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Section S1. MW frequency dependence of FMR spectra for Nb/Ni80Fe20/Nb samples 

at room temperature. 

Figure S1 displays the set of FMR spectra attained from the samples without Pt layers at 

300 K, from which the data shown in the inset of Fig. 2b (main text) were extracted. Note 

that to accurately determine the resonance magnetic field µ0Hres and the FMR (peak-to-

peak) linewidth µ0ΔH, we fitted all the data presented with the field derivative of 

Lorentzian functionS1 as follows:  

𝑑𝜒"

𝑑𝐻
 ∝  (∆𝐻𝐻𝑊𝐻𝑀)2∙(𝐻−𝐻𝑟𝑒𝑠)

[(∆𝐻𝐻𝑊𝐻𝑀)2+(𝐻−𝐻𝑟𝑒𝑠)2]2,      (S1) 

where µ0H is the external (DC) magnetic field and 𝜇0∆𝐻𝐻𝑊𝐻𝑀= √3
2

𝜇0Δ𝐻 is the half-

width-at-half-maximum (HWHM) of the imaginary part χ" of the magnetic susceptibility. 
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Figure S1. a, MW frequency dependence of FMR spectra for the Nb/Ni80Fe20/Nb samples 

at 300 K. The open symbols represent experimental data whereas the solid lines are fits 

with the field derivative of Lorentzian function [Eq. (S1)]. b, Microwave frequency vs. 

resonance magnetic field µ0Hres. The solid lines are fits to estimate the effective saturation 

magnetization µ0Meff via Kittel’s formula [Eq. (S2)]. c, FMR linewidth µ0ΔH as a 

function of microwave frequency. The solid lines are fitting curves to deduce the Gilbert 

damping constant α using Eq. (S3). Error bars denote standard deviation of multiple 

measurements. 

The MW frequency f dependences of µ0Hres and µ0ΔH for each Nb thickness are 

respectively summarized in Figs. S1b and S1c. The dispersion relation of µ0Hres with f is 

given by Kittel’s formula: 

𝑓 = 𝛾
2𝜋

√[𝜇0(𝐻𝑟𝑒𝑠 + 𝑀𝑒𝑓𝑓) ∙ 𝜇0𝐻𝑟𝑒𝑠], (S2) 

where 𝛾 = 𝑔𝐿𝜇𝐵/ℏ is the gyromagnetic ratio (1.84 × 1011 T-1 s-1), 𝑔𝐿 is the Landé g-

factor (taken to be 2.1)S2, 𝜇𝐵 is the Bohr magneton, and ℏ is Plank’s constant divided

by 2π. The values of µ0Meff determined from Fig. S1b using Eq. (S2) are in the range of 

832 − 880 mT, fairly consistent with those for sputter-grown Ni80Fe20 filmsS3. In Fig. S1c 

where µ0ΔH scales linearly with f for all cases, we can calculate the Gilbert-type damping 

constant α using the following equation: 

𝜇0∆𝐻(𝑓) = 𝜇0∆𝐻0 + 4𝜋𝛼𝑓
√3𝛾

     (S3) 

with 𝜇0∆𝐻0  is the zero-frequency line broadening due to long-range magnetic 
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inhomogeneitiesS4 in the FM. All of the samples have small µ0ΔH ≤ |0.3 mT|, meaning 

the high quality of the samples and the absence of two-magnon scattering. We note the 

clear enhancement of α with tNb from 7.8 × 10-3 to 13.1 × 10-3 (Fig. S1c), which is the 

indicative of spin absorption/dissipation in the Nb layers by the spin pumping3,4,S5-S7.  

 

Section S2. MW frequency dependence of FMR spectra for Pt/Nb/Ni80Fe20/Nb/Pt 

samples at room temperature.  

In this section, we present the set of FMR spectra obtained from the samples with Pt 

layers at 300 K (Fig. S2a), from which the data exhibited in the inset of Fig. 2D (main 

text) were extracted. It can be seen in Fig. S2c that Gilbert damping constant α gradually 

decreases as the Nb thickness tNb increases even though the dependence of α on tNb is 

much weaker than that for the samples without Pt layers (see Fig. S1c). The zero-

frequency line broadening 𝜇0∆𝐻0 was also found to be less than |0.5 mT|, which was 

ignorable small for the high f regime (≥ 10 GHz). 
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Figure S2. MW frequency dependence of FMR spectra for the Pt/Nb/Ni80Fe20/Nb/Pt 

samples at 300 K. a-c, The data shown are similar to those in Fig. S1 but now for the 

samples with Pt layers. Error bars denote standard deviation of multiple measurements. 

Note that to minimize the contribution of 𝜇0∆𝐻0 to the (total) FMR linewidth 𝜇0∆𝐻(𝑓) 

[see Eq. (S3)], a higher f of 20 GHz was used especially for low-T FMR measurements.  

Section S3. Estimation of the spin transport parameters for Nb/Ni80Fe20/Nb samples. 

We estimate here two essential parameters of the effective spin mixing conductance (real 

part) 𝑔𝑟
↑↓  and the effective spin diffusion length 𝑙𝑠𝑑

𝑆𝐶  that govern spin transport

properties. For a given f, the tNb dependence of µ0ΔH (Fig. 2b, main text) can be described 

by the following equation3,4,S6,S7:  

𝜇0∆𝐻(𝑡𝑆𝐶) ≈ 4𝜋𝑓
√3𝛾

∙ [𝛼0 + 𝛼𝑠𝑝(𝑡𝑆𝐶)], (S4) 

𝛼𝑠𝑝(𝑡𝑆𝐶) = 2 ∙ ( 𝑔𝐿𝜇𝐵𝑔𝑟
↑↓

4𝜋𝑀𝑠𝑡𝐹𝑀
) ∙ [1 + 𝑔𝑟

↑↓ℛ𝑆𝐶

tanh(𝑡𝑆𝐶
𝑙𝑠𝑑
𝑆𝐶)

]

−1

, (S5) 

where ℛ𝑆𝐶 ≡ 𝜌𝑆𝐶𝑙𝑠𝑑
𝑆𝐶𝑒2/2πℏ, 𝜌𝑆𝐶  is the resistivity of the Nb (7 − 8 µΩ-cm for Tc ≤ T ≤

80 K, 15 µΩ-cm at 300 K, see Fig. S6), and 𝑒 is the electron charge. The 𝜌𝑆𝐶  value for 

Tc < T was determined using the quasi-particle (QP) resistivity ~ 𝜌0/[2𝑓0(∆)],14 where

𝜌0 is the residue resistivity of the Nb immediately above Tc (7 − 8 µΩ-cm) and 𝑓0(∆) =

[exp(∆/𝑘𝐵𝑇) + 1]−1  is the Fermi-Dirac distribution function at the (effective)
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superconducting gap ∆  of the Nb (Sec. S10). In calculating 𝑓0(∆)  because of the

(inverse) proximity effect, we assumed that ∆ is of spatial dependence as ∆(𝑧) = ∆0 ∙

(𝑧/𝜉sc) for 0 ≤ 𝑧 ≤ 𝜉sc  whereas ∆(𝑧) = ∆0 for 𝜉sc < 𝑧 ≤ 𝑡sc , where ∆0  is the

superconducting gap of bare Nb films (see Sec. S9) and ξsc is the superconducting 

coherence length. 𝑡𝐹𝑀 and 𝑡𝑆𝐶  are the Ni80Fe20 thickness (6 nm) and the Nb thickness 

(7.5 – 60 nm), respectively. 𝑀𝑠  is the saturation magnetization of the Ni80Fe20 (756 

kA/m for T ≤ 80 K, 684 kA/m at 300 K). Note that the prefactor 2 takes into account the 

spin pumping through double interfaces. Since, for the samples used here, the 

contribution of 𝜇0∆𝐻0 in Eq. (S3) was found to be negligible (< |0.5 mT|, see Fig. S4),

we can use Eq. (S4) to evaluate the spin transport parameters. From the estimated values 

of 𝑔𝑟
↑↓  and 𝑙𝑠𝑑

𝑆𝐶  (Fig. S3), it can be seen that in the superconducting state, the spin

injection efficiency is reduced by about 25% and the spin transport length drops to 

approximately half of that (~50 nm) in the normal state. 
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Figure S3. Temperature dependence of effective spin mixing conductance and effective 

spin diffusion length, estimated from Fig. 2b (main text) using Eqs. (S4) and (S5). For 

comparison, the spin transport parameters calculated based on the tNb dependence of α 

(see Sec. S4) are also presented by the red symbols. Error bars denote standard 

deviation of fitting. 
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Section S4. MW frequency dependence of FMR spectra for Nb/Ni80Fe20/Nb samples 

at low temperatures. 

It was shown in Sec. S3 that the superconducting correlation can be responsible for the 

suppressed spin transport properties by analyzing the temperature T dependence of FMR 

linewidth at the fixed f of 20 GHz (see Fig. 2b, main text). In this section, we further 

confirm that based on the f dependence of FMR spectra, the noticeable reduction of 

Gilbert damping α indeed happens across the superconducting transition Tc. Figures S4a-

S4e show the entire set of the f dependence of FMR spectra for the samples without Pt 

layers measured at low T of 2, 4, and 8 K. This enables us to calculate µ0Meff (Fig. S4f) 

and α (Fig. S4g) for each tNb using Eqs. (S2) and (S3), respectively. As summarized in 

Figs. S4h and S4i, it is evident that whereas µ0Meff varies weakly with tNb (regardless of 

T), α is of considerable dependence on tNb and the reduction of α across Tc (from 8 K 

down to 2 K) gets more pronounced when the Nb is thicker. We also note that the tNb

dependence of α is well described by the spin pumping theory (Fig. S4i, solid lines), and 

the corresponding spin transport parameters (see Fig. S3, red symbols) clarify again that 

the suppressed flow of spin currents below Tc is caused by the superconducting 

correlation.   
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Figure S4. MW frequency dependence of FMR spectra for the Nb/Ni80Fe20/Nb 

samples at 2, 4, and 8 K. Representative set of FMR spectra for Nb/Ni80Fe20/Nb samples 

with different Nb thicknesses tNb of 7.5, 15, 30, 45, and 60 nm for a-e, respectively, taken 

at the temperature T of 2, 4, and 8 K (from bottom to top) with the microwave frequency 

f of 5, 10, 15, and 20 GHz (from left to right). The yellow (blue) background represents 

the normal (superconducting) state of Nb. Note that the 7.5 nm thick Nb does not show 

the superconducting transition down to 2 K. f, Microwave frequency vs. resonance 

magnetic field µ0Hres. The solid lines are fits to extract the effective saturation 

magnetization µ0Meff via Kittel’s formula [Eq. (S2)]. g, FMR linewidth µ0ΔH as a 

function of microwave frequency f. The solid lines are fitting curves to deduce the Gilbert 

damping constant α using Eq. (S3) of the main text. Note also that in any case, the zero-

frequency line broadening 𝜇0∆𝐻0 is less than |0.5 mT|. h, Summary of µ0Meff as a 

function of tNb. i, Summary of Gilbert damping constant α as a function of tNb. The solid 

lines are fits to estimate the effective values of spin mixing conductance and spin 

diffusion length using the spin pumping model [Eq. (S5)], which were presented in Fig. 

S3 (red symbol). Error bars denote standard deviation of multiple measurements. 

Section S5. MW frequency dependence of FMR spectra for Pt/Nb/Ni80Fe20/Nb/Pt 

samples at low temperatures. 

As in Sec. S4, we here assure that from the analysis on FMR spectra as a function of f 

taken around Tc (Figs. S5a-S5d), the remarkable enhancement of α can occur even in the 

superconducting state when attached to a strong spin-orbit coupled material (Pt). Figures 

S4e and S4f respectively summarize the extracted µ0Meff and α values from the low T data 
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on two different tNb of 30 and 45 nm, where the former (latter) is thinner (thicker) than 

2ξsc [here ξsc is the superconducting coherence length in the dirty limit (~16 nm at 2 K) 

and the prefactor 2 considers two interfaces at opposite sides of the Nb layer]. It is worth 

noting that in contrast with the weak T dependence of µ0Meff (Fig. S5e), α clearly reveals 

the distinctive behavior with decreasing T (Fig. S5f). For tNb = 30 nm (< 2ξsc), the large 

enhancement of α is visible at low T while for tNb = 45 nm (> 2ξsc), α is suppressed across 

Tc, as in the case without Pt layers (see Fig. S4i). This result strongly supports the finding 

that the superconductivity in concert with the spin-orbit coupling (SOC) for the 

intermediate tNb leads to the enhanced magnetization damping and thereby the increased 

flow of spin currents.  
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Figure S5. MW frequency dependence of FMR spectra for the Pt/Nb/Ni80Fe20/Nb/Pt 

samples at 2, 4, and 8 K. a-d, The data shown are similar to those in Fig. S3 but now for 

the samples of tNb = 30 and 45 nm with Pt layers. Note that for both cases, the zero-

frequency line broadening 𝜇0∆𝐻0  is smaller than |0.5 mT| . The yellow (blue) 

background represents the normal (superconducting) state of Nb. Summary of the 

effective saturation magnetization µ0Meff and Gilbert damping constant α in the low 

temperature T range of 2−8 K for e-f, respectively. The dashed lines indicate the 

superconducting transition temperature Tc and the black solid line is the average value of 

α in the normal state. Error bars denote standard deviation of multiple measurements. 

Section S6. Influence of the thickness-dependent resistivity of Nb films on spin 

transport parameter. 
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In this section, we investigate how the thickness-dependent resistivity ρ of Nb films 

affects the estimation of spin diffusion length 𝑙𝑠𝑑 using Eq. (S5), where the thickness-

independent ρ is assumed. As recently pointed outS8,S9, for a more precise estimation of 

𝑙𝑠𝑑, one should take into account the thickness dependence of ρ of the spin sink layer. 

Such consideration become particularly important when 𝑙𝑠𝑑 is comparable to the mean 

free path 𝑙𝑚𝑓𝑝 or shorter, for which the surface scattering mechanism is dominant and 

so the significant thickness dependence of ρ is expected. 
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Figure S6. Thickness dependence of resistivity on Nb films. a, Resistivity ρ of Nb films 

on SiO2(250 nm)/Si substrates as a function of thickness (tNb) at 300 K. The black line is 

the fitting curve using Eq. (S6). The inset shows the normalized resistance R/R300 K vs. 

temperature T plot for the 60-nm-thick Nb film. b, Gilbert damping constant α as a 

function of tNb, which was presented in the inset of Fig. 2B (main text). The black line is 

a fit taking into account the tNb dependence of ρ (from Fig. S6a) while the red line is a 

fit assuming the constant (bulk-like) ρ of the 60-nm-thick Nb film. Error bars denote 

standard deviation of multiple measurements.  

Figure S6A shows the measured 𝜌 of Nb films, for 7.5 ≤ tNb ≤ 60 nm, using the four-

point method either on the perimeter of the film (van der Pauw geometryS10) or the trace 

of the mirror place (collinear geometryS11). The thickness dependence of 𝜌𝑁𝑏  can be

empirically described by: 

𝜌𝑁𝑏(𝑡𝑁𝑏) =  𝜌𝑏 + 𝜌𝑠
𝑡𝑁𝑏

,     (S6)

where 𝜌𝑏 is the bulk resistivity of the Nb (15 µΩ-cm at 300 K) and 𝜌𝑠 is the surface 
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resistivity coefficient (1.4 × 10-5 µΩ-cm2). The observed small deviation of !!" from 

the bulk value (Fig. S5a) is consistent with what is expected in the thickness regime 

over !!"# [3 (6) nm for Nb at 300 (10) K]33. Here !!"# of the Nb is determined from 

!!"# ∙ !!" = 3.7 pΩ-cm2. Owing to the small deviation, the extracted value of !!" (47 

nm) from Gilbert damping α as a function of tNb with a fit considering the thickness-

dependent !!" (Fig. S6b, red line) was found to be more or less similar to that (52 nm) 

with a fit assuming the constant (bulk-like) !!"  (Fig. S6b, black line). We can 

conclude that for our samples (tNb ≥ !!"#), the model assuming constant !!" mostly 

captures the tNb dependence of α (or FMR linewidth) and yields the reliable value of !!". 

Section S7. Quantification of the suppressed spin current density (without Pt) in 

the superconducting state. 

Using the standard spin pumping theory3,4,S6,S7, we here quantify how much the pumped 

spin current density in the Nb(60 nm)/Ni80Fe20(6 nm)/Nb(60 nm) sample is reduced due 

to the presence of the superconducting gap 2Δ. The (pumped) spin current density !!! at 

each Ni80Fe20/Nb interface is given by3,4,S6,S7:  

!!! = ℏ!
!! ∙ !!↑↓ ∙ (sin!!)! ∙ 2ω ∙

!!!!""! ! (!!!!""!)! ! (!")! 

(!!!!""!)! ! (!!)! ∙ !!
ℏ ,     (S7) 

sin !! =
!!!!"!

! ∙
!!!!""! ! (!!!!""!)! ! (!ω)! 

(!!!!""!)! ! (!ω)! ,     (S8) 

where ω = 2!" is the angular frequency, !!↑↓ ≡ !!↑↓ ∙ 1+ !!↑↓ℛ!"/tanh !!"
!!"!"

!!
, !! 

is the magnetization precession angle, and !!ℎ!" is the amplitude of MW magnetic 

field (~0.1 mT). Using the extracted values of !!↑↓ (see Fig. S3), α (Fig. S4g), and 

!!!!"" (Fig. S4f), we calculated !!! as a function of MW frequency f at T = 2, 4, and 

8 K (Fig. S7a). Note that !!! gradually decreases with increasing f due to the decreased 

!! at a high f S12, as shown in the set of Fig. S7a. The normalized !!! vs. T plot in Fig. 

S7b shows that !!! in the superconducting state (T = 2 and 4 K) is reduced by about 30% 

compared with that in the normal sate (T = 8 K), almost regardless of f.  
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Figure S7. Pumped spin current density in the Nb(60 nm)/Ni80Fe20(6 nm)/Nb(60 nm) 

sample. a, Spin current density 𝑗𝑠
0  at the Ni80Fe20/Nb interface as a function of

microwave frequency f, calculated using Eqs. (S7) and (S8). The inset shows the 

associated precession angle 𝜃𝑐  as a function of f. b, Normalized 𝑗𝑠
0  in the low

temperatures T range of 2−8 K for various f. 

For instructive purpose, we also calculated the steady state value of spin accumulation 

∆𝜇0 at the Nb interface, which is determined by balancing the net amount of injected

spins with the amount of spin flips in the Nb per unit time, which can be expressed in 

terms of a material parameter, namely the spin resistance 𝑟𝑆𝐶 ≡ 𝜌𝑆𝐶𝑙𝑠𝑑
𝑆𝐶 , of the Nb, 

∆𝜇0 = (2𝑒) ∙ 𝑟𝑆𝐶 ∙ 𝑗𝑠
0,     (S9) 

where the value of 𝑟𝑆𝐶  controls the conversion of 𝑗𝑠
0  into ∆𝜇0 . Using the deduced

values of 𝑟𝑆𝐶 = 0.2−0.3 Ω-µm2 (see Fig. S3) and 𝑗𝑠
0 = 1−2 × 106 A/m2 (Fig. S7a), we

determined ∆𝜇0 = 0.4−1.2 μeV at f = 20 GHz for T ≤ 8 K.

Section S8. FMR linewidth & resonance field vs. normalized temperature T/Tc. 

The overall summary of FMR linewidth µ0∆H (resonance field µ0Hres) as a function of 

T/Tc for the samples with and without Pt layers is shown in Fig. S8a (Fig. S8b). This 

clarifies that the interplay of the superconductivity and SOC markedly alters the 

transport/dissipation characteristics of spin-polarized currents. 
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Figure S8. FMR linewidth and resonance field as a function of normalized 

temperature T/Tc. a, Top and bottom panels are respectively from the data (FMR 

linewidth µ0∆H) of the samples with and without Pt layers, which were displayed in the 

main text but now as a function of T/Tc. b, The data shown are similar to Fig. S8a but 

now for the normalized resonance field µ0Hres/µ0Hres(8 K). Error bars denote standard 

deviation of multiple measurements. 

Section S9. Superconducting transition temperature Tc for various sample 

structures. 
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Figure S9. Normalized resistance R/RN vs. temperature T plots for various sample 

structures. The data are shown for a, Bare Nb(tNb) films with their thickness tNb of 7.5− 

60 nm (top); Nb(tNb)/Ni80Fe20(6 nm)/Nb(tNb) samples with tNb = 7.5−60 nm (middle); Pt(5 

nm)/Nb(tNb)/Ni80Fe20(6 nm)/Nb(tNb)/Pt(5 nm) with tNb = 7.5−60 nm (bottom); b, 

Summary of tNb dependence of Tc; c, Nb(30 nm)/Ni80Fe20(6 nm)/Nb(30 nm) sandwiched 

by various spin-sink materials. Error bars denote standard deviation of multiple 

measurements. 

The full set of Tc curves for several sample structures are presented in Fig. S9. In Fig. 

S9b, we can see that Tc suppression is dominant at the Ni80Fe20/Nb interface, as expected 
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for the (inverse) proximity effect of Ni80Fe20. 

Section S10. Superconducting energy gap & critical magnetic field vs. temperature. 

Using the measured values of Tc from our samples (see Sec. 9), we estimated the 

(Bardeen–Cooper–Schrieffer type) temperature T dependence of the superconducting 

energy gap 2∆ (Fig. S10a and S10b) and the (in-plane upper) critical magnetic field 

𝜇0𝐻𝑐2∥ (Fig. S10c and S10d) for each Nb layer:

∆(𝑇) ≈ 1.76𝑘𝐵𝑇𝑐 ∙ tanh [1.74√ 𝑇
𝑇𝑐

− 1]  , (S10) 

𝜇0𝐻𝑐2∥(𝑇) = 𝜙0
2𝜋[𝜉(0)]2 ∙ (1 − ( 𝑇

𝑇𝑐
)

2
), (S11) 

where 𝑘𝐵 is Boltzmann’s constant, 𝜙0 is the flux quantum (2.07 × 10−15 𝑇 ∙ 𝑚2), and

𝜉(0) is the zero-temperature coherence length of Nb (7−13 nm)16,33 in the dirty limit. We 

note in Fig. S10 that for all the superconducting Nb layers (15−60 nm) at low T (2−3 K), 

the energy interval of QP Fermi-Dirac distribution (order of 𝑘𝐵𝑇) is far below 2∆ and

the magnitude (≤ 0.38 T) of dc magnetic fields applied for FMR is much weaker than 

𝜇0𝐻𝑐2∥ . Note that the calculated 𝜇0𝐻𝑐2∥(𝑇) is consistent with those experimentally

measured from sputter-grown Nb/Ni80Fe20/Nb filmsS13. 

Figure S10. Superconducting energy gap 2∆ and critical magnetic field 𝝁𝟎𝑯𝒄𝟐∥ as

a function of temperature T. a, 2∆(T) and c, 𝜇0𝐻𝑐2∥(𝑇) for Nb(tNb)/Ni80Fe20(6
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nm)/Nb(tNb) samples with tNb = 15−60 nm. b, 2∆(T) and d, 𝜇0𝐻𝑐2∥(𝑇)  for Pt(5

nm)/Nb(tNb)/Ni80Fe20(6 nm)/Nb(tNb)/Pt(5 nm) with tNb = 15−60 nm.  

Section S11. Effect of MW power on the superconductivity of Nb. 
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Figure S11. Normalized 2-terminal resistance vs. temperature T plots with and 

without MW excitation. The MW power was set to 10 dBm, as in FMR study, for this 

measurement. The dashed line represents the Tc value (~5.8 K) attained from the same 

sample in a (separate) liquid helium dewar with a four-point current-voltage method. 

To investigate the effect of MW power on the superconductivity of Nb in terms of 

(unintentional) heating, we measured Tc curves for a Pt(5 nm)/Nb(30 nm)/Ni80Fe20(6 

nm)/Nb(30 nm)/Pt(5 nm) sample with and without MW excitation. As shown in Fig. S11, 

it turns out that a few mW of (actual) MW power absorbed in the sample has no effect on 

Tc of the Nb layer. 

Precessing Ni80Fe20 can also be a heat source. The amount of heat generated from FMR 

is determined by the MW frequency 𝑓 and the precession cone angle 𝜃𝑐 (see Sec. S7) 

as 𝜃𝑐 ∙ (ℎ𝑓) , where ℎ  is Planck’s constant. For 𝑓  = 20 GHz, the expected heat 

generation is in the range of 0.01−0.02 K, more than two orders of magnitude smaller 

than the base temperature (2 - 300 K).  

Section S12. Investigation of superconducting spin currents for other tNb samples 
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with Pt. 
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Figure S12. Superconducting spin transport as a function of Nb thickness tNb for the 

samples with Pt. a, Temperature T dependence of the FMR linewidth µ0ΔH (top) and the 

resonance magnetic field µ0Hres (bottom) for tNb = 22.5, 30.0, and 37.5 nm. The dashed 

lines indicate the superconducting transition temperature Tc extracted from the 

normalized resistance R/RN vs. temperature T plots [inset of Fig. S12a]. b, Overall 

summary of tNb dependence of the FMR linewidth difference across Tc, denoted as 

µ0ΔH(2 K) − µ0ΔH(8 K), which is also presented in the main text (Fig. 2d). The red 

dashed line is a guide to the eyes; the rectangular and diamond symbols represent two 
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independent sets of the samples grown each in a single deposition run. Error bars 

denote standard deviation of multiple measurements. 

In order to investigate the superconducting spin transport as a function of Nb thickness 

tNb in detail, we have repeated the FMR measurements on a new set of Pt(5 

nm)/Nb(tNb)/Ni80Fe20(6 nm)/Nb(tNb)/Pt(5 nm) samples with tNb = 22.5, 30.0, and 37.5 nm 

(Fig. S12a). We note that for all these samples, a clear enhancement of the FMR linewidth 

µ0ΔH and thereby the spin current flow (to the Pt layer) below Tc is visible. For 

completeness, we have also plotted the tNb dependence of the FMR linewidth change 

across Tc, denoted as µ0ΔH(2 K) − µ0ΔH(8 K), for all the samples studied in Fig. S12b. 

Interestingly, we find that as tNb increases, the spin current flow is first enhanced until tNb 

= 30 nm, and then it decays and becomes a negative (indicating the spin blocking) when 

tNb > 40 nm. Qualitatively, this behaviour can be understood in the following manner. 

In the samples with Pt, the magnitude of the superconducting spin transport via spin-

triplet states in the Nb layers must be controlled by a tradeoff between i) the 

superconducting coherence length 𝜉𝑆𝐶 which determines the lengthscale over the triplet 

pairing penetrates from the interfaces and, ii) the spin-triplet pair density which should 

be proportional to the singlet superconducting energy gap Δ  (as the spin-triplet pair 

originates from the spin-singlet pair). When tNb << 2𝜉𝑆𝐶 [recall that 𝜉𝑆𝐶 is the dirty-

limit coherence length of the Nb (~16 nm at 2 K) and the prefactor 2 considers two 

interfaces at opposite sides of the Nb], the (converted) spin-triplet pair density is too low 

to induce large superconducting spin currents due to the low Δ of a thin Nb layer. In 

contrast for tNb >> 2𝜉𝑆𝐶, the induced triplet states do not bridge the thick Nb layer (with 

a high Δ) and so the spin transport channel is blocked.  
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