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We demonstrate strong magnon-photon coupling of a thin-film permalloy device fabricated on a
coplanar superconducting resonator. A coupling strength of 0.152 GHz and a cooperativity of 68 are
found for a 30-nm-thick permalloy stripe. The coupling strength is tunable by rotating the biasing
magnetic field or changing the volume of permalloy. We also observe an enhancement of magnon-
photon coupling in the nonlinear regime of the superconducting resonator, which is mediated by

the nucleation of dynamic flux vortices.

Our results demonstrate a critical step towards future

integrated hybrid systems for quantum magnonics and on-chip coherent information transfer.

Hybrid systems play a crucial role in quantum informa-
tion processing [1-3]. In these systems, quantum states
are coherently conveyed from one platform to another,
with diverse carriers such as superconducting qubits, op-
tical and microwave photons, individual atoms, ions, spin
ensembles, and phonons [4-10]. These coherent transduc-
tion, which is represented by their mode hybridization
[11], will be necessary to utilize the advantage of differ-
ent state variables.

Recently, magnons have been considered as a new
candidate for coherent information processing [12-26].
Magnons are the collective excitation of exchange-
coupled spins in magnetic materials. They can conve-
niently couple to microwave photons via dipolar inter-
action. Especially, compared with paramagnetic spin en-
sembles which have been proposed as quantum memories
[6, 7, 27-29], magnetic materials can provide much larger
coupling strength and cooperativity, because they have
spin densities 4 to 6 orders of magnitude higher than in
spin ensembles [13]. This means magnons are capable
of exchanging information with a much faster speed and
for more cycles before losing coherency, while keeping
small device dimensions. Coherent coupling between su-
perconducting qubits and a single magnon has also been
recently demonstrated [18, 24|, showing the potential for
magnons to conduct real quantum operations. Further-
more, with new advances in spin-charge interconversion
[30, 31], the excitation of magnons in hybrid systems can
be electrically detected via spin pumping [19, 21, 32] and
potentially other spin-transport phenomena [33, 34].

Despite the progress in magnon-photon hybrid system,

which are predominantly centered on yttrium iron garnet
(YIG) ferrimagnets [13-20, 22-26], the crucial step for ex-
tended development, i.e., on-chip integration and minia-
turization are problematic for YIG because of the criti-
cal conditions in deposition and fabrication. In addition,
maximizing coupling efficiency between magnons and mi-
crowave photons requires good proximity between mag-
netic spins and microwave resonator, which will be ideal
if the magnetic devices are confined and directly fabri-
cated on the resonator. Thus it is desired to explore al-
ternative magnetic systems for large-scale magnon-based
hybrid quantum systems.

In this work, we demonstrate an all-on-chip magnon-
photon hybrid circuit with a permalloy (NigoFeqgo, Py)
thin-film device directly fabricated on top of a coplanar
superconducting resonator. On the magnon side, Py is a
classical metallic ferromagnet with well-known magnetic
properties and industry-friendly deposition requirement.
It exhibits five times larger spin density than YIG and al-
lows even larger coupling strengths. On the photon side,
a coplanar superconducting resonator has a much smaller
mode volume than a macroscopic microwave cavity along
with a higher quality factor, which allows more concen-
trated and long-lived photons to couple with magnons.
We achieve a strong magnon-photon coupling strength
of g/2m = 0.152 GHz and cooperativity of C' = 68 for a
small volume of Py (V = 400 um?), along with a high
coupling efficiency of 26.7 Hz per Bohr magneton. Fur-
thermore, the coupling strength can be further enhanced
by driving the superconducting resonator in the nonlin-
ear regime, which is attributed to the creation of dynamic



magnetic flux vortices. Our results suggest the combina-
tion of superconducting resonator and metallic ferromag-
nets can be a promising platform for investigating on-chip
quantum magnonics and spintronics, and brings new po-
tential for coherent manipulation and long-distance prop-
agation of spin information.
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FIG. 1. (a) The microwave circuit of a NbN superconducting
resonator with a Py stripe. The green (blue) and red boxes
show the capacitive coupling to the external circuit and the
permalloy stripe, respectively. (b) Microwave power trans-
mission of an unloaded superconducting resonator measured
at Pj, = —55 dBm after zero-field cooling. (c) Hysteresis
evolution of wy, for (b). (d) Ferromagnetic resonance spectra
of a Py stripe measured at 1.4 K [35], with the linewidth at
wp marked by arrows.

Superconducting coplanar resonators were fabricated
[36] from 200-nm-thick NbN films by photolithography
and reactive ion etching, Fig. 1(a). The NbN films were
deposited on undoped Si substrates via reactive sputter-
ing technique at room temperature [37]. Subsequently,
a 30-nm Py thin-film stripe with lateral dimensions of
14 x 900 pm? was fabricated on top of the signal line
of the resonator but electrically isolated from it by a
20-nm MgO insulating layer. The microwave response
of the system is characterized by a vector network ana-
lyzer. Throughout the experiment the samples are cooled
down to 1.4 K, which is well below the superconducting
transition temperature of the NbN resonator, T, = 14 K
[35].

The mode evolution of the individual magnon and
photon systems are shown in Figs. 1(c) and (d), re-
spectively, as a function of the in-plane magnetic field
uoHp along the stripline orientation (f = 0°, defined
in Fig. 1la). For the photon subsystem (without the
Py stripe), the NbN resonator exhibits a sharp peak
at wp/2m = 5.069 GHz with a full-width-half-maximum
linewidth Aw,/2m = 0.67 MHz, corresponding to a high
quality-factor of @ = 7600, see Fig. 1(b). The peak

position corresponds to a dielectric constant, ¢, ~ 9.3,
similar to the value of 11.7 for Si. In addition, we obtain
a hysteresis of w, by sweeping puoHp (Fig. 1c). This
behavior originates from the kinetic inductance varia-
tion from magnetic flux vortices in superconducting res-
onators [38]. For the magnon subsystem, we have fab-
ricated an individual Py stripe on a coplanar waveguide
and measured its broad-band ferromagnetic resonance at
1.4 K [35]. Two branches of resonance absorption are
symmetrically located on the positive and negative fields,
as shown in Fig. 1(d). The small field offset, ~ 5 mT,
comes from the hysteresis of the superconducting magnet
coils. From Fig. 1(d), we can determine the linewidth
of the ferromagnetic resonance as poAH;/, = 6.0 mT
at the frequency of w,. This corresponds to a magnon
damping rate of x,, /2w = (v/2m)uoAH, /2 = 0.178 GHz,
in which /27 = (gesr/2)-28 GHz/T is the gyromagnetic
ratio and gers = 2.12 is the g-factor for Py.

We then turn to the magnon-photon hybridization.
Before the Py deposition, the superconducting resonator
exhibits a continuous spectra when poHpg is swept from
—100 mT to 100 mT, as shown in Fig. 2(a). After Py
deposition, two avoided crossings appear symmetrically
at positive and negative poHp (Fig. 2b). The mode
anti-crossing indicates a strong coupling between the res-
onator photons and the ferromagnetic magnons. We also
observe a broad resonance at 5.00 GHz for Fig. 2(a) and
4.88 GHz for Fig. 2(b), both independent of 110 Hp. They
come from spurious resonances of the microwave circuits
and are not relevant to the mode hybridization. The ex-
tracted peak positions (wmp) and linewidths (Awyy,p) of
the spectra are summarized in Figs. 2(c) and (d), re-
spectively. A frequency offset of 0.12 GHz between Figs.
2(a) and (b) has been taken into account due to the lo-
cal impedance change from the additional Py stripe. As
shown in Fig. 2(c), the two anti-crossings are located
where the two magnon branches of the Py stripe inter-
sect with the photon mode of the resonator, which clearly
indicates the strong magnon-photon coupling.

The transmitted power of the hybrid system can be
expressed as [13-15, 19]:

Pout _ KRR
P; i(wp —w) + Kp +

. M)

(W ;w)+nm

where kg is the capacitive coupling of the resonator to
the external circuits and g is the magnon-photon coupling
strength. k, is increased from Fig. 1(b) to k,/2m = 2.0
MHz with the additional Py load, see Fig. 2(d) at high
fields. Fig. 2(c) overlays the fits to the eigenmode solu-
tion of Eq. (1) on top of the extracted w, from Fig. 2(b),
with a single fit parameter g/27 = 0.152 GHz [35]. Note
the large value of g despite the small ferromagnetic vol-
ume with merely 30-nm of Py. To understand the origin,
the coupling strength is expressed as ¢ = govV/N where N
is the total number of spins and go = v+/pohwy/ Ve is the
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Characterization of a 30-nm Py stripe (L=900 pm) coupled to a NbN superconducting resonator, measured at

P, = =55 dBm and 6 = 0°. (a-b) Microwave transmission spectra S21 = 101og(Pout/Pin) of (a) the unloaded resonator and
(b) the resonator loaded with the Py stripe. (c) Extracted wmp and (d) Awmp from (a-b). In (c) the photon modes have been
shifted by —0.12 GHz to match the hybrid modes. Dashed lines denote the magnon modes. Solid blue and red curves denote

the fits.

coupling strength of the superconducting resonator to a
single Bohr magneton. Here A is the Planck constant,
and V. is the mode volume of the resonator. Using the
dimensions of the Py stripe and puoMs; = 1 T for the Py
saturation magnetization, we calculate N = 3.25 x 103
and go = 26.7 Hz from the experiment. We highlight that
our g is three orders of magnitude larger compared with
using a macroscopic cavity [14, 15]. Tt comes from the
small mode volume V, ~ 0.0051 mm? for the coplanar
resonator and indicates the significance of having a lo-
calized and concentrated photon mode volume to reach
a strong coupling strength. It is worthwhile to note a
few different planar resonator designs such as split-ring
[17, 39, 40] and lumped-element resonators [41, 42]. The
former allows an optimal filling of thin-film magnetic ma-
terials in the resonator, with ¢g/27 close to 1 GHz; the
latter has the highest gg by further reducing the mode
volume. In addition, compared with the similar super-
conducting resonator structure coupled to a YIG slab [13]
(g9/2m = 0.45 GHz, go/27 = 2.5 Hz and N = 4 x 10'6),
our g is one order of magnitude larger because the Py de-
vice is in good proximity to the resonator and maintains
optimal coupling efficiency. This yields a comparable g of
Py stripe but with three orders of magnitude less number
of total spins than in the YIG slab. A large cooperativity
of the hybrid system as C = g*/k,,k, = 68 is obtained,
which is a promising feature of coherent information ex-
change between photons and magnons in Py.

In addition to the frequency shift, we also observe a
linewidth variation for the hybrid modes [19]. In Fig.
2(d), when poHp is close to the anti-crossing regime,
Awp,yp quickly increases from the photon damping rate
kp/2m = 2 MHz and approaches the magnon damping
rate K.,. This is due to the mixing of relaxation chan-
nels when the magnon and photon modes are hybridized,
see the Supplemental Materials [35]. We plot the theo-
retical prediction in Fig. 2(d) with the same input val-
ues of g, kp and Ky, in Fig. 2(c), and the linewidth of
the hybrid modes can be reproduced. Between the two

mode-crossing gaps (between -25 mT and +32 mT) the
hybrid modes are influenced by the saturation state of the
Py stripe, which significantly deviate from the macrospin
model and are not shown.

The coupling strength g is tunable by changing the
dipolar coupling efficiency between magnons and pho-
tons as well as changing the total number of spins in Py.
Figs. 3(a-d) show the microwave transmission spectra
of the same device in Fig. 2 at different 6. As 6 devi-
ates from 0°, the mode anti-crossing becomes smaller and
disappears at 90°. This is due to the change of dipolar
coupling energy, £ = poM h,fcos6, where the trans-
verse components of the dynamic magnetization M, and
microwave field h, s are no longer parallel and become or-
thogonal when # = 90°. The extracted g can be modeled
by a cosine function of 6 (red curve) in Fig. 3(e). In
addition, there are two additional observations in Figs.
3(a-d): the mode anti-crossing moves towards the lower
biasing fields, and a spectral gap appears near pgHp = 0
mT for § = 90°. They are due to the shape anisotropy
of the Py stripe [43], which pins the Py magnetization
along 6 = 0° at low fields. To vary the total number of
spins for magnons, we have fabricated a new series of Py
stripes with different lengths (L) and thicknesses (t) and
show their transmission spectra in Fig. 3(g-i). As the
coupling strength is reduced, the mode hybridization be-
comes weaker and for the smallest Py volume in Fig. 3(i),
the spectra go into the Purcell regime [15] as g becomes
significantly smaller than k,,. In Fig. 3(j) a linear fit
to g = goV/N is shown with a red line with an extracted
go/2m = 21.4 Hz, which is close to the value obtained in
Fig. 2.

The evolution of Aw,,, also changes accordingly for
different magnon-photon coupling conditions. In Fig.
3(f) when the biasing field is far away from the anti-
crossing regime (uoHp = £100 mT), Awy,, shows a
consistent value of 2.5 MHz for the same Py device at
different 6. As Hp approaches the anti-crossing condi-
tions, Awp,, increases much slower for larger 6, because
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FIG. 3. Tunable magnon-photon coupling. (a-d) Microwave transmission spectra of the NbN superconducting resonator loaded
with a Py(30 nm) stripe with L = 900 pm, from 6 = 22.5° to 90°. (e) Extracted coupling strength g as a function of 6 with
the fit. (f) Aw, as a function of poHp with the dashed fits. (g-i) Transmission spectra for different Py stripes: (g) ¢t = 50 nm,
L =900 um; (h) t = 30 nm, L = 900 pm; (i) ¢ = 30 nm, L = 300 um. (j) Extracted g as a function of \/V/Vh, where Vp
denotes the volume of Py (30 nm) stripe with L = 900 pm. (k) Aw, as a function of ;10 Hp, with the fitting curve also plotted.

the coupling strength is decreasing. This trend can be
theoretically reproduced in dashed curves by taking dif-
ferent values of g from Fig. 3(e) in the theoretical model
[35]. In Fig. 3(k), due to the variation of the dielectric
loss from Py, the values of k, are different, as 4.4 MHz,
2.3 MHz and 1.1 MHz for Figs. 3(g) to (i), respectively.
By accounting for this k, variation, the linewidths can
be also well fitted for different Py volumes.

Next, we show that the photon mode in the hybrid sys-
tem can easily go into the nonlinear regime. This concept
has been used for high-fidelity quantum operations [44—
46]. In Fig. 4(a), we show the output lineshapes of the su-
perconducting resonator loaded with a Py (50 nm) stripe
from P;, = —15 dBm to 5 dBm, at poHp = 100 mT and
@ = 0°. A nonlinear shift of the peak position towards
the lower frequency is observed, with a critical power of
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FIG. 4. Magnon-photon coupling in the nonlinear regime.
(a) Nonlinear resonance lineshapes from P;, = —15 dBm to
P;, = 5 dBm with a step of 2 dB for Py(50 nm) stripe with
L =900 pm. (b) Pout/Pin for Py, = —55 dBm, —5 dBm
and 1 dBm. (c) Comparison of peak positions of the hybrid
modes between P;, =1 dBm and —55 dBm.

P, = —5 dBm for the lineshape to reach a vertical slope
(Fig. 4b). This critical power is well below the typical
threshold power for the magnon system alone to reach
the nonlinear regime [47]. The origin of the nonlinearity
is the kinetic inductance variation of flux vortices [48] in
the NbN resonator, which leads to frequency downshifts
as also observed in Fig. 1(c) at increasing Hp. We note
that such vortex-induced nonlinearity in the supercon-
ducting resonator can be extended to the variation of a
single vortex flux [49], which shows potentials for con-
ducting operation in the quantum limit. The dynamics
of magnetic flux vortices also leads to an enhanced pho-
ton damping rate «, [50], reflected by the reduction of
maximal value of P,,;/P;, in Fig. 4(b).

Accompanied by the resonator nonlinearity, we also
observe an enhanced magnon-photon coupling. In Fig.
4(c) we show the extracted peak positions of the hybrid
mode for the 50-nm Py stripe. In the vicinity of the anti-
crossing regimes (uoHp close to the magnon branch), the
peaks with P;,, = 1 dBm show a stronger mode repelling
compared with P;,, = —55 dBm. Fitting the data to Eq.
(1) yields a coupling strength of 0.158 GHz at 1 dBm
input, which is 14% larger than the value of 0.139 GHz
at —55 dBm, in Fig. 3(j). This coupling enhancement
is likely caused by the Meissner field trapping from the
dynamic flux vortices [51], which will influence the dis-
tribution of the magnetic field at the superconducting
stripline and thus change the dipolar coupling strength
with the Py magnon system. Therefore, the magnon-
photon coupling may be also used as an effective means
for detecting flux vortex dynamics in hybrid supercon-
ducting devices.

In conclusion, we have demonstrated a new hybrid
platform consisting of a superconducting resonator and a
ferromagnetic device integrated on a Si substrate. We ob-



tained a large magnon-photon coupling strength of 0.152
GHz and a cooperativity of 68 for a 30-nm-thick Py
stripe. We also show that the superconducting resonator
can easily reach the nonlinear regime, in which the effi-
ciency of the magnon-photon coupling is improved. Our
results indicate that magnon-photon hybrid systems are
promising as a high-speed and coherent transducer for
realizing circuit quantum electrodynamics [24], in micro-
scopic magnetic devices that are compatible with on-chip
designs. In spintronics, magnon-photon hybrid systems
allow for exploring novel physics [52-54] and provide a
means to transmit spin excitations coherently at long
distance with photon excitations [55, 56|, outperform-
ing the currently-reported micro-meter propagation us-
ing pure spin currents [57] or spin waves [58]. Thus this
demonstration of strong magnon-photon coupling in pla-
nar thin-film devices provides a crucial stepping stone for
the development of more complex quantum information
systems.
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