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To enable suppression of two-magnon scattering (TMS) in nanometer-thick Co (ultrathin Co) layers and
realize low-magnon damping in such layers, the magnon damping in ultrathin Co layers grown on various
nonmagnetic seed layers with different surface magnetic anisotropy (SMA) energies are investigated. We verify
the significantly weak magnon damping realized by varying the seeding layer species used. Although TMS is
enhanced in ultrathin Co on Cu and Al seeding layers, the insertion of a Ti seeding layer below the ultrathin Co
greatly suppresses the TMS, which is attributed to suppression of the SMA at the interface between Co and Ti.
The Gilbert damping constant of the ultrathin Co layer on Ti (3 nm), 0.020, is comparable to the value for bulk
Co, although the Co layer thickness here is only 2 nm. Realization of such weak magnon damping can open the
door to tunable magnon excitation, thus enabling coupling of magnons with other quanta such as photons, given
that the magnetization of ultrathin ferromagnets can be tuned using an external electric field.

DOI: 10.1103/PhysRevB.106.174414

I. INTRODUCTION

The magnon, which is a quasiparticle form of a spin wave
and represents the minimum excitation state of the ferromag-
netic ground state, is expected to be used as an information
carrier with low energy consumption because of its long
lifetime [1,2]. Magnons can couple with other quanta and
quasiparticles, e.g., photons and phonons, respectively, and
the interplay between the coupling strengths and relaxation
rates of the magnons and the coupled media enables ex-
ploration of novel quantum technologies. In fact, when the
coupling strength is greater than the relaxation rates of both
the magnon and the coupled medium, a strong-coupling state
can be created that allows superposition of quantum states
between the two quantum systems, i.e., between magnons
and photons [3–5]. Because of the considerable attractiveness
of this strong-coupling state, which allows quantum compu-
tation [6–8], quantum sensing [9–11], and novel spintronic
functions [12,13] to be realized, the coupling of magnons and
photons has been drawing tremendous research attention in
recent decades. When the great potential for use of strong
magnon-photon coupling in quantum computation and novel
spintronics is considered, a capability for reversible and ver-
satile tuning of the coupling strength from weak to strong
becomes quite significant. However, the current obstacle to
the application of magnon-photon coupling is low tunabil-
ity. Indeed, there are some studies aiming to realize tunable
magnon-photon coupling via modulation of photon excitation
[14,15]. However, important to note is that direct control
of a magnon state was demonstrated only via temperature
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control, where tuning of the coupling between magnons ex-
cited in gadolinium iron garnet and photons confined within
a three-dimensional microwave cavity was realized [16]. Al-
though the realization of tunable magnon-photon coupling
was quite noticeable, it is not easy to envisage practical ap-
plications of these temperature-controlled coupling states in
either quantum technologies or spintronics. Therefore, subse-
quent studies to explore the novel processes required to realize
tunable coupling states have been long awaited.

The recent discovery of gate-tunable magnetization in ul-
trathin Co [17,18] and in a few atomic layers of Fe [19] in
addition to gate-tunable spin-orbit interaction (SOI) observa-
tions in ultrathin Pt and Pd layers [20–22] enabled exploration
of new horizons in nanospintronics, because these studies
countered previous understandings in the research field that
the magnetization of ferromagnetic materials cannot be con-
trolled using an electric field and that the magnitude of the
SOI in solids is material specific. Given that application of
a strong electric field enables dense carrier accumulation in
ultrathin solids that also yields efficient modulation of their
Fermi levels, successful modulation of the Fermi level of
an ultrathin ferromagnetic film [17–19] can pave the way
toward realization of magnetic anisotropy modulation, which
would result in modulation of the magnon excitation. There-
fore, magnon excitation in ultrathin ferromagnets represents
the first milestone in the route toward achieving gate-tunable
magnon-photon coupled systems. Although the linewidth of
the ferromagnetic resonance (FMR) of ultrathin ferromagnets,
which provides a good index of the magnon excitation, was
too large (approximately 200 mT [23]), insertion of a Ta
seeding layer beneath the 1-nm-thick Co layer produced a
prominent FMR spectrum with a linewidth of 15 mT [24],
which represents the first demonstration of salient magnon
excitation in ultrathin ferromagnets. However, it should be
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also noted that the Gilbert damping constant α of the Co
(1 nm)/Ta (3 nm) system is not sufficiently small, and consid-
erable effort is still required to suppress α. Because α consists
in principle of three components, i.e., the intrinsic, spin
pumping, and two-magnon scattering (TMS) terms, a fuller
understanding of the interplay among these terms and of how
to suppress each term in an ultrathin ferromagnet is highly
significant.

The magnetization damping was formulated phenomeno-
logically as the Gilbert damping constant α by Gilbert
[25] and has been studied both theoretically and experi-
mentally for several decades [26–29]. In a ferromagnetic
(FM)/nonmagnetic (NM) bilayer, the Gilbert damping con-
stant can be decomposed into three terms as a function of the
FM film thickness tFM, as follows [30]:

α = αint + αSPt−1
FM + βTMSt−2

FM, (1)

where αint, αSP, and βTMS are the thickness-independent
intrinsic damping constant of the FM layer, the damping
constant due to spin pumping, and the TMS coefficient,
respectively. The spin-pumping contribution αSP, which
emerges when the spin current from the FM layer relaxes
in NM materials, was reported to be 0.055 nm for Co/Pt
and 0.026 nm for Fe/Pt [31], and the TMS coefficient βTMS

was reported to be 2.73 ± 0.02 nm2 for Co/Si O2 and 0.41 ±
0.04 nm2 for Co/Pt [32]. Because the contribution of TMS
to magnon damping is proportional to the square of 1/tFM,
this contribution is greatly enhanced in nanometer-thick FMs,
which then hampers the realization of low-magnon damp-
ing in ultrathin FM films. Therefore, suppression of βTMS

is essential to the realization of low-magnon damping in
ultrathin FM films. βTMS is also known to be dependent
on the surface conditions of FM films, including the sur-
face roughness and the surface magnetic anisotropy (SMA)
[33,34]. Therefore, investigation of the correlation between
the TMS-induced damping and the surface state of the
FM film can also provide an invaluable guiding principle
to aid in achieving low-magnon damping in ultrathin FM
films.

In this study, we investigate magnetization damping in
ultrathin Co films equipped with a wide variety of NM seed-
ing layers with different SMA energies, and then verify the
significantly weak magnon damping that occurs in ultrathin
Co by changing the seeding layer species. A scaling relation-
ship between the TMS and the SMA is found that provides
compelling evidence that the SMA governs the physics be-
hind our findings. In addition to the photon relaxation rate
and the magnon-photon coupling strength, the magnon re-
laxation rate of the ultrathin Co layer with the NM seeding
layer is investigated quantitatively using a cavity quantum
electrodynamics system, and potential approaches to realiza-
tion of the strong-coupling states are proposed.

II. EXPERIMENT

SiO2 cap/MgO (2 nm)/Co (tCo)/NM (3 nm) film structures
were prepared on SiO2 substrates to investigate the correla-
tion between the TMS contribution and the uniaxial SMA
field, where the Co thickness tCo ranged from 2 to 20 nm,
and the NM materials were Ti, Cu, and Al, as shown in

FIG. 1. Schematics of the sample structures shown in Table I.
The Co film thickness (tCo) was varied from 2 to 20 nm. The samples
were capped with a 2-nm-thick MgO layer and a 10-nm-thick SiO2

layer for samples 1, 2, 3, and 4.

Fig. 1 and Table I. The Ti, Cu, Al, Co, and MgO layers
were evaporated using electron beam deposition (EB-depo.
in the table), where the deposition pressure was set to be
10−6 Pa. The SiO2 cap and Ta seeding layers were deposited
using radio frequency (rf) magnetron sputtering, where the
base pressure was about 3 × 10−5 Pa. The Ar gas was used
for the excitation of the plasma and the gas flow rate of
Ar was 5 sccm, where the deposition pressure was 0.50
Pa. SiO2 cap/MgO (2 nm)/Co (tCo) films on SiO2 substrates
were also prepared for use as reference samples. To inves-
tigate the correlation between the TMS contributions and
the uniaxial SMA field at the Co/NM interfaces, two de-
pendences of the FMR signal, i.e., its microwave-frequency
and magnetic-field-angular dependences, were investigated.
The microwave-frequency dependence FMR signals was
measured to estimate the Gilbert damping constant by the
broadband FMR measurement using a coplanar waveguide
(CPW). With fixing the microwave frequency, the intensity of
microwave transition was measured by sweeping the external
magnetic field from 0 to 300 mT along the in-plane direc-
tion [see Fig. 2(a)]. Similar measurements were performed
under different microwave frequencies and the microwave-
frequency dependence of the FMR signals was measured,
where the applied microwave frequency was varied from 5 to
15 GHz and the input power was set at 10 dBm. To measure
the angle-dependent FMR spectra, the JES-FA200 electron
spin resonance (ESR) spectrometer (JEOL Resonance Inc.,
Japan) was used, in which the TE011 mode was excited, and
the microwave frequency and power at the output port were
9.12 GHz and 10 dBm, respectively.

The FMR measurement in a TiO2 cavity with a high-
quality factor was performed by using a 2-nm-thick Co
film on the Ta seeding layer to estimate the magnon re-
laxation rate, the photon relaxation rate, and the coupling
strength. A Co (2 nm)/Ta (3 nm) film was deposited on a
1.0 mm × 0.8 mm SiO2 substrate using rf magnetron sput-
tering. Single crystalline TiO2 (rutile) has a high dielectric
constant (ε ∼ 90) [35,36], and the cavity’s quality factor
was reported to be exceed 106 at low temperature [37], and
that at the room temperature is about 104 (see Supplemen-
tal Material A [38]). The dimension of the rutile resonator
in our experiments is ∅ 5.1 mm(outer) × ∅ 1.5 mm (inner) ×
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TABLE I. List of the prepared samples and their preparation methods.

Sample # Stacking order Preparation method

1 SiO2 cap/MgO (2)/Co (tCo)/Ti (3)/SiO2 sub SiO2 cap: Sputter MgO/Co/NM: EB-depo
2 SiO2 cap/MgO (2)/Co (tCo)/Al (3)/SiO2 sub
3 SiO2 cap/MgO (2)/Co (tCo)/Cu (3)/SiO2 sub
4 SiO2 cap/MgO (2)/Co (tCo)/SiO2 sub
5 SiO2 cap/Co (2)/Ta (3)/SiO2 sub SiO2/Co/Ta: Sputter

5.9 mm (height). The sample was set on an AlN-based ce-
ramic rod and a microwave signal was applied from the
Vector Network Analyzer (VNA) through the Cu loop coil
into the rutile cavity, in which the excited mode was TE01δ .
The microwave frequency was swept from 5.6 to 5.7 GHz,
and the microwave power at the output port was −10 dBm.
A magnetic field was then applied along the Co/Ta interface
plane. The S11 parameter was measured, and the frequency
and external magnetic field dependences of the S11 parameter
were then estimated. All measurements were performed at
room temperature.

III. RESULTS AND DISCUSSION

Figure 2(b) shows the frequency dependence character-
istics of the FMR signals from the 20-nm-thick Co sample
with the Cu seeding layer. The frequency dependence of the
half-width at half maximum (HWHM), designated �H , of
the FMR spectra was estimated using the Lorentzian function

FIG. 2. (a) Schematic of the experimental setting used in the
CPW-FMR measurements. The external magnetic field was applied
along the in-plane direction of the samples. (b) Frequency depen-
dence of the FMR signals of Co (20 nm)/Cu, where the frequency
was varied from 5 to 15 GHz. (c) Frequency dependence of the
HWHM in the Co (10 nm)/SiO2, Al, Cu, and Ti sample. (d) Co
thickness dependence of the Gilbert damping constant α for the
samples with the various NM seeding layers and the SiO2 underlayer
(i.e., the reference sample).

[24,39] (see details in Supplemental Material B [38]). The
dependence of �H is known to be expressed using the follow-
ing equation [39]: μ0�H = 2π f α/γ + μ0�H0, where f and
μ0�H0 represent the microwave frequency and the frequency-
independent inhomogeneous linewidth, respectively. Here,
the Gilbert damping constant can be extracted from the
slope of the fitting function, μ0�H = 2π f α/γ + μ0�H0.
The Gilbert damping constant α of this sample was estimated
to be 0.026 ± 0.001, which is comparable to that of bulk Co
[40]. A similar measurement was conducted on the samples
of Co (10 nm)/SiO2, Al, Cu, and Ti, where the microwave-
frequency dependence of the HWHM of these samples is
shown in Fig. 2(c). The Gilbert damping constants of Co (10
nm)/SiO2, Al, Cu, and Ti were estimated to be 0.012 ± 0.001,
0.025 ± 0.001, 0.026 ± 0.002, and 0.018 ± 0.002, respec-
tively. To investigate the dependence of the TMS coefficient
on the nonmagnetic seeding layer species, the Gilbert damp-
ing constants of prepared samples with Ti, Cu, and Al seeding
layers were estimated. Figure 2(d) shows the 1/tCo depen-
dences of the Gilbert damping constants of the samples with
the different NM seeding layers; the corresponding depen-
dence of a reference sample composed of a single ultrathin Co
film deposited on a SiO2/Si substrate is also shown. The TMS
coefficients of the ultrathin Co films with the Ti, Cu, Al, and
SiO2 seeding layers were 0.01 ± 0.07 nm2, 0.35 ± 0.08 nm2,
0.42 ± 0.05 nm2, and 1.93 ± 0.20 nm2, respectively, in the
fitting performed using Eq. (1). Consequently, whereas the
ultrathin Co films with Cu, Al, and SiO2 seeding layers show
large TMS contributions to the magnetization damping, the
corresponding films with Ta and Ti seeding layers show sub-
stantial suppression of the TMS contribution. Note that these
results are consistent with the previously reported result for
realization of low-magnon damping in nanometer-thick Co
films through insertion of a Ta seeding layer [24,41], and more
importantly, low-magnon damping in ultrathin Co films can
also be realized by inserting a Ti seeding layer. Our results
indicate that the combination of FM and NM materials plays a
crucial role in suppressing the TMS. Focusing on the ultrathin
region, the Gilbert damping constants of the 2-nm-thick Co
films with the Ti seeding layer is 0.020, which is approxi-
mately one-fifth of those for the 2-nm-thick Co films with the
Cu and Al seeding layers (0.111 and 0.090, respectively) and
comparable to 0.018 of the Co(20 nm)/Ti sample. Therefore,
suppression of the TMS contribution by insertion of appropri-
ate NM seeding layers leads to the occurrence of low-magnon
damping in nanometer-thick ferromagnetic films.

The βTMS value is known to be proportional to the square
of the SMA field, hSu = 2KSu/MS [33,41], where KSu and
MS are the uniaxial magnetic anisotropy energy and the sat-
uration magnetization, respectively. To understand the NM
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dependence of βTMS, hSu is determined for each ultrathin-
Co/NM interface by estimating the tCo dependence of the
uniaxial magnetic anisotropy field hu while postulating that
the diamagnetization of the Co remains unchanged within the
film thickness region of interest in this study. The hu of an FM
material is dependent on hSu via the thickness of the FM film
and can be described using the following equation:

hu = hVu + hSut
−1
Co , (2)

where hVu is the uniaxial magnetic anisotropy field of a
bulk ferromagnet. An established method to estimate the
hSu of an FM material involves measurement of the angular
dependence of the FMR spectra, which then enables deter-
mination of the effective uniaxial magnetic anisotropy field
heff (= hu − 4πMS). Given that the in-plane magnetization
is realized within the ultrathin Co film, the FMR fre-
quency is expressed using the following equations, including
heff [42]:(

ω

γ

)2

= [μ0Hres cos(
H − 
) − heff cos 2
]

× [μ0Hres cos(
H − 
) + heff sin2
], (3)

μ0Hres sin (
H − 
) + heff

2
sin 2
 = 0, (4)

where ω = 2π f and μ0Hres are the microwave angular fre-
quency and the resonance magnetic field of the FMR signal,
respectively. In addition, 
H and 
 are the angles of the
external magnetic field and the saturation magnetization with
respect to the film plane, respectively, as shown in Fig. 3(a).

H was rotated from 0° to 180°. Figures 3(b) and 3(c) show
the 
H dependence of the FMR spectra for the sample with
the Co (10 nm)/SiO2 structure and the resonance fields of the
Co (10 nm)/SiO2 structure, respectively. Because the sam-
ple had in-plane magnetic anisotropy, the resonance field at
θH = 0◦ was the lowest. The upshift in the resonance field as
a function of θH also supported the in-plane anisotropy of the
ultrathin Co film. By solving Eqs. (3) and (4) self-consistently
via substitution of the measured resonance fields (see details
in Supplemental Material C [38]), the heff of Co (10, 5,
and 3 nm)/SiO2 samples were estimated to be −1.83 × 103,
−1.55 × 103, and −1.08 × 103 mT, respectively, which are
comparable with that of the Co(100 nm)/SiO2 sample [42].
We note that our estimation method is a mathematical method
to find the optimal parameters satisfying Eqs. (3) and (4).
The reason why this approach was introduced is that it is
not easy to identify the FMR field of the Co because sat-
uration magnetization fields of the Co under an application
of perpendicular to the plane magnetic field are too high,
resulting in difficulty in numerical fitting using Eqs. (3) and
(4) (see also Supplemental Material C [38]). Figure 3(d)
shows the complete dataset for the 1/tCo dependence of heff

for the samples with the different NM seeding layers, and
the magnitudes of hSu were determined from the slope of the
linear fitting line to be 0.87 ± 0.23 T nm (Ti), 1.3 ± 0.4 T nm
(Cu), 1.4 ± 0.1 T nm (Al), and 3.23 ± 0.01 T nm (SiO2). As
mentioned earlier, βTMS is proportional to the square of hSu at
the Co/NM interface, and the TMS contribution should thus

be suppressed significantly as the uniaxial SMA field of the
ultrathin Co film is reduced by insertion of the NM seeding
layers. In the next paragraph, we confirm that the TMS can
indeed be suppressed by controlling the SMA field.

As shown in Figs. 4(a) and 4(b), βTMS is proportional to
the square of hSu , i.e., βTMS = CMD(hSu )2, where CMD is the
quantity to be determined based on the roughness of the FM
films [see Eq. (94) in Ref. [31]] [32,33]. CMD was estimated to
be 0.18 ± 0.02 T−2. The surface energy density dependences
of selected NMs on the values of both βTMS and hSu are shown
in Figs. 4(c) and 4(d), respectively, where the magnitude of
the NM surface energy density was cited from Ref. [43]. The
hSu value at the ultrathin Co/NM interface decreases when
the surface energy density of the NM material increases [see
Fig. 4(c)], which is in good agreement with the results shown
in Ref. [43]. Figure 4(d) shows the relationship between βTMS

and the surface energy density of the NM materials, where
βTMS also decreases as the surface energy density of the NM
materials increases. Therefore, we have successfully substan-
tiated the efficient suppression of the TMS of an ultrathin
FM material by tuning its SMA through the selection of
appropriate NM seeding layers. This result indicates that the
uniaxial SMA is dependent on the selection of the NM seeding
layer located below the ultrathin Co film, which plays a sig-
nificant role in the determination of the TMS contribution to
magnon damping in ultrathin Co films. Noteworthy is that the
βTMS and hSu of the sample with SiO2/Co/Ta is also strongly
suppressed, and in fact, the lowest among all of the mea-
sured samples (see Supplemental Material D [38]) because
the Ta has significantly high surface energy density and allows
growth of Co with good crystallography, which is consistent
with the realization of low-magnon damping in 1-nm Co film
on a Ta seeding layer [24]. Albeit direct comparison of the
results on the SiO2/Co/Ta with those on the other samples
fabricated by EB deposition was not conducted because the
SiO2/Co/Ta was fabricated by sputtering (see Table I), the
SiO2/Co/Ta sample is suitable for the following coupling mea-
surements because of its quite low βTMS. Thus, the coupling
measurements of the sample of SiO2/Co(2 nm)/Ta using a
rutile resonator was conducted, which is described in the next
paragraph.

As a first step toward the realization of magnon-photon
strong coupling using ultrathin FM films, measurements to
estimate the coupling strengths of magnons and photons in
addition to their damping were conducted in an ultrathin Co
film on a Ta seeding layer using a rutile resonator with a high-
quality factor. The full width at half maximum, κi, represents
the microwave photon relaxation rate in the rutile resonator,
which was extracted by fitting the microwave-frequency de-
pendence of the input reflection coefficient of the scattering
parameter S11 at each external magnetic field as shown in
Fig. 5(b) where the data is obtained by subtracting linear
and weak background signals from the raw data (see Supple-
mental Material E [38]). The fitting function is expressed as
follows:

S11 = i(ω − ωc ) + κe−κi
2

i(ω − ωc ) − κe+κi
2

, (5)
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FIG. 3. (a) Schematic of the measurement setup used to determine the angular dependence of the FMR signals when using the ESR
apparatus. (b) Angular dependence of the FMR signals of the Co (10 nm)/SiO2 sample. (c) Angular dependence of the resonance fields of the
Co (3, 5, and 10 nm)/SiO2 samples. The broken red line represents the fitting line. (d) Co film thickness dependence of the uniaxial magnetic
anisotropy field hu, where closed lines represent the results obtained using the fitting function hu = hVu + hSu t−1

FM.

where ωc and κe are the resonance angular frequency of
the rutile resonator and the relaxation rate of microwave
photons passing through a coaxial cable connected to the
coil, respectively. Figure 5(c) shows κi as a function of
the external magnetic field, and a clear resonance peak was
observed successfully, even from the 2-nm-thick Co film.
In input-output theory [44,45], κi is expressed using the
following equation (see also the Appendix for a more detailed

description):

κi = κi0 + γm
g2

eff

(ω − ωb)2 + (
γm

2

)2 , (6)

ωb = γ
√

μ0H (μ0H + Meff ), (7)
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FIG. 4. (a) Correlation diagram between the TMS coefficient
βTMS and the square of the SMA field (hSu )2. The broken line in-
dicates the fitting result for the samples with the NM seeding layers.
In the correlation between βTMS and (hSu )2, the blue, red, green, and
black points represent the data points for Co/Ti, Co/Cu, Co/Al, and
Co/Si O2, respectively. (b) The enlarged figure in the block broken
square. Surface energy density dependence of the NM materials
selected as the seeding layers on (c) βTMS and (d) hSu , where the black
broken lines in (c) and (d) show the values of the MgO/Co/SiO2.

where κi0, γm, and ωb are the linewidth without FMR ex-
citation, the relaxation rate of an excited magnon, and the
FMR angular frequency with in-plane magnetization, re-
spectively. The relaxation rate corresponds to the linewidth
of the magnetostatic mode. The red broken line shown in
Fig. 5(c) depicts the fitting result obtained using Eq. (6),
where κi0 = 2π × 22.7 MHz, geff = 2π × 3.88 MHz, and
γm = 2π × 745 MHz. In addition, Meff was estimated to be
0.792 T, which is comparable to the magnitude of the effective
magnetization in an ultrathin Co film [23]. The photon decay
rate in the rutile resonator with the sample was enhanced by
a factor of 20 compared with the rate without the sample
(2π × 1 MHz), which is most likely attributed to microwave
absorption occurring in the metallic sample (see Supplemental
Material A [38]).

The coupling strength between the single spin and the
photon mode can be expressed as g0,Co = g∗

CoμBBzpf/
√

2h̄
(see the derivation in Appendix B), where g∗

Co and Bzpf are
the g factor of Co and the vacuum fluctuation of the mi-
crowave magnetic field in the rutile resonator when applied
to the single spin in the Co atom. Bzpf was estimated to be
5.4 pT, and g0,Co was calculated to be 2π × 133 mHz in a
COMSOL simulation. Since the effective coupling strength is
expressed as geff = g0,Co

√
N [3] and the number of spins in

a 2-nm-thick Co film is calculated to be 6.192 × 1014, the es-
timated effective coupling strength of the 2-nm-thick Co film
in the rutile resonator was estimated to be 2π × 3.31 MHz.

FIG. 5. (a) Schematic of the measurement setup used to perform
the FMR measurements using the rutile cavity. The external magnetic
field was applied in-plane along the sample and the microwave signal
was applied via the coil. (b) Frequency dependence of |S11| at a zero
external magnetic field, where the red line shows the fitting result
obtained using Eq. (5). (c) External magnetic field dependence of κi,
where the red broken line represents the fitting result obtained using
Eq. (6). (d) Color map of |S11| for the external magnetic fields and
microwave frequencies.

The magnon-photon coupling state of rutile resonator and Co
(2 nm)/Ta system is weak, since the estimated parameters
geff , γm, and κi0 fulfills the relation geff < γm, κi0. Figure 5(d)
shows a color map of the |S11| parameter, and indeed, the
magnon-photon hybrid system is in a weak-coupling regime.
Meanwhile, note that the photon mode linewidth was slightly
increased at around the external magnetic field, where a
magnon is excited [see Fig. 5(c)]. Therefore, the microwave
photon and the excited magnon can interact with each other,
yielding an additional decay path for the photon mode. Al-
though estimation of coupling parameters in a weakly coupled
regime in ultrathin metallic films has not been easy so far, our
approach enables one to quantitively estimate the parameters
of such ultrathin films by measuring the additional decay rate
in the three-dimensional resonator with high-quality factor,
which is the significance of this study.

Although it has been realized to provide tunability for the
strong magnon-photon coupling system based on Ye3Fe5O
(YIG) by controlling microwave power [14,15], to control
the magnon-photon coupling state via electric modulation of
a magnon is still a significant challenge, since its realization
expands a border of an application of quantum coupling sys-
tems by means of conventional electronic approaches, such as
that for field-effect transistors. Hence, magnon-photon cou-
pling between magnons excited in ultrathin FM films and
microwave photons can pave the way toward the realization
of a gate-tunable magnon-photon coupling system. To realize
a gate-tunable strong-coupling regime using ultrathin FMs,
weaker and tunable magnon damping enabling tunable cou-
pling strength is required. The TMS contribution in such an
ultrathin FM film can be excluded successfully by inserting Ta
or Ti layers with small SMA fields. In contrast, the intrinsic
contribution αint of Co is still not small enough (∼2.0 × 10−2)
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to realize strong magnon-photon coupling because of the
electron-magnon damping in the Co. Therefore, one pos-
sible approach to circumvent this problem may be to use
a ferromagnetic metal that suppresses the electron-magnon
damping, e.g., Co25Fe75 [28], because the α of this metal
is 2.1 × 10−3. The other potential approach is to introduce
a superconducting inductor-capacitor (LC) circuit. In fact,
although the α value of Ni81Fe19 (Py) is 2.2 × 10−2, which
is comparable to the damping constant of the ultrathin-Co/Ti
sample, strong magnon-photon coupling was realized using
the superconducting LC circuit [13,46]. Combination of the
above approaches enables strong magnon-photon coupling
that is gate tunable to be realized.

IV. CONCLUSION

The TMS phenomenon in ultrathin Co that hampers effi-
cient magnon excitation was examined in this study to allow
the large magnon relaxation that impedes possible strong
coupling of magnons and photons to be suppressed. We
demonstrated successfully that the TMS in ultrathin Co films
can be suppressed greatly by reducing the SMA field of the
Co layer through insertion of Ta or Ti seeding layers. We
also revealed the correlation between TMS in ultrathin Co and
the surface energy density of the NM seeding layers below
the ultrathin Co layer. These findings illustrate the impor-
tance of selecting appropriate NM seeding layers for efficient
suppression of TMS and can provide a guiding principle to
enable realization of low-magnon damping in ultrathin FM
films, where the magnetization and magnon excitation are
gate tunable. In view of the quantum technologies that use
magnon-photon coupling, this study can pave the way toward
the realization of tunable magnon and photon coupling states
by introducing weaker intrinsic magnon damping materials
and systems to allow efficient coupling.
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APPENDIX A: DERIVATION OF THE PHOTON MODE
LINEWIDTH WITH THE COUPLING FMR MODE

In input-output theory [44], the operators that express the
magnon mode, denoted by a, and the resonator mode, denoted

by b, which couple with each other, are given by

da

dt
= −iωca − κi0 + κe

2
a − igb − √

κeain, (A1)

db

dt
= −iωbb − γm

2
b − iga, (A2)

where ωc and ωb are the microwave angular frequency and
the magnon angular frequency, respectively. In addition, g,
γm, κi0, κe, and ain denote the coupling coefficient of the
magnon mode and the resonator mode, the magnon damping
coefficient, the microwave photon damping coefficient, the
decay to the transmission line, and the input operators for the
microwave signal, respectively. The operator expression rotat-
ing with angular frequencies, a = ãe−iωt and b = b̃e−iωbt , are
substituted into Eqs. (A1) and (A2):[

−i(ω − ωc) + κi0 + κe

2

]
ã = −igb̃ − √

κeãin, (A3)[
−i(ω − ωb) + γm

2

]
b̃ = −igã. (A4)

We solve Eq. (A4) for b̃ and substitute the result into
(A3), which gives us the equation for the microwave input
operator and the operator of the resonator mode. By defining
the susceptibility as χ , the result can be calculated using the
following equation:

χ ã = −√
κeãin, (A5)

χ =
[
−i(ω − ωc) + κi0 + κe

2
+ g2

−i(ω − ωb) + γm

2

]
. (A6)

Around ω = ωc, the real part of χ represents the HWHM
of |S11|, and then the damping coefficient of the resonator
mode coupled with the magnon mode can be expressed as κi:

κi = 2Re(χ ) = κi0 + γm
g2

(ωc − ωb)2 + (
γm

2

)2 . (A7)

APPENDIX B: DERIVATION OF COUPLING STRENGTH
BETWEEN SINGLE SPIN IN FERROMAGNET AND

PHOTON MODE

The Hamiltonian of the magnon-photon interaction is ex-
pressed as the following product of magnetic z component
B̂z due to the microwave exciting photon mode TE01δ in the
resonator and the z component of the magnetic moment μ̂z in
the ferromagnet,

H = B̂zμ̂z. (B1)

Here, the z direction is defined along the direction of the
ac magnetic field. The ac magnetic field generated by the
microwave in the resonator is represented as follows:

B̂z = Bzpf (â + â†), (B2)

where Bzpf , â, and â† are the zero-point fluctuation of mag-
netic field in the resonator, and the creation and annihilation
operators of the photon, respectively.

The magnetic moment in the ferromagnet is expressed as
the summation of the contribution of each magnetic spin, Ŝi,
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as shown by μ̂x = gμB
∑

Ŝi. Each magnetic spin operator of
Ŝi in a ferromagnet is expressed by the Holstein-Primakoff
transformation as follows:

Ŝ+
i =

√
2S

(
1 − b̂†

i b̂i

2S

)1/2

b̂i, (B3)

b̂i = 1√
N

∑
k

e−ik·Ri b̂k, (B4)

where b̂i and b̂k are bosonic operators expressing magnon
excitation in the real space and in the wave-vector space,
respectively. The S and N are the number of spins in each
atom and that of atoms in the ferromagnet, respectively. The
excitation numbers of the magnon, b̂†

kb̂k , are assumed to be
sufficiently small and the first order of b̂k remains in Eq. (B3).
In addition, since only the k = 0 magnon mode is excited with
uniform ac magnetic field, Eq. (B3) reduces to the following
equation:

Ŝ+
i =

√
2S/N b̂. (B5)

Here, the magnon mode at k = 0, b̂0, is defined to be the b̂
and each magnetic spin operator is considered to be the same.
Thus, the magnetic moment of the k = 0 magnon mode, μ̂x,
is written as

μ̂x = gμBNŜix = gμBN

2
(Ŝ+

i + Ŝ−
i ) = gμB

2

√
NS

2
(b̂ + b̂†).

(B6)
Finally, Eqs. (B2) and (B6) were substituted into Eq. (B1)

and the magnon-photon coupling Hamiltonian was obtained
by applying the rotating wave approximation,

Ĥ = gμBBzpf√
2

√
NS(â†b̂ + âb̂†) = h̄g0,Co

√
NS(â†b̂ + âb̂†),

(B7)
where g0,Co is defined as the coupling strength between the
single spin in the ferromagnet and the photon mode and de-
scribed as

g0,Co = gμBBzpf√
2h̄

. (B8)

[1] A. V. Chumak, A. A. Serga, and B. Hillebrands, Magnon tran-
sistor for all-magnon data processing, Nat. Commun. 5, 4700
(2014).

[2] K. S. Das, F. Feringa, M. Middelkamp, B. J. van Wees,
and I. J. Vera-Marun, Modulation of magnon spin transport
in a magnetic gate transistor, Phys. Rev. B 101, 054436
(2020).

[3] H. Huebl, C. W. Zollitsch, J. Lotze, F. Hocke, M. Greifenstein,
A. Marx, R. Gross, and S. T. B. Goennenwein, High Coopera-
tivity in Coupled Microwave Resonator Ferrimagnetic Insulator
Hybrids, Phys. Rev. Lett. 111, 127003 (2013).

[4] X. Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, Strongly Cou-
pled Magnons and Cavity Microwave Photons, Phys. Rev. Lett.
113, 156401 (2014).

[5] Y. Tabuchi, S. Ishino, T. Ishikawa, R. Yamazaki, K. Usami,
and Y. Nakamura, Hybridizing Ferromagnetic Magnons and
Microwave Photons in the Quantum Limit, Phys. Rev. Lett. 113,
083603 (2014).

[6] Y. Nakamura, Y. A. Pashkin, and J. S. Tsai, Coherent control
of macroscopic quantum states in a single-Cooper-pair box,
Nature (London) 398, 786 (1999).

[7] X. Zhang, C.-L. Zou, N. Zhu, F. Marquardt, L. Jiang, and
H. X. Tang, Magnon dark modes and gradient memory, Nat.
Commun. 6, 8914 (2015).

[8] M. Elyasi, Y. M. Blanter, and G. E. W. Bauer, Resources of
nonlinear cavity magnonics for quantum information, Phys.
Rev. B 101, 054402 (2020).

[9] Y. Tabuchi, S. Ishino, A. Noguchi, T. Ishikawa, R. Yamazaki,
K. Usami, and Y. Nakamura, Coherent coupling between a
ferromagnetic magnon and a superconducting qubit, Science
349, 405 (2015).

[10] S. P. Wolski, D. Lachance-Quirion, Y. Tabuchi, S. Kono,
A. Noguchi, K. Usami, and Y. Nakamura, Dissipation-Based
Quantum Sensing of Magnons with a Superconducting Qubit,
Phys. Rev. Lett. 125, 117701 (2020).

[11] D. Lachance-Quirion, S. P. Wolski, Y. Tabuchi, S. Kono, K.
Usami, and Y. Nakamura, Entanglement-based single-shot de-
tection of a single magnon with a superconducting qubit,
Science 367, 425 (2020).

[12] H. Maier-Flaig, M. Harder, R. Gross, H. Huebl, and S. T.
B. Goennenwein, Spin pumping in strongly coupled magnon-
photon systems, Phys. Rev. B 94, 054433 (2016).

[13] J. T. Hou and L. Liu, Strong Coupling between Microwave Pho-
tons and Nanomagnet Magnons, Phys. Rev. Lett. 123, 107702
(2019).

[14] O. Lee, K. Yamamoto, M. Umeda, C. W. Zollitsch, M. Elyasi,
T. Kikkawa, E. Saitoh, G. E. W. Bauer, and H. Kurebayashi,
Nonlinear magnon polaritons, arXiv:2201.10889v2.

[15] J. Xu, C. Zhong, X. Han, D. Jin, L. Jiang, and X. Zhang,
Coherent Gate Operations in Hybrid Magnonics, Phys. Rev.
Lett. 126, 207202 (2021).

[16] H. Maier-Flaig, M. Harder, S. Klingler, Z. Qiu, E. Saitoh, M.
Weiler, S. Geprägs, R. Gross, S. T. B. Goennenwein, and H.
Huebl, Tunable magnon-photon coupling in a compensating
ferrimagnet—from weak to strong coupling, Appl. Phys. Lett.
110, 132401 (2017).

[17] K. Shimamura, D. Chiba, S. Ono, S. Fukami, N. Ishiwata, M.
Kawaguchi, K. Kobayashi, and T. Ono, Electrical control of
Curie temperature in cobalt using an ionic liquid film, Appl.
Phys. Lett. 100, 122402 (2012).

[18] D. Chiba and T. Ono, Control of magnetism in Co by
an electric field, J. Phys. D.: Appl. Phys. 46, 213001
(2013).

[19] T. Maruyama, Y. Shiota, T. Nozaki, K. Ohta, N. Toda, M.
Mizuguchi, A. A. Tulapurkar, T. Shinjo, M. Shiraishi, S.
Mizukami, Y. Ando, and Y. Suzuki, Large voltage-induced
magnetic anisotropy change in a few atomic layers of iron, Nat.
Nanotechnol. 4, 158 (2009).

[20] S. Dushenko, M. Hokazono, K. Nakamura, Y. Ando, T.
Shinjo, and M. Shiraishi, Tunable inverse spin Hall effect in

174414-8

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

https://doi.org/10.1038/ncomms5700
https://doi.org/10.1103/PhysRevB.101.054436
https://doi.org/10.1103/PhysRevLett.111.127003
https://doi.org/10.1103/PhysRevLett.113.156401
https://doi.org/10.1103/PhysRevLett.113.083603
https://doi.org/10.1038/19718
https://doi.org/10.1038/ncomms9914
https://doi.org/10.1103/PhysRevB.101.054402
https://doi.org/10.1126/science.aaa3693
https://doi.org/10.1103/PhysRevLett.125.117701
https://doi.org/10.1126/science.aaz9236
https://doi.org/10.1103/PhysRevB.94.054433
https://doi.org/10.1103/PhysRevLett.123.107702
http://arxiv.org/abs/arXiv:2201.10889v2
https://doi.org/10.1103/PhysRevLett.126.207202
https://doi.org/10.1063/1.4979409
https://doi.org/10.1063/1.3695160
https://doi.org/10.1088/0022-3727/46/21/213001
https://doi.org/10.1038/nnano.2008.406


SIGNIFICANT SUPPRESSION OF TWO-MAGNON … PHYSICAL REVIEW B 106, 174414 (2022)

nanometer-thick platinum films by ionic gating, Nat. Commun.
9, 3118 (2018).

[21] S.-I. Yoshitake, R. Ohshima, T. Shinjo, Y. Ando, and M.
Shiraishi, Modulation of spin conversion in a 1.5 nm-thick
Pd film by ionic gating, Appl. Phys. Lett. 117, 092406
(2020).

[22] R. Ohshima, Y. Kohsaka, Y. Ando, T. Shinjo, and M. Shiraishi,
Modulation of spin-torque ferromagnetic resonance with a
nanometer-thick platinum by ionic gating, Sci. Rep. 11, 21779
(2021).

[23] B. Heinrich, J. F. Cochran, M. Kowalewski, J. Kirschner, Z.
Celinski, A. S. Arrott, and K. Myrtle, Magnetic anisotropies
and exchange coupling in ultrathin fcc Co(001) structures, Phys.
Rev. B 44, 9348 (1991).

[24] S. Yoshii, R. Ohshima, Y. Ando, T. Shinjo, and M. Shiraishi,
Detection of ferromagnetic resonance from 1 nm-thick Co, Sci.
Rep. 10, 15764 (2020).

[25] T. L. Gilbert, Classics in magnetics a phenomenological theory
of damping in ferromagnetic materials, IEEE Trans. Magn. 40,
3443 (2004).

[26] Y. Tserkovnyak, A. Brataas, and G. E. W. Bauer, Enhanced
Gilbert Damping in Thin Ferromagnetic Films, Phys. Rev. Lett.
88, 117601 (2002).

[27] L. Liu, T. Moriyama, D. C. Ralph, and R. A. Buhrman, Spin-
Torque Ferromagnetic Resonance Induced by the Spin Hall
Effect, Phys. Rev. Lett. 106, 036601 (2011).

[28] M. A. W. Schoen, D. Thonig, M. L. Schneider, T. J. Silva, H.
T. Nembach, O. Eriksson, O. Karis, and J. M. Shaw, Ultra-low
magnetic damping of a metallic ferromagnet, Nat. Phys. 12, 839
(2016).

[29] H. Hayashi, A. Musha, H. Sakimura, and K. Ando, Spin-orbit
torques originating from the bulk and interface in Pt-based
structures, Phys. Rev. Res. 3, 013042 (2021).

[30] L. Zhu, D. C. Ralph, and R. A. Buhrman, Effective Spin-Mixing
Conductance of Heavy-Metal–Ferromagnet Interfaces, Phys.
Rev. Lett. 123, 057203 (2019).

[31] A. Conca, S. Keller, L. Mihalceanu, T. Kehagias, G. P.
Dimitrakopulos, B. Hillebrands, and E. T. Papaioannou, Study
of fully epitaxial Fe/Pt bilayers for spin pumping by ferro-
magnetic resonance spectroscopy, Phys. Rev. B 93, 134405
(2016).

[32] L. Zhu, L. Zhu, D. C. Ralph, and R. A. Buhrman,
Origin of Strong Two-Magnon Scattering in Heavy-
Metal/Ferromagnet/Oxide Heterostructures, Phys. Rev.
Appl. 13, 034038 (2020).

[33] R. Arias and D. L. Mills, Extrinsic contributions to the ferro-
magnetic resonance response of ultrathin films, Phys. Rev. B
60, 7395 (1999).

[34] A. Azevedo, A. B. Oliveira, F. M. de Aguiar, and S. M.
Rezende, Extrinsic contributions to spin-wave damping and
renormalization in thin Ni50Fe50 films, Phys. Rev. B 62, 5331
(2000).

[35] M. E. Tobar, J. Krupka, E. N. Ivanov, and R. A.
Woode, Anisotropic complex permittivity measurements of

mono-crystalline rutile between 10 and 300 K, J. Appl. Phys.
83, 1604 (1998).

[36] W. A. Huttema, B. Morgan, P. J. Turner, W. N. Hardy, X. Zhou,
D. A. Bonn, R. Liang, and D. M. Broun, Apparatus for high-
resolution microwave spectroscopy in strong magnetic fields,
Rev. Sci. Instrum. 77, 023901 (2006).

[37] K. Hashimoto, K. Cho, T. Shibauchi, S. Kasahara, Y. Mizukami,
R. Katsumata, Y. Tsuruhara, T. Terashima, H. Ikeda, M. A.
Tanatar, H. Kitano, N. Salovich, R. W. Giannetta, P. Walmsley,
A. Carrington, R. Prozorov, and Y. Matsuda, A sharp peak of
the zero-temperature penetration depth at optimal composition
in BaFe2(As1–xPx )2, Science 336, 1554 (2012).

[38] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.106.174414 which contains the absorption
curve of the empty rutile resonator at room temperature, the
estimation method of the Gilbert damping constant by fre-
quency dependence of broadband ferromagnetic resonance, the
evaluation of estimated effective uniaxial magnetic anisotropy,
the correlation between the TMS contribution and the SMA
field of samples with Co/SiO2, the raw data of the parameter
for the rutile resonator with the Co(2 nm)/Ta sample, and the
simulation of the amplitude of the ac magnetic field excited in
the rutile resonator.

[39] R. Ohshima, S. Klingler, S. Dushenko, Y. Ando, M. Weiler,
H. Huebl, T. Shinjo, S. T. B. Goennenwein, and M. Shiraishi,
Spin injection into silicon detected by broadband ferromagnetic
resonance spectroscopy, Appl. Phys. Lett. 110, 182402 (2017).

[40] S. Trudel, O. Gaier, J. Hamrle, and B. Hillebrands, Magnetic
anisotropy, exchange and damping in cobalt-based full-Heusler
compounds: an experimental review, J. Phys. D.: Appl. Phys.
43, 193001 (2010).

[41] L. Zhu, D. C. Ralph, and R. A. Buhrman, Spin-Orbit Torques in
Heavy-Metal–Ferromagnet Bilayers with Varying Strengths of
Interfacial Spin-Orbit Coupling, Phys. Rev. Lett. 122, 077201
(2019).

[42] O. Kohmoto, S. Araki, and C. Alexander, Characterization of
damaged layer using ac surface photovoltage in silicon wafers,
Jpn. J. Appl. Phys. 32, 3962 (1993).

[43] A. J. Lee, A. S. Ahmed, B. A. McCullian, S. Guo, M.
Zhu, S. Yu, P. M. Woodward, J. Hwang, P. C. Hammel,
and F. Yang, Interfacial Rashba-Effect-Induced Anisotropy in
Nonmagnetic-Material-Ferrimagnetic-Insulator Bilayers, Phys.
Rev. Lett. 124, 257202 (2020).

[44] A. A. Clerk, M. H. Devoret, S. M. Girvin, F. Marquardt, and
R. J. Schoelkopf, Introduction to quantum noise, measurement,
and amplification, Rev. Mod. Phys. 82, 1155 (2010).

[45] D. T. Gillespie, The mathematics of Brownian motion and John-
son noise, Am. J. Phys. 64, 225 (1996).

[46] Y. Li, T. Polakovic, Y.-L. Wang, J. Xu, S. Lendinez, Z. Zhang,
J. Ding, T. Khaire, H. Saglam, R. Divan, J. Pearson, W.-K.
Kwok, Z. Xiao, V. Novosad, A. Hoffmann, and W. Zhang,
Strong Coupling between Magnons and Microwave Photons
in On-Chip Ferromagnet-Superconductor Thin-Film Devices,
Phys. Rev. Lett. 123, 107701 (2019).

174414-9

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

https://doi.org/10.1038/s41467-018-05611-9
https://doi.org/10.1063/5.0015200
https://doi.org/10.1038/s41598-021-01310-6
https://doi.org/10.1103/PhysRevB.44.9348
https://doi.org/10.1038/s41598-020-72760-7
https://doi.org/10.1109/TMAG.2004.836740
https://doi.org/10.1103/PhysRevLett.88.117601
https://doi.org/10.1103/PhysRevLett.106.036601
https://doi.org/10.1038/nphys3770
https://doi.org/10.1103/PhysRevResearch.3.013042
https://doi.org/10.1103/PhysRevLett.123.057203
https://doi.org/10.1103/PhysRevB.93.134405
https://doi.org/10.1103/PhysRevApplied.13.034038
https://doi.org/10.1103/PhysRevB.60.7395
https://doi.org/10.1103/PhysRevB.62.5331
https://doi.org/10.1063/1.366871
https://doi.org/10.1063/1.2167127
https://doi.org/10.1126/science.1219821
http://link.aps.org/supplemental/10.1103/PhysRevB.106.174414
https://doi.org/10.1063/1.4983012
https://doi.org/10.1088/0022-3727/43/19/193001
https://doi.org/10.1103/PhysRevLett.122.077201
https://doi.org/10.1143/JJAP.32.3962
https://doi.org/10.1103/PhysRevLett.124.257202
https://doi.org/10.1103/RevModPhys.82.1155
https://doi.org/10.1119/1.18210
https://doi.org/10.1103/PhysRevLett.123.107701



