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Hybrid magnonic systems have emerged as a promising direction for information propagation with pre-
served coherence. Because of the high tunability of magnons, their interactions with microwave photons
can be engineered to probe novel phenomena based on strong photon-magnon coupling. Improving the
photon-magnon coupling strength can be done by tuning the structure of microwave resonators to bet-
ter interact with the magnon counterpart. Planar resonators have been explored due to their potential for
on-chip integration, but only common modes from stripline-based resonators have been used. Here, we
present a microwave spiral resonator supporting spoof localized surface plasmons (LSPs) and implement
it in the investigation of photon-magnon coupling for hybrid magnonic applications. We showcase strong
magnon-LSP photon coupling using a ferrimagnetic yttrium iron garnet sphere. We discuss the engineer-
ing capacity of the photon mode frequency and spatial field distributions of the spiral resonator via both
experiment and simulation. As a result of the localized photon mode profiles, the resulting magnetic field
concentrates near the surface dielectrics, giving rise to an enhanced magnetic filling factor. The strong
coupling and large engineering space render the spoof LSPs an interesting contender in developing novel
hybrid magnonic systems and functionalities.

DOI: 10.1103/PhysRevApplied.22.034009

I. INTRODUCTION

Hybrid quantum systems harness interacting excitations,
such as sound waves (phonons), microwave and light
waves (photons), and quantum defects (spin color cen-
ters) to complete tasks that are beyond the capability of
individual systems. The collective spin excitations, i.e.,
spin waves (or magnons), have recently received increased
attention in novel constructions of quantum hybrid sys-
tems [1–6]. Excitations of magnetic origin, whether nat-
ural (in biomagnetism or geomagnetism) or engineered
(in magnetic devices), have long been overlooked in sens-
ing and communications applications. But thanks to the
advances in nanotechnology in the past two decades, spin
excitations can be studied and manipulated down to atomic
scale, leading to a range of novel technological break-
throughs. In particular, they have recently been demon-
strated as candidates for coherent information carriers and
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transducers even down to the quantum regime, giving rise
to the emerging field of “quantum magnonics” [1–5,7].

In the past decade, by leveraging both the engineering
versatility of microwave cavities and the high tunabil-
ity of magnonics, microwave photon-magnon coupling
has been serving as a preeminent testbed for exploring
and/or demonstrating new coherent phenomena in giga-
hertz polariton sciences, including but not limited to coher-
ent [8–10] and dissipative [11,12] couplings, nonrecipro-
cal transmission [13,14], remote communication [15–17],
magnetically induced transparency [18–20], zero reflection
[21], and PT-symmetric singularities [22,23]. Technologi-
cally, microwave photons also benchmark the state-of-the-
art coupling strength to a superconducting qubit via cavity
quantum electrodynamics (CQED), rendering the photon-
magnon systems a prominent building block for future
quantum hardware construction [24].

However, there is still ample space for novel
engineering strategies related to photon-magnon
hybridization, bestowing a large potential for further
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advancement in the context of quantum science appli-
cations. For example, bulky three-dimensional (3D)
microwave cavity resonators have so far been predom-
inantly used [25,26]. Despite their high quality factors
(Q), their geometry inherently suffers from poor scalabil-
ity. Planar resonators, on the other hand, have emerged in
recent years [27], driven by the increasing need for circuit-
integrable systems, but only the common modes from
λ/2 and lumped-element resonators were used [28,29]. In
order to further benchmark the coupling efficiency and to
effectively couple to unconventional excitations, tailored
photon modes with matched mode profiles are of interest.
To this end, exotic designs of photon resonators prompt-
ing unconventional mode profiles, such as surface-plasmon
modes [30], dark modes [31], metaresonator mode [32,33],
and spoof modes [34], beyond conventional geometries,
have been demonstrated as promising contenders.

The surface-plasmon modes in subwavelength micro-
wave resonators are electromagnetic (EM) excitations that
arise from the interaction between EM waves and free
electron oscillations at the interface between a metal and
a dielectric material. While surface-plasmon modes are
more commonly associated with optical frequencies, they
can also be extended to microwave frequencies [35,36].
For example, by introducing periodic grooves on a metal
surface, the penetration depth of the microwave can be
effectively increased. This leads to the localization of the
microwave signal on the surface in a way similar to sur-
face plasmons and thus such modes are referred to spoof
surface-plasmon polaritons (spoof SPPs) [37,38].

Compared with conventional microwave devices such
as microstrips or coplanar waveguides, the in-plane wave
vectors of spoof SPPs, kip, are significantly increased
because of the presence of the periodic structures. As a
result, their out-of-plane wave vectors, koop = i

√
k2

ip − k2
0

(k0 is the free-space wave vector), which are purely imag-
inary, have very large absolute values, corresponding to
rapid decay. Although initially spoof SPPs are demon-
strated for 3D structures, it has been shown later that the
same effect still applies on planar structures [39]. Owing
to their tunability, spoof SPPs possess many exciting tech-
nological prospects, particularly in subwavelength manip-
ulation of EM waves, such as the slow-light effect that
involves stopping traveling spoof SPPs on graded metal-
lic structures at different positions for different frequencies
[37,40–42]. Such a slow-wave concept has been recently
implemented in hybrid magnonics at the microwave fre-
quency utilizing the propagating spoof-SPP modes [34].

On the other hand, spoof localized surface plasmons
(LSPs) can be induced by spoof plasmon resonators in the
form of finite metal particles [43–45]. The LSPs are highly
sensitive to the particle geometry and local dielectric envi-
ronments. Therefore, their effective EM field confinement,
along with an enhanced field interaction with the samples

on and near the surface, have rendered them especially well
suited for sensing applications [46–48]. One of the most
common realizations for spoof LSPs is based on the spi-
ral geometry [49]. Spiral structures have been traditionally
used as frequency-independent antennas or for polariza-
tion control at low frequencies [50]. Recently, spiral-based
metaresonators have also been used to improve the mag-
netic response of split-ring resonators [32,51,52].

In this work, we expand the application of spoof LSPs
to hybrid magnonics and investigate magnon-photon cou-
pling between the yttrium iron garnet (YIG) sphere modes
and the spoof-LSP modes that are supported by a spiral res-
onator geometry. The spiral design is intended to mimic the
EM response of a corrugated metallic surface filled with
grooves of a dielectric [49]. A few key geometrical param-
eters of the spiral resonator were varied to showcase their
influence on engineering the frequency and spatial field
distributions, including the center aperture size and the spi-
ral arm number. Electric and magnetic dipole modes are
observed which can strongly couple to the magnon modes
of the YIG sphere. The coupling strengths were modeled
and analyzed in the frame of the coupled oscillator model
parameterized by the filling factor coefficient. The highly
localized photon mode profiles and their large engineering
space render the spoof resonators an interesting contender
in developing novel hybrid magnonic systems.

II. EXPERIMENTS

A. Spiral resonator design

Figure 1 is the schematic representation of the spiral res-
onator configurations being investigated. The resonators
feature a central disk aperture with a diameter d and spi-
ral arms extending out from the center aperture. Both the
aperture size (d = 1.0, 2.0, 3.0 mm) and the number of
spiral arms (n = 2, 4, 8, 10, 12) are varied in this study.
For varying aperture sizes, the arm number is fixed at
n = 4. For varying arm numbers, the aperture size is fixed
at d = 1.4 mm. The outer diameter D of all the resonators
measures 9.0 mm. Each spiral arm is characterized by a
width w of 0.3 mm, and a periodicity p = πD/n, where n
is the total number of arms. Such a spiral LSP geometry
can be parameterized as: x = [d/2 + a(2p/D)] cos(2p/D)

and y = [d/2 + a(2p/D)] sin(2p/D), where 2p/D is the
intersection angle of the spiral line, a is the intersection
growth rate, and d/2 corresponds to the distance between
the initial point of the spiral line and the origin of the
coordinates.

For efficient excitation of the spiral resonators, the sep-
aration distance s between the spiral resonators and the
transmission line is 0.8 mm. The transmission line has a
width W of 1.45 mm. All resonators and the microstrip that
feeds them were fabricated on the Rogers TMM Laminates
dielectric substrate (Rogers Corp.). The dielectric substrate
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(a) (b)

FIG. 1. (a) Design patterns of the spiral photon resonators with the key dimensional parameters: W, excitation stripline width;
s, separation distance between stripline and resonators; d, center disk aperture diameter; D, spiral pattern diameter; w, spiral arm
width; and n, spiral arm number. (b) The sample and measurement setup. The YIG sphere is placed atop the board’s surface and at
different locations. One end of the resonator stripline is connected to port 1 of the vector network analyzer. For global transmission
measurement, the other end of the resonator stripline is connected directly to port 2 (switch B). For local transmission measurement
(local rf-field probing), a small probe loop near the board surface is connected to port 2 (switch A), while the other end of the stripline
is 50 � terminated. The loop probe is anchored to a 3D micropositioner that allows one to scan along in-plane (x, y) and out-of-plane
(z) directions. The in-plane magnetic field is applied perpendicular to the stripline.

has a thickness of 1.52 mm, and the metallic layer mea-
sures 35 µm in thickness. The relative permittivity of
the substrate is approximately 9.8. The EM properties of
the spoof LSPs have been theoretically calculated using a
reported analytical model [53].

B. Microwave transmission measurement

The microwave properties of these resonators without
magnetic field measurements were characterized by using

a vector network analyzer (VNA). The measured trans-
mission coefficients S21 of all the spiral resonators are
summarized in Fig. 2(a). The resonances of the spiral res-
onators show up in the transmission spectra as Lorentzian
or Fano-shaped transmission dips. To identify different
resonance modes, finite-element method (FEM) simula-
tions are performed using the eigenmode solvers of the
RF module in COMSOL. The spiral resonators are modeled
based on the actual dimensions of the fabricated devices,
and the printed circuit board substrate is modeled as a
dielectric slab with a dielectric constant of 10. To identify

������

FIG. 2. (a) The transmission coefficient S21 of the spiral resonators with a center aperture size of d = 1.4 mm but different arm
numbers n = 2, 4, 8, 10, 12. For the four-arm design, additional resonators with varying center aperture sizes are also shown: 4-
S (d = 1.0 mm), 4-M (d = 2.0 mm), and 4-L (d = 3.0 mm). The characteristic photon modes are labeled: E-dipole mode (♦) and
B-dipole mode (©) with the corresponding simulated Bz-field patterns using COMSOL (color bar: normalized hz). (b) Comparison of
the experimentally measured (solid) and the simulated (hollow) mode frequencies for the E-dipole and B-dipole series, showing a good
agreement between the experiment and simulation.
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TABLE I. The experimentally identified E-dipole and B-dipole LSP modes for the resonators (n = 2, 4, 8, 10, 12). The unit is
gigahertz. The bold numbers are modes used for subsequent photon-magnon coupling investigations. Other modes are either too low
(outside the YIG magnon Kittel dispersion) or too high (outside the VNA testing band). Only dipolar modes are listed here. Additional
quadrupole modes will be discussed in Appendix A.

Fundamental Second order Third order

Arm no. E-dipole B-dipole E-dipole B-dipole E-dipole B-dipole

2 1.021 1.413 3.017 3.368 4.621 5.792
4 1.885 2.714 4.572
4-S 1.816 2.751
4-M 1.917 2.757
4-L 2.130 2.858
8 3.038 5.110
10 3.549 6.226
12 3.958 7.262

the resonance frequencies and mode profiles, the metal-
lic structures are modeled as perfect electrical conductors
with the ohmic loss ignored. Sufficiently large simulation
regions and scattering boundary conditions are used to sup-
press undesired boundary reflections. Meshes are refined
near the spiral structures to guarantee good accuracy and
resolution.

Each simulation gives multiple eigenfrequencies, cor-
responding to different modes of the spiral resonator. In
our simulation of the spiral resonators, the YIG sphere is
ignored due to its relatively small size, which causes per-
turbation only to the field distribution. Accordingly, only
Maxwell’s equations are used in the simulations, while
the Landau-Lifshitz-Gilbert equation that governs the spin-
wave (magnon) dynamics is not included. For each eigen-
frequency, all the EM field components are obtained from
the built-in Maxwell’s equations in the RF module and
can be directly plotted in COMSOL, including the Bz field,
allowing the direct observation of the mode profile for each
resonance.

For each resonator, a series of dipolar resonance modes,
either electric (E) or magnetic (B) type, can be identified
from the plot, and their frequencies are detailed in Table I.
Additional quadrupole modes are also observed for n ≥ 4,
which will be discussed in Appendix A. For both the E-
dipole and B-dipole modes, the frequency increases with
the number of arms according to both the experiment and
simulation; see Fig. 2(b). For the present study, we focus
on the fundamental E- and B-dipole modes. For photon-
magnon coupling studies, we use a YIG sphere with a
nominal diameter of 1.0 mm, and also apply an external
magnetic field, H , perpendicular to the transmission line,
to satisfy the ferromagnetic resonance condition. However,
for modes with a frequency lower than 2.2 GHz (as for
the n = 2 and 4 designs), the YIG magnon modes do not
overlap with the photon modes.

In addition, to elucidate the magnetic B-field distribu-
tion of the LSP modes, we map out the out-of-plane B-field
component (Bz) using a loop probe custom-made from a

coaxial cable assembly with an unterminated end. The loop
diameter is estimated as ∼0.8 mm. The measurement setup
and Bz-field maps at the mode frequencies of interest are
detailed in Appendices A and B.

C. Photon-magnon coupling

Given the peculiarities of the LSPs mode structures, the
spatial field distribution of such resonators is an important
parameter in their coupling to magnetic samples. For such
structures, the resonantly induced rf current from each spi-
ral arm overall converges on the circumference of the inner
disk aperture, where the magnetic component of the EM
field is the strongest. This should in principle lead to a
pronounced radial dependence.

To verify this important trait, we study the resonator
with the largest aperture size (d = 3.0 mm) and use four
spiral arms as an example. We mapped out the Bz-field
distribution at the fundamental B-dipole mode using a
loop probe, near the surface of the board and directly
above (∼0.5 mm) the spiral resonator; see Fig. 3(a). The
Bz amplitude exhibits a quasi-uniform distribution in the
shape of concentric circles with an amplitude rapidly
decaying from the circumference to the center of the aper-
ture, consistent with the characteristic of a B-dipole mode
[53]. Then, we placed the YIG sphere at different rep-
resentative locations and measured the photon-magnon
coupling. A series of Walker modes can be prompted
which couple to the spoof-LSP mode. In such a photon-
magnon coupled system, a strong coupling is realized
if the coupling strength, g, exceeds the dissipation of
both the photon (κp ) and the magnon (κm) counterparts,
manifesting an anticrossing feature in the observed
spectrum [3].

We first concentrate on the Kittel magnon mode. The
coupling strengths are found by analyzing the anticrossing
gap (formed between the LSP mode and the Kittel mode),
yielding: A, along the circumference, gA = 50.2 MHz,
Fig. 3(b); B, halfway between the edge and the center,
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(a)

(e) (f) (g) (h)

(b) (d)(c)

FIG. 3. (a) Mapped Bz-field distribution at the fundamental mode using a loop probe atop the spiral resonator 4-L (d = 3.0 mm,
n = 4). The probe is lifted ∼0.5 mm above the resonator surface to obtain the near-field pattern (dashed line: the location of the center
disk circumference). The YIG sphere is placed at locations A–C to obtain the photon-magnon coupled spectra: (b) at A, along the
circumference; (c) at B, halfway between the edge and the center; and (d) at C, at the center of the aperture. (e) Mapped Bz-field
distribution for the 4-M resonator (d = 2.0 mm, n = 4). (f) Photon-magnon coupled spectra at the corresponding fundamental mode
after the YIG loading. (g) Mapped Bz-field distribution for the 4-S resonator (d = 1.0 mm, n = 4). (h) Photon-magnon coupled spectra
at the corresponding fundamental mode after YIG loading. The insets of panels (a), (e), and (g) show the corresponding simulated field
distribution by COMSOL.

gB = 26.9 MHz, Fig. 3(c); and C, at the center of the
aperture, gC = 26.8 MHz, Fig. 3(d). The coupling strength
rapidly decays as the YIG is moved away from the disk
edge. The higher-order Walker modes share a similar trend
to the Kittel mode, and will be addressed in more detail in
the discussion in Sec. III and Appendix C.

In addition, by placing the YIG sphere at different loca-
tions along the circumference, we can study the angular
dependence of the LSP-magnon coupling. In the present
case (B-dipole), we did not observe any notable varia-
tion in the coupling strength, which is consistent with
the uniform angular distribution of the Bz field (indicated
by both the experimental field mapping and the simula-
tion). For the E-dipole mode to be discussed later, the Bz
field exhibits a quasi-dipolar distribution, and the coupling
strength is attenuated by ∼30% at the minimum position
(short axis) compared to the maximum (long axis). Thus,
we use the maximum aperture edge location for all of
our subsequent investigations, which is the position that
benchmarks the coupling strength for our herein designed
resonators.

Next, the results for the additional 4-M and 4-S res-
onators are shown to illustrate the effect of the center
aperture size; see Figs. 3(e)–3(h). As mentioned earlier, the
generic resonance frequencies before the YIG sphere load-
ing are found at ω4-S = 2.751, ω4-M = 2.757, and ω4-L =

2.858 GHz, respectively. Such values agree reasonably
well with the COMSOL simulations, at 2.571, 2.592, and
2.651 GHz. For spoof-LSP resonators with fixed radii,
the arm length reduces as the disk diameter increases,
accordingly leading to increased resonance frequencies.
The systematic deviation of the simulated resonance fre-
quencies relative to the measurement results (by roughly
200 MHz) can be attributed to the geometrical size varia-
tion of the actual fabricated devices from the models used
in the design and simulation. The mapped Bz-field patterns
for 4-M, Fig. 3(e), and 4-S, Fig. 3(g), indicate the same
quasi-uniform distribution with concentric circles.

After the YIG sphere loading, the resonance frequen-
cies shifted slightly, with ω4-S = 2.72, ω4-M = 2.71, and
ω4-L = 2.83 GHz, respectively. The coupling strengths
between such LSP mode and the YIG’s Kittel mode are
found by analyzing the anticrossing gap, yielding g4-M =
74.8 MHz in Fig. 3(f), and g4-S = 77.2 MHz in Fig. 3(h),
both larger than the previous g4-L = gA = 50.2 MHz in
Fig. 3(b). The dependence of coupling strength on the disk
size can be explained by the mode profile of the LSPs
obtained from COMSOL simulations. The microwave mag-
netic fields are more concentrated near the disk on devices
with smaller discs, consequently enhancing their coupling
with the magnon modes in the YIG sphere that is located
on or near the disk.
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(a) (b)

(c) (d) (e)

FIG. 4. The measured and simulated Bz-field patterns of the spiral fundamental modes and the corresponding photon-magnon cou-
pling for varying spiral arm numbers: (a) B-dipole, n = 4, at ω4B = 2.71 GHz, (b) B-dipole, n = 8, at ω8B = 5.32 GHz, (c) E-dipole,
n = 8, at ω8E = 3.10 GHz, (d) E-dipole, n = 10, at ω10E = 3.57 GHz, and (e) E-dipole, n = 12, at ω12E = 3.92 GHz.

The most prominent dependence was found in varying
the number of spiral arms: the results for five different
arm numbers, 2, 4, 8, 10, and 12, are compared in Fig. 4.
All resonators have a center disk size of 1.4 mm. For the
n = 4 resonator design, the fundamental E-dipole mode is
too low to couple with the YIG magnons, so we focus on
the fundamental B-dipole mode. For the n = 8, 10, and
12 resonator designs, we focus on the E-dipole modes
coupling with magnons. Both the fundamental E- and B-
dipole modes couple strongly with the YIG’s Kittel modes
with very similar magnitudes, as evidenced by the n = 8
resonator measurement.

For all the remaining arm numbers, after the YIG load-
ing, the resonance frequencies shifted slightly; see Fig. 4.
The coupling strengths between those respective LSP
modes and the YIG’s Kittel mode are found by analyzing
the anticrossing gap, Fig. 4, yielding: (a) g4B = 47.2 MHz,
(b) g8B = 82.4 MHz, (c) g8E = 84.6, (d) g10E = 99.6, and
(e) g12E = 115.5 MHz, respectively.

Evidently the coupling strength is enhanced as the num-
ber of spiral arms increases, which can be attributed to the
enhanced mode localization. At the center, the microwave

fields from different arms constructively interfere, forming
the localized mode. When the number of arms increases,
the spacing among neighboring arms decreases, lead-
ing to enhanced inter-arm coupling, which enhances the
mode intensity near the center disk, and accordingly the
magnon–spoof-LSP coupling.

III. DISCUSSION

In the context of photon-magnon coupling, an impor-
tant figure of merit is the magnetic filling factor (ξ ), which
represents the amount of overlap between the microwave
photon magnetic field and the collective spin profile in the
YIG sphere sample. The coupling strength g is directly
related to the filling factor, where g = ωi

√
χeffξi, with ω

being the resonator eigenfrequency and χeff the effective
magnetic susceptibility of the YIG [8]. Therefore, qualita-
tive arguments can be made through the discussion of the
effective filling factor of the pertinent LSP modes, under
the varying experimental parameters outlined above (cen-
ter disk size, YIG sphere placement, number of spiral arms,
etc.).
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TABLE II. Comparison of fundamental frequencies, coupling
strengths, and filling factor ratios of resonators based on explored
experimental parameters. Here ξ0 is the baseline value (n = 4,
edge YIG placement, large center disk) used for each section of
the table. For n = 2, the demonstrated photon-magnon interac-
tion occurs with the second-order B-dipole mode.

No. of arms, n
Eigenmode

(GHz)
Coupling

(MHz) ξn/ξ0

2 1.41 (B)
4 2.71 (B) 47.2 1.00
8 3.08 (E) 84.6 2.59
10 3.56 (E) 99.6 2.56
12 3.96 (E) 115.5 2.85

YIG sphere placement
Center 2.83 (B) 26.9 1.00
Halfway 2.83 (B) 27.0 1.01
Edge 2.82 (B) 50.2 3.52

Center disk size
Large 2.83 (B) 47.9 1.00
Medium 2.69 (B) 74.8 2.86
Small 2.74 (B) 77.1 2.95

Table II summarizes the fitted eigenmode frequencies
(with YIG sphere loading), coupling strengths, and the
derived filling factor ratio (ξn/ξ0) corresponding to the
different varying experimental parameters.

To further elucidate the involved photon and magnon
modes and their interactions, we developed an analyt-
ical model using the “coupled-oscillator approach” that
well reproduces all the experimentally obtained photon-
magnon spectra. In this framework, each involved photon
and magnon mode is represented as its own damped har-
monic oscillator. The oscillators are bound together by
springs with coupling strength g, which is proportional
to the anticrossing gap sizes from the experimental data.

The photon modes have field-independent frequencies, so
they appear horizontal in the experimental and modeled
spectra. The magnon modes have a field dependence, so
they are represented using the Kittel equation and Walker
mode theory. The finer details of the model can be found
in Appendix C.

For devices with 8, 10, and 12 spiral arms, the E-
dipole shows coupling to the YIG Kittel mode. The
azimuthal order nz = 2 causes a mode splitting, reflected
in Figs. 4(c)–4(e), where the major photon modes inter-
acting with the YIG Kittel mode split in two, denoted as
ω+ and ω− [41]. Both photon modes can couple to the
YIG Kittel and higher-order Walker modes. The multi-
ple couplings can be modeled with the described “coupled
harmonic oscillator” approach, where each photon and
magnon mode is represented as its own oscillator. The
n × n coupling matrix can be written in the form

⎛
⎜⎜⎝

ω − ω̃1 g12 · · · g1n
g12 ω − ω̃2 · · · g2n
...

...
. . .

...
g1n g2n · · · ω − ω̃n

⎞
⎟⎟⎠ . (1)

As an example, our modeling of the n = 8 E- and B-
dipole couplings are discussed here, as shown in Figs. 5(a)
and 5(b). The rest of the modeling can be found in
Appendix C. Because of the localized mode profiles (also
reflected in our measurements and simulations), the mag-
netic field strength and distribution are nonuniform near
the YIG sphere, which excites a set of magnon modes
beyond the standard Kittel mode [54]. These modes mani-
fest as the (m, m, 0) Walker modes, whose frequencies can
be represented as [55]

ω = γ

[
H − HA + 4πM0

(
m

2m + 1

)]
, (2)

(a) (b) (c)

FIG. 5. (a),(b) The calculated photon-magnon coupling using the coupled harmonic oscillator model for (a) E-dipole, n = 8, and (b)
B-dipole, n = 8. Walker modes up through m = 5 were used with M0 = 1690 Oe, HA = 480 Oe, and γ = 27.0 GHz/T, determined
from the experimental data. The solid black lines are the Walker modes used for the calculations. (c) The relative coupling strengths
used in the model for the n = 8 resonator extracted from the experimental data. Coupling strengths for couplings up to m = 7 were
able to be resolved.
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where HA represents the total contribution from anisotropy
and M0 is the saturation magnetization. The magnetiza-
tion value is derived from the spacing of the modes in the
experimental data. The effect of anisotropy is a constant
shift of the Walker mode frequencies, and its magnitude
was determined by fitting Eq. (2) to each set of magnon
dispersion. The photon-magnon coupling strengths are all
greater than either the photon or magnon linewidths for up
to m = 7 of the Walker modes, i.e., in the strong-coupling
regime. Their values (relative to the Kittel mode cou-
pling strength) are shown in Fig. 5(c). For the purpose of
computational simplicity, this model analyzes the Walker
modes up to m = 5 as shown in Fig. 5(b). The coupling
strengths monotonically decrease as the mode number n
increases. A similar trend has been observed in planar
stripline resonators coupling to a YIG sphere [54].

Finally, for the model of the E-dipole to show the same
behavior at the resonance point between the split photon
modes and the YIG Kittel mode, the coupling strengths
of ω+ and ω− to the Kittel mode must not be equal. This
is also reflected in Fig. 4(c), where a nonuniform magnon
mode that couples to the split modes at 1370 Oe has differ-
ent coupling strengths to each of them. We attribute this to
different levels of overlap between their mode profiles and
that of the magnon modes. This same logic applies for each
higher-order Walker mode, with successive decreases in
the overall coupling strengths, due to less overlap of both
ω+ and ω− with the higher m modes.

In summary, we investigate magnon-photon coupling
between the YIG sphere modes and the spoof-LSP modes.
The LSPs are supported by a winding spiral resonator
geometry, whose key design parameters were varied to
showcase their influence on engineering the frequency
and spatial field distributions, including the center aper-
ture size and the spiral arm number. Electric and magnetic
dipole modes are observed which strongly couple to the
magnetic Walker modes of the YIG sphere. The cou-
pling strengths were modeled and analyzed in the frame
of the coupled oscillator model parameterized by the fill-
ing factor coefficient. The highly localized photon mode
profiles and their large engineering space render the spoof
resonators an interesting contender in developing novel
hybrid magnonics systems. Although the present demon-
stration only focuses on the lower gigahertz range, the
design principle can potentially extend to higher frequen-
cies, such as in the subterahertz regime where couplings to
antiferromagnetic magnon modes are of interest [56–59].
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APPENDIX A: MAGNETIC FIELD MAPPING
AND SIMULATION

In the main text, we mainly addressed the fundamental
E- and B-dipole modes and their photon-magnon cou-
plings. Higher-order E- or B-dipole modes were also
identified in the transmission and spatial mapping exper-
iments, especially for the larger arm numbers. Here, as
a general characterization, we append the results of the
comprehensive magnetic field mapping for each resonator.

Figure 6 illustrates the detailed setup for mapping the
Bz-field distribution. The microwave signal inputs from
port 1 of the VNA to the stripline and terminates at the
other end using a 50-� cap. Port 2 is connected to a
microwave loop probe anchored to a precise z-stage. The
initial height is set ∼0.5 mm atop the board surface. The
position of the board is controlled by another x-y stage that
anchors the board.

Figure 7 shows the measured Bz-field maps and the
corresponding simulated field distributions at selective res-
onance frequencies for the n = 2 resonator. In particular,
the second- and third-order E- and B-dipole modes can be
clearly identified from their spatial field distribution: the
second and third E-dipole at 3.017 and 4.621 GHz, respec-
tively, featuring the double winding spiral geometry, and
the second and third B-dipole at 3.368 and 5.792 GHz,
respectively, featuring concentric ring structures.

Figure 8 shows the measured Bz-field maps and the
corresponding simulated field distributions at selective res-
onance frequencies for the n = 4 resonator. The map at
2.075 GHz exemplifies an intermediate state as the mode
evolves from a double winding (E-type) to the concen-
tric ring (B-type) structure. In addition, the fundamental
quadrupole mode is identified at 5.805 GHz, which cannot
be supported by the n = 2 design.

FIG. 6. Schematic of the experimental setup for mapping the
out-of-plane magnetic field (Bz) distribution.
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���

���

FIG. 7. (a) The transmission characteristic S21 and (b) the
measured Bz-field maps and the corresponding simulated field
distributions at selective resonance frequencies for the n = 2
resonator.

Figure 9 shows the measured Bz-field maps and the
corresponding simulated field distributions at selective
resonance frequencies for the n = 8 resonator. A few rep-
resentative frequencies, at 3.075, 3.396, and 3.725 GHz,
were picked out to show the evolution from the funda-
mental E-dipole to the B-dipole mode. In addition, double
peaks near the fundamental E-dipole modes (3.038 and
3.075 GHz) were observed, which are present for n = 8
and n = 12 resonators but not for n = 2, 4, and 10.

Figures 10 and 11 show the measured Bz-field maps and
the corresponding simulated field distributions at selective

���

���

FIG. 8. (a) The transmission characteristic S21 and (b) the
measured Bz-field maps and the corresponding simulated field
distributions at selective resonance frequencies for the n = 4
resonator.

���

���

FIG. 9. (a) The transmission characteristic S21 and (b) the
measured Bz-field maps and the corresponding simulated field
distributions at selective resonance frequencies for the n = 8
resonator.

resonance frequencies for the n = 10 and n = 12 res-
onators, respectively. More complex field map patterns at
the intermediate frequencies are observed as the modes
evolve from the E- to the B-dipole fundamental modes.
For the n = 12 resonator, the intermediate mode at 4.678
GHz has a clear quadrupole shape, but an adjacent mode
at 4.787 GHz indicates likely a hexapole character, which
was also confirmed by the COMSOL simulation. Such a

���

���

FIG. 10. (a) The transmission characteristic S21 and (b) the
measured Bz-field maps and the corresponding simulated field
distributions at selective resonance frequencies for the n = 10
resonator.
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FIG. 11. (a) The transmission characteristic S21 and (b) the
measured Bz-field maps and the corresponding simulated field
distributions at selective resonance frequencies for the n = 12
resonator.

hexapole geometry is uniquely supported by this arm
number.

APPENDIX B: MAGNETIC FIELD ALONG THE
AZIMUTHAL DIRECTION

Likewise, we can study the azimuthal dependence of the
magnetic field using the fine-z stage to control the probe
position atop the board surface, as illustrated in Fig. 6.
We calibrate our loop probe at a position much farther
away from the board where the interaction is almost absent
(S21 < −90 dB) and scan back to the board surface (at
∼0.5 mm). As an example, we studied the 4-S, 4-M, and
4-L series and focused on the fundamental E- and B-dipole
modes.

Figures 12(a)–12(c) show the S21 spectrum measured
at selective heights atop the board surface for the 4-S,
4-M, and 4-L boards, respectively. The B-dipole modes
are generally stronger than the E-dipole modes in all three
cases, which is in agreement with their overall mode
profiles.

Figures 12(d)–12(f) plot the z-dependent amplitude for
the E- and B-dipole modes for the three cases. As a
general observation, the E-dipole mode initially decays
rapidly near the board surface, followed then by a much
slower decay, after passing through a small cusp around
∼2–3 mm. The initial decay relates to the center aperture,
and thus is more rapid as the center aperture becomes
smaller; this is due to the fact that the center aperture is
the location where the magnetic fields from all the arms
confluence. On the other hand, the slower decay at the sec-
ond stage pertains to the total magnetic field including the
spiral arm regime.

In addition, the position of the amplitude cusp is higher
as the center aperture is smaller; this feature qualitatively
reflects the “portion” of the total magnetic field that is due
to the center aperture contribution: for smaller center aper-
ture (d), such a portion is also smaller given the same spiral
pattern diameter (D).

The B-dipole mode, on the other hand, exhibits a
different qualitative character. The mode amplitude first
increases a bit with the height distance and peaks around
∼1–2 mm atop the board surface, which is then followed
by a monotonic decay away from the surface. The peak
amplitude is inversely proportional to the aperture size, and
the peak location increases as the aperture size increases.

APPENDIX C: MODELING OF
PHOTON-MAGNON COUPLING

The equations of motion (EOMs) for two coupled har-
monic oscillators [60], with one being driven by a plunger
with constant frequency ω, can be written as

ẍ1 + ω2
1x1 + 2
1ω1ẋ1 − g12x2 = fe−iωt, (C1)

ẍ2 + ω2
2x2 + 2
2ω2ẋ2 − g12x1 = 0, (C2)

where ω1 and ω2 are the resonant frequencies of the res-
onators, 
1 and 
2 are their damping coefficients, and
g is the coupling strength between them. In the above,
x1 and x2 can be expressed as plane waves (x1, x2) =
(A1, A2)e−iωt. Using this representation, along with a nor-
malization, Eqs. (C1) and (C2) can be written in matrix
form as

(
ω2 − ω2

1 + 2i
1ω1ω g12
g12 ω2 − ω2

2 + 2i
2ω2ω

) (
A1
A2

)

=
(

1
0

)
. (C3)

A rotating-wave approximation [61] near the crossing
point can be made, where the detuning �ω � ωc + ωm,
along with the substitution ω̃n = ωn − i
n, which repre-
sents the resonance frequency as a Lorentzian with center
ωn and width 
n. Equation (C3) can now be written as

(
ω − ω̃1 g12

g12 ω − ω̃2

) (
A1
A2

)
=

(
1
0

)
. (C4)

For systems such as the ones modeled in this paper,
where there are many mode interactions, the harmonic
oscillator EOM can be generalized to include up to n(n −
1) interactions, where n is the total number of interacting
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(a) (b) (c)

(d) (e) (f)

FIG. 12. (a)–(c) The measured transmission through a loop probe atop the resonator board at the location of the center disk edge
(maximal coupling) and at selective probe heights z = 1, 3, 5, 7, 9 mm for (a) 4-S (d = 1.0 mm), (b) 4-M (d = 2.0 mm), and (c) 4-L
(d = 3.0 mm). (d)–(f) The corresponding azimuthal (z) dependence of the Bz-field for the fundamental E- and B-dipole modes for the
(d) 4-S, (e) 4-M, and (f) 4-L resonators.

quasiparticles:

ẍ1 + ω2
1x1 + 2
1ω1ẋ1 −

n∑
k=1

g1kxk = fe−iωt. (C5)

An analogous matrix treatment of the system of n quasi-
particle EOMs generates the coupling matrix shown in
Eq. (1).

The remainder of the resonator models are shown in
Fig. 13. For n = 10 and n = 12, the nz = 2 modes split
into two, with the coupling between each mode and the

��� ��� ��� ���

FIG. 13. Additional modeling of photon-magnon coupling using the coupled harmonic oscillator model for (a) second-order
B-dipole, n = 2, (b) B-dipole, n = 4, (c) E-dipole, n = 10, and (d) E-dipole, n = 12.
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associated magnon modes being unequal. Such a feature
was observed in both the experiment and the simulation.
The mode splitting greatly complicates the spectra, but the
model being able to faithfully reproduce the experimen-
tal data is a consequence of the linear harmonic coupling
between each photon and magnon mode.
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