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SPECIAL TOPIC — Advanced magnonics
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We demonstrate strong magnon—photon coupling using on-chip arrays of ferromagnetic CoFe nanowires fabricated
on a dielectric lithium niobate substrate. A large coupling strength of 1.1 GHz and a cooperativity of 3.1 at a frequency of
24.5 GHz are achieved in CoFe nanowires with a volume of 110 pum?3, facilitated by the enhanced spin—photon interaction at
the single-spin level. The measured spectra are analyzed using a semiclassical theoretical model that combines the Landau—
Lifshitz equation with Maxwell’s equations. Our results provide an on-chip approach to integrated hybrid magnonics based
on nanomagnets, offering promising routes for the development of coherent information-processing devices.
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1. Introduction

Hybrid systems that couple different quantum systems
for complementary functionality have recently attracted great
attention due to their advantages in quantum information
processing.!'=3 One of the rapidly growing subfields in hy-

S,[1’4_13

brid systems is hybrid magnonic I where information

is processed by the coherent interaction between magnons,

s,114191 and other forms

the quanta of spin-wave excitation
of information carriers such as microwave photons,B’S]
phonons, %22 magnons themselves,>2%! and superconduct-
ing qubits.!?6-3% Research on magnon—photon coupling began
with spin ensembles interacting with microwave photons. [3!]
A pioneering experimental demonstration of coherent cou-
pling was achieved by inserting a submillimeter-sized yt-
trium iron garnet into a high-quality 3D microwave cav-
ity at room temperature.*! Subsequently, coupled magnon-—
microwave photon systems have greatly developed due to their
potential to realize strong light-matter coupling.[3>=33] The
coupling strength g = g¢v/N is typically enhanced by increas-
ing the total number of spins N, to overcome the weak cou-
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pling strength g, between a single spin and the microwave

[4.36] For this reason, most works in this area have fo-

photon.
cused on materials with macroscopic dimensions on the order
of millimeters or centimeters to maximize N.

Significant progress has been made in controlling
magnonic quantum states using millimeter-scale hybrid sys-
tems, enabling novel applications such as coherent microwave
sources, 37 microwave—optical transducers, *8 and dark mat-
ter detection.*”! However, the large dimensions of these sys-
tems raise a critical challenge for their compatibility with
modern on-chip platforms, which require planar geometry and
miniaturization. To address this issue, research is increasingly

(28291 which are expected to ex-

shifting toward nanomagnets,
tend the functionality of existing hybrid systems and poten-
tially unlock new applications.***3! Among the promising
material candidates, metallic ferromagnets such as CosFeys
(CoFe) have attracted growing interest. With its low Gilbert
damping leading to reduced dissipation and high saturation
magnetization that supports high spin density, CoFe presents

a compelling pathway for developing scalable, planar devices
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compatible with integrated-circuit technology.[#447]

In this work, we experimentally demonstrate the realiza-
tion of strong coupling between magnons and photons using
CoFe nanowires directly fabricated on top of a lithium niobate
(LNO) planar resonator. An anticrossing gap with a magnitude
of 2.2 GHz near 24.5 GHz is observed. The coupling strength
g is accounted for by combining the Landau-Lifshitz equation
with Maxwell’s equations, which is expected to be further en-
hanced by optimizing the nanowires’ width to maximize the
stray field while maintaining a substantial number of spins N.

2. Experimental details

We expose an array of 25 identical nanowires, each with
a length of 100 um and a width w = 1.4 um, spaced 200 nm
apart, on a c-plane 500-um-thick single-crystal LNO substrate
using electron-beam lithography. A multilayer stack of Pt
(3 nm)/Cu (3 nm)/CoFe (35 nm)/Cu (3 nm)/Ta (2 nm) is subse-
quently deposited via sputtering and a lift-off process to form
the nanowire structures, as illustrated in Fig. 1(a). The mag-
netic properties of an unstructured CoFe film, including a sat-
uration magnetization UoMs = 2.3 T and an intrinsic Gilbert
damping parameter o = 7.2 x 1073, are provided in the sup-
plementary material.

e, AN

P Coherent coupling

0

Fig. 1. (a) Scanning electron microscope (SEM) image (scale bar: 5 pum)
of the CoFe nanowire array on a LiNbO;3 cavity. (b) Schematic of the
hybrid CoFe/LiNbO3 nanostructure with integrated CPWs. The exter-
nal magnetic field uH is applied along the y direction, parallel to the
nanowires’ long axis. (c) Simulated magnetic field distribution of the
cavity mode at 24.5 GHz. Arrows and color represent the field orienta-
tion and amplitude, respectively. The CoFe nanowires (white short lines)
are schematically overlaid, scaled up by ten for visibility. (d) Diagram
of the linearly coupled magnon—photon system, where g, ki, and k&, de-
note the coupling strength, magnon dissipation rate, and cavity photon
dissipation rate, respectively.

To excite and detect microwave signals, coplanar waveg-
uides (CPWs) are integrated above the CoFe nanowires
(Fig. 1(b)). The signal and ground lines of the CPWs have
a width of 10 pum, separated by a gap of 10 um. Microwave
current in the GHz range is injected into the antenna through

probe connectors linked to a vector network analyzer. The re-
flection response is characterized by measuring the scattering
parameter Sy; as a function of the microwave frequency and
applied in-plane magnetic field (H.

3. Results and discussion

When microwave photons are introduced through the an-
tenna, the LNO substrate efficiently confines the photons due
to its relatively high refractive index.*3-3% The boundary con-
ditions of the sample further restrict photon propagation, re-
sulting in the formation of standing waves. This configuration
can be regarded as an effective planar microwave cavity. As il-
lustrated in Fig. 1(c), the spatial distribution of the cavity mode
obtained from COMSOL simulation shows the magnetic field
direction (arrows) and amplitude (color scale). Using a refrac-
tive index of 2.3 and an inner region of 10.0 mm x 10.0 mm,
the cavity exhibits a resonant mode at f = 24.5 GHz. The
CoFe nanowires are positioned at the antinode of the cavity
mode, where the electromagnetic field amplitude is maximal.
The external static magnetic field pygHp is applied along the
wire axis (y direction). Under microwave excitation, the mag-
netization of the CoFe nanowires undergoes precession. The
narrow geometry of the nanowires enhances the precession cir-
cularity and locally amplifies the dynamic stray field, leading
to coupling between the magnon mode and the cavity photon
mode.

The reflection spectra plotted against frequency and ex-
ternal magnetic field (Fig. 2(a)) reveal a distinct anti-crossing,
which manifests coherent coupling between microwave pho-
tons and magnons, indicating strong interaction. The inter-
action lifts the degeneracy of the resonance frequencies due
to strong hybridization of the two modes. Owing to the high
saturation magnetization of CoFe (2.3 T), the resonance fre-
quency is elevated, reaching ~ 24.5 GHz under an applied
field of upHp = 253 mT (Fig. 2(b)). The coupling strength
g, defined as half of the minimum frequency splitting at the
anti-crossing gap, is extracted as g/27 = 1.1 GHz. This value
is remarkable given the much smaller total magnetic volume
of the CoFe nanowires (110 um?). Since the magnon—photon
coupling strength g is proportional to the total number of
spins N and the single-spin coupling strength gg, we calculate
N =MsV /[y(h/2)] =2.15 x 10'3 using the gyromagnetic ratio
v/(2r7) = 28 GHz/T. The corresponding gs = 239 Hz, which
is notably high.[?®2° The single-spin coupling g5 can be ex-
pressed as g = gelp Wb/ /8HZ;, where g, is the g-factor,
Up is the Bohr magneton, @ is the resonance frequency, b.¢
is the amplitude of the oscillating magnetic field generated by
the inductor, and Z, is the characteristic impedance.(*’! Using
Z; =50 Q and o, = 24.5 GHz, we calculate the absolute mag-
nitude of the effective field to be b;s ~ 8.5 nT. This substantial
value confirms the strong oscillating magnetic field within the
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nanowire structure. To quantify the advantage of the geom-
etry, we performed a comparative analysis against a uniform
CoFe film (see supplementary material for details). By ac-
counting for the difference in total spin numbers, we reveal
that the effective magnetic field experienced by the spins in the

nanowire structure is approximately four times larger than that
in the uniform film. This result demonstrates that the observed
strong interaction stems from the geometric design, where the
reduced width substantially enhances the single-spin coupling
efficiency.

(c) - - -
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Fig. 2. (a) Microwave reflection spectra S measured as a function of frequency and in-plane magnetic field. The white dashed line indicates the
field value (253 mT) at which the line cut in panel (b) is shown. A clear anti-crossing gap of 2.2 GHz is observed. (c) The theoretical coupling
spectrum simulated using Eq. (1) with experimentally extracted parameters. The dash-dotted and dashed lines represent the uncoupled photon
and magnon dispersions, respectively. The blue and red lines represent the magnon—polariton dispersions.

In the present device configuration, the nanoscale geom-
etry increases the transverse demagnetization factor Ny and
concurrently decreases the out-of-plane demagnetization fac-
tor N,, which critically modifies the spin dynamics. The com-
parison with the unpatterned film indicates that, while the
increased Ny stiffens the magnetic system and partially sup-
presses the dynamic magnetization, this suppression is largely
offset by the change in the precession trajectory. Specifi-
cally, the orbit is corrected from a highly flattened ellipse to a
nearly circular one.>!] Consequently, the enhanced dynamic
dipolar fields (hgip), particularly the z-directed components,
couple efficiently to the cavity field. Furthermore, the high
shape anisotropy pushes the Kittel mode to the high-frequency
regime, which intrinsically enhances the single-spin coupling
strength. Regarding the array dynamics, the nanowires are
not magnetically isolated; dipolar coupling exists between
them. %331 This interaction reinforces the enhancement that
originates from the single-wire geometric confinement. Under
our broad CPW excitation (k ~ 0), the array does not oscillate
as independent elements but rather forms a coherent quasi-
uniform mode. The dipolar interaction between neighbor-
ing wires phase-locks their motion. In this collective “super-
wire” state, the geometrically enhanced hg, sums construc-
tively across the entire array, preserving spin coherence and
ultimately boosting the overall coupling strength g.

To confirm the strong-coupling regime, we determined
the dissipation rates of both subsystems through the half-width
at half-maximum of the respective resonances. The extracted
loss rates are Ky /(27) ~ 0.41 GHz for the magnon mode and
Kp/(2m) =~ 0.95 GHz for the photon mode (see supplemen-

tary material). When the magnon mode is coupled to the

photon mode, radiative damping becomes the dominant loss
mechanism compared to the intrinsic magnon damping, as il-
lustrated in Fig. 1(d). Although the cavity is not ideal and
has a large dissipation rate, the system still satisfies the con-
ditions g > Ky, and g > K;,, with a magnon—photon coopera-
tivity C = g?/(kmkp) = 3.1, operating in the strong-coupling
regime.

The coupling mechanism in CoFe/LNO nanostructures is
investigated by modeling the magnon—photon interaction with
the coupled Landau-Lifshitz—-Maxwell (LLM) equations. The
LLM system is expressed as >4

d
TT:L = —Ym X Beff,
de
HDE'E =Vx (b“l‘ﬂOBcMSm), (H
ab
5 = V xe,

where e and b represent the oscillating electric and magnetic
fields of the electromagnetic wave, and m is the normalized
magnetic moment of the nanowires. The effective magnetic
field inside the nanowires is given by Beg = o (Ho+ Hp) +
b, where LgH) is the external bias field and poHp is the
demagnetizing field. . is introduced as a phenomenologi-
cal scaling factor that represents the effective stray field from
the nanowire magnetization that drives the cavity feedback.
In our model, we assume that the dynamic stray field gen-
erated by the precessing magnetization enters the Maxwell
equations and contributes to the photonic fields in LNO. Thus,
Bc quantifies the efficiency with which the magnetization pro-
duces the coupling field pofB.Msm, and physically B. < 1 is
required due to the attenuation of dipolar fields. This effi-
ciency is influenced by factors such as the nanowire geometry,
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the spatial distribution of the stray fields, and the electromag-
netic boundary conditions at the CoFe/LNO interface. Nar-
rower wires enhance the precession circularity and generate a
large stray field, improving its overlap with the cavity mode,
while field penetration into the LNO substrate further modifies
the coupling through interface boundary conditions. Because
these effects are difficult to capture analytically in a simplified
model, instead of solving the complex electromagnetic bound-

[5758] we use fB. as a compact parameter that in-

ary conditions,
corporates their combined impact and reproduces the observed
coupling strength.

Based on the established coordinate system in Fig. 1(b),
we define the state vector as x = (my,m;,e’,hT)T and as-
sume a wave-like solution x = xopexp[i(k-r— ot)]. The
coupled Eq. (1) can be reduced to the linear matrix form
—iwx = A - x, where the detailed components of the ma-
trix A are provided in the supplementary material. The cor-
responding eigen-equation of the LLM system is given by
| A+iwIgxs ||=0, in which I3.g denotes the identity matrix.
This expression can be further simplified into the polynomial
form

20 0%+ 141 0* + 1 0® + 13 =0, 2)

where the coefficients Ag_3(k) are also given in the supple-
mentary material. Solving Eq. (2) at uoHp = 253 mT yields
the dispersion relation (k) for the hybrid magnon—photon
modes, which is plotted in Fig. 2(c). The calculated dispersion
clearly reveals the characteristic anti-crossing gap between the
magnon and photon modes.

Theoretical calculations indicate that the LNO substrate
supports multiple cavity resonance frequencies, as marked by
the triangles in Fig. 3(a). The magnon frequency can be tuned
via an external magnetic field to match these cavity photon
frequencies, as illustrated in Fig. 3(b). Although ferromag-
netic resonance (FMR) magnons generally have the capability
to couple with photons, the interaction remains weak when the
photons in LNO are in a propagating mode rather than a con-
fined cavity mode, due to the low photonic density of states. In
contrast, when standing electromagnetic waves are established
inside the cavity (marked by triangles), photons become ef-
fectively confined, leading to enhanced magnon—photon cou-
pling. The measured coupling strengths g at the three cav-
ity mode resonance frequencies 12.4 GHz, 16.5 GHz, and
24.5 GHz are 0.5 GHz, 0.8 GHz, and 1.1 GHz, respectively.
These values increase qualitatively with the resonance fre-
quency, consistent with the relation g o< g5 o< @;. The coupling
strength can be further enhanced by optimizing the cavity
quality factor (to suppress dissipation), reducing the nanowire
width (amplifying the dynamic dipolar field), increasing the
saturation magnetization (raising the magnon frequency), and
increasing the wire thickness (achieving more circular preces-
sion). As shown in Fig. 3(c), the coupling strength scales
with ., a parameter linked to these factors. In this work,
the high saturation magnetization compensates for the inten-
tionally small 3, suggesting that raising 3. through parameter
optimization can further increase coupling, although such ex-

perimental exploration is beyond the present scope.

(a) 40 —
R
=i
30} ) b
5 %
253 mT =
O 20y - 0
~ E
107 1 -2 =
—— Photon dispersion o

a . =] Our experiment
Cavity resonance <

0 - . . 0 - - .
0 500 1000 1500 2000 0 2 4 6 8
k (rad/m) Field (mT) B

Fig. 3. (a) Relations among the FMR frequency of the CoFe nanowires at oHy = 253 mT (blue dotted line), the cavity resonance frequencies
(triangles), and the photon dispersion (red line) with refractive index n = 2.3. (b) Field-dependent reflection spectra of the CoFe/LNO system
with the external magnetic field applied along the nanowire axis. The triangles indicate the cavity mode frequencies extracted from panel (a).

(c) Magnon—photon coupling strength g as a function of the phenomenological parameter f.

Additionally, phonons are expected to play a significant
role in this hybrid system. CoFe exhibits strong magne-
toelastic properties.”) Under microwave-driven resonance,
CoFe simultaneously generates resonant phonons. Owing to
the pronounced piezoelectric properties of LNO,[0%611 these
phonons induce additional oscillating electric fields within the
substrate, potentially enhancing the spatial overlap between
the cavity electromagnetic field and the magnon mode. Fu-

ture studies on magnon—photon coupling in magnetoelastic—

piezoelectric heterostructures will help clarify the contribution
of phonons to the coupling mechanism.

4. Conclusion

In summary, we have experimentally demonstrated
strong magnon—photon coupling in CoFe/LNO ferromag-
netic/dielectric nanostructures. With a single-spin—photon
coupling strength g¢ = 239 Hz, a total coupling strength of
1.1 GHz is achieved using CoFe nanowires with a volume as
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small as 110 um>. The results are well described by a semi-
classical model combining the Landau-Lifshitz and Maxwell
equations. Our work establishes CoFe/LNO nanostructures
as a promising platform for exploring strong magnon—photon
coupling at reduced magnetic volumes. The combination of
industry-compatible fabrication, large coupling strength, and
high-frequency operation may open new avenues for coherent
spin manipulation and quantum magnonics.
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