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Abstract 

 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, insertion 

of 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.   
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I. Introduction 

The magnon, which is a quasi-particle form of a spin wave and represents the minimum 

excitation state of the ferromagnetic 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 exploration 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 

computation [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 versatile 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 tunability. Indeed, there are some studies aiming to realize tunable 

magnon-photon coupling via modulation of photon excitation [14,15]. However, to note is that direct 

control of a magnon state was demonstrated only via temperature control, where tuning of the coupling 

between magnons excited in gadolinium-iron-garnet (GIG) and photons confined within a 

three-dimensional microwave cavity was realized [16]. Although the realization of tunable 

magnon-photon coupling was quite noticeable, it is not easy to envisage practical applications of these 

temperature-controlled coupling states in either quantum technologies or spintronics. Therefore, 

subsequent studies to explore the novel processes required to realize tunable coupling states have been 

long awaited.  
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 The recent discovery of gate-tunable magnetization in ultrathin Co [17,18] and in a few 

atomic layers of Fe [19] in addition to gate-tunable spin-orbit interaction (SOI) observations in 

ultrathin Pt and Pd layers [20–22] enabled exploration of new horizons in nano-spintronics, because 

these studies countered previous understandings in the research field that the magnetization of 

ferromagnetic materials cannot be controlled 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. Therefore, magnon excitation in ultrathin ferromagnets represents the first milestone in the 

route towards 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 (ca. 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 also noted 

that the Gilbert damping constant  of the Co (1 nm)/Ta (3 nm) system is not sufficiently small, and 

considerable effort is still required to suppress . Because  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 phenomenologically as the Gilbert damping 

constant α by Gilbert [25] and has been studied both theoretically and experimentally for several 

decades [26–29]. In a ferromagnetic (FM)/nonmagnetic (NM) bilayer, the Gilbert damping constant 

can be decomposed into three terms as a function of the FM film thickness tFM, as follows [30]: 

𝛼 = 𝛼int + 𝛼SP𝑡FM
−1 + 𝛽TMS𝑡FM

−2,             (1) 
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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/SiO2 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 

damping 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 surface 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 seeding 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 

relationship between the TMS and the SMA is found that provides compelling evidence that the SMA 

governs the physics behind our findings. In addition to the photon relaxation rate and the 

magnon-photon coupling strength, the magnon relaxation rate of the ultrathin Co layer with the NM 

seeding layer is investigated quantitatively using a cavity quantum electrodynamics (QED) system, 

and potential approaches to realization 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 correlation between TMS contribution and the uniaxial SMA field, where the Co 
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thickness tCo ranged from 2 nm to 20 nm, and the NM materials were Ti, Cu, and Al, as shown in 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 investigate the correlation 

between the TMS contributions and the uniaxial SMA field at the Co/NM interfaces, two dependences 

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 coplanar waveguide (CPW). 

With fixing the microwave frequency, the intensity of microwave transition was measured by 

sweeping the external magnetic field from 0 mT and 300 mT along the in-plane direction (see Fig. 

2(a)). The similar measurements were consulted 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 relaxation 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 sputtering. Single crystalline TiO2 (rutile) has a high 

dielectric constant (~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 Supplemental Materials A [38]). 
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The dimension of the rutile resonator in our experiments is Ø5.1 mm (outer) × Ø1.5 mm (inner) × 5.9 

mm (height). The sample was set on an AlN-based ceramic rod and a microwave signal was applied 

from the 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 characteristics 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 ΔH, of the FMR spectra was estimated using the Lorentzian 

function [24,39] (see details in Supplemental Materials B [38]). The dependence of ΔH is known to be 

expressed using the following equation [39]: 𝜇0∆𝐻 = 2𝜋𝑓𝛼 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 = 2𝜋𝑓𝛼 𝛾⁄ + 𝜇0∆𝐻0. The Gilbert damping constant  of this sample was estimated to be 0.026 

± 0.001, which is comparable to that of bulk Co [40]. The similar measurement was conducted to the 

samples of Co (10 nm)/SiO2, Al, Cu and Ti, where the microwave frequency dependence of HWHM of 

these samples are 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, respectively. 

To investigate the dependence of the TMS coefficient on the nonmagnetic seeding layer species, the 

Gilbert damping constants of prepared samples with Ti, Cu, and Al seeding layers were estimated. 

Figure 2(d) shows the 1/tCo dependences of the Gilbert damping constants of the samples with the 

different NM seeding layers; the corresponding dependence of a reference sample composed of a 
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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 substantial 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 

approximately 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 appropriate 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 saturation 

magnetization, respectively. To understand the NM 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
+ ℎSu

𝑡Co
−1,             (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 
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spectra, which then enables determination 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 

frequency is expressed using the following equations, including ℎeff [42]:  

(
𝜔

𝛾
)

2

= [𝜇0𝐻res cos(𝛩𝐻 − 𝛩 ) − ℎeff cos 2𝛩][𝜇0𝐻res cos(𝛩𝐻 − 𝛩 ) 

+ ℎeff sin2 𝛩],             (3) 

𝜇0𝐻res sin(𝛩𝐻 − 𝛩 ) +
ℎeff

2
sin 2𝛩 = 0,             (4) 

where 𝜔 = 2𝜋𝑓 and 𝜇0𝐻res are the microwave angular frequency and the resonance magnetic field 

of the FMR signal, respectively. In addition, 𝛩𝐻 and 𝛩 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). 𝛩𝐻 

was rotated from 0° to 180°. Figures 3(b) and 3(c) show the 𝛩𝐻-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 sample 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 Materials C [38]), the ℎeff of Co (10, 5 and 3 

nm)/SiO2 samples were estimated to be −1.83×103 mT, −1.55×103 mT 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 saturation 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 Materials 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 
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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 Fig. 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 substantiated the efficient suppression of the TMS of an ultrathin FM material by 

tuning its SMA through 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 significant role in the determination of the TMS contribution to magnon damping 

in ultrathin Co films. The 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 measured samples (see Supplemental 

Materials 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 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 measurements because of its quite low  𝛽TMS. Thus, the coupling measurements of the 
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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 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 the rutile resonator with the 

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 dependence 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 Supplemental Materials E [38]). The fitting function is expressed as following equation:  

𝑆11 =
𝑖(𝜔 − 𝜔c ) + 𝜅e−𝜅i

2

𝑖(𝜔 − 𝜔c ) − 𝜅e+𝜅i
2

,             (5) 

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

𝑔eff
2

(𝜔 − 𝜔b)2 + (
𝛾m

2 )
2 ,              (6) 

𝜔b = 𝛾√𝜇0𝐻(𝜇0𝐻 + 𝑀eff),             (7) 

where 𝜅i0, 𝛾m, and 𝜔b are the linewidth without FMR excitation, the relaxation rate of an excited 

magnon, and the FMR angular frequency with in-plane magnetization, respectively. 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 
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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 Materials A [38]). 

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

 𝑔Co
∗ 𝜇B𝐵zpf √2ℏ⁄  (see the derivation in Appendix B), where 𝑔Co

∗  and 𝐵zpf are the g-factor of Co and 

the vacuum fluctuation of the microwave 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 

estimated effective coupling strength of the 2-nm-thick Co film in the rutile resonator was estimated to 

be 2π × 3.31 MHz. 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 following relation, 𝑔eff < 𝛾m , 𝜅i0. 

Fig. 5(d) shows a color map of the |S11| parameter, and indeed, the magnon-photon hybrid system is in 

a weak coupling regime. Meanwhile, the notable is 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. Although estimation of coupling parameters in a weakly coupled regime in 

ultrathin metallic films has not been so far easy, our approach enables quantitively estimating the 

parameters of such ultrathin films by measuring the additional decay rate in the 3D resonator with 

high-quality factor, which is significance of this study. 

Although it has been realized to provide tunability for the strong magnon-photon coupling 

system based on Ye3Fe5O12 (YIG) by controlling microwave power [14,15], to control the 

magnon-photon coupling state via electric modulation of magnon is still a significant challenge, since 

its realization expands a border of an application of quantum coupling systems by means of 

conventional electronic approaches, such as that for field-effect transistors. Hence, magnon-photon 
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coupling between magnons excited in ultrathin FM films and microwave photons can pave the way 

toward 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 coupling 

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) to realize strong magnon-photon coupling because of the 

electron-magnon damping in the Co. Therefore, one possible approach to circumvent this problem 

may be to use a ferromagnetic metal that suppresses the electron-magnon damping, e.g., Co25Fe75 [28], 

because the  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  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 efficient 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 importance 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 
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coupling, this study can pave the way toward 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 rotating with angular frequencies, 𝑎 =  �̃�𝑒−𝑖𝜔𝑡  and 𝑏 =

 �̃�𝑒−𝑖𝜔𝑏𝑡, are substituted into Eqs. (A1) and (A2), 

[−𝑖(𝜔 − 𝜔c) +
𝜅i0 + 𝜅e

2
] �̃� = −𝑖𝑔�̃� − √𝜅e�̃�in,              (A3) 

[−𝑖(𝜔 − 𝜔b) +
𝛾m

2
] �̃� = −𝑖𝑔�̃�.              (A4) 

We solve Eq. (A4) for �̃� 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�̃� = −√𝜅e�̃�in,              (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) 
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Appendix B. Derivation of coupling strength between single spin in ferromagnet and photon 

mode 

The Hamiltonian of the magnon-photon interaction is expressed as the following product of 

magnetic z-component �̂�𝑧 due to the microwave exciting photon mode TE01δ in the resonator and the 

z-component of the magnetic moment �̂�𝑧 in ferromagnet,  

𝐻 =  �̂�𝑧�̂�𝑧.             (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 the following equation, 

�̂�𝑧 = 𝐵zpf(�̂� + �̂�†),             (B2) 

where the 𝐵zpf, �̂�  and �̂�† are zero-point fluctuation of magnetic field in the resonator, creation, and 

annihilation operators of photon, respectively.  

The magnetic moment in the ferromagnet is expressed as the summation of the contribution of 

each magnetic spin, �̂�𝑖 , as shown in the following equation, �̂�𝑥 = 𝑔𝜇𝐵 ∑ �̂�𝑖 . Each magnetic spin 

operator of �̂�𝑖 in ferromagnet is expressed by the Holstein-Primakoff transformation as follows, 

�̂�𝑖
+ = √2𝑆 (1 −

�̂�𝑖
†�̂�𝑖

2𝑆
)

1
2

�̂�𝑖,             (B3) 

�̂�𝑖 =
1

√𝑁
∑ 𝑒−𝑖𝒌⋅𝑹𝑖

𝒌

�̂�𝒌,             (B4) 

where �̂�𝑖  and �̂�𝒌 are bosonic operators expressing magnon excitation in the real space and in the 

wavevector 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 magnon, �̂�𝑘
†�̂�𝑘 , are assumed to be 

sufficiently small and the first order of �̂�𝒌 is remained 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, 

�̂�𝑖
+ = √2𝑆/𝑁 �̂�.             (B5) 

Here, the magnon mode at the 𝒌 = 0, �̂�𝟎, is defined to be the �̂� and each magnetic spin operator is 

considered to be the same. Thus, the magnetic moment of the 𝒌 = 0 magnon mode, �̂�𝑥, is written as, 
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�̂�𝑥 = 𝑔𝜇𝐵𝑁�̂�𝑖𝑥 

=
𝑔𝜇𝐵𝑁

2
(�̂�𝑖

+ + �̂�𝑖
−) 

=
𝑔𝜇𝐵

2
√

𝑁𝑆

2
(�̂� + �̂�†).             (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, 

 �̂� =
𝑔𝜇𝐵𝐵zpf

√2
√𝑁𝑆(�̂�†�̂� + �̂��̂�†) = ℏ𝑔0,Co√𝑁𝑆(�̂�†�̂� + �̂��̂�†),              (B7) 

where 𝑔0,Co is defined as the coupling strength between single spin in ferromagnet and photon mode 

and described as, 

𝑔0,Co =
𝑔𝜇𝐵𝐵zpf

√2ℏ
.             (B8) 
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Table captions 

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 

Table I. Yoshii et al., 
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Figure captions 

Figure 1. Schematics of the sample structures shown in Table I. The Co film thickness (tCo) was varied 

from 2 nm 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. 

 

Figure 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 dependence of 

the FMR signals of Co (20 nm)/Cu, where the frequency was varied from 5 GHz 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). 

 

Figure 3. (a) Schematic of the measurement set-up 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

𝑡FM
−1. 

 

Figure 4. (a) Correlation diagram between the TMS coefficient 𝛽TMS and the square of the SMA field 

(ℎSu
)

2
. The broken line indicates 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/SiO2, 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. 
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Figure 5. (a) Schematic of the measurement set-up 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. 
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Fig. 1 Yoshii et al. 
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Fig. 2 Yoshii et al. 
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Fig. 3 Yoshii et al. 
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Fig. 4 Yoshii et al. 



30 

 

 

Fig. 5 Yoshii et al. 

 


