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Strong Coupling of an Fe-Co Alloy with Ultralow Damping to Superconducting
Co-planar Waveguide Resonators
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We report on the strong coupling between a metallic ferromagnetic Fe75Co25 thin-film patterned ele-
ment and a range of superconducting Nb half-wavelength co-planar waveguide (CPW) resonators. By
varying the volume of the ferromagnet we demonstrate that the coupling rate scales linearly with the
square root of the number of spins and achieve a coupling rate over 700 MHz, approaching the ultrastrong
coupling regime. Experiments varying the center conductor width while maintaining constant magnetic
volume verify that decreasing the center conductor width increases coupling and cooperativity. Our results
show that the frequency dependence of the coupling rate is linear with the fundamental and higher-order
odd harmonics of the CPW, but with differing efficiencies. The results show promise for scaling planar
superconducting resonator-magnetic hybrid systems to smaller dimensions.
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I. INTRODUCTION

Quantum technologies based on hybrid systems where
light is strongly coupled to a degree of freedom in a
solid-state system have the potential to overcome some
of the practical engineering challenges limiting large-scale
quantum computing [1]. A hybrid system that has been
recently investigated is based on the interaction between
microwave photons and the collective spin excitations in a
magnetic structure [2]. Experiments exploiting the coher-
ent coupling between the two systems have demonstrated
strong and ultrastrong coupling regimes, magnetically
induced transparency, the Purcell effect, cavity-mediated
spin-spin coupling, and even potential quantum memo-
ries [3–15]. Dissipative coupling has been used to explore
frequency attraction and to investigate the non-Hermitian
physics possible in such systems [16–22]. At millikelvin
temperatures, strong coupling between magnons and a
qubit, mediated by a cavity, has been used to measure
individual magnon and photon numbers [23,24]. Other
experiments have demonstrated the potential for optical-
to-microwave transduction, a critical technology for quan-
tum information systems, using magneto-optical coupling
between optical and spin-wave modes [25–28].

Typically, the microwave resonator used in these exper-
iments is a three-dimensional cavity and the magnetic
element is a highly polished yttrium iron garnet (YIG,
Y3Fe5O12) sphere; however, other geometries have also
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been explored. YIG is an excellent material due to its
low damping, which allows for long magnon lifetimes,
and microwave cavities with high quality factors (Q) are
readily available allowing for long photon lifetimes. While
this specific configuration has been used with much suc-
cess, many promising quantum computing platforms are
microfabricated, and it is likely that any scalable quan-
tum system will largely be lithographically defined, and
utilize planar signal lines and resonators such as the co-
planar waveguide (CPW) resonator. Consequently, it is
likely beneficial to have a similar lithographically defined
system for hybrid magnetic systems. The smallest com-
mercially available YIG spheres are of the order of 200 µm
in diameter and would likely be incompatible with such
a system. Planar YIG samples are also available but with
the limitation that they must be grown on gadolinium gal-
lium garnet (GGG) to have desirable damping rates [29].
While it may be possible to pattern YIG and fabricate pla-
nar resonators, GGG has high microwave losses at low
temperatures making it a nonideal substrate [30]. Due
to these limitations, two recent studies have investigated
coupling between microfabricated thin films of Permalloy
(Ni80Fe20) and a superconducting CPW resonator [31,32].

In this paper we explore the coupling between super-
conducting Nb CPW resonators and the ultralow-damping
alloy Fe75Co25 [33]. This alloy shows promise for pla-
nar hybrid systems for two main reasons. One, it has
a high saturation magnetization µ0Ms and thus a high
spin density. Two, the intrinsic damping, α, is much
lower, about 5 × 10−4, than for many other metallic
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ferromagnets. Because of these properties, we are able
to demonstrate a coupling strength of 707 ± 11 MHz
between a half-wavelength (λ/ 2) Nb CPW resonator and
an Fe75Co25 magnetic volume of 192 µm3 (4 × 1013 spins),
far into the strong coupling regime for this system. Along
with verifying that coupling in this system scales with the
square root of the number of spins

√
N , we investigate

the change in magnon-photon coupling with increasing
resonator frequency and increasing resonator harmonic
number. The coupling increases linearly with increas-
ing fundamental frequency of the resonator, as well as
with odd harmonic number for a given resonator. How-
ever, higher-order harmonics couple less efficiently com-
pared to a resonator of equivalent fundamental frequency
(shorter physical length). Finally, we show that the cou-
pling increases with the inverse of the resonator center
conductor width, 1/WCC, for a given magnetic volume,
demonstrating a promising pathway for scaling to smaller
magnetic elements.

II. EXPERIMENTAL DETAILS

The resonators are fabricated by first depositing a
metallic stack of 5Ti/5Cu/40Fe75Co25/5Cu/5Ti, with the
preceding numbers indicating the layer thickness in
nanometers, on an oxidized Si wafer. A 40-nm ferromag-
netic layer is chosen to maximize the magnetic volume to
ensure a strong signal for a given patterned area while still
maintaining low damping values [33,34]. The rectangu-
lar magnetic elements are defined using standard optical
lithography and ion milling. For all of the devices the
patterned magnet is a rectangular prism where the width
is narrower than WCC by 2 µm and is centered on the
resonator both laterally and longitudinally, corresponding

to an antinode in the current and maximum rf mag-
netic field. After patterning the magnetic film, a 185-nm
layer of Nb is blanket sputter deposited. The CPW res-
onators are then patterned using reactive ion etching.
Finally contact pads as well as various alignment marks
are deposited by sputtering Au-Pd in a liftoff process. A
representative device is shown in Fig. 1(a) along with the
ground-signal-ground (GSG) probes used to couple to the
resonator.

To investigate the coupling between the defined ferro-
magnets and the Nb resonators, the devices are placed in
a cryogenic probe station with base temperature of 3.2 K
[35]. Electrical contact is made using a set of GSG probes
whose position can be adjusted in situ (with approximately
10 µm resolution). This flexibility allows for the interro-
gation of the hybrid system by capacitively coupling to
the CPW, resulting in a resonant measurement, or by plac-
ing the probes in direct contact with the center conductor,
resulting in a broadband measurement. For all measure-
ments, a field is applied along the length of the resonator
using a set of superconducting coils and the transmission
coefficient S21 is captured using a vector network ana-
lyzer (VNA) calibrated to the input and output ports of the
VNA. This in-plane field results in a parabolic change in
resonator frequency versus field due to a reduction in the
fraction of superconducting electron pairs [36,37]. This is
shown in Fig. 1(b) for a bare resonator (i.e., one with no
magnetic element) demonstrating a resonance frequency,
ωr/(2π ), shift of less than 15 MHz at an applied field of
600 mT. Additionally the applied magnetic field results in a
small degradation of the resonator quality factor, Q, shown
in Fig. 1(c), with Q > 2000 corresponding to a maximum
linewidth of κr/(2π ) = 3.2 MHz at 8 GHz.

(b) (c)

(a)
H

dc

Fe-Co

FIG. 1. (a) Optical image of a typi-
cal device, including the GSG probes.
(b) The response of a bare Nb resonator
at 3.2 K to an applied in-plane field,
showing the parabolic dependence of
resonance frequency to applied field,
H dc. (c) The resonator quality factor is
above 4000 for fields below 400 mT,
where the majority of the strong cou-
pling is measured in this study.
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III. RESULTS

In order to get the resonator mode ωr and the ferro-
magnetic resonance (FMR) mode ωFMR to interact it is
necessary to apply a magnetic field to bring the frequency

of the magnetic resonance near to the CPW resonance
frequency. It can be shown that for rectangular ferro-
magnetic prisms the resonance frequency of the mode
corresponding to uniform magnetic precession is given by
[38,39]

ωFMR

2π
= γ

2π

√
[Bext + (Ny − Nz)μ0Ms][Bext + (Nx − Nz)μ0Ms], (1)

where γ is the electron gyromagnetic ratio, Bext= µ0H ext
is the in-plane magnetic flux density, µ0 is the vacuum
permeability, and Ms is the saturation magnetization. Nx,y,z
are the demagnetizing factors for a given axis, with z axis
along the resonator length, x axis normal to the length in
the plane, and y axis normal to the resonator plane. For
high-aspect-ratio ferromagnets, the demagnetizing factors
have a significant effect on ωFMR, compared to blanket thin
films, especially at small applied fields.

When the externally applied field brings the two
resonances near each other the systems can effectively and
coherently transfer energy, and a characteristic avoided
crossing occurs. A simple model for the dispersion of the
hybrid system is given by two interacting harmonic oscil-
lators and the corresponding eigenfrequencies are [3,40]

ω± = ωr + �

2
± 1

2

√
�2 + 4g2 , (2)

(a) (b)

(c) (d)

FIG. 2. (a) The full spectral response of the hybrid system showing symmetry response for a magnetic volume of 480 µm3 and
WCC = 50 µm. The field is swept from negative to positive magnetic field. (b) Spectrum of a magnetic volume of 192 µm3 with
WCC = 6 µm. The dashed red line corresponds to the response at 150 mT plotted in (c). (d) The eigenvalue solution overlaid on the
original spectrum showing good agreement between the fit and maximum transmission and a coupling strength of 707 MHz.
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with � ≡ ωFMR − ωr, and g is the coupling rate between
the two modes. A typical plot of the transmitted power
versus applied field and frequency is shown in Fig. 2(a),
where the magnetic field is swept from negative to pos-
itive. The room-temperature VNA source has a nominal
output power of −5 dB m that is attenuated by approx-
imately 20 dB at the sample due to the cabling used in
the probe station. The quality factor of the resonator is
reduced at low fields likely due to incomplete saturation
of the magnetization in the sample leading to the coupling
of inhomogeneous magnetic modes to the resonator. The
quality factor is restored to a value close to that of a bare
resonator at higher fields when the FMR frequency has
moved far from the CPW resonance. In order to fit the
spectral data to the eigenvalue solution, the peak in the
transmission at each applied field is fit to a Lorentzian.
This is shown in Figs. 2(b) and 2(c). The Lorentzian fit
accurately captures the frequency and linewidth; however,
the data typically have longer tails (whose origins are
unknown) compared to the ideal response. With the maxi-
mum transmission of the system now established and using
Eq. (1) with µ0Ms = 2.45 T, we can now use Eq. (2) to
extract the coupling rate for the hybrid system.

The results of the above analysis for two sets of res-
onators, one with WCC= 50 µm (Fe-Co width = 48 µm)
and one with WCC = 10 µm (Fe-Co width = 8 µm), and
with magnetic elements ranging in length from 50 to
1000 µm, corresponding to volumes ranging from 16 to
1920 µm3 (3.4 × 1012 to 4 × 1014 spins), are shown in
Fig. 3. All resonators have a nominal resonance frequency
of 8 GHz, which is slightly affected by the presence of
the magnetic element. Figure 3 shows that for both cen-
ter conductor widths, the coupling scales linearly with the
square root of the magnetic volume. Field-swept FMR

FIG. 3. Coupling strength compared to the square root of the
volume of the magnetic element. The slope is given by the single-
spin coupling strength, gs.

measurements performed on a 48-µm-wide and 250-µm-
long sample at 8 GHz have a full width at half maximum of
µ0�H = 4.6 mT, resulting in a magnon damping rate [41]
κm/(2π ) = 156 MHz. In-plane FMR measurements versus
frequency yield a damping parameter of α = 0.005 and
inhomogeneous broadening of µ0�H 0= 1.6 mT. While
the measured damping is larger than the intrinsic damp-
ing [34], it is still generally consistent with other mea-
surements, considering that in this experimental setup
the measured linewidths can be broadened due to two-
magnon scattering along with additional radiative damping
due to the coupling to the resonator. It should be noted
that independent measurements of Fe75Co25 films show
µ0�H = 1.7 mT, corresponding to κm/(2π ) = 58 MHz
indicating the importance of measuring patterned mag-
netic samples at 4 K to get accurate total magnon damp-
ing rates. Nonetheless, using the worst-case values for
magnon and resonator damping, we reach a cooperativity
C = g2/(κrκm) = 580 for a magnetic volume of 320 µm3

(6.7 × 1013 spins), which is large, considering the small
actual volume, compared to many other magnon-photon
hybrid systems [3,31,32].

The linear increase of g with the square root of the
volume for a given center conductor width is in agree-
ment with previous work, which showed that the coupling
strength between the two systems can be described by
[31,42]

g = geμBbrfωr

√
N

8�Z
= gs

√
N , (3)

where brf ≡ Brf/I is the magnetic induction per unit cur-
rent, Z is the characteristic impedance of the resonator,
ge ≈ 2 is the electron g-factor, µB is the Bohr magneton,
-h is the reduced Planck constant, and gs is the single-spin
coupling rate. The magnitude of brf for a CPW can be
approximated [43] using the Karlqvist equation as brf ≈
μ0/(2WCC)	(z, WCC), where 	 = (2/π)tan−1[WCC/(2z)]
is a spacing loss, and is very close to 1 for the entire thick-
ness of the magnetic film. Using this relation and Eq. (3),
we estimate gs/(2π ) = 15 Hz for WCC = 50 µm and 74 Hz
for WCC= 10 µm. The single-spin coupling strength can be
experimentally obtained from the slope of a linear fit to
the data in Fig. 3 and results in gs/(2π ) = 14.6 ± 0.4 Hz
for WCC = 50 µm and 66.8 ± 6.2 Hz for WCC= 10 µm. The
experimentally determined gs for WCC= 50 µm is within
2% of that predicted by Eq. (3), while the discrepancy is
around 10% for WCC= 10 µm. The data show an increase
in single-spin coupling by a factor of 4.6 on decreasing
WCC from 50 to 10 µm, compared to a factor of 5 predicted
by Eq. (3).

To directly measure the change in coupling with cen-
ter conductor width and to investigate the slightly reduced
single-spin coupling for the 10-µm-width resonator, a
series of resonators with identical nominal frequencies and
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FIG. 4. Effect of scaling the center conductor width on the cou-
pling rate for a magnetic volume = 192 µm3 (4 × 1013 spins). The
dashed line is the predicted coupling strength given by Eq. (3).

impedances (13 GHz and 50 
, respectively) but vary-
ing WCC from 50 to 6 µm are fabricated. Each resonator
is loaded with a magnetic element of the same nominal
volume (192 µm3, 4 × 1013 spins) and widths from 48 µm
down to 4 µm. The measured coupling strengths ver-
sus 1/WCC are shown in Fig. 4 and generally show good
agreement with the trend predicted by Eq. (3) using the
Karlqvist equation with the exception of the resonator
with WCC = 6 µm that has coupling reduced by 10% com-
pared to theory, similar to the result for WCC = 10 µm in
Fig. 3. Even with the reduced coupling compared to the-
ory, the WCC = 6 µm resonator has a coupling strength of
707 ± 11 MHz and κm/(2π ) = 218 ± 4.5 MHz, resulting in
a cooperativity C = 720 ± 52. This corresponds to a 25%
increase in cooperativity compared to that obtained for
WCC = 10 µm in Fig. 3, despite employing a magnetic ele-
ment with 40% smaller volume, indicating that reducing
the center conductor width is an effective means of increas-
ing cooperativity without the need to increase the volume
of magnetic material.

The deviation of the data from that predicted by the Kar-
lqvist approximation in Eq. (3) can likely be explained
by looking at the magnetic field profile generated by a
superconducting current distribution and the specific sam-
ple geometry used in this experiment. For this geometry,
the current density in the center conductor can be approx-
imated [44] as J (x) = J (0)[1 − (2x/WCC)2]−1/2, where
J (0) is the current density at the center of the waveguide
and x is the lateral position with x = 0 at the center of
the waveguide. The resultant in-plane magnetic fields for
both a superconducting current distribution and a uniform
distribution (normal metal at low frequency) are plotted
in Figs. 5(a) and 5(b) for WCC= 50 and 6 µm, respec-
tively, at a height of 20 nm above the center conductor.
Also plotted are the extents of the center conductor as well
as the ferromagnet that (as mentioned above) is patterned

(a)

(b)

(c)

FIG. 5. In-plane magnetic field profiles calculated from
Ref. [44] for (a) WCC= 25 µm and (b) WCC= 6 µm with the field
magnitude normalized to the center field of the 50-µm sample.
The white rectangle at the bottom of the plot demonstrates the
extent of the center conductor, and the black rectangle the ferro-
magnet for half of the mirror-symmetric CPW center conductor.
For all samples, the magnetic material is 2 µm narrower than
the center conductor resulting in narrower resonators seeing a
lower mean magnetic field compared to a uniform current distri-
bution. (c) Calculated coupling strength for both superconducting
(SC, black circles) and uniform (NM, blue squares) current dis-
tributions. The dashed line is a linear fit to the black circles.
The simulated coupling of the resonators with the superconduct-
ing current distribution displays a power-law dependence with
k =−0.73 (solid black line), in agreement with the experimental
result.
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2 µm narrower than the center conductor to ensure reli-
able overlay. The current crowding at the edge of the
superconducting line results in an increased magnetic field
at the edge and a suppressed field in the center compared
to the uniform distribution. The roll-off in the field strength
from the superconductor edge becomes more rapid with
decreasing conductor width, resulting in a smaller mean
magnetic field seen by the ferromagnetic element on a
superconducting line compared to a nonsuperconducting
line. This, combined with the ferromagnet being 2 µm nar-
rower than WCC, results in a suppression of the coupling
compared to that expected from a resistive waveguide.

However, whereas the mean field compared to the uni-
form distribution is decreasing for narrower waveguides,
the absolute magnitude of the field is also increasing, just
as with the Karlqvist approximation. The sum of both of
these effects is shown by plotting the mean field, which
is directionally proportional to coupling strength, versus
1/WCC in Fig. 5(c). Here we can see that trend in the
experimental data is well reproduced with narrower res-
onators showing decreased coupling compared to a linear
fit. Also plotted is the expected coupling strength for the
uniform current distribution. It appears that, in general,
going to a narrower center conductor results in lower cou-
pling for the superconducting case. However, if the center
conductor width is made to be of the order of the London
penetration depth, then the nonuniformity of the current
density decreases, and the coupling is nearly identical for
both superconducting and normal metal samples. Clearly,
the use of the Karlqvist equation is useful for estimating
how coupling scales with center conductor width, but a
more detailed analysis is necessary to predict quantitative
changes in coupling when the device is scaled, especially
approaching length scales of the order of the London
penetration depth. Such an analysis should consider the
superconducting current density in the conductor and the
specific geometry of the resonator and ferromagnet, as well
as all components of the rf field and the ferromagnetic ac
susceptibility.

The coupling in Eq. (3) is also predicted to increase
linearly with resonator frequency, but it is not clear if
this also applies to higher-order harmonics, or only to the
fundamental. To investigate this, we look at the coupling
as a function of frequency in two ways. In one set of
experiments, five resonators are fabricated with decreas-
ing physical length to span a frequency range from 6 to
30 GHz. Additionally, the harmonics of the longest 6-GHz
resonator are probed. The dimension of the ferromagnetic
element is 250 µm × 48 µm × 40 nm (480 µm3, 1014 spins)
and WCC= 50 µm for all resonators.

These data are summarized in Fig. 6 for both the har-
monic response and the physically separate resonators.
The data for the odd harmonics of the 6-GHz resonator
are well fit by a linear approximation. The even harmon-
ics demonstrate very low coupling due the presence of

FIG. 6. Frequency response of five resonators with different
lengths (black circles) as well as the harmonics of the longest
resonator (red squares) coupled to a 480-µm3 (1014 spins) Fe-Co
element. The black dashed line is a linear fit to the lowest three
frequencies while the red dashed line is a fit for the fundamental,
third, and fifth harmonics.

a brf node at the center of the resonator where the mag-
netic element is located. The trend for the resonators with
different physical lengths is monotonic and we can see
that the first three frequencies are well represented by a
linear approximation. The spectra from the two highest fre-
quency resonators (24 and 30 GHz) show coupling to many
higher-order spin-wave modes in the ferromagnet resulting
in a smearing of the upper branch of the spectrum. This
makes fitting of the data unreliable and they are not plot-
ted in Fig. 6. It is interesting to note the different slopes
resulting from using the harmonics versus physical length
to vary the frequency. The predicted trend of coupling
strength as a function of resonator frequency from Eq. (3)
is 11.4 MHz/GHz, which is in reasonable agreement with
a linear fit to the fundamental harmonic resonators with
a slope of 13.6 MHz/GHz. The odd harmonics show less
efficient coupling at higher frequencies and the coupling
strength increases with mode frequency by 2.8 MHz/GHz.
The reduced coupling, while still maintaining a linear trend
for the odd harmonics, is not immediately obvious given
that Z should be similar for all harmonics [45] and the mag-
netic element is still situated at an antinode of brf, with the
magnitude determined by geometry, independent of fre-
quency. Regardless of the underlying mechanism, these
results demonstrate that for half-wavelength resonators,
fabricating a physically shorter resonator results in higher
coupling efficiency compared to operating at a higher odd
harmonic.

IV. DISCUSSION

The above results demonstrate that hybrid systems
utilizing superconducting CPW resonators and the low-
damping, high-moment, Fe75Co25 ferromagnet show
potential for scaling to smaller magnetic volumes,
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higher coupling strengths, and larger cooperativities. We
demonstrate a coupling strength of 707 MHz for a 13-
GHz resonator (g/ωr = 0.05), approaching the ultrastrong
coupling regime where g/ωr > 0.1. Our results suggest
that for a given magnetic volume, by slightly decreas-
ing the center conductor width to 3 µm we would be
in the ultrastrong coupling regime, and for WCC around
200 nm, we would be able to enter the deep strong coupling
regime where the coupling strength exceeds the resonator
frequency. This assumes that we extend the length (or
increase the thickness) of the ferromagnet to maintain
constant magnetic volume. Even without this assumption,
the fact that g ∝ √

Vmag and g ∝ 1/WCC leads to g ∝
WCC

−1/2. Therefore, in our system if we simply reduce
WCC and allowing for the proportional decrease in vol-
ume, we would expect to achieve ultrastrong coupling for
WCC around 2 µm and deep strong coupling for resonators
with center conductors less than 20 nm [46]. Additionally,
it may be possible to utilize other resonator geometries
such as lumped-element inductive-capacitive resonators
with lower impedance and extremely narrow inductive
constrictions to further increase coupling.

This system has the potential ability to further reduce
damping by improving the design of the hybrid system.
In the present experiments the ferromagnetic stack is opti-
mized for room-temperature operation. It is reasonable to
assume that small changes in the specific Fe-Co alloy com-
position or different seed and cap could result in larger
coupling and/or lower damping at 4 K. Given the flexibility
of microfabricated devices and the ease of performing res-
onant and broadband measurements in a single cooldown,
our system can be used to rapidly evaluate different fer-
romagnetic stacks to optimize performance at 4 K and
below. Additionally, devices with antidamping torques can
be engineered, with the goal of achieving performance on a
par with that of ferromagnetic insulators. The flexibility of
microfabricated designs also enables straightforward cou-
pling of multiple magnetic elements, potentially to mul-
tiple resonators, with the ability to apply fast rf-magnetic
pulses to explore the time response of these systems in the
strong coupling regime.

V. CONCLUSION

In conclusion, we investigate the coupling between the
ultralow-damping metallic ferromagnetic alloy Fe75Co25
and various superconducting CPW resonators and demon-
strate coupling strengths over 700 MHz for a 13-GHz
resonator. The role of the width of the center conductor
is investigated and it is shown that reducing the width of
the center conductor is an effective way to increase cou-
pling even when the ferromagnetic volume is reduced. It
is also demonstrated that changing the physical dimension
of the resonator is more effective at increasing coupling
compared to utilizing harmonics. All these results indicate

the feasibility of the scaling of hybrid magnetic-microwave
systems to smaller dimensions.

ACKNOWLEDGMENTS

The authors thank Hans Nembach for helpful discussion
of FMR measurements and analysis, as well as commen-
tary on the manuscript. We would also like to thank Joe
Aumentado for helpful discussion on coupled systems and
commentary on the manuscript.

[1] G. Kurizki, P. Bertet, Y. Kubo, K. Mølmer, D. Petrosyan,
P. Rabl, and J. Schmiedmayer, Quantum technologies with
hybrid systems, Proc. Natl. Acad. Sci. 112, 3866 (2015).

[2] Ö. O. Soykal and M. E. Flatté, Strong Field Interactions
Between a Nanomagnet and a Photonic Cavity, Phys. Rev.
Lett. 104, 077202 (2010).

[3] H. Huebl, C. W. Zollitsch, J. Lotze, F. Hocke, M. Greifen-
stein, A. Marx, R. Gross, and S. T. B. Goennenwein,
High Cooperativity in Coupled Microwave Resonator Fer-
rimagnetic Insulator Hybrids, Phys. Rev. Lett. 111, 127003
(2013).

[4] Y. Tabuchi, S. Ishino, T. Ishikawa, R. Yamazaki, K. Usami,
and Y. Nakamura, Hybridizing Ferromagnetic Magnons
and Microwave Photons in the Quantum Limit, Phys. Rev.
Lett. 113, 083603 (2014).

[5] X. Zhang, C. L. Zou, L. Jiang, and H. X. Tang, Strongly
Coupled Magnons and Cavity Microwave Photons, Phys.
Rev. Lett. 113, 156401 (2014).

[6] L. Bai, M. Harder, Y. P. Chen, X. Fan, J. Q. Xiao, and
C. M. Hu, Spin Pumping in Electrodynamically Coupled
Magnon-Photon Systems, Phys. Rev. Lett. 114, 227201
(2015).

[7] X. Zhang, C. L. Zou, N. Zhu, F. Marquardt, L. Jiang, and
H. X. Tang, Magnon dark modes and gradient memory, Nat.
Commun. 6, 8914 (2015).

[8] B. M. Yao, Y. S. Gui, Y. Xiao, H. Guo, X. S. Chen, W.
Lu, C. L. Chien, and C. M. Hu, Theory and experiment
on cavity magnon-polariton in the One-dimensional con-
figuration, Phys. Rev. B: Condens. Matter Mater. Phys. 92,
184407 (2015).

[9] Y. Yang, J. W. Rao, Y. S. Gui, B. M. Yao, W. Lu, and C.
M. Hu, Control of the Magnon-Photon Level Attraction in
a Planar Cavity, Phys. Rev. Appl. 11, 054023 (2019).

[10] N. J. Lambert, J. A. Haigh, S. Langenfeld, A. C. Doherty,
and A. J. Ferguson, Cavity-Mediated coherent coupling of
magnetic moments, Phys. Rev. A 93, 021803(R) (2016).

[11] P. Hyde, L. Bai, M. Harder, C. Match, and C. M. Hu, Indi-
rect coupling between two cavity modes via ferromagnetic
resonance, Appl. Phys. Lett. 109, 152405 (2016).

[12] B. Bhoi, B. Kim, J. Kim, Y. J. Cho, and S. K. Kim, Robust
magnon-photon coupling in a planar-geometry hybrid of
inverted split-ring resonator and YIG film, Sci. Rep. 7,
11930 (2017).

[13] R. G. E. Morris, A. F. Van Loo, S. Kosen, and A. D.
Karenowska, Strong coupling of magnons in a YIG sphere
to photons in a planar superconducting resonator in the
quantum limit, Sci. Rep. 7, 11511 (2017).

054021-7

https://doi.org/10.1073/pnas.1419326112
https://doi.org/10.1103/PhysRevLett.104.077202
https://doi.org/10.1103/PhysRevLett.111.127003
https://doi.org/10.1103/PhysRevLett.113.083603
https://doi.org/10.1103/PhysRevLett.113.156401
https://doi.org/10.1103/PhysRevLett.114.227201
https://doi.org/10.1038/ncomms9914
https://doi.org/10.1103/PhysRevB.92.184407
https://doi.org/10.1103/PhysRevApplied.11.054023
https://doi.org/10.1103/PhysRevA.93.021803
https://doi.org/10.1063/1.4964602
https://doi.org/10.1038/s41598-017-12215-8
https://doi.org/10.1038/s41598-017-11835-4


I. W. HAYGOOD et al. PHYS. REV. APPLIED 15, 054021 (2021)

[14] I. Boventer, M. Pfirrmann, J. Krause, Y. Schön, M. Kläui,
and M. Weides, Complex temperature dependence of cou-
pling and dissipation of cavity magnon polaritons from
millikelvin to room temperature, Phys. Rev. B 97, 184420
(2018).

[15] V. L. Grigoryan, K. Shen, and K. Xia, Synchronized spin-
photon coupling in a microwave cavity, Phys. Rev. B 98,
024406 (2018).

[16] D. Zhang, X. Q. Luo, Y. P. Wang, T. F. Li, and J. Q. You,
Observation of the exceptional point in cavity magnon-
polaritons, Nat. Commun. 8, 1368 (2017).

[17] X. Zhang, K. Ding, X. Zhou, J. Xu, and D. Jin, Exper-
imental Observation of Exceptional Surface in Synthetic
Dimensions with Magnon Polaritons, Phys. Rev. Lett. 123,
237202 (2019).

[18] M. Harder, Y. Yang, B. M. Yao, C. H. Yu, J. W. Rao, Y.
S. Gui, R. L. Stamps, and C.-M. Hu, Level Attraction Due
to Dissipative Magnon-Photon Coupling, Phys. Rev. Lett.
121, 137203 (2018).

[19] Y. Cao and P. Yan, Exceptional magnetic sensitivity of
PT-symmetric cavity magnon polaritons, Phys. Rev. B 99,
214415 (2019).

[20] P. C. Xu, J. W. Rao, Y. S. Gui, X. Jin, and C. M.
Hu, Cavity-mediated dissipative coupling of distant mag-
netic moments: Theory and experiment, Phys. Rev. B 100,
094415 (2019).

[21] V. L. Grigoryan and K. Xia, Cavity-Mediated dissipative
spin-spin coupling, Phys. Rev. B 100, 014415 (2019).

[22] I. Boventer, M. Kläui, R. Mac do, and M. Weides, Steering
between level repulsion and attraction: Broad tunability of
Two-port driven cavity magnon-polaritons, New J. Phys.
21, 125001 (2019).

[23] Y. Tabuchi, S. Ishino, A. Noguchi, T. Ishikawa, R.
Yamazaki, K. Usami, and Y. Nakamura, Coherent coupling
between a ferromagnetic magnon and a superconducting
qubit, Science 349, 405 (2015).

[24] D. Lachance-Quirion, S. P. Wolski, Y. Tabuchi, S. Kono, K.
Usami, and Y. Nakamura, Entanglement-based single-shot
detection of a single magnon with a superconducting qubit,
Science 367, 425 (2020).

[25] J. A. Haigh, A. Nunnenkamp, A. J. Ramsay, and A. J.
Ferguson, Triple-Resonant Brillouin Light Scattering in
Magneto-Optical Cavities, Phys. Rev. Lett. 117, 133602
(2016).

[26] X. Zhang, N. Zhu, C. L. Zou, and H. X. Tang, Opto-
magnonic Whispering Gallery Microresonators, Phys. Rev.
Lett. 117, 123605 (2016).

[27] R. Hisatomi, A. Osada, Y. Tabuchi, T. Ishikawa, A.
Noguchi, R. Yamazaki, K. Usami, and Y. Nakamura, Bidi-
rectional conversion between microwave and light via
ferromagnetic magnons, Phys. Rev. B 93, 174427 (2016).

[28] J. A. Haigh, N. J. Lambert, S. Sharma, Y. M. Blanter,
G. E. W. Bauer, and A. J. Ramsay, Selection rules for
cavity-enhanced brillouin light scattering from magneto-
static modes, Phys. Rev. B 97, 214423 (2018).

[29] Y. Sun, Y. Y. Song, H. Chang, M. Kabatek, M. Jantz,
W. Schneider, M. Wu, H. Schultheiss, and A. Hoff-
mann, Growth and ferromagnetic resonance properties of
nanometer-thick yttrium iron garnet films, Appl. Phys. Lett.
101, 152405 (2012).

[30] L. Mihalceanu, V. I. Vasyuchka, D. A. Bozhko, T. Langner,
A. Y. Nechiporuk, V. F. Romanyuk, B. Hillebrands, and

A. A. Serga, Temperature-dependent relaxation of dipole-
exchange magnons in yttrium iron garnet films, Phys. Rev.
B 97, 214405 (2018).

[31] J. T. Hou and L. Liu, Strong Coupling Between Microwave
Photons and Nanomagnet Magnons, Phys. Rev. Lett. 123,
107702 (2019).

[32] Y. Li, T. Polakovic, Y. L. Wang, J. Xu, S. Lendinez, Z.
Zhang, J. Ding, T. Khaire, H. Saglam, R. Divan, J. Pearson,
W. K. Kwok, Z. Xiao, V. Novosad, A. Hoffmann, and W.
Zhang, Strong Coupling Between Magnons and Microwave
Photons in On-Chip Ferromagnet-Superconductor Thin-
Film Devices, Phys. Rev. Lett. 123, 107701 (2019).

[33] M. A. W. Schoen, D. Thonig, M. L. Schneider, T. J. Silva,
H. T. Nembach, O. Eriksson, O. Karis, and J. M. Shaw,
Ultra-low magnetic damping of a metallic ferromagnet,
Nat. Phys. 12, 839 (2016).

[34] E. R. J. Edwards, H. T. Nembach, and J. M. Shaw,
Co25Fe75 Thin Films with Ultralow Total Damping of
Ferromagnetic Resonance, Phys. Rev. Appl. 11, 054036
(2019).

[35] I. W. Haygood, E. R. J. Edwards, A. E. Fox, M. R. Pufall,
M. L. Schneider, W. H. Rippard, P. D. Dresselhaus, and S.
P. Benz, Characterization of uniformity in Nb/NbxSi1-x/Nb
josephson junctions, IEEE Trans. Appl. Supercond. 29,
1103505 (2019).

[36] W. J. Wallace and R. H. Silsbee, Microstrip resonators
for electron-spin resonance, Rev. Sci. Instrum. 62, 1754
(1991).

[37] M. Tinkham, Introduction to Superconductivity (Dover
Publications, Mineola, NY, 1996), 2nd ed.

[38] C. Kittel, Introduction to Solid State Physics (John Wiley
& Sons, Inc, Hoboken, NJ, 2005), 8th ed.

[39] A. Aharoni, Demagnetizing factors for rectangular ferro-
magnetic prisms, J. Appl. Phys. 83, 3432 (1998).

[40] L. Novotny, Strong coupling, energy splitting, and level
crossings: A classical perspective, Am. J. Phys. 78, 1199
(2010).

[41] S. S. Kalarickal, P. Krivosik, M. Wu, C. E. Patton, M.
L. Schneider, P. Kabos, T. J. Silva, and J. P. Nibarger,
Ferromagnetic resonance linewidth in metallic thin films:
Comparison of measurement methods, J. Appl. Phys. 99,
093909 (2006).

[42] C. Eichler, A. J. Sigillito, S. A. Lyon, and J. R. Petta, Elec-
tron Spin Resonance at the Level of 104 Spins Using Low
Impedance Superconducting Resonators, Phys. Rev. Lett.
118, 037701 (2017).

[43] A. J. Berger, E. R. J. Edwards, H. T. Nembach, A. D.
Karenowska, M. Weiler, and T. J. Silva, Inductive detection
of fieldlike and dampinglike Ac inverse spin-orbit torques
in ferromagnet/normal-metal bilayers, Phys. Rev. B 97,
094407 (2018).

[44] E. H. Rhoderick and E. M. Wilson, Current distribution in
thin superconducting films, Nature 194, 1167 (1962).

[45] M. Göppl, A. Fragner, M. Baur, R. Bianchetti, S. Fil-
ipp, J. M. Fink, P. J. Leek, G. Puebla, L. Steffen, and
A. Wallraff, Coplanar waveguide resonators for circuit
quantum electrodynamics, J. Appl. Phys. 104, 113904
(2008).

[46] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.15.054021 for a more
detailed discussion of predicted scaling of coupling strength
for different geometries.

054021-8

https://doi.org/10.1103/PhysRevB.97.184420
https://doi.org/10.1103/PhysRevB.98.024406
https://doi.org/10.1038/s41467-017-01634-w
https://doi.org/10.1103/PhysRevLett.123.237202
https://doi.org/10.1103/PhysRevLett.121.137203
https://doi.org/10.1103/PhysRevB.99.214415
https://doi.org/10.1103/PhysRevB.100.094415
https://doi.org/10.1103/PhysRevB.100.014415
https://doi.org/10.1088/1367-2630/ab5c12
https://doi.org/10.1126/science.aaa3693
https://doi.org/10.1126/science.aaz9236
https://doi.org/10.1103/PhysRevLett.117.133602
https://doi.org/10.1103/PhysRevLett.117.123605
https://doi.org/10.1103/PhysRevB.93.174427
https://doi.org/10.1103/PhysRevB.97.214423
https://doi.org/10.1063/1.4759039
https://doi.org/10.1103/PhysRevB.97.214405
https://doi.org/10.1103/PhysRevLett.123.107702
https://doi.org/10.1103/PhysRevLett.123.107701
https://doi.org/10.1038/nphys3770
https://doi.org/10.1103/PhysRevApplied.11.054036
https://doi.org/10.1109/TASC.2019.2922225
https://doi.org/10.1063/1.1142418
https://doi.org/10.1063/1.367113
https://doi.org/10.1119/1.3471177
https://doi.org/10.1063/1.2197087
https://doi.org/10.1103/PhysRevLett.118.037701
https://doi.org/10.1103/PhysRevB.97.094407
https://doi.org/10.1038/1941167b0
https://doi.org/10.1063/1.3010859
http://link.aps.org/supplemental/10.1103/PhysRevApplied.15.054021

	I. INTRODUCTION
	II. EXPERIMENTAL DETAILS
	III. RESULTS
	IV. DISCUSSION
	V. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


