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 A B S T R A C T

In cavity magnonics, magnon–photon hybridization has been widely investigated for both fundamental studies 
and applications. Planar superconducting resonators operating at microwave frequencies have demonstrated 
the possibility to achieve high couplings with magnons by exploiting the confinement of the microwave field in 
a reduced volume. Here we report a study of the coupling of high-𝑇𝑐 YBCO superconducting waveguides with 
104-nm-thick YIG magnetic films. We study the evolution of mode frequencies as a function of temperature 
and extract the coupling strength of hybrid magnon–photon modes. We show that the experimental results can 
be reproduced using a simple model in which the temperature dependence of the penetration depth accounts 
for the evolution of the polaritonic spectrum.
1. Introduction

Magnon–photon hybrids are obtained by coherently coupling col-
lective excitations in mgnetically ordered spin systems, that is spin 
waves and their quantized counterpart, magnons, with microwave 
photon modes. These systems have proven to be fertile ground for both 
fundamental studies and applications [1]. In the former case, topics 
like quantum magnonics [2,3], nonlinear effects [4–6], ultrastrong cou-
pling [7–9], non-Hermitian physics [10,11], Floquet engineering [12], 
magnonic frequency combs [13] have been recently investigated. Ap-
plications in magnonics and quantum technologies, either at room 
temperature or in the quantum regime at mK temperatures, are related - 
but not restricted - to computation, sensing, microwave-to-optical trans-
duction, coherent coupling of remote physical systems, and emission of 
microwaves [1,14–17].

For these studies, magnetic materials such as electrically insulat-
ing Yttrium Iron Garnet (YIG) or conducting permalloy, which are 
characterized by high spin densities and low ferromagnetic resonance 
(FMR) damping rates, have found widespread attention [18]. The 
embedding of these materials into superconducting circuits has opened 
additional possibilities [19–22]. Microwave modes in planar supercon-
ducting resonators have been exploited to achieve strong [23–26] and 
ultrastrong [9,27–30] coupling with magnons, also using nanomagnets 
fabricated directly onto the resonator [25,26]. Furthermore, supercon-
ducting qubits were coupled to YIG spheres to detect single-magnon 
excitations [2,31].

I This article is part of a Special issue entitled: ‘Trends in Magnetism’ published in Journal of Magnetism and Magnetic Materials.
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High critical temperature (𝑇𝑐) superconducting resonators, in par-
ticular YBa2Cu3O7 (YBCO), show 𝑇𝑐 up to about 90 K and resilience 
to applied magnetic field [32]. Strong and ultrastrong coupling with 
spin systems have been achieved, respectively, using paramagnetic 
ensembles [33–37] and few-𝜇m-thick YIG films [9,30]. In the latter 
case, the evolution of polaritonic modes at temperature below 𝑇𝑐 has 
shown a progressive frequency shift of the hybrid magnon–photon 
mode, which has been correlated with the penetration depth in the 
superconducting layer as an effect of the interplay between Meissner 
currents and spin waves [30].

The spectrum of spin-wave excitations in the YIG film, as well as 
the coupling to the resonator, depend on the thickness of the magnetic 
layer. Here we experimentally investigate the evolution of transmission 
spectra obtained by placing a 104-nm-thick YIG film both on a broad-
band coplanar waveguide (CPW) and a half-wavelength CPW resonator 
fabricated from a YBCO film. We first study the broadband spectrum 
of excitations acquired using the YBCO CPW at different temperatures. 
We then analyze the coupling between microwave and magnon modes 
using the CPW resonator. We finally discuss how the extracted physical 
quantities compare with those obtained with thicker YIG films, which 
have been previously reported in Refs. [9,30].

2. Experimental methods

The broadband waveguide and the resonator were fabricated from 
a YBCO film having thickness of 330 nm (±10%), which was deposited 
https://doi.org/10.1016/j.jmmm.2026.173859
Received 7 March 2025; Received in revised form 10 September 2025; Accepted 17
vailable online 17 January 2026 
304-8853/© 2026 The Authors. Published by Elsevier B.V. This is an open access a
 January 2026

rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/jmmm
https://www.elsevier.com/locate/jmmm
https://orcid.org/0000-0001-7316-3765
https://orcid.org/0009-0008-6465-5563
https://orcid.org/0000-0001-9649-2203
https://orcid.org/0000-0001-5711-7822
mailto:alberto.ghirri@nano.cnr.it
https://doi.org/10.1016/j.jmmm.2026.173859
https://doi.org/10.1016/j.jmmm.2026.173859
http://creativecommons.org/licenses/by/4.0/


A. Ghirri et al. Journal of Magnetism and Magnetic Materials 641 (2026) 173859 
Fig. 1. Top view (a) and vertical section (b) of the CPW broadband line with the YIG film placed in top. Dashes in (b) show the distribution of the oscillating 
magnetic field 𝐡𝐚𝐜. (c) Evolution, at different temperatures, of the transmission spectra measured at 𝜇0𝐻0 = 0.23 T. The background 𝑆21 spectrum obtained from off 
resonance data has been subtracted. Solid lines display the Lorentzian fit (Eq. (1)). (d) Spectral map acquired at 𝑇 = 30 K showing the derivative of transmission 
with respect to the magnetic field. Green and yellow dashed lines show 𝜔0 and 𝜔1 as derived respectively from Eqs. (2) and (4). The red dashed line show 𝜔𝐹𝑀𝑅.
by reactive co-evaporation (RCE) [38] on a 3′′-wide, 0.43-mm-thick, r-
cut sapphire substrate with a 20-nm-thick CeO2 buffer layer (Ceraco 
GmbH, M-type). The characteristic porous surface of the YBCO film 
shows enhanced flux pinning and critical current density higher than 
2 × 106 A∕cm2 at 77 K. After deposition, the substrate was diced into 
8×5×0.43 mm3 blocks, which were patterned using optical lithography 
and dry etching by Ar plasma in a Reactive Ion Etching (RIE) chamber. 
The central conductor of the CPW line has characteristic width 𝑤 =
17 μm and separation 𝑠 = 14 μm between the central conductor and 
the lateral ground planes (Fig.  1(a,b)). The broadband CPW supports 
transmission up to 14 GHz; the half-wavelength resonator has the same 
geometry except for two 140-μm-wide input and output capacitive gaps 
that interrupt the central conductor to define a central strip having 
length of 6 mm [9,30].

The YIG film that was grown by liquid phase epitaxy with thickness 
of 104 nm on a 0.5-mm-thick Gadolinium Gallium Garnet (GGG) sub-
strate with (111) orientation (Matesy GmbH) [39]. The reported FMR 
linewidth is less than 2 Oe at room temperature.

The YIG/GGG film was cut in a ≈4 × 2 mm2 sample and placed on 
the superconducting CPW. The film was gently pushed in contact with 
the YBCO surface by a plastic screw from the GGG side. The device 
was cooled down in a cryogenic setup equipped with a superconducting 
solenoid that generates the magnetic field (𝐻0), which is applied paral-
lel to the central conductor of the CPW and to the YIG film (Fig.  1(a,b)). 
Transmission (𝑆21) measurements were carried out using a Vector 
Network Analyzer by sweeping the frequency at stationary values of the 
magnetic field. The incident microwave power is ≈−8 dBm at the CPW 
input port. Test experiments carried out in the same conditions using a 
bare GGG sample have not shown any detectable magnetic resonance 
lines. The derivatives of the transmission, 𝜕𝑆21∕𝜕𝐻0 and 𝜕2𝑆21∕𝜕𝐻2

0 , 
were calculated numerically.

3. Broadband transmission spectroscopy

We first used the broadband superconducting waveguide to study 
the evolution of ferromagnetic resonance lines. Transmission spec-
tra evidence the presence of a main resonance at the frequency 𝜔0
(Fig.  1(c,d)). As the temperature (𝑇 ) decreases, 𝜔0 progressively shifts 
toward higher frequencies. This trend indicates a decrease in the fixed-
frequency resonance field as the temperature decreases between 80 K 
and 30 K. We fit the absorption dip, obtained by subtracting the back-
ground from the transmission spectra, using a Lorentzian curve [40] 

𝑆̄21 =
𝑎

1 +
(

𝜔−𝜔0
1

)2
, (1)
2 𝛥𝜔

2 
where 𝜔 is the frequency, 𝑎 is the amplitude and 𝛥𝜔 is the full width at 
half maximum (Fig.  1(c)). We note that 𝜔0∕2𝜋 varies between 9.58 GHz 
at 80 K to 9.64 GHz at 10 K. The Lorentzian fits are in reasonable 
agreement with the measured resonance lines in Fig.  1(c), allowing us 
to obtain an estimation for 𝛥𝜔∕2𝜋, which increases from 30 MHz at 80 K 
to 64 MHz at 10 K.

When the YIG and YBCO layers are in good contact, an additional 
faint line can be observed at low temperature, whose frequency 𝜔1∕2𝜋, 
is approximately 1.2 GHz above 𝜔0∕2𝜋 (Fig.  1(d)). Fig.  2 shows the 
transmission maps taken at temperatures between 80 and 10 K, plotted 
as second derivative 𝜕2𝑆21∕𝜕𝐻2

0  to evidence 𝜔0 and 𝜔1. We note that 
spectra taken above 50 K show the presence of 𝜔0 only, while 𝜔1 is 
visible at 30 K and below.

Considering the lateral profile of the broadband CPW and the 
Damon–Eshbach geometry in our experiment, we expect that the trans-
mission line excites spin wave modes with wavenumber up to 𝑘𝑦 =
3 × 105 rad m−1 ≈ 2𝜋∕s [30,41]. According to the analytical model by 
Kalinikos ans Slavin (KS) [42], the frequency of the lowest mode can 
be calculated as [43] 

𝜔0∕2𝜋 = 𝜇0𝛾
√

𝐻0(𝐻0 +𝑀𝑠) + (𝑀𝑠)2𝑃00(𝑘𝑦𝑑)
(

1 − 𝑃00(𝑘𝑦𝑑)
)

, (2)

where 𝛾 = 28.02 GHz∕T is the electron gyromagnetic ratio, 𝜇0 =
4𝜋 × 10−7 H∕m is the vacuum permeability and 𝑃00 = 1 + [(1 −
exp(−𝑘𝑦𝑑))∕𝑘𝑦𝑑]. We note that, being 𝑑 = 104 nm and 𝑘𝑦𝑑 = 0.03, 
Eq. (2) results very close to 𝜔𝐹𝑀𝑅 = 𝜇0𝛾

√

𝐻0(𝐻0 +𝑀𝑠) (Fig.  1(d)). 
The temperature dependence of Eq. (2) derives from the saturation 
magnetization of YIG, 𝑀𝑠, which approximately follows [30,44,45] 
𝑀𝑠 = 𝑀0(1 − 𝑢𝑇 3∕2 − 𝑣𝑇 5∕2), (3)

being 𝑢 = 23 × 10−6 K−3∕2 and 𝑣 = 1.08 × 10−7 K−5∕2 [45]. Using 
𝜇0𝑀0 = 0.28 T, we can reproduce the magnetic field dependence of 
𝜔0 in the entire temperature range (Figs.  1(c,d) and 2).

Higher spin wave resonances beyond 𝜔0 are described in the KS 
model as Perpendicular Standing Spin Wave (PSSW) modes [42]. The 
frequency of the first PSSW mode is given by [43] (see the Eq.  (4) in Box 
I) where 𝐴 is the exchange constant of the YIG film. The experimental 
spectra in Figs.  1 and 2 can be reproduced using 𝐴 = 5.2 pJ∕m at 30 K 
and 𝐴 = 5.5 pJ∕m at 10 K.

4. Coupling between magnetic film and resonator

The 104-nm-thick YIG film was subsequently placed on top of the 
superconducting resonator to test the coupling between magnon and 
photon modes. At low temperature, the bare YBCO/sapphire resonator 
shows the fundamental mode at 𝜔𝑐∕2𝜋 ≈ 10 GHz, which decreases to 
𝜔 ∕2𝜋 ≈ 9.7 GHz in the presence of the YIG/GGG sample.
𝑐
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Fig. 2. Evolution of the spectral maps measured at different temperatures using the broadband CPW. The color scale shows the second derivative of transmission 
with respect to the magnetic field. Dashed lines display the curves calculated with Eqs.  (2) and (4), as indicated.
𝜔1∕2𝜋 = 𝛾𝜇0

√

√

√

√

[

𝐻0 +
2𝐴
𝑀𝑠

(

𝑘2𝑦 +
(𝜋
𝑑

)2
)]

[

𝐻0 +
2𝐴
𝑀𝑠

(

𝑘2𝑦 +
(𝜋
𝑑

)2
)

+𝑀𝑠 +𝐻0

(

𝑀𝑠∕𝐻0
𝜋∕𝑑

)2
𝑘2𝑦

]

, (4)
Box I. 

 

Fig. 3. Evolution of the transmission (𝜕𝑆21∕𝜕𝐻0) spectra acquired as a function of temperature using the CPW resonator. The calculated polaritonic modes 𝛺±
are represented by red dashed lines; yellow and blue dashed lines show 𝜔0 and 𝜔𝑏, respectively. The temperature value at which the map was taken is reported
on each panel, from 10 K (a) to 85 K (f).
 
 
 
 

 
 
 
 

 

Magnon–photon hybridization is shown by the formation of polari-
ton branches in transmission spectra displayed for a series of tempera-
tures in Fig.  3. Below 50 K (panels (a–c)), the splitting of approximately
460 MHz corresponds to the collective coupling 𝑔∕2𝜋 ≈ 230 MHz.
As the temperature increases, we observe the progressive lowering of
the resonator frequency and the decrease in polariton splitting (panels
(d–f)). The anticrossing disappears above 𝑇𝑐 .

In order to extract meaningful parameters from the experimental
spectra and compare them with previous results, we follow the analysis
reported in [30]. The upper (𝛺+) and lower (𝛺−) polaritons can be
described as the effect of the coupling between the resonator and a
single magnetic mode (𝜔𝑏). Their evolution follows [9] 

𝛺± = 1
√

2

√

𝜔2
𝑐 + 𝜔2

𝑏 ±
√

(

𝜔2
𝑐 − 𝜔2

𝑏
)2 + 16𝜔𝑐𝜔𝑏𝑔2 , (5)

where 𝜔𝑏 is correlated to both magnetic field and temperature assuming
that 
𝜔𝑏 = 𝜔0 + 𝛿𝑠𝑐 , (6)

3 
where 𝜔0 is the frequency of the lowest YIG mode (Eq. (2)) and 𝛿𝑠𝑐
a temperature-dependent change. The latter can be quantified by self-
consistently including the spin-wave induced Meissner currents in the 
Landau–Lifshitz–Gilbert equation, to obtain [21] 

𝛿𝑠𝑐 ≈ 𝛾𝜇0𝑀𝑠𝑘𝑦𝑑𝑟
1 − 𝑒

− 2𝑡
𝜆𝐿

(𝑘𝑦𝜆𝐿 + 1)2 − (𝑘𝑦𝜆𝐿 − 1)2𝑒
− 2𝑡

𝜆𝐿

, (7)

where 𝑡 is the thickness of the YBCO film and 𝑟 is a dimensionless 
geometrical factor associated with the YIG thickness and spin-wave 
ellipticity. 𝜆𝐿 is the penetration depth of YBCO, which in the simplest 
two-fluid binomial approximation reads [46] 

𝜆𝐿 =
𝜆𝐿(0)

√

1 −
(

𝑇
𝑇𝑐

)𝑝
, (8)

where 𝑇𝑐 is the critical temperature, 𝜆𝐿(0), is the London penetra-
tion length in the zero temperature limit, and 𝑝 = 4∕3 for d-wave 

superconductors [46–48].
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Fig. 4. Frequency of the resonator extracted from transmission maps acquired 
at different temperatures (circles). The solid line shows the fit with Eq. (9). 
Inset. Coupling strength and frequency shift derived using the fitted resonator 
frequency (circles) and Eq. (9) (solid lines). Error bars are estimated from the 
uncertainty of the fit parameters.

By means of Eq. (5) we have fitted the evolution of polaritons in Fig. 
3. The frequency of the resonator, 𝜔𝑐 (𝑇 ), is used at each temperature as 
a free parameter; 𝜔𝑏 has been calculated using Eq. (7), where 𝑟 = 0.45
and the penetration depth has been derived from Eq. (8) with 𝑇𝑐 =
86.3 K and 𝜆𝐿(0) = 104 nm. The latter parameters are obtained from 
the fit of 𝜔𝑐 (𝑇 ) (Fig.  4) using [48] 

𝜔𝑐 ≈ 𝜔𝑐 (0)

√

𝐿[𝜆𝐿(𝑇0)]
𝐿[𝜆𝐿(𝑇 )]

, (9)

being 𝐿[𝜆𝐿(𝑇 )] the temperature-dependent inductance and 𝜔𝑐 (0)∕2𝜋 =
9.7 GHz at 𝑇0 = 10 K. Finally, the collective coupling 𝑔 = 𝑔𝑠

√

2𝑠Fe𝑁𝑠, 
where 𝑠Fe = 5∕2 is the single-ion spin of Fe3+, is calculated assuming 
that the number of spins is 𝑁𝑠 = 1.49 × 1013 in the entire temperature 
range. The temperature dependence of 𝑔 derives, through 𝜔𝑐 (𝑇 ), from 
the spin-photon coupling 

𝑔𝑠 ≈
𝜇0𝜔𝑐
4𝑤

√

ℎ
𝑍0

, (10)

where 𝑍0 = 58 Ω is the nominal impedance of the CPW line [30] and 
ℎ = 6.626 × 10−34 J s is the Planck constant.

Fig.  4 shows the temperature evolution of the parameters that 
describe the experimental data. From the fitted values of 𝜔𝑐 (𝑇 ) and 
using the values of 𝛿𝑠𝑐 (𝑇 ) and 𝑔(𝑇 ) calculated using the parameters 𝑟
and 𝑁𝑠, we can reproduce the evolution of the transmission spectra 
shown in Fig.  3 for temperatures between 10 and 85 K.

5. Discussion

It is worth comparing the results obtained here for the 104-nm-thick 
YIG film with those reported for thicker films [9,30]. The broadband 
spectra shown in Figs.  1 and 2 display two well-separated resonances 
at frequencies 𝜔0 and 𝜔1, in contrast with the larger number of closely 
spaced lines observed for a 5-μm-thick YIG film under similar exper-
imental conditions [9,30]. The dependence of those two modes as a 
function of 𝐻0 has been analyzed with Eqs.  (2) and (4), using fitting 
parameters compatible with those previously reported [9,30,45,49]. In 
particular, Eq. (4) shows, in accordance with the trend observed in 
the experiments, an increase in the frequency 𝜔1 when the thickness 
of the YIG film decreases. The chosen fitting parameters account for 
the non-trivial evolution of the FMR line at low temperature, which 
has recently been attributed to the increase in magnetic anisotropy 
4 
as a result of the interaction between the YIG film and the GGG 
substrate [39,50,51]. We note that the temperature evolution of the 
resonance position in Figs.  1(c) and 2, and the deviation from the 
Lorentzian line shape in the resonance spectra, are in line with other 
recently reported experiments [39,50].

The broadening of the lowest resonant peak and the diminishing of 
its amplitude at low temperature evidence the increase of losses (Fig. 
1(c)). Despite the narrow FMR linewidths obtained at room tempera-
ture [52,53], low-temperature measurements on YIG/GGG films have 
shown FMR linewidths up to 30 MHz due to local defects and other 
effects induced by the GGG substrate [39,50,51]. Moreover, experi-
ments with YIG films having conductive electrodes on top have shown 
the broadening of the FMR line [54–56]. Additional contributions to 
line broadening come from the superconductor. Inhomogeneities in the 
local magnetic field can be related to Meissner screening and non-
perfect parallelism of the film surface with respect to the external 
magnetic field. Being our YBCO film a type-II superconductor with 
pinned vortices, in the mixed state we also expect the presence of 
inhomogeneous magnetic fields at the interface with the YIG film due 
to the presence of the Abrikosov lattice.

Additional fingerprints of the interplay between magnetic and su-
perconducting layers can be found in the temperature-dependent prop-
erties of the YBCO CPWs. The amplitude of the microwave field 
decreases quasiexponentially as the height from the CPW increases [9] 
and, additionally, the penetration depth of YBCO drops to
≈100 − 150 nm at low temperature [30]. The appearance of higher 
magnon modes in broadband measurements (Fig.  2) is likely due to the 
coupling between tightly confined microwaves and stray fields [41]. 
Furthermore, experiments with thick YIG films and YBCO resonators in 
the ultrastrong coupling regime evidenced the shift of the anticrossing 
position with respect to the unperturbed resonance line of the YIG 
film (𝛿𝑠𝑐∕2𝜋 up to 1.2 GHz) [30]. This behavior has been interpreted 
as an effect of electromagnetic proximity between the magnetic and 
superconducting layers [21,57].

In the present case, the 104-nm-thick YIG film gives rise to a much 
smaller shift (𝛿𝑠𝑐∕2𝜋 = 0.1 GHz), which is justified by the smaller 
𝑑 in Eq. (7). However, the broadband spectra in Fig.  2 suggest that 
the line position at different temperatures can be reproduced using 
only the parameters of the YIG, without including the effect of the 
superconductor. We note that in Eq. (7) the geometric parameter 𝑟
has been used as a free fitting parameter to adjust the absolute value 
of 𝛿𝑠𝑐 ; to better quantify its magnitude, a more systematic study that 
involves variations in the size and thickness of the YIG film would 
be required. Furthermore, we note that the estimated magnon and 
photon numbers are 𝑁𝑚 = 𝑁𝑝 ≈ 1010 ≪ 𝑁𝑠 [9]. The shifts in magnon 
frequency extracted from Fig.  3 are greater than those expected from 
the magnon Kerr effect in our experiment [58,59]. Considering the 
estimated mode volume of the resonator 𝑉𝑚 = 𝑁𝑠∕𝜌 = 7 × 10−14 m3, 
being 𝜌 = 2.1 × 1028 m−3 the spin density of the YIG, and the first-
order anisotropy constant of the YIG film (𝐾𝑎𝑛), we obtain the Kerr 
coefficient 𝐾 = ℏ𝜇0𝐾𝑎𝑛𝛾2∕(𝑀2

𝑠 𝑉𝑚) ≈ 10−7 Hz. The Kerr effect results 
much lower than the collective spin-photon coupling. These numbers 
further confirm our analysis carried out in the linear regime with a low 
number of excitations.

We finally make a direct comparison between the coupling strength 
obtained and those reported in [9,30] using thicker YIG/GGG films and 
identical YBCO CPW resonator under similar experimental conditions. 
The maximum coupling strength derived from the spectra in Fig.  3 
is 0.23 GHz while the coupling obtained with a 5-μm-thick YIG film 
having similar lateral size is around 1.1 GHz [30]. The ratio between 
thicknesses is 50 while the coupling strength achieved with the thicker 
film is only 5 times higher. By using wider 5-μm-thick films, the 
coupling strength increased to around 2 GHz, although no significant 
improvement was observed for thicknesses as high as 20 μm [9]. These 
results confirm that in our experiments a significant coupling with the 
CPW is achieved at distances below 1 μm above the YBCO surface.
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6. Conclusions

In conclusion, we have studied the microwave response of non-
conductive 104-nm-thick YIG films positioned on top of a YBCO su-
perconducting layer. Transmission spectra were acquired at different 
temperatures either by using a broadband CPW or a CPW resonator. In 
the former case, experimental data have been essentially reproduced 
using well-consolidated models and physical quantities describing the 
spin-wave excitation spectrum of the YIG film. In the latter case, the 
coupling extracted from the splitting of magnon–photon polaritons 
amounts to 230 MHz. The changes in the polaritonic spectrum at 
different temperatures can be attributed to the effects of the penetration 
depth in the YBCO resonator. The comparison between results obtained 
with YIG films having different thicknesses suggests a non-trivial role 
of the system geometry and material parameters in determining the 
evolution of the transmission spectra.
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