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Cavity magnonics is an emerging research area focusing on the coupling between magnons and photons.
Despite its great potential for coherent information processing, it has been long restricted by the narrow
interaction bandwidth. In this Letter, we theoretically propose and experimentally demonstrate a novel
approach to achieve broadband photon-magnon coupling by adopting slowwaves on engineered microwave
waveguides. To the best of our knowledge, this is the first time that slow wave is combined with hybrid
magnonics. Its unique properties promise great potentials for both fundamental research and practical
applications, for instance, by deepening our understanding of the light-matter interaction in the slow wave
regime and providing high-efficiency spin wave transducers. The device concept can be extended to other
systems such as optomagnonics and magnomechanics, opening up new directions for hybrid magnonics.
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Cavity magnonics is an emerging area exploring the
utilization of magnons—quasiparticles describing collec-
tive spin excitations known as spin waves—for coherent
information processing [1–6]. Different from conventional
magnonics [7,8], cavity magnonics focuses on coherent
interaction between magnons and cavity photons instead of
the magnonic dynamics itself. Such interaction allows
coherent information exchange between magnons and
photons, leading to coherent phenomena including strong
coupling [9–15], magnetically induced transparency [10],
and unidirectional invisibility [16,17], which enable wide
applications in quantum transduction [18,19], dark matter
detection [20,21], and neuromorphic computing [22].
In cavity magnonics, the magnon-photon coupling can

be significantly enhanced via photon recycling at reso-
nances. Through proper cavity design, the magnon-photon
coupling strength can surpass system dissipation levels,
enabling an efficient and robust interaction between the two
modes. For instance, at microwave frequencies, metallic
three-dimensional cavities or coplanar waveguide (CPW)
resonators are often used to host magnonic resonators,
allowing the observation of strong [9–15] and even ultra-
strong [10,23,24] photon-magnon coupling. When cou-
pling magnons with optical photons or mechanical phonons
where the interaction is intrinsically weak, complicated
triple-resonance conditions can be applied to achieve
further interaction enhancement [25–28].
Despite the enhanced coupling, cavity magnonics suffers

from its finite bandwidth. Although the magnon frequency

is widely tunable, the coherent magnon-photon coupling
can only be observed near the fixed cavity frequency.
Within the limited exploration of broadband magnon-
photon coupling, only cascaded discrete features are
obtained [29], which remains inherently narrow band.
Such small bandwidths complicate device designs and
limit applications of cavity magnonics. To break this
restriction, nonresonant structures supporting broadband
traveling photons are desired. However, the interaction
of traveling photons with magnons is usually weak.
Particularly, it is extremely challenging to detect magnon
signals on integrated devices where micro- or nanomag-
nonic resonators are coupled with microstrips or CPWs,
which usually requires sophisticated technologies such as
Brillouin light scattering [30] that are expensive and
incompatible with large-scale device integration.
To address this challenge, we propose a novel concept of

slow-wave hybrid magnonics. It originates from previous
demonstrations in optical domain where slow lights—
traveling optical photons with reduced group velocities—
are used to enhance light-matter interactions and enable
new functionalities without compromising the bandwidth
[31–34]. By introducing spoof surface plasmon polariton
(SSPP) structures [35–38], slow waves can also be obtained
for microwave photons with largely reduced group veloc-
ities. SSPP has experienced rapid development in the past
decades and found wide applications in developing com-
pact microwave or THz devices. Here, for the first time, we
combine the two promising fields—spoof plasmonics [36]
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and cavity magnonics—and show that it can lead to
broadband hybrid magnonic interactions while maintaining
large coupling strengths, as well as enable complicated
system dynamics that is of critical importance for complex
magnonic systems such as magnonic crystals [39–43] and
magnonic networks [44]. Furthermore, we demonstrate
slow-wave strong coupling within our system, a phenome-
non that has not been experimentally observed in mag-
nonics or other systems.
Our slow-wave hybrid magnonic device consists of a

conformal SSPP waveguide [45] and a magnonic resonator
[Fig. 1(a)]. The SSPP waveguide is a metallic microstrip
with periodic corrugations (period: d), which supports
slowly propagating SSPPs that mimic optical surface
plasmons at metal or dielectric interfaces. Figure 1(b) plots
the simulated dispersion curves of the fundamental SSPP
modes on the waveguide (solid lines), which dramatically
deviate from the dispersion of the uncorrugated microstrip
modes (dotted lines) because of their polaritonic nature
[36]. At the edge of the first Brillouin zone where the
propagation constant β ¼ π=d, the SSPP dispersion
becomes nearly flat and asymptotically approaches the
effective plasma frequency fp, where the group velocity is
largely reduced [Fig. 1(c)].

The effective plasma frequency fp of SSPPs is primarily
determined by the corrugation depth l, which reaches around
10 GHz when l ¼ 3 mm. The dispersion curve, and accord-
ingly the group velocity, can be fine tuned by the corrugation
period d without significantly affecting fp [Figs. 1(b) and
1(c)]. The corrugation teeth width w has negligible effects
and w ¼ 0.1 mm is used throughout our experiments. The
dispersion curve and fp are also sensitive to the magnonic
resonator chip (size, alignment, bonding condition) and thus
may vary from device to device in our experiment.
As the SSPP frequency approaches fp, the reduced

group velocity is accompanied by the enhanced mode
confinement [Fig. 1(a), inset], which can reach deep
subwavelength level. The magnetic fields of SSPPs are
strongly localized at the bottom of the corrugations,
inducing enhanced coupling with magnons when planar
magnonic resonators are placed there. The magnonic
resonators are biased by an external magnetic field along
z, which is perpendicular to the magnetic field (in y
direction) of SSPPs to ensure their proper coupling with
magnons. The strength of the bias field, which determines
the magnon frequency, is controlled by the z position of the
magnet using an automated stage.
The coherent SSPP-magnon coupling is confirmed by

our phase-field simulation [46] based on coupled
Maxwell’s equations and Landau-Lifshitz-Gilbert equation
[52,53]. Our simulation shows that when the frequencies of
SSPPs and magnons match, the oscillating magnetic field
of SSPPs excites the precessing magnetization of magnon
(and vice versa) through magnetic dipole-dipole interac-
tion, and the magnon phase is determined by the phase of
SSPP. Therefore, if multiple magnonic resonators are
placed in series on an SSPP waveguide, their relative
phase can be tuned by varying the operation frequency
which accordingly changes the propagation constant.
Thanks to the nearly flat dispersion near fp, a small
frequency tuning can produce a large phase tuning. This
is verified by the simulated temporal evolution of mx
[Fig. 1(d)], where the relative phase of two neighboring
magnonic resonators (separated by d) varies from 0 to
almost π when the frequency is tuned by 2%. Such a large
phase tuning over a small distance is highly challenging
when conventional waveguides such as microstrips or
CPWs are used. The considerable phase tunability, enabled
by the slow wave nature of SSPPs, presents a notable
advantage over conventional resonator-based hybrid mag-
nonic systems, where fixed phase detuning limits the
system up scaling for intricate functionalities or dynamics,
such as programmable interference within a sizable array of
magnonic resonators.
The coupling strength between magnons and traveling

SSPPs can be calculated using Fermi’s golden rule

gms ¼ 2πjg0ðωÞj2DðωÞ ¼ A
ℏω

vgSeff
; ð1Þ

FIG. 1. (a) Schematics of the hybrid SSPP-magnonic device
(not to scale). A planar magnonic resonator is placed on a
periodically corrugated microstrip. Inset: simulated mode profile
(total magnetic field h) of SSPPs. (b) Dispersions and (c) group
velocities obtained from COMSOL simulation for SSPPs on a
waveguide with w ¼ t ¼ 100 μm, l ¼ 3 mm, and varying period
d. Dotted lines: dispersions of the same uncorrugated microstrip,
plotted against β values that are normalized using different d
values. fp: effective plasma frequency of SSPPs. (d) Phase-field
simulation results for the temporal evolution of the precessing
field mx of the magnon modes in two neighboring magnonic
resonators (in phase at f ¼ 0.98fp; π out of phase at f ≈ fp).
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where g0ðωÞ ¼ ðγ=2Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2ℏωμ0sN=VÞp

is the single mag-
non-SSPP coupling rate, DðωÞ ¼ ðL=2πvgÞ is the density
of state of the SSPPs traveling in one direction, and the
coefficient A ¼ 1

2
η2γ2μ0sN. Here ℏ is reduced Planck’s

constant, η is the mode overlapping factor [10], γ ¼
28 GHz=T is the gyromagnetic ratio, ω is the magnon
angular frequency, s is the spin quantum number, μ0 is the
vacuum permeability, N is the total number of spins, V ¼
Seff × L is the effective interacting mode volume, Seff is the
effective cross-section area of the traveling SSPPs, L is the
length of the YIG resonator, and vg ¼ dω=dβ is the group
velocity of the traveling SSPPs. Compared with uncorru-
gated microstrips (width: lþ t), SSPPs on our corrugated
microstrip have significantly reduced mode cross-section
area and group velocity [46], which will therefore lead to
drastically increased coupling strengths between magnons
and the microwave photons in the SSPP mode.
In our experiment, an SSPP waveguide with a 500 μm

corrugation period is fabricated on a high-dielectric con-
stant substrate (ε ¼ 9.8) [Fig. 2(a)]. Magnonic resonators
(lateral sizes range from tens to hundreds of micrometers)
are fabricated on a 200-nm thin film of ferrimagnetic
insulator yttrium iron garnet (YIG) epitaxially grown on
a 500-μm gadolinium gallium garnet (GGG) substrate. The
magnonic chip is flip bonded to the SSPP waveguide circuit
[Fig. 2(b)]. An out-of-plane bias magnetic field is applied

using a permanent magnet, which can be moved along the
z direction to control the magnon frequency.
The transmission signals measured using a vector

network analyzer on a device having a 400 μm ×
400 μm × 200 nm YIG resonator is plotted in Fig. 2(c).
As a comparison, transmissions from a CPW (width of
center line: 100 μm, gap to the ground: 500 μm) and a
uncorrugated microstrip (width: 3 mm) loaded with the
same YIG resonator are also plotted. In all spectra, the
transmission background is removed to reveal the small
magnon absorption dips, which are observed in a broad
frequency range (> 7 GHz). A maximum extinction ratio
of 15 dB is obtained at 11.68 GHz (near fp), whereas on the
CPW it is 2 orders of magnitude smaller (0.3 dB at
9.46 GHz for the same magnon mode). On the uncorru-
gated microstrip, magnon modes are not observed. These
results indicate the drastically enhanced SSPP-magnon
interaction due to the small group velocity of SSPPs,
which is highly advantageous over CPWs or microstrips
particularly for miniaturized magnonic devices.
The slow wave enhancement of the SSPP-magnon

coupling has a strong frequency dependence, as shown
by the transmission spectra [Fig. 3(a)] for different magnon
frequencies (determined by the magnet position z) on a
device with a 300 μm× 1000 μm × 200 nm YIG resona-
tor. When the magnet is at z ¼ 0 mm, the magnon mode is
absent and the spectrum shows the intrinsic characteristics
of SSPPs: a broad transmission band with a cutoff at around
10 GHz (≈fp). Below the cutoff frequency, an insertion loss
of about 12 dB is measured, which is attributed to the metal

FIG. 2. (a) Optical image of the fabricated SSPP waveguide
circuit. Between the SSPP waveguide and the SMA connectors
there exists a tapered transition region where the corrugation
depth l is quadratically varied. (b) Enlarged image showing a YIG
resonator (400 μm × 400 μm) flipped on the SSPP waveguide.
(c) Measured transmission spectra for SSPP waveguide, CPW,
and microstrip, respectively. Background spectra are removed to
highlight the weak magnon resonances. Insets: the measured
spectra corresponding to the points indicated by the arrows,
respectively.

FIG. 3. (a) Measured transmission spectra of the SSPP wave-
guide with the magnet at different positions z. Black arrows
indicate the magnon resonances. (b) Extracted extinction ratio of
the magnon resonances as a function of the magnon frequency.
(c) Extracted (red circles) and calculated (solid line) SSPP-
magnon coupling strength gms as a function of magnon frequency.
Blue squares: extracted intrinsic magnon damping rate κm=2.
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absorption and coupling loss with the rf connectors, while
above the cutoff frequency, the transmission drops to below
−50 dB because SSPPs are no longer supported. When the
bias magnet moves towards the device, magnon modes are
observed over a broad frequency range as narrow absorp-
tion dips in the transmission spectrum. For instance, when
the magnet is at z ¼ 1.8 mm, magnon resonances are
visible at 7.7 GHz, which further increases to 8.5 GHz
at z ¼ 2.2 mm and 9.4 GHz at z ¼ 2.6 mm, respectively.
Figure 3(a) reveals one striking feature of these magnon

resonances: their extinction ratio increases as the magnon
frequency approaches the SSPP cutoff frequency. Such
dependence is clearly shown by the extracted extinction
ratio as a function of the magnon frequency [Fig. 3(b)]. The
small oscillations in the curve are due to the interference
effects of the SSPPs when propagating along the wave-
guide with a finite length, but they are much weaker
than the enhancement effect caused by the increased
magnon frequency. A maximum extinction ratio of
47 dB is observed at the edge of the cutoff frequency
(z ¼ 2.6 mm), which is more than four orders of magnitude
higher than what is obtained near z ¼ 1.8 mm.
The SSPP-magnon coupling strength [Fig. 3(c), red

circles] is extracted from the measured spectra [46].
Despite the fluctuation caused by the background interfer-
ence (8.5–9 GHz) [46], an increasing trend with magnon
frequency is evident. Because Seff ∝ 1=β2 [46], Eq. (1) can
be rewritten as gms ¼ A0ωβ2=vg, where the phenomeno-
logical coefficient A0 is the only unknown parameter since
both the dispersion βðωÞ and group velocity vgðωÞ can be
obtained from simulations. Good agreement is obtained
between our theoretical calculation [solid line in Fig. 3(c)]
and the measurement results, with an exception above
9.3 GHz where the reduced transmission causes inaccurate
numerical fittings. A maximum SSPP-magnon coupling
strength of nearly 15 MHz are measured at 9.2 GHz, which
is 20 times larger than the extracted intrinsic magnon
damping rate κm=2 ¼ 0.7 MHz. Even larger coupling
strengths are expected, but their observation is hindered
by the increased SSPP loss (accordingly, transmission
drop) near fp.
Similar to cavity hybrid magnonics, SSPP-magnon

coupling can be enhanced by increasing the YIG volume.
Figure 4 plots the measured transmission for a 5 mm ×
5 mm × 3 μm YIG resonator on the same SSPP wave-
guide. An anti-crossing feature with a splitting 2gms ¼
0.7 GHz is observed near the cutoff frequency around
8.4 GHz [Fig. 4(b)]. This is modeled based on the
frequency response of YIG’s permeability near the mag-
nonic resonance and its effect on the effective plasma
frequency of SSPPs. The theoretical prediction shows great
agreement with the measurement results [Fig. 4(a)], with all
four curves computed concurrently using a single equation
involving only two fitting parameters [46]. The coupling
strength gms ¼ 0.35 GHz corresponds to an oscillation

period 1=gms ¼ 2.9 ns for the coherent information
exchange between magnons and SSPPs. On the other
hand, the measured group delay τ ¼ dϕ=dω of the whole
35-mm-long SSPP waveguide reaches a maximum of 32 ns
[Fig. 4(c)], yielding a traveling time τg ¼ 4.6 ns for the
SSPPs to pass the YIG resonator. Since the traveling time
exceeds the oscillation period, the coherent signal will
experience multiple oscillations between the magnon and
SSPP modes while traveling through the interaction region,
which can be defined as the slow-wave strong coupling
condition: τg > 1=gms. By replacing the 3-μm-thick YIG
resonator with a thick YIG disc (thickness: 350 μm,
diameter: 5 mm), the slow-wave SSPP-magnon strong
coupling can be further enhanced with a splitting of
3.2 GHz (gms ¼ 1.6 GHz) as obtained through our model-
ing [Fig. 4(d)], leading to a single-spin coupling strength
g0 ¼ 130 Hz. Considering that gms=fp ¼ 19.3%, this cor-
responds to the ultrastrong coupling in conventional hybrid
magnonics.
This Letter demonstrates a novel type of slow-wave

hybrid magnonics based on SSPP-magnon interaction.
Thanks to the small group velocities of the SSPPs, our

FIG. 4. (a) Measured transmission spectra of a SSPP waveguide
covered by 5mm × 5 mm × 3 μm rectangular YIG resonator.
(b) The measured SSPP waveguide transmission at magnet
position z ¼ 1.0 (black) and z ¼ 3.8 mm (red), respectively.
(c) Extracted group delay τ from the measured transmission
phase. The large oscillations above the cutoff frequency are due to
standing waves. (d) The measured transmission spectra using a
350-μm-thick, 5-mm-diameter YIG disc. Trans.: transmission.
All dashed and dotted lines in (a) and (d) are from calculation and
use the y axis on the right. Blue line: calculated magnon mode;
red and yellow lines: calculated fp with and without SSPP-
magnon coupling, respectively. fm is the magnon frequency.
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device platform exhibits significantly enhanced coupling
strength while maintaining a large operation bandwidth,
combining the advantages of cavity magnonics and trav-
eling wave devices. Our slow-wave hybrid magnonic
system opens a new chapter for hybrid magnonics, prom-
ising potential applications in integrated magnonic circuits
[54,55] and quantum information processing [6,56–61].
Moreover, our demonstrated principle can be extended to
other hybrid magnonic systems such as optomagnonics and
magnomechanics. This Letter also points to a new direction
for the study and application of spoof plasmonics.
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