order nonlinearities) and that the probability of finding a single quasiparticle somewhere in all space is unity.
Secondly, the commonly employed example of an infinite medium [16] is modeled via the periodic boundary conditions:
u(z + L) = u(x) which results in plane waves basis ¢y (z) = (1/V/L) exp(ikz) with discrete values of k imposed by
the condition: u(z 4+ L) = u(x). In this manner, the boundary conditions are the key to determining the orthonormal
basis functions irrespective of whether we use classical or quantum description. If one considered a finite medium and
some confinement boundary conditions on the edges, the exact nature of the basis functions ¢y (x) depends on the
precise boundary conditions.

These two points assume an especially important significance in our investigated devices. Since we are considering
two coupled fields, magnetization and strain, with coupled boundary conditions [17, 18], we should ideally deter-
mine the corresponding orthonormal wavefunctions for the magnetoelastic modes self-consistently with the boundary
conditions. This appears to be infeasible in our system since the predominantly elastic boundary conditions that
define our acoustic cavity and separate it from the remaining part of the large sample are not easily accounted for,
even numerically. Thus, we take a simplified approach in our theoretical analysis and assume that the magnons and
phonons are limited to the defined acoustic cavity. We consider the good agreement with experiments as a posterior
justification of this assumption and further examine it from a theory standpoint in Sec. 7D.

B: Quantization of the phonon and magnon modes

We first consider the elastic degrees of freedom with a coordinate system such that the wave vector is along x
axis and the film out-of-plane direction is along the z axis. Furthermore, we consider the three-dimensional elastic
displacement with components uxZ, uyy, and u,2. We consider a SAW which is confined by an acoustic resonator
such that it forms a standing wave profile in the x direction and decays exponentially along z axis with the surface
lying at z = 0. With these conditions and following the quantization procedure outlined in Sec. 7 A, we may write
the quantized expressions for the displacements:

sin(kpz + ¢p)(a +a'), (15)

| n (
= pAwy

| n (

Uy = pAwy

i, = f sin(kpz + ¢p) (@ + a') (17)
Uy, = Aoy S T p)la+a'),

where p is the material density assumed to be spatially uniform for simplicity, A is the area of confinement due to the
acoustic resonator, wy, and k,, are the angular frequency and wavenumber of the phonon mode under consideration, a is
the annihilation operator for the phonon mode, t4  , parametrize the relative strength of the displacement components
and they follow the constraint ¢} 43 47 = 1, and f(z) parametrizes the spatial dependence and decay of the mode.
Here, ¢, is the standing wave phase that depends on the precise boundary conditions. We note and emphasize that
the above quantization assumes that the phonon modes are fully confined to the cavity with an area A, which is a

tef(2)
ty f(2)sin(kpx + ép) (@ + a'), (16)
taf(2)

10



small fraction of the total area available in our extended devices. Due to the complex nature of our acoustic cavity,
we are unable to fully ascertain ¢, and assume it to be zero. We discuss this issue further below. In our simplified
model, we assume f(z) to be a simple exponential decay that follows the normalization condition:

JARCICIESt (18)

= f(z)= \/Ze (19)

where zq parametrizes the decay length. Employing Supplementary Eqgs. (15) - (17) with ¢, = 0, we obtain the
expression for the relevant components of the strain tensor:

=Xk tof(2) cos(kpx)(a+al), (20)

exa =3 < 9 Oz ) : @)

q ot
>\ pawr, t.f(z) cos(kpx)(a+a'). (22)
.1 [0ux  Ouy
o=y < oy " m) | 23
ke B it at
=2\ it () osllpe)a+ ), (24)
.1 /ou, 01,
eyz2<82 * ay)’ (25)
R f'(z) sin(kpx)(a + ah) (26)
2\ pAw, ¥ P
. Ou, h S oo
Cog =~ = pAwpth (2)sin(kpx)(a+a'). (27)

The corresponding quantized expressions for the magnetization components in a coordinate system (see Supple-
mentary Fig. 10) with 2z’ axis aligned with the equilibrium magnetization are obtained as [15, 19]:

mx/:\/ bcosl</‘9c—|—<bm) iw(2) (6+¢1), (28)
My = — \/ coskx+q§m) oop(2) (€ =¢), (29)

where M, is the saturation magnetization, v is the gyromagnetic ratio magnitude, ¢ is the magnon annihilation
operator, Mip, oop(2) capture the spatial profile and ellipticity of the magnetostatic mode which is frequency and
wavenumber matched with the phonon mode. Please note our assumption in the quantization above that the magnon
modes are confined to the acoustic cavity occupying an area A, which is a small fraction of the total area over
which the magnetic film extends. The spatial profile of the magnetostatic mode is evaluated numerically within the
Landau-Lishitz framework and is considered an input to our analysis. Further, it obeys the normalization condition

[ e MM (2) = 1. (30)
FM

where the integration is over the ferromagnet (FM) thickness. When My, ,0p are available only for propagating modes,
one should obtain the effective Mjj, oop by averaging over the forward and backward propagating modes, and then
normalize the resulting function using the Supplementary equation above. A more detailed quantization procedure
can be found in Ref. [20, 21].
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As in the case of phonons, ¢, depends on the exact boundary conditions for the magnetization. There is an
extra layer of complication here. One might expect the magnons to not be confined by the acoustic resonator at all.
However, in the regime of interest to us, phonons and magnons hybridize and the acoustic boundary conditions affect
and confine the hybrid quasiparticle. Taking this implicitly into account, in our considerations above, we have already
assumed that the magnon is confined to the region defined by the acoustic resonator. This is yet another reason for
our inability to rigorously account for the boundary conditions experienced by the hybrid quasiparticle. We again
assume ¢, = 0 = ¢, and that any error introduced by these assumptions does not affect the qualitative physics and
dependencies.

C: Magnetoelastic coupling to magnon-phonon coupling

We are now ready to consider the magnetoelastic energy, expressed classically in a cubic [100] system as

2 2
_ 3 xTMy mxMmy My My,
Hmec — o d r bl <M2 Cxx + M2 ) + 2b2 ( M2 €xz + MSQ exy + MSQ eyz) 9 (31)

where we have disregarded the term containing the vanishing strain component e,,. Owing to the weak anisotropies
in YIG and to maintain clarity and brevity in the theoretical treatment, the coordinate system used to express the
magnetoelastic energy is not rotated into the [111] crystallographic frame of the employed YIG film. The magnetoe-
lastic constants are denoted by by = 3.48 x 10°Jm~2 and by = 3.48 x 105 Jm~3 [22]. Assuming that an in-plane
applied magnetic field saturates the equilibrium magnetic moment along 2’ (Supplementary Fig. 10), we obtain the
following relation between the magnetization in the two coordinate frames:

= M;cos ¢ — my sing, my,=my, my = Mgsin¢d + my cos, (32)

where my and mys are the small deviations characterizing the magnetization dynamics.

Supplementary Fig. 10: Schematic for the two coordinate systems. The primed coordinate system is used to
characterize the magnetic ground state (magnetization pointing along 2’) and dynamics, while the unprimed
coordinate system describes the lattice better. ¢ is thus the angle between the equilibrium magnetic moment and
the wave vector direction z.

Employing the transformations above in Supplementary Eq. (31) and retaining only the terms linear in the small
variables m, and m,,, we obtain

Hpyee = / &Br 20, cosqb My eXZ + cos (2(;5) exy + smqb — by sin(2¢)%exx. (33)
FM Ms M,

S

Employing Supplementary Eqs. (20)-(29) in Supplementary Eq. (33) above and making the rotating wave approxi-
mation (i.e., disregarding terms of the sort a¢ and a'ét), we obtain the quantum Hamiltonian for magnon-phonon
coupling;:

Hyee = —hgy (ae" + a'é) — higs (ac’ — a'e), (34)

12



where

kp Y .
g1 = 3 pprs [bl Ix,ip(¢) SIH(Q(b) - b2 Iy,ip((yb) COS(2¢)} ) (35)
Lanl@) = [ dx taf(:) Mi(2), (36)
Iy ip(6) = /F () My (2), (37)
02 =\ b Taounl0) cox(0) (39)
Lyvoop(6) = /F 5 11 (2) Mooy 2) (39)

With these definitions, Supplementary Eq. (34) can be expressed as:

ﬁmec =-h (g déT -l-g* ZlTé) R
9= g1 +192. (40)

The ensuing gap in the anticrossing is h2|g| = h24/¢? + g3. Further, we may now account for the nonzero dissipation
of the uncoupled magnon and phonon modes by allowing their frequencies to be complex with the imaginary part
capturing the dissipation [12] resulting in our employed Eq. (1) in the main text.

Supplementary equations (35) - (40) constitute our final result and we pause to discuss their physical significance.
The ¢ dependence of g1 [g2] is governed by Iy ip(¢) and Iy ip (@) [I1,00p(¢)], which in turn depends on the ellipticity of
the magnon mode and the spatial overlap between the phonon and magnon wavefunctions, and by the factors sin(2¢)
and cos(2¢) [cos(¢)] coming directly from the form of magneto-elastic coupling, Supplementary Eq. (33). The relative
importance of g; and g» is additionally controlled by the factors ¢y y , which parametrize the relative magnitude of
the different displacements in the phonon mode.

D: Interplay between confinement and magnon-phonon hybridization

In our considerations above, we have assumed the uncoupled magnon and phonon modes to be confined by the
acoustic cavity to a small fraction of the total available inplane area in our bilayer device. As discussed above
(Sec. 7A), this is a simplified approach to capture the key physics of an otherwise theoretically intractable problem.
We now examine this approach further.

Let us first consider how our results would change if we assume that the magnons are delocalized over an area
A,, much larger than the acoustic cavity area A. That would require us to replace A by A,, in Supplementary
Eqgs. (28) and (29), which eventually would lead to the multiplication of our theoretically evaluated coupling strength
[Supplementary Eq. (40)] by a factor y/A/A,,. Considering A,, to be the total area of our large sample, this would
make the theoretically evaluated magnon-phonon coupling to be vanishingly small thereby precluding our observed
strong coupling. Thus, we find that a confinement of the magnon mode to the small area defined by the acoustic
cavity is fundamentally important for our observation of the strong coupling and the consequent magnon-polaron
formation.

In the above chain of arguments, one may consider that A,, could be estimated not by the total sample volume but
by the square of magnon decay length. Such an accounting of damping is not feasible in this theoretical framework
(Sec. 7TA) and could lead to misleading results. Furthermore, an explicit inclusion of damping considering a more
advanced theoretical framework does not discount the fact that the magnetoelastic boundary conditions will impose
reflection of a magnon-polaron by the acoustic cavity, as we now discuss.

Our actual device designs an acoustic cavity for a specific range of frequencies due to the series of electrical contacts
deposited on the piezoelectric layer. This cavity and confinement provide rich physics by itself, which we do not
attempt to capture. Instead, we try to appreciate the qualitative phenomena at play in our device by discussing a
very different and simplified acoustic cavity formed by a film in vacuum. In our hypothetical acoustic cavity, the elastic
waves propagate in the out-of-plane direction and are reflected by the film surfaces resulting in their confinement to
the film. These reflections can be understood as arising from the fact that the energy carried by the elastic waves
is not allowed to escape the film. In a mathematical rigorous theory [18], imposing of the energy flow continuity
provides the boundary conditions, which for our hypothetical acoustic cavity will mean that specific stress and strain
components need to be zero at the film surfaces. If we now consider the same film to be a magnetic material hosting

13



coupled magnetoelastic modes, the same energy continuity condition yields a new boundary condition that includes
magnetization components in addition to the strain components [18]. This already provides the basic ingredient to
how a purely acoustic cavity could confine a magnon mode by imposing magnetic boundary conditions. Furthermore,
close to the anticrossing region in the dispersion diagram and assuming strong coupling, the energy current carried by
the coupled magnetoelastic modes bears comparable contributions in the elastic and magnetic degrees of freedom [18].
Thus, the energy flow continuity across an interface already necessitates the reflection of a magnon-polaron without
looking at the detailed procedure of boundary conditions. When the coupling is weak, magnons and phonons continue
to exist as independent particles, no such reflection is necessary.

E: Exemplary coupling strengths calculated employing the model

The theoretical model described above was employed to calculate the coupling strength as a function of different
combinations of the displacement weighting factors (txy.) and the SAW decay length (zq). The magnetic mode
profiles were obtained from TetraX [13, 14] simulations conducted using the experimentally determined anticrossing
field (Bae) and a fixed wave vector equal to that of the SAW. In Supplementary Fig. 11a), the three cases representing
pure displacement components are shown. These cases represent scenarios where only one displacement component
is considered (t; = 1, with the other two set to zero). The resulting angular dependence of the coupling strength
exhibits maxima at different angles depending on the dominant displacement component. Notably, the maximum
coupling occurs at 0° only when the y-displacement component is dominant (¢, = 1). Panel b) illustrates the coupling
strength calculated using the combination ¢, = 0.89 and ¢, = 0.46. With varying SAW decay length, the coupling
strength changes in magnitude. If employing a less symmetric decay function for the SAW is assumed, instead of a
purely exponential one, it allows for modifications to the symmetry of the coupling strength’s angular dependence.
Lastly, panel c) shows different combinations of ¢y ,, changing the ratio between t. and ¢,. The parameters for the
calculations are detailed in the figure caption. The specific parameters used for the theoretical curve presented in
main text Fig. 3g) are ty = 0.89, t, = 0.46, t, = 0 with a decay length of zq = 1.465 pm.
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Supplementary Fig. 11: a) Theory curves for zq = 1.465 pm, where only displacements in one direction are taking
into account. This is achieved by setting t , to one. b) Theory curves for t, = 0, t, = 0.89, ¢, = 0.46 with varying
zd. ¢) Theory curves for zq = 1.465 pm, with varying displacement uy , contributions. Combination 1: ¢, = 0,

ty, = 0.89, t, = 0.46. Combination 2: t, = 0.2, t, = 0.89, ¢, = 0.41. Combination 3: tx = 0.4, t, = 0.89, t, = 0.22.

Supplementary Note 8: Sample fabrication

The device was fabricated on a 1.98 um thick YIG layer grown on a 500 pm GGG substrate. A 976 nm thick
piezoelectric ZnO layer was deposited onto the YIG via radio frequency magnetron sputtering, following a presputter
cleaning of the YIG surface.

Microstructures were defined using a double-layer PMMA resist (PMMA 200K 4% AR-P 649.04, PMMA 950K 2%
AR-P 679.02) patterned by electron beam lithography (EBL) at 20kV. A conductive polymer (Espacer 300Z) was
used to mitigate charging during EBL. The resist was developed in a 7:3 isopropanol to water solution. An oxygen
plasma etch was used to remove residual PMMA in the exposed areas.
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The fabrication process involved three EBL and lift-off steps using electron beam evaporation:
1. Alignment marks and a dose test were fabricated using a 5nm Ti / 80 nm Au stack.

2. IDTs and SAW mirror structures were patterned using a 5nm Ti / 30nm Au stack in a single writing step for
precise alignment.

3. Contact pads were fabricated using a 5nm Ti / 150nm Au stack with a thicker PMMA resist double layer
(PMMA 600K 4% AR-P 669.04, PMMA 950K 2% AR-P 679.0) to ensure a sufficient undercut for lift-off.

The fabrication was performed at the nano structuring center at RPTU in Kaiserslautern, with ZnO sputtering carried
out in the Clarendon Laboratory in Oxford.

Supplementary Note 9: Quality factor dependence on gated passes

Figure 4e) in the main text shows time-gated resonator signals after different numbers of gated passes with the
gating procedure described in the method section. Here, we expand on the effect of time gating on the extracted Q
factor of the resonator and comment on how this can be further exploited in experimental analysis.

By transforming the zero-field SAW resonator spectrum from the frequency to the time domain, distinct round-trips
of the SAW pulse become visible, as shown in Supplementary Fig. 3 and detailed in Supplementary Note 1D. These
individual passes can be selectively gated and converted back to the frequency domain for analysis. To illustrate the
influence of both the number of included passes and the choice of window function, we present the extracted @) factors
for various gating conditions in Supplementary Fig. 12.
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Supplementary Fig. 12: a) Time-domain gated spectra using a Hamming window including 4, 8, and all visible
SAW passes. A clear trend of decreasing spectral bandwidth with increasing number of gated passes is observed,
indicating an increase in the @ factor. Two representative fits to Eq. (3) of the main text are shown as dashed black
lines. b) Comparison of the Hamming and Hann window functions applied for gating. ¢) Extracted @ factors as a
function of the number of gated passes for each window function. With increasing pass count, the @ factor increases
at a similar rate for both windows, with the maximum @ slightly exceeding the ungated case.

Supplementary Fig. 12a) shows how the SAW resonance bandwidth changes as the number of included passes in
the gating window increases, using a Hamming window. Two representative fits to Eq. (3) of the main text are
shown as dashed black lines. The corresponding extracted @ factors are plotted in panel c¢). Panel b) compares
two commonly used window functions — Hann, and Hamming — applied to the same 8-pass gated data. Both the
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Hann and Hamming windows are designed to suppress sidelobes in the Fourier transform that originate from sharp
time-domain cutoffs. As expected, they produce similar spectral shapes, with only minor differences in dip depth.

Panel ¢) summarizes the dependence of the extracted @ factor on the number of gated passes for both window types.
As expected, the @ factor increases with the number of passes, approaching and even slightly exceeding the value
obtained from the ungated data in the main text. This improvement is attributed to the suppression of short-timescale
noise contributions, such as direct electromagnetic crosstalk, which are effectively removed by time gating.

The observed increase in ) with longer time-domain windows is consistent with the expected behavior of the
resonator: as the system evolves in time, the transient effects decay, and the later passes reflect the steady-state
response, which is narrower in frequency.

To directly observe this behavior experimentally, several approaches are possible. One option is to use a VNA
with a sufficiently large measurement bandwidth, where excitation and detection start simultaneously. In this case,
individual frequency points can be sampled before the resonator reaches its steady state. By correlating the known
timing of each SAW pass with the corresponding spectral content, the effective bandwidth can be adjusted accordingly.

Alternatively, a pulsed excitation scheme using a fast microwave switch combined with a real-time oscilloscope allows
direct measurement of the time-resolved response of the resonator. This setup can capture the transient dynamics
and the evolution of the SAW signal over multiple passes.

Finally, timeresolved microfocused Brillouin light scattering offers another powerful method to probe the SAW
bandwidth inside the resonator. By controlling the pulse duration and frequency, and measuring at specific time
delays corresponding to individual passes, the temporal, spectral and even spacial evolution of the acoustic modes
can be observed.
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