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We demonstrate direct probing of strong magnon-photon coupling using Brillouin light scattering
spectroscopy in a planar geometry. The magnonic hybrid system comprises a split-ring resonator
loaded with epitaxial yttrium iron garnet thin films of 200 nm and 2.46 pm thickness. The Brillouin
light scattering measurements are combined with microwave spectroscopy measurements where both
biasing magnetic field and microwave excitation frequency are varied. The cooperativity for the 200
nm-thick YIG films is 1.1, and larger cooperativity of 29.1 is found for the 2.46 pm-thick YIG
film. We show that Brillouin light scattering is advantageous for probing the magnonic character of
magnon-photon polaritons, while microwave absorption is more sensitive to the photonic character of
the hybrid excitation. A miniaturized, planar device design is imperative for the potential integration
of magnonic hybrid systems in future coherent information technologies, and our results are a first
stepping stone in this regard. Furthermore, successfully detecting the magnonic hybrid excitation
by Brillouin light scattering is an essential step for the up-conversion of quantum signals from the
microwave to the optical regime in hybrid quantum systems.

The emergent properties of hybrid systems are promis-
ing for a wide range of quantum information applica-
tions. In particular, light-matter interaction has been at
the forefront of contemporary studies on hybrid quantum
systems. To this end, hybrid magnonic systems based on
the coupling of magnons, the elementary excitations of
magnetic media, and photons have gained increased at-
tention [1-4]. Magnons display a highly tunable disper-
sion, while they can be used for coherent up- and down
conversion between microwave and optical photons [5—
9]. In addition, magnons can serve in quantum memory
applications owing to their collective behavior and ro-
bustness [10].

A critical requirement for coherent information trans-
fer based on magnons is a high cooperativity, which
means that the coupling between the two disparate types
of excitations, i.e., the photonic and the magnonic sub-
systems, exceeds the loss rates of either subsystem. This
is known as the strong coupling regime in the language
of quantum information. In this strong coupling regime,
information can be efficiently exchanged, potentially en-
abling efficient transduction applications. Another pre-
requisite for large scale quantum information processing
and transfer applications is the conversion between mi-
crowave to optical frequencies. Previous microwave-to-
optical transduction studies based on ferromagnets ei-
ther employed Brillouin scattering of optical whispering
gallery modes by magnetostatic modes [6-8] or coupling
of the microwave field through a cavity mode concomi-
tant with the coupling of the optical field through the
Kittel mode via Faraday and inverse Faraday effects [5].
Most of these prior works relied on macroscopic samples
made of bulk yttrium iron garnet (YIG) crystals. Uti-
lizing YIG is advantageous as it has a large spin density
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and narrow linewidth [11-14]. However, scalable on-chip
solutions require device miniaturization. Therefore, pla-
nar microwave resonators are advantageous for building
hybrid magnonic networks and circuits [15]. They of-
fer great flexibility in terms of circuit design; they are
compatible with lithographic fabrication processes and
the prevalent complementary metal-oxide-semiconductor
(CMOS) platform [16]. Furthermore, previous works us-
ing 3D resonators and microwave cavities showed high
Q-factor and large coupling strengths [17, 18]. However,
planar microwave resonators typically have a smaller ef-
fective volume than their three-dimensional counterparts
and can provide an enhanced coupling with magnetic
dipoles [19-22]. In addition, they potentially simplify the
integration of optical components [9] enabling simplified
optomagnonic device concepts.

Here, we demonstrate coherent microwave-to-optical
up-conversion using strong magnon-photon coupling in a
split-ring resonator/YIG thin film hybrid circuit. We di-
rectly probe the coupling in YIG films of 200 nm and 2.46
pm thickness by conventional and microfocused Brillouin
light scattering (BLS) spectroscopy and compare these
optical results to microwave absorption measurements.
Clear avoided level crossings are observed evidencing
the hybridization of the magnon and microwave photon
modes in the strong coupling regime for the 2.46 pm-thick
YIG film. In addition, we identify contributions of higher
order magneto-static surface spin waves. The cooperativ-
ity for the 200 nm-thick YIG films is 1.1 and 29.1 for the
2.46 pm-thick YIG film. On the one hand, we find that
BLS is advantageous for probing the magnonic character
of magnon-photon polaritons, while microwave absorp-
tion is found to be more sensitive to the photonic charac-
ter. On the other hand, detecting the magnonic hybrid
excitation by Brillouin light scattering demonstrates a
coherent conversion of microwave to optical photons.

The coherent microwave-to-optical up-conversion pro-
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FIG. 1. (a) Schematic illustration of the coupling process be-
tween the microwave photon (MW) mode of the split-ring res-
onator (SRR) with the magnon mode of the YIG film, where
kp and kKm are the dissipation rates of microwave photon
and magnon, respectively, and geg is their mutual coupling
strength. Microwave-to-optical up-conversion is achieved by
coupling the incident microwave photons via the the SRR
to the magnon mode that interacts with the BLS laser pho-
tons. (b) A typical BLS spectrum with the Rayleigh peak
at 0 GHz and the Stokes signal at around -5 GHz. The ver-
tical red dashed lines show the region of interest (ROI). (c)
Experimental setup: The resonator consists of a square SRR
patterned next to the microwave feed line. The YIG film is
placed on the top of the SRR. An external biasing magnetic
field (in y-direction) magnetizes the sample during the BLS
and MW measurements. The probing BLS beam is focused
onto the surface of the YIG film. (d) Top view of the SRR
with the dimensions as defined in the text.

cess based on the strong magnon-photon coupling is il-
lustrated in Fig. 1(a). The magnonic hybrid system com-
prises a split-ring resonator (SRR) loaded with epitaxial
YIG thin films. The microwave photons interact with
the SRR mode that exhibits a dissipation rate of j at
its resonance frequency. The SRR mode couples with the
magnon mode of the YIG sample with a coupling con-
stant of geg, while the YIG sample dissipates its energy
at the rate k. Finally, the excited magnons interact and
couple with the incident BLS probe beam.

The up-conversion process is realized by two sepa-
rate sets of measurements: in-plane magnetic field de-
pendent microwave (MW) absorption measurements and
BLS (both microfocused and conventional) of RF driven
magnetization dynamics. A typical BLS spectrum is
shown in Fig. 1(b), where the region of interest (ROI)
is limited to the frequency range of hybrid excitation
(here: Stokes peak, Ig). The elastically scattered light
is centered at 0 GHz. The probing BLS laser beam
is focused on the sample surface; therefore, we detect
magnons modes only in the top layer [23], while both
the top and bottom layers contribute in the MW absorp-
tion measurements. However, since each sample is grown
under the same fabrication procedure, similar properties
are expected from each YIG-film layer in each sample.

Simulation Experiment
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FIG. 2. (a) SRR resonance obtained by HFSS simulations
(Qsim = 83.1) and corresponding experimentally realized res-
onance (Qexp = 94.0). Data shown in blue, corresponding fits
are shown by in red dashed lines. (b) RF magnetic field (h.¢)
distribution obtained by HFSS simulations. (¢) MW absorp-
tion measurements of the magnon-photon hybridization (here,
YIG film thickness: 2.46 pym), where the false color represents
the S12 transmission parameter. (d) Si2 transmission param-
eter versus frequency f at selected biasing magnetic fields as
shown by white dashed lines in (c).

Previous works [6, 24, 25] showed microwave-to-optical
up-conversion using bulk YIG spheres where the inter-
action with the optical whispering gallery modes is en-
hanced due to the long distance of light propagation on
the sphere’s surface. However, in our case, the light path
length is limited to the film thickness; hence, the scat-
tering probability is lower and the signal up-conversion is
not as effective as in the bulk spheres. Figure 1(c) depicts
the experimental configuration consisting of the square
SRR in the vicinity of an MW feed line loaded with a YIG
sample placed on the top and in the presence of a biasing
in-plane magnetic field applied along the y-axis. For the
MW absorption measurement, a vector network analyzer
(VNA) is used to record the field-dependent transmission
parameter Sy with an output power of +13 dBm con-
nected to P1 and P2. We use a continuous single-mode
532-nm wavelength laser for the BLS measurements that
is focused on the YIG film’s surface [see Fig. 1(c)]. A
MW generator provides the a RF signal to the feed line
(P1) with output powers of +20 dBm for microfocused
BLS and 427 dBm for conventional BLS measurements.
Although the range of power used in the experiments is
relatively large, it does not affect the coupling strength
and we, therefore, conclude that we are still operating in
the linear regime (see SM). The BLS process can be de-
scribed by the inelastic scattering of laser photons with
magnons [26]. Since this process is energy and momen-
tum conserving, inelastically scattered photons carry in-
formation about the probed magnons [27], which we an-
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FIG. 3. False color-coded spectra of the magnon-photon hybridization of the 2.46 pm-thick YIG film. Results obtained by
(a) microwave absorption measurements, where Si2 is plotted versus f and uoH, (b) microfocused BLS spectroscopy, and (c)
conventional BLS spectroscopy. In the BLS measurements, the Stokes peak [compare to Fig. 1(b)] is plotted in logarithmic
scale versus f and uoH. The black dashed lines are the fits to Egs. (1) and (2).

alyze using a high-contrast tandem Fabry-Pérot inter-
ferometer. Two different objective lenses are used for
the BLS measurements: for the microfocused measure-
ments, a high-numerical-aperture (NA = 0.75) objective
lens with a working distance of 4 mm is used, while a
lens with a focal lens of 40 mm and a diameter of 1 inch
is used for the conventional measurement setup.

We designed and optimized the SRR via ANSYS HFSS
to exhibit a resonance (fy) at 5.1 GHz, which agrees with
the experimentally observed result (4.9 GHz) as shown in
Fig. 2(a). Figure 1(d) illustrates the top view of the SRR
with the following dimensions: the SRR’s outer and inner
widths of @ = 4.5 mm and b = 1.5 mm, the gap between
the SRR and the feed line g = 0.2 mm, and the feed line’s
width of w = 0.4 mm. The SRR is fabricated by etching
one side of Rogers RO3010 laminate with a dielectric con-
stant of 10.20+0.30 and copper thickness of 35 pum that is
coated on both sides of the substrate. By fitting the res-
onance data to a Lorentzian function with full-width at
half maximum (FWHM), we determine the quality factor
(Q = fo/Afrwnm) of the resonator to be Qg,=83.1 for
the simulation and Qexp=94.0 for the experiment [shown
with the red dashed lines in Fig. 2(a)]. The 2D profile of
the modeled RF-magnetic field h,¢ on resonance is shown
in Fig. 2(b). hyt is the most intense and uniform at the
center of the SRR. The SRR is loaded with low-loss YIG
films placed on the top of the center of the SRR [for
details on broadband ferromagnetic resonance measure-
ments we refer to the supplemental material (SM)]. We
compare the results of two YIG-film thicknesses: the lat-
eral dimensions of the 2.46 pum thick square-shaped sam-
pleis 5.3 mm x 5.3 mm, while the 200 nm thick-sample is
parallelogram-shaped with a base and height of 10 mm
and 7.5 mm, respectively. Both samples are grown on
500 pm-thick gadolinium gallium garnet substrates by
liquid phase epitaxy on both sides of the substrates.

Fig. 2(c) shows a typical false color-coded microwave

absorption spectrum of the magnon-photon hybridiza-
tion (here, YIG film thickness: 2.46 pm), where the
color represents the transmission parameter. In the
field /frequency region where the uncoupled photon and
the magnon modes would cross, we observe the behavior
of an effective two-level system, where the two disparate
subsystems couple electromagnetically with the coupling
strength geg. The coupling is quantified by the cooper-
ativity C = ggﬂ /kmkp. The mode coupling lies in the
strong regime if geg is larger than the loss rate of YIG,
km, and the SRR, kp, respectively [28]; thus, C' > 1.This
is shown more in detail in Fig. 2(d), where S;2 is plotted
versus f for different fields from 86 to 102 mT close to
the avoided crossing as indicated by white dashed lines
in Fig. 2(c). At high fields (e.g., at 102 mT), the higher
frequency mode (FMR mode) has a lower intensity than
the lower frequency mode (SRR mode). By sweeping
the field from higher to lower values, the FMR mode
approaches the SRR mode. In this transition regime,
the modes switch the magnitude of their intensities: at
94 mT, both modes have the same intensity, and the fre-
quency gap between them is almost minimum. Further
decreasing the field magnitude to 86 mT results in the
modes switching their intensities and moving apart. This
behavior describes an avoided level crossing indicative of
the formation of magnon-photon polaritons [29, 30].

We model the photon-magnon hybridization using a
coupled two harmonic oscillator model with fi repre-
senting the hybridized mode frequencies:

JsrRR + frMR fsrR — JFMR ? Jeff \ 2
fi_Qi\/<2) *(7)’
(1)

where geg is the coupling strength, fsgr is the uncou-
pled SRR resonance, fryr is the ferromagnetic resonance
of YIG that increases as the field is increased and is given
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FIG. 4. Conventional BLS spectra of the 2.46 pm-thick YIG
film. Dashed lines represent fits to Eq. (3). The black bold
dashed line represents the k = 0 (n = 0) mode, which is the
FMR mode, while the higher-lying dashed lines are MSSW
modes (n = 1,..., 12) with k = nx/2l.

by the Kittel formula

fFMR = %MO\/ H(H + Meg), (2)

where ~ is the gyromagnetic ratio and Mg is the ef-
fective magnetization.

The microwave absorption measurement result of the
2.46 pm-thick YIG film shows a clear avoided crossing
which centers at 96 mT, Fig. 3(a). As is visible from
the figure, the signal is particularly strong before and
after the avoided crossing (< 82 mT and > 110 mT).
This field-independent signal is the SRR resonance mode.
However, a pronounced avoided crossing is observed
when the field-dependent FMR mode of YIG approaches
the SRR resonance at 96 mT leading to the formation of a
hybridization. The upper and lower frequency modes and
the uncoupled FMR mode are fitted to the experimental
results according to Eq. (1) and Eq. (2), respectively.

Using a similar field/frequency sweep range as in
the microwave absorption measurements, we probe the
magnon-photon hybridized state by microfocused BLS
[Fig. 3(b)]. Here, the Stokes BLS intensity in logarithmic
scale is plotted. The field is swept from 110 to 82 mT in
0.3 mT field steps after saturating at 200 mT. The MW
frequency excites the sample from 4.25 to 5.10 GHz in
12 MHz steps. The two hybridized modes are detectable,
similar to the MW absorption measurements. Note that,
in addition to the coupled resonances, we detect a con-
tribution of modes excited by the split-ring resonator[12]
in the BLS experiments. We will discuss these modes
below.

BLS’s successful detection of the strongly cou-
pled magnon-photon state demonstrates a coherent
microwave-to-optical up-conversion based on the scheme
shown in Fig. 1(a). Interestingly, the intensity distri-
bution detected in BLS is reverse to the MW absorption

4

technique: BLS is more sensitive in probing the magnonic
character of the magnon-photon polariton compared to
MW absorption measurements shown in Fig. 3(a), which
is more sensitive to the photonic character of the hybrid
excitation confirming previous reports [9].

By fitting the experimental data to Eq. (1), we ex-
tract the magnon-photon coupling strength geg. Ferro-
magnetic resonance measurements (SM) yield the fol-
lowing parameters: poMeg = 183.5 mT and /27 =
28.2 GHzT !, which we use to fit the microfocused BLS
results [Figs. 3(b,c)] to Eq. (1), we obtain geg/2m =
114.6 MHz. By calculating the dissipation rates of the
microwave photon (x,/2m = 51.7 MHz) and the magnon
(Fm/2m = 8.7 MHz), we can obtain a cooperativity
of C' = 29.1, which fulfils the conditions C' > 1 and
Geff > Kp, Km-

We compare the microfocused BLS experiments to con-
ventional BLS measurements as is shown in Fig. 3(c). We
use a lens with a smaller numerical aperture than the ob-
jective lens used in the microfocused setup. However, the
laser beam spot size is significantly larger, and hence, it
covers a larger area of the YIG film leading to a stronger
signal intensity. Due to the stronger signal strength, we
are able to detect modes inaccessible by the microfocused
system as further evidenced in Fig. 4. The additional
fine features revealed by the conventional BLS measure-
ments lie in the anticrossing region parallel to the Kittel
mode. These modes are due to the excitations of higher-
order wavenumber spin-wave modes directly excited by
the portion of the SRR ring that creates an in-plane RF-
magnetic field in the z-direction (SM). These modes oc-
cur at frequencies higher than the Kittel mode for a given
magnetic field and are identified as magnetostatic surface
spin waves (MSSWs) that propagate in the film plane in
a direction perpendicular to the applied field [12, 31-33].
We model them by:

fussw = %MO\/H(H + Meg) + MZG(1 — e=2kd) /4,

(3)
where d is the thickness of the sample, k = nw/2l is the
spin-wave wavevector, [ is the length of the square-shaped
sample and n is the mode number with n = 0 being the
uniform Kittel mode. /27 = 28.2 GHzT ! and g Mg
= 183.5 mT both of which are obtained from the fitting
of the lowest lying mode, Eq. (2). The dashed lines above
the main modes in Fig. 4 shows fits of the experimental
data to Eq. (3) for n = 0,1, ...,12. Here, the bold dashed
line represents the k = 0 (n = 0) mode, which is the FMR,
mode, while the other dashed lines are the higher-order
MSSW modes (n = 1,..., 12). These higher-order MSSW
modes have wavevectors of k = 3.5 x 1073 rad/um for
n = 12, which is within the detectable wavevector range
of our conventional system (kpax = 6.9 rad/pm).

While most recent works on strong-magnon photon
coupling utilized micrometer-thick-YIG or YIG spheres
[34-37], sample miniaturization is imperative for a scal-
able on-chip solutions. In the following, we demonstrate
magnon-photon coupling in a miniaturized 200 nm-thick

Page 4 of 7
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FIG. 5. A typical false color-coded spectrum of the magnon-photon hybridization for the 200 nm-thick YIG film using the
(a) microwave absorption technique, where Si2 is plotted versus f and woH, (b) microfocused BLS technique, and (c¢) BLS
technique with a conventional objective lens. The dashed lines are the fitted plots to Egs. (1) and (2).

YIG film. Using the identical 2D planar resonator as
used for studying the 2.46 pm film, we observe mode anti-
crossing by the microwave absorption technique as shown
in Fig. 6(a). As is shown Fig. 6(b), we are unable to de-
tect a sufficiently strong signal of the hybridized excita-
tion in the microfocused measurements. The uncoupled
mode is significantly stronger than the magnon-photon
coupled modes. However, as we switch from the microfo-
cused to the conventional BLS setup, not only the Kittel
mode becomes more intense, but also the two hybridized
mode can be detected in the spectra [Fig. 6(c)]. Fits
to the experimental data agree reasonably well as shown
by the black dashed lines. From the combined optical
and microwave experiments, we extract the following pa-
rameters: poMeg = 187.3 mT, v/2r = 28.2 GHzT !,
and gesr/2m = 37.3 MHz. The photon and magnon dis-
sipation rates are found to be /27 = 51.7 MHz and
Km/2m = 24.5 MHz, respectively. Therefore, the cooper-
ativity C' = 1.1. This makes the SRR dissipation dom-
inant (km < gep < Kp), and hence, the coupling falls
in the magnetically induced transparency (MIT) regime
[28]. Higher modes similar to the ones observed in the
2.46 pm are absent in the spectra of the 200 nm film since
the field/frequency separation of the higher-order modes
decreases as the YIG thickness decreases [38].

As can be seen in Figs. 6(a) and (b), there are system-
atic deviations of the fit to the Eq. (2). Moreover, if we
fit the BLS data rather than the broadband FMR results
to determine the material parameters (shown as fuchsia
line) using Eq. (2), the extracted parameters for 2.46 pum
are fig Meg = 297416 mT and v/27 = 23.74+0.5 GHzT 1,
and for 200 nm are puoMeg = 312 £ 45 mT and v/27 =
23.5 + 1.3 GHzT~! for the best fit. All these values, in
fact, would be unrealistic as /27 would be very low and
oMeg would be very high. This analysis suggests that
a gaped region seen between the two coupled magnon-
photon modes is not an uncoupled FMR mode; rather,
the modes excited by the portion of the SRR ring that

creates an in-plane RF-magnetic field in the z-direction
(see also SM).

In summary, we showed direct probing of strong
magnon-photon coupling using Brillouin light scatter-
ing spectroscopy in a planar geometry. The optical
measurements are combined with microwave spec-
troscopy experiments where both biasing magnetic field
and microwave excitation frequency are varied. The
miniaturized YIG sample of 200 nm thickness exhibits
MIT regime with a cooperativity of 1.1, while 2.46
pm-thick film showed strong coupling regime with a
larger cooperativity of 29.1. We find that Brillouin light
scattering is advantageous for probing the magnonic
character of magnon-photon polaritons, while microwave
absorption is more sensitive to the photonic character of
the hybrid excitation. In addition, the uncoupled modes
significantly contribute to the optical measurements:
they are detected in the gaped region between the two
coupled magnon-photon modes. The detection of the
magnonic hybrid excitation by Brillouin light scattering
can be understood as an up-conversion mechanism of
signals from the microwave to the optical regime in
the magnonic hybrid systems. The planar structure
presented here enables spatially-resolved imaging of
magnon-photon polaritons that can serve as a platform
for studying magnonics strongly coupled to microwave
photons.
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