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Spin Pumping of Magnons Coherently Coupled to a Cavity Dark Mode
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Cavity magnonics provides a versatile platform to tune the photon-magnon interaction bringing about
promising applications for quantum information processing. Here, we implement a metamaterial planar
cavity to suppress the radiative damping by engineering the symmetry of the cavity configuration. Then,
the mode with suppressed radiative damping, i.e., dark mode, is coupled to the magnon mode in a thin
yttrium iron garnet film (5 μm), which is detected by performing the reflection measurements and spin-
pumping experiment. Pronounced anticrossing of the ferromagnetic resonance and the cavity dark mode is
observed, where the largest coupling strength reaches 2.5% of the resonant cavity frequency. In addition,
the spin wave resonances along the thickness direction are identified, which enhances the spin-pumping
signal when they coalesce with the hybridized cavity-magnon-polariton mode. The dark mode excited by
the planar metamaterial cavity leads to an improvement in the coherent manipulation of the spin current.
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I. INTRODUCTION

The coherent information transfer between two subsys-
tems is a prerequisite for quantum information processing,
as it enables storage, transport, and interfacing of quan-
tum states [1–6]. Cavity magnonics [7], as a hybrid sys-
tem, has aroused popularity for its potential application in
such coherent quantum information processing [8–13]. In
cavity magnonics, the ferromagnetic materials character-
ized by the high spin density [14,15] and low damping
[16–19], such as the yttrium iron garnet (YIG) sphere
and film, are utilized to create collective spin excitations
[20,21]. The collective coupling strength (geff) of the exci-
tations out of the spin ensemble is enhanced by the square
root of the number of spins (

√
Ns), i.e., geff ∝ √

Ns [20,22–
24], which enables the coherent coupling between the
magnon mode and the cavity photon mode, manifesting
itself as anticrossing of their dispersions. Rich achieve-
ments have been realized in the hybridized cavity-magnon
system, like non-Hermitian phenomena [25–27], nonlin-
earities [28–32], and cavity-mediated interaction [33–35].
Besides, magnons are widely used in other hybrid systems,
based on magnon-phonon [36–38] and magnon-magnon
[39–41] interactions.
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Experiments in the hybridized cavity-magnon system
were usually performed by measuring the transmission or
reflection [42,43] of the microwave cavity where a YIG
sample was embedded. However, recently, the measure-
ment of the spin-pumping voltage by electrical detection
was demonstrated to be another method to explore the
physics of the hybridized cavity-magnon system [44].
Generally, spin pumping requires ferromagnet and normal
metal heterostructures, such as a Pt strip grown on YIG
filmed gadolinium gallium garnet (GGG) [19]. Under the
illumination of microwaves, a spin current is injected into
the normal metal by the precessing magnetization in the
ferromagnet. Thus, the spin current in the normal metal is
converted into a charge current via the inverse spin Hall
effect (ISHE) [45,46]. Research about the hybrid system
with electrical architecture has promoted the development
of cavity magnonics, typical results including manipula-
tion of the pure spin current coherently coupled with the
cavity [44], nonlocal spin currents’ manipulation in two
YIG/Pt samples [47] as well as coherent spin pumping
in the YIG/Py bilayer [41]. This electrical detection of
spin-pumping voltage [41] enriches the method of study-
ing magnon-magnon coupling physics, which had pre-
viously been studied through transmission or reflection
measurement [39,40].

In order to realize the practical application of spin
pumping in coherently coupled cavity magnonics, the pla-
nar cavity characterized by simple fabrication and easy
integration is preferable to the three-dimension cavity.
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However, the planar cavity is usually open and therefore
has inevitably significant radiative (extrinsic) damping. A
natural question then arises, can one suppress the extrinsic
damping to improve the planar cavity quality.

Motivated by this, we propose a metamaterial planar
cavity that can excite dark mode [48] by introducing sym-
metry breaking of the cavity configuration [48,49], pro-
viding a method to suppress the radiative damping [49].
The metamaterials, famous for their freedom to engineer
the near-field electromagnetic waves, could be regarded as
artificial structures, which are designed and tailored pur-
posely to realize specific functions [50,51]. We study the
interaction between the magnon and the cavity mode by
placing a Pt/YIG bilayer on the metamaterial planar cav-
ity. The mode volume of the dark mode is minor due to
its confinement of electromagnetic field, which enables the
ferromagnetic resonance (FMR) and the dark mode to be
well spatially overlapped. As a result, they are coherently
coupled, with a signature of anticrossing of their disper-
sions shown in the reflection coefficient and spin-pumping
voltage mapping, even though the YIG film is thin. The
largest coupling strength between the dark mode and the
FMR is up to 2.4% of the resonant cavity frequency. With
this thin YIG film, the high-order mode, spin-wave reso-
nance (SWR), is well separated and can thus be identified
in the spin-pumping signal, as the spacing of the successive
SWRs along the thickness direction is inversely propor-
tional to the squared thickness of the YIG film [52]. We
observe that the SWRs enhance the spin-pumping voltage
when they coalesce with the hybridized cavity-FMR mode
at about an on-resonance frequency. Besides, our setup
shows high tunability as the effective magnetic torque can
be manipulated continuously, and thereby the coupling
strength is continuously controlled. Our work shows that
the design flexibility of metamaterial offers compelling
advantages in tailoring the cavity magnonics properties,
providing a method to improve the manipulation of the
spin current in the coherently coupled scenario.

II. THEORETICAL MODEL

Here, we consider a system that mainly incorporates a
thin YIG film and a cavity. For the cavity side, microwave
resonant modes are excited based on the boundary con-
dition. For the YIG film side, when driven by the uniform
alternating magnetic field, conventionally, the fundamental
ferromagnetic mode (Kittel mode) is excited with in-phase
precessing spins [14]. Besides the uniform FMR mode, the
perpendicular standing spin-wave (PSSW) modes appear
along the thickness direction as the magnetization is
pinned at the surfaces of the YIG film [14,52]. The wave
vector of PSSW is perpendicular to the ferromagnetic film
plane, and its wavelength is very short due to the thin film.
Therefore, the exchange interaction dominates over dipolar

interaction for such spin waves [14,53], whose spectrum
can be easily calculated under this condition [14,52].

In such a system, we begin with a model by consider-
ing that the FMR and the SWRs are coupled to a com-
mon cavity mode, and the interaction among the magnons
is ignored. Under a rotating-wave approximation (RWA)
[54], the equivalent total Hamiltonian of such hybridized
cavity-magnon system reads [55,56]

Hsys = �ωcâ†â + �ωM M̂ †M̂ + �G(â†M̂ + M̂ †â)

+
∑

j

�ωmj m̂†
j m̂j +

∑

j

�gj (â†m̂j + m̂†
j â), (1)

where â† (â) stands for the creation (annihilation) oper-
ator of the cavity photon at frequency ωc. M̂ † (M̂ ) and
m̂†

j (m̂j ) are creation (annihilation) operators for the FMR,
and the SWRs at their respective resonance frequency ωM ,
ωmj under the Holstein-Primakoff approximation [57]. G
(gj ) is the coupling strength between microwave photons
and the FMR (SWR). The parameter j is the order of the
SWR.

By adopting the general Langevin equation [54], the
dynamic of the cavity photon mode and the FMR, the
SWRs can be characterized by the following equations:

dâ
dt

= − i
�

[â(t), Hsys] − κ â(t) + √
κbin + √

κcin, (2)

dM̂
dt

= − i
�

[M̂ , Hsys], (3)

dm̂j

dt
= − i

�
[m̂j , Hsys], (4)

where κ represents the extrinsic (radiative) damping of
photon mode, and bin, cin correspond to the respective input
field from port 1, 2. Suppose that the energy is input from
port 1, i.e., cin = 0. In such a case, by substituting Eq. (1)
into Eqs. (2)–(4), the dynamic equation of â, M̂ , m̂j for our
system can be simplified as [56],

d
dt

⎛

⎝
â
M̂
m̂j

⎞

⎠ = −i

⎛

⎝
ω̃c G gj
G ω̃M 0
gj 0 ω̃mj

⎞

⎠

⎛

⎝
â
M̂
m̂j

⎞

⎠ +
⎛

⎝
√

κ

0
0

⎞

⎠ bin,

(5)

where ω̃c = ωc − iγc, ω̃M = ωM − iγM , ω̃mj = ωmj −
iγmj , are the complex frequencies of the cavity, the FMR
and the SWRs, respectively, and γc, γM , and γmj are their
corresponding total damping.

Suppose that the cavity photon mode, the FMR and the
SWRs have time dependence of e−iωt, then the solutions of
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Eq. (5) follow as [56]

â = i
√

κbin

K
, (6)

M̂ = i
√

κbin

K
· G
ω − ω̃M

, (7)

m̂j = i
√

κbin

K
· gj

ω − ω̃mj

, (8)

where K = ω − ω̃c − (G2/(ω − ω̃M )) − ∑
j (g

2
j /

(ω − ω̃mj )). According to the input-output theory [54], the
relation of the input-output field can be described as

bin + bout = √
κ â, (9)

where bout stands for the output field of port 1. Combining
the definition of reflection coefficient S11 = bout/bin and
Eqs. (6) and (9), the microwave reflection coefficient can
be determined

S11 = −1 + iκ
K

. (10)

Since the squared modulus of the magnon mode M and
mj correspond to the spin-current response [58], the total
spin current Is incorporates two components, i.e., IM aris-
ing from the FMR and Imj arising from the SWRs, written
as [56,58]

Is = IM +
∑

j

Imj , (11)

IM = ηM |M |2 = ηM

∣∣∣∣

√
κGbin

K(ω − ω̃M )

∣∣∣∣
2

, (12)

Imj = ηmj |mj |2 = ηmj

∣∣∣∣∣

√
κGbin

K(ω − ω̃mj )

∣∣∣∣∣

2

, (13)

where the parameters ηM and ηmj denote the respec-
tive spin-pumping efficiency of the FMR and the SWRs.
From Eqs. (12) and (13), we can conclude that the spin-
current intensity depends on the coupling nature and the
spin-pumping efficiency of the magnon mode.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental setup and method

1. Planar cavity

We propose a planar cavity with a metasurface, which
can excite a highly confined mode induced by symme-
try breaking. The symmetry breaking of the planar cavity
arises from the asymmetric locations of two identical bent
bars. They are located on each side of two feeding lines
with different separations, i.e., d1 �= d2 (see Appendix A

for the definition of d1 and d2). The dimension of the planar
cavity with the two bent bars printed on a Rogers-5880
substrate [see Fig. 1(a)], is further clarified in Appendix A.

With this symmetry-broken planar cavity, the bright and
dark modes [48,59] are excited at 2.79 and 3.12 GHz,
respectively, as seen in the reflection coefficient spectra
in Fig. 1(b). For the bright mode, the currents in the two
bent bars oscillate in phase [see Fig. 1(c)] and scatter the
electromagnetic field into the free space significantly. In
contrast, for the dark mode, the currents in the two bars
oscillate out of phase [see Fig. 1(d)] with almost the same
amplitude current. This out-of-phase oscillation suppresses
the electric and magnetic dipole radiation of the currents
oscillating in the two bars. Extracted from the bare-cavity
reflection coefficient with the analytical Fano interference
model [60], the radiative damping of the bright and dark
modes are 142.3 and 2.6 MHz, and the intrinsic damping
of the two modes, induced by Ohmic loss, is 1 MHz.

(a) (b)

(c) (d)

(e) (f)

FIG. 1. (a) Sketched structure of the planar cavity with sym-
metry breaking. A pair of copper bent bars (yellow) are printed
on the Rogers-5880 substrate (gray). The microwave is fed to
the cavity via the feeding lines. (b) The orange curve represents
the measured reflection coefficient spectra of the bare cavity. It is
characterized by the radiative bright mode and the confined dark
mode marked by an orange arrow. The dashed blue curve denotes
the simulated reflection coefficient of symmetrically located bent
bars (d1 = d2 = 0.8 mm). The simulated surface currents in the
two bars are (c) in phase and (d) out of phase, representing the
signature of the bright and dark modes, respectively. The simu-
lated alternating magnetic field for (e) bright mode and (f) dark
mode on the top surface of the cavity.
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TABLE I. The quality factors of the frequently applied planar cavities, the corresponding coupled ferromagnets, and the cooperativity
between them.

Resonators κ/2π (MHz)a Quality factor Film thickness (dimension) γM /2π (MHz) Cooperativity

Split ring [61] 92 (@ 4.78 GHz) 26 (YIG sphere) / /
Stripline [56] 10 (@ 4.039 GHz) 200 YIG 83 μm (83 μm × 5 mm × 5 mm) 3.5 52.8
Cross line [62] 880 (@ 4.724 GHz) 2.7 (YIG sphere) / /
Stubline [63] 32 (@ 4.75 GHz) 74 YIG 9 μm (9 μm × 4 mm × 7 mm) 3.25 38.8
ISRRb [64] 74 (@3.7 GHz) 25 YIG 25 μm (25 μm × 3.7 mm × 3.7 mm) 1.18 23
SCRc A [65] 1.05 (@ 5.253 GHz) 2501 Py 10 nm (10 nm × 40 μm × 2 μm) 122 43.3
SCR B [66] 2 (@ 5.069 GHz) 1267 Py 30 nm (30 nm × 14 μm × 900 μm) 178 65
Our cavity 2.6 (@ 3.12 GHz) 433 YIG 5 μm (5 μm × 5 mm × 10 mm) 3.5 445d

aThe radiative damping of the cavity mode at the resonant frequency.
bInverted split ring.
cSuperconducting resonator.
dThe cooperativity is 445 when θ = 0◦.

The large radiative damping of the bright mode originates
from the collective radiation of the dipole, while the small
radiative damping of the dark mode stems from the sup-
pressed radiation of the dipole. The quality factor of the
bright mode is 11, while that of the dark mode is 433.
We compare the quality factors of the frequently applied
planar cavities with that of the dark mode in Table I.
Notably, the quality of the dark mode is the largest except
for the superconducting resonator, which operates only at
low temperatures. This result implies that the dark mode
has an improved quality factor by suppressing the radiative
damping at room temperature.

Due to the suppressed radiation of the dark mode, the
electromagnetic fields are weakly scattered and thus almost
trapped between the two asymmetric bars. Figures 1(e)
and 1(f) show the simulated distributions of alternating
magnetic field intensity of the dark mode and the bright
mode on the surface of the planar cavity, respectively.
The distributions demonstrate that the energy of the dark
mode is highly confined between the two bent bars, lead-
ing to a minor mode volume, which is beneficial to spatial
overlap between the cavity mode and the magnon mode.
This improved spatial overlap can enhance the interaction
between the cavity and the magnon mode.

Significantly, the dark mode is prohibited in a per-
fectly symmetric structure [48,49]. Therefore, it cannot
be excited by a symmetric structure. This can be verified
by the simulated result indicated by the dashed curve in
Fig. 1(b), which shows that the response of the structure
with symmetrically located bars is free from dark mode.
This result also evidences that the excitation of the dark
mode is permitted by symmetry breaking of the cavity
configuration.

2. Reflection measurement and electrical detection

We experiment by applying Pt/YIG heterostructure
where a 5-μm-thick YIG film is grown on (111)-oriented

GGG substrate with dimension 10 mm × 5 mm × 0.5 mm.
In order to implement electrical detection, a Pt stripe is
grown on the YIG with a dimension of 6 mm × 0.5 μm ×
10 nm to form Pt/YIG heterostructure.

We study the interaction between the cavity and the
magnon by putting the sample Pt/YIG/GGG onto the two-
dimensional (2D) microwave cavity. The planar cavity is
connected with VNA via SMA connectors, so that the
microwave reflection is measured as shown in Fig. 2(a).
Due to the spin-pumping effect and ISHE, the pumped
spin currents Is are converted into charge currents, and
thus a spin-pumping voltage V can be detected in the Pt
strip [45,46], with the relation V ∝ Is [56]. The cavity is
fed with microwaves provided by the microwave genera-
tor with an input power of 25 dBm. A lock-in amplifier
is applied to measure the spin-pumping voltage as seen in
Fig. 2(b). Here, the microwave generator is modulated with
a frequency of 8.33 kHz as a reference for the lock in. As
depicted in Fig. 2(a), the static magnetic field generated by
two magnets is along the y axis. The planar cavity can be
rotated in the x-y plane around the z axis, and θ is defined
as the angle between the direction of the static field and the
feeding-line orientation.

B. Reflection and spin-pumping voltage

We first focus on the interaction between the dark mode
and the magnon mode in the case of θ = 90◦, where
the feeding-line orientation is perpendicular to the static
magnetic field, as displayed in Figs. 2(a) and 2(b). For
clarity, the interaction between the bright mode and the
magnon mode, and the comparison of the interaction
behavior between the dark mode and the bright mode when
they are coupled with the magnon mode is discussed in
Appendix C. Under the condition of θ = 90◦, the alter-
nating magnetic field along the z axis is effective on the
nonvanishing magnetic torque, as it is perpendicular to
the static field (see Appendix B). Figure 2(c) shows the
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(a) (b)

(c) (d)

(f)(e)

FIG. 2. Illustration of the experimental setup for (a)
microwave reflection measurement by applying VNA and (b)
electrical detection by applying the lock-in amplifier technique
in which the cavity is fed by a microwave generator. FLO is
the abbreviation of feeding-line orientation. Experimental (c)
reflection coefficient mapping and (d) spin-pumping voltage
mapping of the hybridized cavity-magnon system when θ = 90◦.
(e),(f) are corresponding calculated reflection coefficient and
spin-current mapping for the hybridized cavity-magnon system,
respectively. The identified SWRs are numbered in (c)–(f).
The dispersion of the hybridized cavity-FMR is plotted with
green dashed curves in (c)–(f) as visual guidance, which is
marked with ω+ and ω−. Here, the linewidth of the FMR is
γM /2π = 3.5 MHz and of the SWR is γmj /2π = 1.5 MHz. The
coupling strength of the high-order SWRs is gj = G/j [67,68].

mapping of the reflection coefficient when θ = 90◦, which
is plotted as a function of the frequency detuning �ω =
ω − ωc and field detuning �H = ωM − ωc. An obvious
anticrossing of the dispersions of two modes has been
observed when the dark mode is hybridized with the FMR,
demonstrating the coherent coupling between the FMR and
the dark mode. The coupling strength of the cavity dark
mode and the FMR is G/2π = 31.2 MHz. Therefore, the
cooperativity is C = G2/(γcγM ) ≈ 77, much larger than 1,
further confirming the coherent coupling between the FMR
and the dark mode.

Next, we turn to the spin-pumping voltage, the electri-
cally detected response as described in Fig. 2(d). The main
anticrossing in the mapping of the spin-pumping voltage
originates from the coherent coupling of the dark mode
and the FMR. However, the coherently coupled mode

generates modest spin-pumping voltage due to the low
spin-pumping efficiency of the FMR [56,67].

Besides the fundamental mode FMR, the additional
high-order SWRs along the thickness direction can be
resolved in the spin-pumping mapping. As the separa-
tion of successive SWRs (�ωm) is inversely propor-
tional to the squared thickness of YIG film (d) [52], i.e.,
�ωm ∝ (1/d)2, the SWRs are well separated by using the
thin film, with spacing ωm9 − ωm7 = 0.031 MHz, ωm11 −
ωm9 = 0.0383 MHz, respectively. The above spin waves
numbered j = 7, 9, and 11 are denoted in Fig. 2(d). With
this numbering, the resonant fields of the SWRs approxi-
mately abide by the anticipated rule of |ωmj − ωm1 | = j 2

[14,22]. Here only odd-numbered modes can be excited
due to the selection rule [52,67]. As portrayed in Fig. 2(d),
the spin-pumping voltage is enhanced when the SWRs
coalesce with the hybridized cavity-FMR mode with ω+
dispersion [56]. The coalescence occurs at about on-
resonance frequency, i.e., ω − ωc < G. In order to estimate
the magnification induced by the SWR, we compare the
maximal spin-pumping voltage induced by 11th SWR V11
to that of point A (indicated by the green circle) VA. Point
A and 11th SWR have opposite detuning �H . Our estima-
tion result is V11/VA = 2, implying a twofold enhancement
of the spin-pumping signal induced by the SWR. The
enhancement induced by the SWRs compensates for the
modest spin-pumping signal generated by cavity-magnon-
polariton mode, indicated by the green arrow in Fig. 2(d),
and thus benefits coherent manipulation of the spin current.

Additionally, we can observe unidentified hybridized
SWRs at a field higher than the FMR indicated by a
white arrow in Fig. 2(d). These unidentified SWRs can
be resolved by reducing the input power to 10 dBm
(see Appendix D). They may arise from dipolar inter-
action, such as magnetostatic backward volume modes.
When such SWRs coalesce with the hybridized cavity-
FMR mode with dispersion ω−, the spin-pumping voltage
is enhanced.

The behaviors of the hybridized system, including the
SWRs, the FMR and the cavity mode, are simulated as
shown in Figs. 2(e) and 2(f). The reflection coefficient
mapping and spin-current mapping are reproduced with
Eqs. (10) and (11), respectively. The simulated FMR to
SWRs pumping efficiency ratio is ηM : ηm7 : ηm9 : ηm11 :
ηu = 1 : 7 : 3 : 2 : 1 (ηu is the spin-pumping efficiency
of the unidentified SWR), which implies that the spin-
pumping efficiency of the FMR is low.

Then, we set the angle θ = 0◦ by aligning the feeding-
line orientation parallel to the static magnetic field. Under
this condition, the dark mode and the FMR are coher-
ently coupled with a stronger coupling strength G/2π =
74.9 MHz, compared with the scenario of θ = 90◦. The
coupling strength is as much as 2.4% of the resonant
frequency, near the ultrastrong coupling regime [43,69].
For this configuration, besides the alternating magnetic
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field along the z axis, the alternating magnetic field in
the x-y plane is also perpendicular to the static field (see
Appendix B). This additional effective alternating mag-
netic field results in increased torque exerted on the mag-
netization, and therefore the significantly enhanced inter-
action strength between the dark mode and the FMR. The
cooperativity is C = G2/(γcγM ) ≈ 445 when θ = 0◦. As
shown in Table I, even though the applied YIG film is thin-
ner (or has a smaller volume) than elsewhere [56,63,64],
the interaction between the dark mode and the FMR can
reach much larger cooperativity. As the FMR dampings
differ slightly (see Table I), this superior cooperativity
arises dominantly from the advantages of the cavity dark
mode, which enhances the magnetic torque and therefore
the coupling strength, and also suppresses the radiative
damping.

As shown in Figs. 3(a) and 3(b), many nonuniform spin-
wave modes are located at the center of the anticrossing,
as they are weakly coupled to the cavity mode [70]. These
modes with small spacing may originate from the inhomo-
geneity of the sample [71] or the gradient of the magnetic
field [72,73].

C. High tunability

The coupling strength between the dark mode and the
FMR could be continuously manipulated in our device by
changing the effective magnetic torque. When the cavity
together with YIG film is rotated around the z axis from
θ = 0 to 90◦, the effective magnetic torque decreases, lead-
ing to continuously decreasing coupling strength between
the dark mode and the FMR, with approximate cos θ

dependence [see Fig. 4(a)]. It is notable that the coupling
strength will not vanish, with minimal coupling strength
G = 31.2 MHz as marked by an orange arrow in Fig. 4(a).
This coupling strength behavior differs from the result in
Ref. [74] where the minimal coupling strength approaches
0. As tuning the angle θ from 0 to 90◦, the magnetic torque
induced by the alternating magnetic field in the x-y plane

(a) (b)

FIG. 3. In the case of θ = 0◦, (a),(b) are the experimen-
tal reflection coefficient and spin-pumping voltage mapping of
the hybridized cavity-magnon system, respectively. The green
dashed curves are the calculated dispersion of the hybridized
cavity-FMR system. The horizontal and inclined white dashed
lines are dispersions of the bare cavity and the FMR, respectively.

(a) (b)

FIG. 4. (a) The coupling strength between the dark mode and
the FMR as a function of angle θ plotted with blue symbols. The
solid blue line represents the fitted result with the scaling rule
G = (G0 − Gi) cos θ + Gi, where G0 (Gi) is the fitted coupling
strength at θ = 0 (θ = 90)◦. An orange arrow denotes the cou-
pling strength at θ = 90◦. (b) By continuously tuning the angle
θ from 0 to 90◦, the interaction between the dark mode and
the FMR remains in the strong coupling regime (plotted with
logarithmic coordinates).

decreases, while, the magnetic torque induced by the alter-
nating magnetic field along the z axis remains unchanged.
This unchanged magnetic torque leads to nonvanishing
coupling strength.

Based on the relative strength of G/γc and G/γM , four
coupling regimes are classified as seen in Fig. 4(b). If
the coupling strength can overcome all the loss, i.e., G >

γc, G > γM , two subsystems are coherently coupled with
a signature of anticrossing. The case of γM < G < γc,
γc < G < γM , G < γM , and G < γc, correspond to mag-
netically induced transparency (MIT), Purcell effect (PE),
weak coupling (WC) regime, respectively [43]. When the
coupling strength is manipulated continuously, the interac-
tion between the dark mode and the FMR remains in the
strong (coherent) coupling regime [see Fig. 4(b)], despite
the fact that the applied YIG film is thin. This coupling
behavior arises from two factors: (1) the effective alternat-
ing magnetic field of the dark mode has two directions,
i.e., in the x-y plane and along the z axis (see Appendix B),
contributing to the nonvanishing and continuously manip-
ulated magnetic torque and therefore coupling strength;
(2) the dark mode is confined with a small mode volume
and a suppressed radiative damping, enabling the coherent
coupling between the dark mode and the FMR.

IV. CONCLUSIONS

To summarize, a planar metamaterial cavity is designed
to suppress radiative damping by breaking the symme-
try of the cavity geometry. With the high-quality planar
cavity, even a thin YIG film is allowed to realize coher-
ent coupling between the planar cavity mode (dark mode)
and the FMR, whose coupling strength can reach as much
as 2.5% of the resonant frequency. With the applied thin
film, the high-order mode, i.e., SWRs along the thick-
ness direction are well separated and therefore identified.

014075-6



SPIN PUMPING OF MAGNONS COHERENTLY... PHYS. REV. APPLIED 19, 014075 (2023)

The enhancement of the spin-pumping signal is realized
at about on-resonance frequency when the SWR coalesces
with the hybridized cavity-FMR mode. Our work demon-
strates that the design flexibility of metamaterials offers
compelling advantages in engineering the properties of the
magnetic field, and thus provides promising freedom in
the coordination of the cavity magnonics. The method of
suppressing the radiation of cavity mode gives rise to an
improvement in the coherent manipulation of spin current,
which may be useful for quantum information processing
in the future [75].
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APPENDIX A: THE DIMENSION OF THE PLANAR
CAVITY

The planar cavity with detailed dimensions is sketched
in Fig. 5(a). It mainly consists of a pair of bent copper bars,
printed on the 50 mm × 50 mm × 1.524 mm Rogers-5880
substrate. Two feeding lines are located at the left and right
sides of the substrate, respectively. Two bent copper bars
are located at the upper and lower sides of the feeding
lines with different separations (d1 = 0.8, d2 = 1.2 mm).
Therefore, the asymmetry of the cavity configuration is
introduced. The substrate is coated with 0.035-mm-thick
copper on the bottom layer as grounding.

APPENDIX B: THE MAGNETIC TORQUE

The Pt/YIG/GGG structure is flipped over and fixed
on the planar cavity in our setup as seen in Figs. 2(a)
and 2(b). When θ = 90◦, the effective alternating magnetic
field contributing to the magnetic torque is along the z axis
as seen in Fig. 5(b). The alternating magnetic field in the
x-y plane is negligible as it is parallel to the static mag-
netic field. When θ = 0◦, additional alternating magnetic
in the x-y plane contributes to the magnetic torque as it is
perpendicular to the static field [see Fig. 5(c)].

APPENDIX C: COMPARISON BETWEEN DARK
MODE AND BRIGHT MODE

The reflection coefficient mappings in the vicinity of the
bright-mode resonant frequency are shown in Figs. 6(a)

(a)

(b)

(c)

FIG. 5. (a) The dimensions of the planar metamaterial cavity
with top projection (unit: mm). (b) When θ = 90◦, the effective
alternating magnetic field contributing to the magnetic torque
is along the z axis. However, the alternating magnetic field in
the x-y plane is ineffective (not plotted) as it is parallel to the
static magnetic field. (c) When θ = 0◦, apart from the alternat-
ing magnetic field along the z axis, the alternating magnetic field
in the x-y plane (perpendicular to the static magnetic field) also
contributes to the magnetic torque. The three-layer structure in
(b),(c) is Pt/YIG/GGG (from top to bottom).

and 6(b). At θ = 90◦, the dispersions of the bright mode
and the magnon mode almost crosses, while, at θ = 0◦, the
dispersions of the two modes seem to anticross. However,
the two modes resulting from interaction are not well sep-
arated, as when θ = 0◦ the coupling strength between the
bright mode and the magnon mode is 67 MHz, which is
smaller than the bright-mode damping 143.3 MHz. There-
fore, the interaction between the bright mode and the
magnon mode is still weak coupling when θ = 0 and 90◦.

Besides, the interaction behaviors of the dark modes
and the bright mode reflected in the mappings of the spin-
pumping voltage, where the frequency range covers both
the cavity dark mode and bright mode at both θ = 0 and
90◦, are shown in Figs. 6(c) and 6(d). The dispersion
of the cavity bright mode intersects that of the magnon
mode at both θ = 0 and 90◦. This feature implies that the
bright mode and the magnon mode are weakly coupled.
When θ = 0◦, the dispersion behavior in voltage mapping
is different from that in the reflection coefficient mapping,
where the dispersions of the bright mode and the magnon
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(a) (b)

(c) (d)

FIG. 6. The measured reflection coefficient mapping in the
vicinity of the bright-mode resonant frequency at (a) θ = 90
and (b) θ = 0, respectively. The measured spin-pumping volt-
age mapping, at (c) θ = 90 and (d) θ = 0◦, respectively. Here,
the frequency range covers both the dark and bright modes. The
areas which are boxed with white and blue dashed lines in the
mappings (c),(d) correspond to the interaction between the dark
mode and the magnon mode, same as Figs. 2(d) and 2(b). The
white and dark dashed curves and lines denote the dispersions.
The selective color of the dispersion lines and curves is based on
the purpose of distinguishing the dispersion from the mapping.

mode seem to anticross though the coupling strength is
smaller than the damping of the cavity bright mode. This
means that this kind of weak coupling, whose coupling
strength is large while it still can not overcome the mode
damping of the subsystem, is not well reflected by elec-
trical detection and its reason remains to be explored.
However, the strong-coupling feature can be detected by
the reflection and the spin-pumping electrical measure-
ment [44]. Both measurements show the signature of the
strong coupling, i.e., the anticrossing of the dispersions of
two coupled modes.

In contrast to the bright mode, we clearly observe an
anticrossing of the dark mode and the magnon mode at
both θ = 0 and 90◦, with larger separation at θ = 0◦,
both in the reflection coefficient and spin-pumping voltage
mapping [see Figs. 2(c) and 2(d), 3(a) and 3(b) and 6(c)
and 6(d)]. In this case, the coupling strength exceeds both
the dampings of the magnon mode and the cavity dark
mode, and thus the interaction between the dark mode and
the magnon is strong coupling, as clarified in Sec. III. As
we demonstrate in Sec. III, the dark mode is localized with
small mode volume, leading to large coupling strength and
small extrinsic damping, while, the bright mode is radia-
tive with large mode volume, resulting in weak coupling
strength and large extrinsic damping. These disparities

FIG. 7. (a) The measured spin-pumping voltage mapping of
the hybridized cavity magnon system when the input microwave
power is reduced to 10 dBm at θ = 90◦.

account for the strong coupling between the dark mode
and the magnon mode, and the weak coupling between the
bright mode and the magnon mode.

APPENDIX D: THE SPIN-PUMPING VOLTAGE
MEASURED WITH LOW INPUT POWER

Under the low input power, the hybridized cavity-FMR
mode with dispersion ω− is resolved by the evident splits
(boxed with blue dashed lines), which stems from the
coalescence of the SWRs and the hybridized cavity-FMR
mode with dispersion ω− as seen in Fig. 7(a).
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