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Abstract 

We present the results of broadband ferromagnetic resonance studies on bilayers comprised of 

Finemet thin films covered by Pt and Ta wedge layers with the aim to observe spin pumping 

effects and to evaluate both the real and imaginary parts of the spin mixing conductance. 

The obtained experimental results are analyzed in the framework of a recent microscopic 

theory of spin pumping effects and confirm the important role of spin-orbit interactions 

at interfaces between Finemet and nonmagnetic heavy metal such as Pt and Ta. In particular, 

we show that the imaginary part of spin mixing conductance has comparable value to the real 

part and discuss its influence on magnetization dynamics. 

 

  



I. INTRODUCTION 

 

Spin current flow across ferromagnet (FM)|non-magnetic metal (NM) is involved in 

spin pumping effects and leads to enhanced magnetization damping and a renormalized 

gyromagnetic ratio 𝛾. The spin pumping effects can be detected by measuring the effective 

Gilbert damping constant or the spin transfer torque [1,2]. While an enhancement of the 

Gilbert damping constant due to spin pumping has been extensively studied enabling 

evaluation of the real part of spin mixing conductance Re[𝑔𝑒𝑓𝑓
↑↓ ] [3], changes of the 

gyromagnetic ratio (or the frequency of ferromagnetic resonance) were only scarcely 

mentioned since the imaginary part of spin mixing conductance Im[𝑔𝑒𝑓𝑓
↑↓ ] is regarded 1-2 

order of magnitude smaller than the real part [4]. However, in the very first ferromagnetic 

resonance (FMR) experiment by Mizukami et al. [5] concerning the spin pumping effects, 

apparent changes in the gyromagnetic ratio (or the g-factor) were observed experimentally 

without comprehensive explanation. 

From among few reports discussing the changes of the resonance field (or a “fieldlike” 

torque) in the context of spin pumping effects, it is worth to list a few in which either a field-

shift or Im[𝑔𝑒𝑓𝑓
↑↓ ] were mentioned. By analyzing spin-orbit torque and spin pumping in 

NiFe|Pt bilayers, Nan et al. demonstrated that Re[𝑔𝑒𝑓𝑓
↑↓ ] = 2.2 × 1015𝑐𝑚−2 is only 3.7 times 

larger than Im[𝑔𝑒𝑓𝑓
↑↓ ] = 0.6 × 1015𝑐𝑚−2  [6]. They, however, have found that an additional 

contribution to damping at the NiFe|Pt interface distincts from the spin pumping. Sun et al. 

have found that a strong damping enhancement in YIG|Pt bilayers is accompanied by a shift 

in the resonance field [7]. They concluded that the spin pumping effects may originate 

partially from ferromagnetic ordering due to the magnetic proximity effect in Pt atomic layers 

near the interface. However, they have not linked the resonance field shift with Im[𝑔𝑒𝑓𝑓
↑↓ ]. 

An elegant interpretation of the imaginary part of the spin mixing conductance generated by 

FM insulators with exchange-coupled local moments at the interface to a metal has been 

recently proposed by Cahaya et al. [8]. They assumed that a coherent motion of the proximity 

RKKY spin density (for example in Pt) is locked to the precessing magnetization of the local 

moments leading to a renormalization of the effective magnetic field. Moreover, for current-

induced spin-orbit torques it was shown that the real part of the spin mixing conductance 

contributes to the damping-like torque while the imaginary part contributes to the field-like 

torque [9]. It is also important to point out that the field-like torque become lately the subject 

of discussion since experimental results concerning spin pumping systems suggested that it 



may play decisive role governing magnetization dynamics, although the values of Im[𝑔𝑒𝑓𝑓
↑↓ ] 

were not determined from the requisite measurements [10]. 

 

II. MICROSCOPIC ANALYSIS OF SPIN PUMPING 

Recently, a consistent analysis of spin pumping has been presented by Tatara and 

Mizukami [11] for both metallic and insulating ferromagnets. Let us summarize briefly the 

main results of their analysis. In the scattering approach the spin current pumped by FMR 

results in modification of the Gilbert damping coefficient 𝛼 and the gyromagnetic ratio 𝛾 

via spin mixing conductance [12,13]: 

 �̃� = 𝛼0 +
𝑎3

4𝜋𝑆𝑑𝐹
Re[𝑔𝑒𝑓𝑓

↑↓ ] (1) 

and 

 �̃� = 𝛾0(1 −
𝑎3

4𝜋𝑆𝑑𝐹
Im[𝑔𝑒𝑓𝑓

↑↓ ])−1, (2) 

where 𝑎 is the lattice constant, 𝑆 is the magnitude of the localized spin, 𝑑𝐹 is the thickness of 

the ferromagnet. As 𝑎3/(4𝜋𝑆) = ħ𝛾0/4𝜋𝑀𝑆 and 𝛾0 = 𝑔0𝜇𝐵/ħ, where 𝑀𝑆 is the saturation 

magnetization, ħ is the reduced Planck constant and 𝜇𝐵 is the Bohr magneton, Eqs. (1) and (2) 

can be rewritten to 

 𝛿𝛼 = �̃� − 𝛼0 =
𝑔0𝜇𝐵

4𝜋𝑀𝑆𝑑𝐹
Re[𝑔𝑒𝑓𝑓

↑↓ ] (3) 

and  

 𝛿𝑔/𝑔0 = (�̃� − 𝑔0)/𝑔0 ≅
𝑔0𝜇𝐵

4𝜋𝑀𝑆𝑑𝐹
Im[𝑔𝑒𝑓𝑓

↑↓ ]. (4) 

Hence, 

 
𝛿𝛼

𝛿𝑔/𝑔0
≅

Re[𝑔𝑒𝑓𝑓
↑↓ ]

Im[𝑔𝑒𝑓𝑓
↑↓ ]

 (5) 

and the ratio of Re[𝑔𝑒𝑓𝑓
↑↓ ] to Im[𝑔𝑒𝑓𝑓

↑↓ ] can be easily estimated from the spin-pumping 

experiments. 

In the microscopic analysis, the magnetization dynamics is derived by evaluating 

the spin accumulation in a nonmagnetic metal as a result of interface hopping. One of the 

main consequences of the analysis [11] is an approximation of enhancement of the Gilbert 

damping constant: 

 𝛿𝛼~
𝑎

𝑑𝐹

1

𝜖𝐹
2 𝑡↑

0̃𝑡↓
0̃ (6) 



with the so-called hopping amplitudes 𝑡↑
0̃ and 𝑡↓

0̃, which have unit of energy. 𝜖𝐹  is the Fermi 

energy. Similarly, the change in the g-factor due to spin pumping can be rewritten from Eq. 

(84) in Ref. [11] to 

 
𝛿𝑔

𝑔0
~

𝑎

𝑑𝐹

1

𝜖𝐹
2 �̃�𝑥𝑧(𝑡↑

0̃ + 𝑡↓
0̃), (7) 

where �̃�𝑥𝑧 is a coefficient having the unit of energy representing the interface spin-orbit 

interaction. Equation (7) suggests that a high value of 𝛿𝑔/𝑔0 is expected if strong interface 

spin-orbit interaction exists. Therefore, the ratio 𝛿𝛼/(𝛿𝑔/𝑔0), which is accessible 

experimentally, can be approximated by 

 
𝛿𝛼

𝛿𝑔/𝑔0
≅

𝑡↑
0̃𝑡↓

0̃

�̃�𝑥𝑧(𝑡↑
0̃+𝑡↓

0̃)
. (8) 

However, the ratio 𝑡↑
0̃/𝑡↓

0̃ is not known a’priori so that we have to make a reasonable 

approximation by assuming that 𝑡↑
0̃ + 𝑡↓

0̃ = 𝑡̅ and 𝑡↑
0̃ = (1 − 𝑛)𝑡̅, 𝑡↓

0̃ = 𝑛𝑡̅, where 𝑛 is 

a number from the range of 0.1 … 0.9. Hence the expression (8) may be roughly 

approximated as 

 
𝛿𝛼

𝛿𝑔/𝑔0
≅ 0.2

�̅�

�̃�𝑥𝑧
 (9) 

for 𝑛 = 0.3, which is chosen as a mean number. 

 

III. SAMPLES STRUCTURE AND METHODS 

 

To verify and experimentally examine the main results of the microscopic theory we 

fabricated F|NM bilayers using Fe66.5Cu1Nb3Si13.5B6Al7 (Finemet, F) for the ferromagnetic 

layer and Pt, Ta as a nonmagnetic metal (NM). Instead of commonly employed Permalloy 

films, we extensively used Finemet as a ferromagnet for the following reasons: (i) exceptional 

smoothness of Finemet surfaces [14]; (ii) smaller Gilbert damping constant in comparison to 

Permalloy [15,16]; (iii) relatively small inhomogeneous linewidth 𝛥𝐻0 of 3-6 Oe indicating 

low density of defects [14].The Finemet films with different thicknesses were deposited at 

room temperature by pulsed laser deposition (base pressure of 8×10
−8

 mbar) on naturally 

oxidized Si substrates and covered in situ with wedge-shaped capping layers of Pt or Ta 

(0 <  𝑑𝑁𝑀  <  7 nm) using RF magnetron sputtering. The nominal thicknesses of Finemet: 

𝑑𝐹 = 10, 15, 20, 30, 40 nm for the Pt cover layer and 2, 3.5, 5, 10 nm for Ta cover layer, were 

confirmed with X-ray reflectivity measurements, while thickness profiles of the NM capping 

layer were additionally verified using the energy dispersive spectroscopy in a scanning 



electron microscope. Atomic force microscopy measurements of Finemet surface yielded 

RMS roughness of 0.1 nm that is typical for amorphous films. 

In order to determine structural properties of the films we conducted HR-TEM 

experiments and grazing incident X-ray diffraction. As shown in electron diffraction pattern 

(SAED) in Fig 1. (a), a diffuse ring marked in yellow is observed, indicating only the small 

occurrence of nanocrystalline or amorphous phase in the Finemet film. Apart from substrate 

peaks, reflections corresponding to a gold layer are visible, with which Finemet film was 

coated before the preparation of a cross-section by focused ion beam. The amorphous band 

corresponds roughly to the interplanar distance of 0.2±0.1 nm as presented in Fig. 1. (b), 

which was extracted by using rotational average of the Digitalmicrograph™, Diff tools  

 

 

Fig. 1 (a) Low magnification scanning electron image of Finemet control layer (25 nm) coated ex-situ with Au 

for cross-section preparation, and the corresponding SAED pattern including both the substrate and the Au 

covering film (bottom panel). Dashed red arrow shows the direction of the profile taken from the rotational 

averaging, displayed in (b). The profile image shows the clear position of Finemet (d = 0.2 nm) plus the highly 

intense Si peaks. Finally, (c) and (d) shows the GiXRD spectra of Finemet (30nm) | Pt (6nm) and 

Finemet (10nm) | Ta (6nm) respectively, where the texture of Pt(111) and (d) α-Ta(110) covering layers can be 

seen. 



plug-in [17]. This result is congruent with the simulation of Finemet unit cell (using 

the CaRIne Crystallography software, Lattice 2.8) yielding d(110)=0.1980 nm. However, 

the highest intensity reflection (110), expected to be at 45.75 angle 2Θ, is not observed in 

grazing incident X-ray diffraction as marked by shaded areas in Fig. 1 (c) and (d). 

Nevertheless, these measurements allowed us to determine the structure of capping Pt and Ta 

layers. We conclude that the studied bilayer systems consist of amorphous or nanocrystalline 

Finemet films covered with α-Ta (i.e., bcc) or Pt with well-defined (110) and (111) texture, 

respectively. 

Ferromagnetic resonance measurements of the samples were carried out at room 

temperature on a coplanar waveguide (CPW) in the in-plane configuration over a frequency 

range of 4 - 40 GHz, as detailed in Ref. [18,19]. For each thickness 𝑑𝑁𝑀  we measured the 

field swept complex transmission parameter S21(H) by placing the sample at a certain position 

along the wedge ( Fig.2(a)). The real and imaginary transmission spectra were fitted using 

the Lorenzian and anti-Lorentzian function in a similar way as described in Ref. [20]. 

From the fits, the resonance field 𝐻𝑟 and resonance linewidth 𝛥𝐻 (full width at half 

maximum) were evaluated at several frequencies 𝑓. In short, our method involves the use of 

a single sample with a fixed thickness 𝑑𝐹 wherein the capping layer is wedge shaped, so by 

scanning the sample over the central line of CPW one can determine parameters 

of magnetization dynamics as a function of 𝑑𝑁𝑀 . Such an approach is of crucial importance, 

because it eliminates the problem of the proper choice of a reference layer [21]. 

Since deposition conditions (and consequently film properties) may slightly differ in each 

sputtering or ablation process we have set the beginning of the NM wedge at 6-7 mm from 

the substrate’s edge allowing for the measurements of a lone Finemet film in every F|NM 

bilayer (see the inset of Fig. 2 (a)). 

 

IV. EXPERIMENTAL RESULTS 

Typical resonance spectra of Finemet (30 nm) | Pt (0 − 7 nm) sample, measured 

at 𝑓 = 7 GHz for various positions along the wedge, are displayed in Fig. 2 (a). It can be seen 

that an increase in linewidth is also accompanied by a substantial, yet unexpected shift in the 

resonance field 𝐻𝑟 as the Pt thickness increases. The shift is negative (toward lower fields) 

and indicates systematical changes in the gyromagnetic ratio. To obtain values of the g-factor 

we performed fittings to 𝑓 vs 𝐻𝑟 dependences rather than evaluate changes in 𝐻𝑟 measured 

at one fixed frequency. As it is shown in Fig. 2 (b), the relation follows Kittel’s dispersion 

𝑓 =
𝑔 𝜇𝐵

ℎ
√𝐻𝑟(𝐻𝑟 + 4𝜋𝑀𝑒𝑓𝑓), however detailed analysis of the fitting residuals revealed that 



Finemet films possess non-negligible anisotropy field 𝐻𝑎  (see supplementary materials). 

Hence, the model was extended to the following expression: 

 𝑓 =
𝑔 𝜇𝐵

ℎ
√(𝐻𝑟 + 𝐻𝑎)(𝐻𝑟 + 𝐻𝑎 + 4𝜋𝑀𝑒𝑓𝑓), (10) 

where 𝑀𝑒𝑓𝑓 is the effective magnetization. It should be emphasized that inclusion of 𝐻𝑎  

in Eq. (10) (along with 𝑔-factor and 𝑀𝑒𝑓𝑓) results in three, coupled adjustable parameters that 

are not orthogonal to each other during the least-squares non-linear fitting process [22]. 

Therefore, we followed methodology presented in Ref. [22] and applied asymptotic analysis 

to the data obtained over a finite range of frequencies in order to precisely determine the value 

of g-factor as presented below. Across the set of samples, we found that the Finemet films 

are characterized by 𝑀𝑒𝑓𝑓 in the range of 750 ± 30 emu/cm
3
 and 𝐻𝑎  in the range of 7 ± 2 Oe. 

 

Fig. 2 VNA-FMR results for 30 nm thick Finemet film covered with Pt. (a) Typical FMR spectra taken 

at f = 7 GHz for various positions along the wedge-shaped Pt layer. (b) Frequency vs resonance field 

dependences fitted with Eq. (10). The inset shows enlarged region near f = 10 GHz. (c) Linewidth dependences 

on frequency fitted with Eq. (11). 

 

Gilbert damping parameter 𝛼 and inhomogeneous broadening 𝛥𝐻0 for a given 𝑑𝐹 and 

different thicknesses 𝑑𝑁𝑀  were obtained from linear fits to resonance linewidth 𝛥𝐻 as 

a function of frequency, according to the standard expression [23]: 



 𝛥𝐻(𝑓) =
4𝜋𝛼

𝛾
𝑓 + 𝛥𝐻0. (11) 

Even for relatively thick Finemet films (for example 30 nm as in Fig. 1 (c)) it is clearly seen 

that the slopes of 𝛥𝐻(𝑓) dependences experience a substantial change with increasing 

thickness of Pt. Indeed, as summarized in Fig. 3, continuous increase in the damping 

parameter 𝛼 is observed for each investigated bilayer. The damping of a lone Finemet is equal 

to 𝛼 = (5.8 ± 0.3) × 10−3, though for the thinnest sample (10 nm) it is slightly elevated to 

the value of 𝛼 = (7.80 ± 0.07) × 10−3 [24]. The 𝛥𝐻0 parameter remains below 10 Oe in the 

investigated set with the mean value of 6.4 Oe indicating low density of surface defects and, 

therefore, negligible extrinsic contributions to the linewidth 

 

 

Fig. 3. (a) The Gilbert damping parameter 𝛼 as a function of Pt film thickness. The solid lines were obtained by 

simultaneous fit to all collected data using Eq. (12). The inset shows values of 𝛥𝐻0 parameter. (b) g-factor 

values of 20 nm thick Finemet fitted using Eq. (10) for different frequency ranges defined by 𝑓𝑢𝑝 as shown in the 

insets. In (c) and (d), the fitted values of g-factor are plotted as a function of 𝑓𝑢𝑝
−2 respectively for 20 nm and 

10 nm thick Finemet with different Pt thicknesses 𝑑𝑃𝑡. Double sets of data for 𝑑𝑃𝑡 = 0 nm (black symbols and 

lines) derive from measurements of the lone Finemet film taken at different positions outside the Pt wedge. 



such as two-magnon scattering (inset in Fig 2(a)). Following the equation describing damping 

enhancement due to spin pumping [25]: 

 𝛼 = 𝛼0 +
𝑔𝜇𝐵

4𝜋𝑀𝑆

Re[𝑔𝑒𝑓𝑓
↑↓ ]

𝑑𝐹
(1 − exp (−

2𝑑𝑁𝑀

𝜆𝑠𝑓
)), (12) 

the real part of spin mixing conductance Re[𝑔𝑒𝑓𝑓
↑↓ ] = (3.14 ± 0.23) × 1015𝑐𝑚−2, 

and additionally spin diffusion length 𝜆𝑠𝑓 = 2.8 ± 0.5 𝑛𝑚 were obtained. 

In order to determine the imaginary part of 𝑔𝑒𝑓𝑓
↑↓ , analysis of the g-factor was performed 

according to Eq. (4). First, the influence of finite fitting range on the obtained value of the g-

factor was examined. As it is shown in Fig. 3 (b), with the increasing fitting range specified 

by the upper frequency 𝑓𝑢𝑝 , the statistical error of the g-factor decreases and the value begin 

to saturate when plotted as a function of 𝑓𝑢𝑝 . It is considered that for large enough resonance 

fields, fitted g-factor value becomes independent of the fitting range and therefore can be 

extrapolated from 𝑔𝑓𝑖𝑡 (1/𝑓𝑢𝑝
2 ) dependence [22]. Although this claim is not verifiable since 

every FMR spectrometer is limited either by available fields or frequencies, it should be 

highlighted that in terms of the analysis provided hereby, the method allows to reasonably 

determine the difference between g-factor values of the uncovered Finemet films and those 

capped with the non-magnetic metal. As can be seen in Fig. 3 (c) and (d), the difference 

𝛿𝑔 = �̃� − 𝑔0 is essentially equivalent whether it is evaluated for 𝑓𝑢𝑝 = 40 GHz or when 

𝑓𝑢𝑝 → ∞ (1/𝑓𝑢𝑝
2 → 0). However, taking into account the asymptotical values of �̃� and 𝑔0 

provide better statistical accuracy for such subtle changes in g-factor. For Platinum thickness 

equal to 1.5 nm (depicted by a red line in Fig. 3 (c)), it even allows for an observation of 

intermediate value of g-factor which falls between �̃� and 𝑔0 and can be hardly concluded 

when the fitting is performed merely up to 40 GHz. This suggests that with the appearance of 

nonmagnetic layer, enhancement in g-factor does not occur in an immediate, step-like way but 

follows gradual increase until saturated. As it is presented in both Fig. 3 (c) and (d), 

asymptotically fitted �̃� for 𝑑𝑃𝑡 > 4 nm already converge to nearly the same value. Moreover, 

the obtained difference 𝛿𝑔 is greater for thinner Finemet film, congruently with the theoretical 

prediction given by Eq. (4). For the 20 nm thick Finemet 𝛿𝑔 = (5.1 ± 0.4) × 10−3, while for 

10 nm thick layer 𝛿𝑔 = (6.7 ± 0.4) × 10−3. Such a result provides clear evidence of a spin 

pumping influence on magnetization dynamics expressed by the imaginary part of spin 

mixing conductance. Following this observation it is expected that the difference 𝛿𝑔 will be 

larger for even thinner films. For the set of samples with Ta deposited on 2-10 nm thick 



Finemet this influence is indeed much more pronounced as displayed in Fig. 4. Also quasi-

linear enhancement in g-factor is observed as the thickness of Ta increases from 0 up to 2 nm. 

 

 

Fig. 4. Dependence of g-factor on Ta layer thickness for Finemet|Ta bilayers with 𝑑𝐹 = 2 − 10 nm. Continuous 

lines serve as guides to the eye. 

 

The main, experimental results of our paper are juxtaposed in Fig. 5, where 𝛿𝛼 and 

𝛿𝑔/𝑔0 are plotted versus the inverse thickness 𝑑𝐹 for Finemet|Pt and Finemet|Ta bilayers. 

The real and imaginary part of spin mixing conductance were determined from the slopes of 

linear fits according to Eqs. (3) and (4). For the sample covered with Platinum, Re[𝑔𝑒𝑓𝑓
↑↓ ] =

(3.05 ± 0.14) × 1015𝑐𝑚−2 in agreement with the value obtained above from simultaneous fit 

to the data presented in Fig. 3 (a). The Im[𝑔𝑒𝑓𝑓
↑↓ ] equals to (1.69 ± 0.22) × 1015𝑐𝑚−2, 

therefore the ratio Re[𝑔𝑒𝑓𝑓
↑↓ ]/Im[𝑔𝑒𝑓𝑓

↑↓ ] = 1.81 implies that the imaginary part of spin mixing 

conductance cannot be in general regarded as negligible in contrast to many common 

views [1,4,11]. Strikingly different relation is observed for Finemet film covered with 

Tantalum. It is clearly seen that the slope of 𝛿𝑔/𝑔0 is substantially higher than the slope of 𝛿𝛼 

vs 𝑑𝐹
−1. Here, Re[𝑔𝑒𝑓𝑓

↑↓ ] = (0.61 ± 0.05) × 1015𝑐𝑚−2 and Im[𝑔𝑒𝑓𝑓
↑↓ ] = (1.61 ± 0.07) ×

1015𝑐𝑚−2, hence the ratio Re[𝑔𝑒𝑓𝑓
↑↓ ]/Im[𝑔𝑒𝑓𝑓

↑↓ ] = 0.38. It should be emphasized at this point 

that for the 2 nm-thick Finemet film (1/𝑑𝐹 = 0.5 𝑛𝑚−1) the value of 𝛿𝑔/𝑔0 significantly 

deviates from the linear relationship as can be seen in Fig. 5(b). We found that in such thin 

film the saturation magnetization was decreased down to 450 ± 34 emu/cm
3
 resulting in the 

augmented value of 𝛿𝑔/𝑔0 (see the Eq. (4)). Therefore, in order to determine Im[𝑔𝑒𝑓𝑓
↑↓ ], 

the fitting was performed to 𝛿𝑔/𝑔0vs (4𝜋𝑀 𝑑𝐹)−1 dependence as shown in the inset of 

Fig. 5(b). 



 

 

Fig. 5. Gilbert damping enhancement and a relative change in the g-factor due to spin pumping for Finemet|Pt (a) 

and Finemet|Ta (b). Solid lines are fits to the data according to Eqs. (3) and (4). The inset in (b) shows that 

𝛿𝑔/𝑔0 scales almost perfectly with (4𝜋𝑀 𝑑𝐹)−1 if the magnetization of the film experiences serious changes 

with 𝑑𝐹 (see Eq. (4)). 

 

 

V. DISCUSSION 

 

For Finemet|Pt bilayers our results nearly agree with those obtained by Mizukami 

et al. [5]. Keeping in mind that they had two interfaces (Pt|Permalloy|Pt), their study yields 

Re[𝑔𝑒𝑓𝑓
↑↓ ] and Im[𝑔𝑒𝑓𝑓

↑↓ ] equal to 3 × 1015𝑐𝑚−2 and 0.6 × 1015𝑐𝑚−2, respectively. 

For Finemet|Ta bilayers the impact of the Ta layer on damping is very reduced in comparison 

to Pt, in agreement with former studies [5,26,27]. The estimated real part of spin mixing 

conductance yielding Re[𝑔𝑒𝑓𝑓
↑↓ ] of 0.61 × 1015𝑐𝑚−2, nicely coincides with earlier reports for 

Permalloy|Ta (0.51 × 1015𝑐𝑚−2) [5], Co2MnGe|Ta (0.55 × 1015𝑐𝑚−2) [26] or for CoFeB|Ta 

(0.54 × 1015𝑐𝑚−2) [27] confirming that the weak damping enhancement for Ta arises from 

a small value of Re[𝑔𝑒𝑓𝑓
↑↓ ] [28]. 



In contrast, the results for the imaginary part of spin mixing conductance for Finemet|Ta 

bilayers show a different behavior than that observed by Mizukami et al. for Permalloy|Ta 

structures [5]. The impact of Ta on the g-factor results in a rather unexpectedly high value 

Im[𝑔𝑒𝑓𝑓
↑↓ ] = 1.61 × 1015𝑐𝑚−2. Their observations concerning the g-factor versus dPy are not 

confirmed by our measurements. Instead of a substantial down shift in the g-factor 

corresponding to Im[𝑔𝑒𝑓𝑓
↑↓ ] = −0.46 × 1015𝑐𝑚−2 (inferred from only one experimental point 

for thin Permalloy of 3 nm - see Fig. 6 in Ref. [5]), we see in Fig. 5 a regular behavior that 

can be nicely fit to Eq. (4). A high value of Im[𝑔𝑒𝑓𝑓
↑↓ ] leads to 

𝛿𝛼

𝛿𝑔/𝑔0
 = 0.38. Figure 4 further 

confirms that the increase in the g-value for F|Ta bilayers is regular and saturates very fast for 

dTa > 2 nm. 

Let us discuss the main results shown in Fig. 5 in terms of Eq. (9). For F|Pt bilayers 

𝛿𝛼

𝛿𝑔/𝑔0
= 1.81 what roughly gives 

�̅�

�̃�𝑥𝑧
≈ 10, i.e., �̃�𝑥𝑧 ≈ 100 meV if we assume 𝑡𝜎

0̃ ≈ 1 eV after 

Ref. [11]. Our estimation of 
𝛿𝛼

𝛿𝑔/𝑔0
 (and hence the ratio Re[𝑔𝑒𝑓𝑓

↑↓ ] to Im[𝑔𝑒𝑓𝑓
↑↓ ]) for F|Pt is 

in a rough agreement to the order of magnitude with those which we can infer from the results 

of Mizukami et al. [5] (≈ 5) or Nan et al. (≈ 3.8) for Permalloy|Pt [6]. In contrast, for F|Ta 

bilayers 
𝛿𝛼

𝛿𝑔/𝑔0
 = 0.38. According to the microscopic analysis, this value suggests a strong 

spin-orbit contribution to the spin pumping effects. A rough estimation according to Eq. (9) 

gives an unreasonably high value of �̃�𝑥𝑧 of the order of ≈ 700 meV. 

A more thorough analysis allows us to estimate more precisely the strength of the 

hopping amplitudes 𝑡𝜎
0̃ and interface spin-orbit interaction �̃�𝑥𝑧. By combining Eqs. (6) and (7) 

and posing 
𝑡𝜎

0̃

𝜖𝐹
= 𝜏𝜎 and 

�̃�𝑥𝑧

𝜖𝐹
= 𝜂 (where the Fermi energy is 𝜖𝐹 ≅ 1 𝑒𝑉), we arrive at a simple 

quadratic equation 

 𝑠 𝜏𝜎
2 −

𝛿𝑔/𝑔0

𝜂
𝜏𝜎 + 𝛿𝛼 = 0, (11) 

where 𝑠 = 𝑎/𝑑𝐹, and 𝜎 =↑, ↓. It is easily to show that for the F|Pt bilayers with: 𝑠 = 0.02 

(𝑑𝐹 = 10 𝑛𝑚), 𝛿𝑔/𝑔0 = 3 × 10−3 and 𝛿𝛼 = 6 × 10−3, the real roots from a seeking region 

𝜏𝜎 ≈ 1 exists only for 𝜂 < 0.14, i.e., �̃�𝑥𝑧 of 130-140 meV. The same estimation for the F|Ta 

bilayers with 𝑠 = 0.1 (𝑑𝐹 = 2 𝑛𝑚), 𝛿𝑔/𝑔0 = 15 × 10−3 and 𝛿𝛼 = 5 × 10−3 gives 0.15 <

𝜂 < 0.16, i.e., �̃�𝑥𝑧 of 150-160 meV since 𝜂 should also fulfill the conditions 𝜂 < 𝜏𝜎 and 

𝜏𝜎 ≈ 1. Having in mind our crude approximation of 𝜖𝐹  and 𝜏𝜎, the values of the spin-orbit 

energy agree to the order of magnitude with that calculated by Cowan for 5d metals but with 



the reversed sequence of �̃�𝑥𝑧 values in comparison with the spin-orbit parameters for Ta and 

Pt [29]. However, what is perhaps more important than a rough estimation of �̃�𝑥𝑧 values, 

solutions of Eq. (11) (for 𝜏𝜎) are almost equall for 𝜎 =↑, ↓ in the case of F|Pt bilayers (i.e., 

𝑡↑
0̃ ≈ 𝑡↓

0̃ ≈ 0.5), while they are strongly distinct for F|Ta (i.e., 𝑡↑
0̃ ≈ 0.1𝑡↓

0̃). That is the reason 

of a low value of 𝛿𝛼/(
𝛿𝑔

𝑔0
) of 0.3 for the F|Ta bilayers. The origin of this effect requires 

further studies. 

 

VI. CONCLUSIONS 

 

In conclusion, we have investigated the effect of spin pumping in Finemet films with 

wedge Pt and Ta capping layers. We explicitly showed the linear dependences of the Gilbert 

damping and the g-factor shift on the inverse Finemet thickness what allows us to determine 

both the real and imaginary part of spin mixing conductance. In particular, we showed that the 

spin pumping in the F|Ta bilayers is governed by a dominant role of Im[𝑔𝑒𝑓𝑓
↑↓ ] contributing to 

the field-like torque. The results were further discussed in terms of the microscopic spin 

pumping theory for metallic systems allowing for evaluation of the hopping amplitudes and 

the interface spin-orbit interaction. 
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 Figure S1. Analysis of the residuals from fitted dispersion models. 

  



 

Fig. S1. Analysis of the residuals from a fitted dispersion models for 20 nm thick Finemet film. Residuals in (b) 

corresponds to the standard Kittel’s model shown in (a). It is clearly seen that for resonance fields below 3 kOe 

residuals experience a monotonically increasing trend. Inclusion of anisotropy field in the model shown in (c) 

results in evenly distributed residuals displayed in (d). Note, that the fitted value of g-factor significantly differs 

between those two models. 


