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Abstract11

We experimentally investigate spin-orbit torques and spin pumping in NiFe/Pt bilayers with12

direct and dusted interfaces. The damping-like and field-like torques are simultaneously measured13

with spin-torque ferromagnetic resonance tuned by dc bias current, whereas spin pumping is mea-14

sured electrically through the inverse spin Hall effect using a microwave cavity. Insertion of an15

atomically thin Cu dusting layer at the interface reduces the damping-like torque, field-like torque,16

and spin pumping by nearly the same factor of ≈1.4. This finding confirms that the observed17

spin-orbit torques predominantly arise from diffusive transport of spin current generated by the18

spin Hall effect. We also find that spin-current scattering at the NiFe/Pt interface contributes to19

additional enhancement in magnetization damping that is distinct from spin pumping.20
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I. INTRODUCTION21

Current-induced torques due to spin-orbit effects1–3 potentially allow for more efficient22

control of magnetization than the conventional spin-transfer torques4,5. The spin Hall ef-23

fect6 is reported to be the dominant source of spin-orbit torques in thin-film bilayers con-24

sisting of a ferromagnet (FM) interfaced with a normal metal (NM) with strong spin-orbit25

coupling. Of particular technological interest is the spin-Hall “damping-like” torque that26

induces magnetization switching7–10, domain-wall motion11–14, and high-frequency magne-27

tization dynamics15–20. While this spin-Hall torque originates from spin-current generation28

within the bulk of the NM layer, the magnitude of the torque depends on the transmission29

of spin current across the FM/NM interface3. Some FM/NM bilayers with ∼1-nm thick FM30

exhibit another spin-orbit torque that is phenomenologically identical to a torque from an31

external magnetic field21–28. This “field-like” torque is also interface-dependent, because it32

may emerge from the Rashba effect at the FM/NM interface2, or the nonadiabaticity4 of33

spin-Hall-generated spin current transmitted across the interface3,23–25.34

To understand the influence of the FM/NM interface on magnetization dynamics,35

many studies have experimentally investigated resonance-driven spin pumping from FM36

to NM29,30, detected with enhanced damping31–35 or dc voltage due to the inverse spin Hall37

effect36–45. The parameter governing spin-current transmission across the FM/NM interface38

is the spin-mixing conductance G↑↓ (Ref. 46). Simultaneously investigating spin pumping39

and spin-orbit torques, which are theoretically reciprocal effects5, should reveal the interface40

dependence of the observed torques in FM/NM.41

Here we investigate spin-orbit torques and magnetic resonance in in-plane magnetized42

NiFe/Pt bilayers with direct and interrupted interfaces. To modify the NiFe/Pt interface,43

we insert an atomically thin dusting layer of Cu that does not exhibit strong spin-orbit ef-44

fects by itself. We use spin-torque ferromagnetic resonance (ST-FMR)47,48 combined with dc45

bias current to extract the damping-like and field-like torques simultaneously. We also inde-46

pendently measure the dc voltage generated by spin pumping across the FM/NM interface.47

The interfacial dusting reduces the damping-like torque, field-like torque, and spin pumping48

by the same factor. This finding is consistent with the diffusive spin-Hall mechanism3,32
49

of spin-orbit torques, where spin transfer between NM and FM depends on the interfacial50

spin-mixing conductance.51
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II. EXPERIMENTAL DETAILS52

A. Samples53

The two film stacks compared in this study are sub/Ta(3)/Ni80Fe20(2.5)/Pt(4) (“NiFe/Pt”)54

and sub/Ta(3)/Ni80Fe20(2.5)/Cu(0.5)/Pt(4) (“NiFe/Cu/Pt”), where the numbers in paren-55

theses are nominal layer thicknesses in nm and sub is a Si(001) substrate with a 50-nm thick56

SiO2 overlayer. All layers were sputter-deposited at an Ar pressure of 3× 10−3 Torr with a57

background pressure of <∼1×10−7 Torr. The atomically thin dusting layer of Cu modifies the58

NiFe/Pt interface with minimal current shunting. The Ta seed layer facilitates the growth59

of thin NiFe with narrow resonance linewidth and near-bulk saturation magnetization31,33.60

We measured the saturation magnetization Ms = (5.8±0.4)×105 A/m for both NiFe/Pt61

and NiFe/Cu/Pt with vibrating sample magnetometry. From four-point measurements on62

various film stacks and assuming that individual constituent layers are parallel resistors, we63

estimate the resistivities of Ta(3), NiFe(2.5), Cu(0.5), and Pt(4) to be 240 µΩcm, 90 µΩcm,64

60 µΩcm, and 40 µΩcm, respectively. Approximately 70% of the charge current thus flows65

in the Pt layer. In the subsequent analysis, we also include the small damping-like torque66

and the Oersted field from the highly resistive Ta layer (see Appendix A).67

B. Spin-torque ferromagnetic resonance68

We fabricated 5-µm wide, 25-µm long microstrips of NiFe/Pt and NiFe/Cu/Pt with69

Cr/Au ground-signal-ground electrodes using photolithography and liftoff. We probed70

magnetization dynamics in the microstrips using ST-FMR (Refs. 47, 48) as illustrated in71

Fig. 1(a): an rf current drives resonant precession of magnetization in the bilayer, and the72

rectified anisotropic magnetoresistance voltage generates an FMR spectrum. The rf current73

power output was +8 dBm and modulated with a frequency of 437 Hz to detect the rectified74

voltage using a lock-in amplifier. The ST-FMR spectrum (e.g., Fig. 1(b)) was acquired at75

a fixed rf driving frequency by sweeping an in-plane magnetic field |µ0H| < 80 mT applied76

at an angle |φ| = 45◦ from the current axis. The rectified voltage Vmix constituting the77
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ST-FMR spectrum is fit to a Lorentzian curve of the form78

Vmix =S
W 2

(µ0H − µ0HFMR)2 +W 2

+ A
W (µ0H − µ0HFMR)

(µ0H − µ0HFMR)2 +W 2
,

(1)79

where W is the half-width-at-half-maximum resonance linewidth, HFMR is the resonance80

field, S is the symmetric Lorentzian coefficient, and A is the antisymmetric Lorentzian81

coefficient. Representative fits are shown in Fig. 1(c).82

The lineshape of the ST-FMR spectrum, parameterized by the ratio of S to A in Eq. 1,83

has been used to evaluate the ratio of the damping-like torque to the net effective field from84

the Oersted field and field-like torque26,48–52. To decouple the damping-like torque from the85

field-like torque, the magnitude of the rf current in the bilayer would need to be known48,51.86

Other contributions to Vmix (Refs. 53–55) may also affect the analysis based on the ST-FMR87

lineshape.88

We use a modified approach where an additional dc bias current Idc in the bilayer, il-89

lustrated in Fig. 1(a), transforms the ST-FMR spectrum as shown in Fig. 1(c). A high-90

impedance current source outputs Idc, and we restrict |Idc| ≤ 2 mA (equivalent to the91

current density in Pt |Jc,P t| < 1011 A/m2) to minimize Joule heating and nonlinear dy-92

namics. The dependence of the resonance linewidth W on Idc allows for quantification of93

the damping-like torque48,54–60, while the change in the resonance field HFMR yields a direct94

measure of the field-like torque52. Thus, dc-tuned ST-FMR quantifies both spin-orbit torque95

contributions.96

C. Electrical detection of spin pumping97

The inverse spin Hall voltage VISH due to spin pumping was measured in 100-µm wide,98

1500-µm long strips of NiFe/Pt and NiFe/Cu/Pt with Cr/Au electrodes attached on both99

ends, similar to the sub-mm wide strips used in Ref. 60. These NiFe/(Cu/)Pt strips were100

fabricated on the same substrate as the ST-FMR device sets described in Sec. II B. The101

sample was placed in the center of a rectangular TE102 microwave cavity operated at a fixed102

rf excitation frequency of 9.55 GHz and rf power of 100 mW. A bias field H was applied103

within the film plane and transverse to the long axis of the strip. The dc voltage Vdc across104

the sample was measured using a nanovoltmeter while sweeping the field, as illustrated in105
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Fig. 2(a). The acquired Vdc spectrum is fit to Eq. 1 as shown by a representative result106

in Fig. 2(b). The inverse spin Hall voltage is defined as the amplitude of the symmet-107

ric Lorentzian coefficient S in Eq. 1 (Refs. 38–41, 44). We note that the antisymmetric108

Lorentzian coefficient is substantially smaller, indicating that the voltage signal from the109

inverse spin Hall effect dominates over that from the anomalous Hall effect.110

III. RESULTS AND ANALYSIS111

A. Magnetic resonance properties112

Fig. 3(a) shows the plot of the ST-FMR linewidth W as a function of frequency f for113

NiFe/Pt and NiFe/Cu/Pt at Idc = 0 and ±2 mA. The Gilbert damping parameter α is114

calculated for each sample in Fig. 3(a) from115

W = W0 +
2πα

|γ| f, (2)116

where W0 is the inhomogeneous linewidth broadening, f is the frequency, and γ is the117

gyromagnetic ratio. With the Landé g-factor gL = 2.10 for NiFe (Refs. 31, 33, 42, 61),118

|γ|/2π =(28.0 GHz/T)·(gL/2) = 29.4 GHz/T. From the slope in Fig. 3(a) at Idc = 0,119

α = 0.043 ± 0.001 for NiFe/Pt and α = 0.027 ± 0.001 for NiFe/Cu/Pt. The reduction in120

damping with interfacial Cu-dusting is consistent with prior studies on FM/Pt with nm-thick121

Cu insertion layers31,33,35,42,44.122

A fit of HFMR versus frequency at Idc = 0 to the Kittel equation123

µ0HFMR = 1

2

(

−µ0Meff +
√

(µ0Meff )2 + 4(f/γ)2
)

− µ0Hk + µ0∆HFMR(Idc), (3)124

shown in Figs. 3(b),(c), gives the effective magnetization Meff = 5.6×105 A/m for NiFe/Pt125

and 5.9 × 105 A/m for NiFe/Cu/Pt, with the in-plane anisotropy field |µ0Hk| < 1 mT.126

Meff and Ms are indistinguishable within experimental uncertainty, implying negligible127

perpendicular magnetic anisotropy in NiFe/(Cu/)Pt.128

When Idc 6= 0, the linewidth W is reduced for one current polarity and enhanced for129

the opposite polarity, as shown in Fig. 3(a). The empirical damping parameter defined by130

Eq. 2 changes with Idc (see Appendix B), which indicates the presence of a current-induced131

damping-like torque. Similarly, Idc 6= 0 generates an Oersted field and a spin-orbit field-132

like torque that together shift the resonance field HFMR as shown in Figs. 3(b),(c). We133
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discuss the quantification of the damping-like torque in Sec. III B and the field-like torque134

in Sec. III E.135

B. Damping-like torque136

Fig. 4(a) shows the linear change in W as a function of Idc at a fixed rf frequency of 5137

GHz. Reversing the external field (from φ = 45◦ to -135◦) magnetizes the sample in the138

opposite direction and reverses the polarity of the damping-like torque.139

W is related to the current-dependent effective damping parameter αeff at fixed f , αeff =140

|γ|/(2πf)(W − W0). The magnitude of the damping-like torque is parameterized by the141

effective spin Hall angle θDL, proportional to the ratio of the spin current density Js crossing142

the FM/NM interface to the charge current density Jc in Pt. θDL at each frequency, plotted143

in Fig. 4(b), is calculated from the Idc dependence of αeff (Refs. 48, 62):144

|θDL| =
2|e|
~

(

HFMR +
Meff

2

)

µ0MstF

| sinφ|

∣

∣

∣

∣

∆αeff

∆Jc

∣

∣

∣

∣

, (4)145

where tF is the FM thickness. Assuming that the effective spin Hall angle is independent of146

frequency, we find θDL = 0.087±0.007 for NiFe/Pt and θDL = 0.062±0.005 for NiFe/Cu/Pt.147

These values are similar to recently reported θDL in NiFe/Pt bilayers39,42,48,51,54–56,59.148

θDL of NiFe/(Cu/)Pt is related to the intrinsic spin Hall angle θSH of Pt through the spin149

diffusion theory used in Refs. 3, 32. For a Pt layer much thicker than its spin diffusion length150

λPt, θDL is proportional to the real part of the effective spin-mixing conductance Geff
↑↓ ,151

θDL =
2Re[Geff

↑↓ ]

σPt/λPt

θSH , (5)152

where σPt is the conductivity of the Pt layer and Geff
↑↓ = G↑↓(σPt/λPt)/(2G↑↓ + σPt/λPt)153

includes the spin-current backflow factor30,32. Assuming that λPt, σPt, and θSH in Eq. 5154

are independent of the interfacial Cu dusting layer, Geff
↑↓ is a factor of 1.4± 0.2 greater for155

NiFe/Pt than NiFe/Cu/Pt based on the values of θDL found above.156

C. Reciprocity of damping-like torque and spin pumping157

Fig. 5 shows representative results of the dc inverse spin Hall voltage induced by spin158

pumping, each fitted to the Loretzian curve defined by Eq. 1. Reversing the bias field reverses159
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the moment orientation of the pumped spin current and thus inverts the polarity of VISH,160

consistent with the mechanism of the inverse spin Hall effect. By averaging measurements at161

opposite bias field polarities for different samples, we find |VISH| = 1.5±0.2 µV for NiFe/Pt162

and |VISH| = 2.6± 0.2 µV for NiFe/Cu/Pt.163

The inverse spin Hall voltage VISH is given by38164

|VISH| =
h

|e|G
eff
↑↓ |θSH |λPt tanh

(

tPt

2λPt

)

fRsLP

(

γhrf

2αω

)2

, (6)165

where Rs is the sheet resistance of the sample, L is the length of the sample, P is the166

ellipticity parameter of magnetization precession, and hrf is the amplitude of the microwave167

excitation field. The factor γhrf/2αω is equal to the precession cone angle at resonance in168

the linear (small angle) regime. By collecting all the factors in Eq. 6 that are identical for169

NiFe/Pt and NiFe/Cu/Pt into a single coefficient CISH , Eq. 6 is rewritten as170

|VISH| = CISH

RsG
eff
↑↓

α2
. (7)171

We note that the small difference in Meff for NiFe/Pt and NiFe/Cu/Pt yields a difference172

in P (Eq. 6) of ∼1%, which we neglect here.173

From Eq. 7, we estimate that Geff
↑↓ of the NiFe/Pt interface is greater than that of174

the NiFe/Cu/Pt interface by a factor of 1.4 ± 0.2. The dc-tuned ST-FMR and dc spin-175

pumping voltage measurements therefore yield quantitatively consistent results, confirming176

the reciprocity between the damping-like torque (driven by the direct spin Hall effect) and177

spin pumping (detected with the inverse spin Hall effect). The fact that the diffusive model178

captures the observations supports the spin-Hall mechanism leading to the damping-like179

torque.180

D. Interfacial damping and spin-current transmission181

Provided that the enhanced damping α in NiFe/(Cu/)Pt (Fig. 3(a)) is entirely due to182

spin pumping into the Pt layer, the real part of the interfacial spin-mixing conductance can183

be calculated by184

Re[Geff
↑↓ ] =

2e2MstF
~2|γ| (α− α0). (8)185

Using α0 = 0.011 measured for a reference film stack sub/Ta(3)/NiFe(2.5)/Cu(2.5)/TaOx(1.5)186

with negligible spin pumping into the top NM layer of Cu, we obtain Re[Geff
↑↓ ] = (11.6 ±187
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0.9)×1014 Ω−1m−2 for NiFe/Pt and (5.8±0.5)×1014 Ω−1m−2 for NiFe/Cu/Pt. This factor of188

2 difference for the two interfaces is significantly greater than the factor of ≈1.4 determined189

from dc-tuned ST-FMR (Sec. III B) and electrically detected spin pumping (Sec. IIIC). This190

discrepancy implies that the magnitude of Re[Geff
↑↓ ] of NiFe/Pt calculated from enhanced191

damping is higher than that calculated for spin injection.192

In addition to spin pumping, interfacial scattering effects44,63–65, e.g., due to proximity-193

induced magnetization in Pt13,35,66 or spin-orbit phenomena at the NiFe/Pt interface67, may194

contribute to both stronger damping and lower spin injection in NiFe/Pt. Assuming that195

this interfacial scattering is suppressed by the Cu dusting layer, ≈0.010 of α in NiFe/Pt is196

not accounted for by spin pumping. The corrected Re[Geff
↑↓ ] for NiFe/Pt is (8.1 ± 1.2) ×197

1014 Ω−1m−2, which is in excellent agreement with Re[Geff
↑↓ ] calculated from first principles65.198

Using Geff
↑↓ quantified above and assuming λPt ≈ 1 nm26,32,33,43,49–51,54,55, the intrinsic spin199

Hall angle θSH of Pt and the spin-current transmissivity T = θDL/θSH across the FM/NM200

interface can be estimated. We obtain θSH ≈ 0.15, and T ≈ 0.6 for NiFe/Pt and T ≈ 0.4 for201

NiFe/Cu/Pt. These results, in line with a recent report26, indicate that the damping-like202

torque (proportional to θDL) may be increased by engineering the FM/NM interface, i.e.,203

by increasing Geff
↑↓ . For practical applications, the threshold charge current density required204

for switching or self-oscillation of the magnetization is proportional to the ratio α/θDL.205

Because of the reciprocity of the damping-like torque and spin pumping, increasing Geff
↑↓206

would also increase α such that it would cancel the benefit of enhancing θDL. Nevertheless,207

although spin pumping inevitably increases damping, optimal interfacial engineering might208

minimize damping from interfacial spin-current scattering while maintaining efficient spin-209

current transmission across the FM/NM interface.210

E. Field-like torque211

We now quantify the field-like torque from the dc-induced shift in the resonance field212

HFMR, derived from the fit to Eq. 3, as shown in Figs. 3(b),(c). Meff is fixed at its zero-213

current value so that ∆HFMR is the only free parameter68. Fig. 6 shows the net current-214

induced effective field, which is equivalent to
√
2∆HFMR in our experimental geometry with215

the external field applied 45◦ from the current axis. The solid lines show the expected216

Oersted field µ0HOe ≈ 0.08 mT per mA for both NiFe/Pt and NiFe/Cu/Pt based on the217
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estimated charge current densities in the NM layers, HOe =
1

2
(Jc,P ttPt+Jc,CutCu−Jc,TatTa),218

where the contribution from the Pt layer dominates by a factor of >6.219

While the polarity of the shift in HFMR is consistent with the direction of HOe, the220

magnitude of
√
2∆HFMR exceeds HOe for both samples as shown in Fig. 6. This indicates the221

presence of an additional current-induced effective field due to a field-like torque, µ0HFL =222

0.20± 0.02 mT per mA for NiFe/Pt and µ0HFL = 0.10± 0.02 mT per mA for NiFe/Cu/Pt.223

Analogous to θDL for the damping-like torque, the field-like torque can also be parameterized224

by an effective spin Hall angle26:225

|θFL| =
2|e|µ0MstF

~

∣

∣

∣

∣

HFL

Jc,P t

∣

∣

∣

∣

. (9)226

Eq. 9 yields θFL = 0.024±0.003 for NiFe/Pt and 0.013±0.003 for NiFe/Cu/Pt, comparable227

to recently reported results in Ref. 23.228

The ultrathin Cu layer at the NiFe/Pt interface reduces the field-like torque by a factor229

of 1.8± 0.5, which is in agreement within experimental uncertainty to the reduction of the230

damping-like torque (Sec. III B). This suggests that both torques predominantly originate231

from the spin Hall effect in Pt. Recent studies on FM/NM bilayers using low-frequency232

measurement techniques23–25 also suggest that the spin Hall effect is the dominant source233

of the field-like torque. Since the field-like torque scales as the imaginary component of234

Geff
↑↓ (Refs. 3–5), the Cu dusting layer must modify Re[Geff

↑↓ ] and Im[Geff
↑↓ ] identically. We235

estimate Im[Geff
↑↓ ] = (θFL/θDL)Re[G

eff
↑↓ ] to be (2.2 ± 0.5) × 1014 Ω−1m−2 for NiFe/Pt and236

(1.2± 0.3)× 1014 Ω−1m−2 for NiFe/Cu/Pt.237

Because of the relatively large error bar for the ratio of the field-like torque in NiFe/Pt and238

NiFe/Cu/Pt, our experimental results do not rule out the existence of another mechanism239

at the FM/NM interface, distinct from the spin Hall effect. For example, the Cu dusting240

layer may modify the interfacial Rashba effect that can be an additional contribution to241

the field-like torque2,3,24. Also, the upper bound of the field-like torque ratio is close to242

the factor of ≈2 reduction in damping with Cu insertion, possibly suggesting a correlation243

between the spin-orbit field-like torque and the enhancement in damping at the FM-NM244

interface. Elucidating the exact roles of interfacial spin-orbit effects in FM/HM requires245

further theoretical and experimental studies.246
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F. Comparison of the dc-tuned and lineshape methods of ST-FMR247

Accounting for the field-like torque, we determine the effective spin Hall angle θrfDL in248

NiFe/Pt and NiFe/Cu/Pt from the lineshape (Eq. 1) of the ST-FMR spectra at Idc =249

0 (Refs. 26, 48–52). The coefficients in Eq. 1 are S = Vo~Js,rf/2|e|µ0MstF and A =250

VoHrf

√

1 +Meff/HFMR, where Vo is the ST-FMR voltage prefactor48 and Hrf ≈ βJc,rf251

is the net effective rf magnetic field generated by the rf driving current density Jc,rf in the252

Pt layer. θrfDL = Js,rf/Jc,rf is calculated from the lineshape coefficients S and A:253

|θrfDL| =
∣

∣

∣

∣

S

A

∣

∣

∣

∣

2|e|µ0MstF
~

β

√

1 +
Meff

HFMR
. (10)254

Fig. 7(a) shows |θrfDL| obtained by ignoring the field-like torque contribution, i.e., β =255

tPt/2. This underestimates |θrfDL|, implying identical damping-like torques in NiFe/Pt and256

NiFe/Cu/Pt. Using β = tPt/2 + HFL/Jc,P t extracted from Fig. 6, θrfDL = 0.091 ± 0.007257

for NiFe/Pt and 0.069 ± 0.005 for NiFe/Cu/Pt plotted in Fig. 7(b) are in agreement with258

θDL determined from the dc-tuned ST-FMR method. The presence of a nonnegligible field-259

like torque in thin FM may account for the underestimation of θrfDL based on the lineshape260

analysis compared to θDL from dc-tuned ST-FMR as reported in Refs. 54, 55.261

IV. CONCLUSIONS262

We have experimentally demonstrated that the spin-orbit damping-like and field-like263

torques scale with interfacial spin-current transmission. Insertion of an ultrathin Cu layer264

at the NiFe/Pt interface equally reduces the spin-Hall-mediated spin-orbit torques and spin265

pumping, consistent with diffusive transport of spin current across the FM/NM interface.266

Parameters relevant to spin-orbit torques in NiFe/Pt and NiFe/Cu/Pt quantified in this267

work are summarized in Table I. We have also found an additional contribution to damping268

at the NiFe/Pt interface distinct from spin pumping. The dc-tuned ST-FMR technique used269

here permits precise quantification of spin-orbit torques directly applicable to engineering270

efficient spin-current-driven devices.271
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Table I. Parameters related to spin-orbit torques

NiFe/Pt NiFe/Cu/Pt

θDL 0.087 ± 0.007 0.062 ± 0.005

θFL 0.024 ± 0.003 0.013 ± 0.003

Re[Geff
↑↓ ] (1014 Ω−1m−2) 8.1± 1.2 5.8± 0.5

Im[Geff
↑↓ ] (1014 Ω−1m−2) 2.2± 0.5 1.2± 0.3

CISHRe[Geff
↑↓ ] (a.u.) 1.4± 0.2 1

α− α0 0.032 ± 0.001 0.016 ± 0.001
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APPENDIX A: DAMPING-LIKE TORQUE CONTRIBUTION FROM TANTA-281

LUM282

With the same dc-tuned ST-FMR technique described in Sec. II B, we evaluate the ef-283

fective spin Hall angle θDL of Ta interfaced with NiFe. Because of the high resistivity of284

Ta, the signal-to-noise ratio of the ST-FMR spectrum is significantly lower than in the case285

of NiFe/Pt, thus making precise determination of θDL more challenging. Nevertheless, we286

are able to obtain an estimate of θDL from a 2-µm wide, 10-µm long strip of subs/Ta(6287

nm)/Ni80Fe20(4 nm)/Al2O3(1.5 nm) (“Ta/NiFe”) . The estimated resistivity of Ta(6 nm) is288

200 µΩcm and that of NiFe(4 nm) is 70 µΩcm.289

Fig. 8(a) shows the change in linewidth ∆W (or ∆αeff) due to dc bias current Idc. The290
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polarity of ∆W against Idc is the same as in NiFe capped with Pt (Fig. 4(a)). Because the291

Ta layer is beneath the NiFe layer, this observed polarity is consistent with the opposite292

signs of the spin Hall angles for Pt and Ta. Here we define the sign of θDL for Ta/NiFe to be293

negative. Using Eq. 4 with Ms = Meff = 7.0 × 105 A/m and averaging the values plotted294

in Fig. 8(b), we arrive at θDL = −0.034 ± 0.008. This magnitude of θDL is substantially295

smaller than θDL ≈ −0.1 in Ta/CoFe(B)8,12 and Ta/FeGaB60, but similar to reported values296

of θDL in Ta/NiFe bilayers41,42. For the analysis of the damping-like torque in Sec. III B, we297

take into account the θDL obtained above and the small charge current density in Ta. In298

the Ta/NiFe/(Cu/)/Pt stacks, owing to the much higher conductivity of Pt, the spin-Hall299

damping-like torque from the top Pt(4) layer is an order of magnitude greater than the300

torque from the bottom Ta(3) seed layer.301

APPENDIX B: DC DEPENDENCE OF THE EMPIRICAL DAMPING PARAM-302

ETER303

Magnetization dynamics in the presence of an effective field Heff and a damping-like spin304

torque is given by the Landau-Lifshitz-Gilbert-Slonczewski equation:305

∂m

∂t
= −|γ|m×Heff + αm× ∂m

∂t
+ τDLm× (σ ×m), (11)306

where τDL is a coefficient for the damping-like torque (proportional to θDL) and σ is the307

orientation of the spin moment entering the FM. Within this theoretical framework, it is not308

possible to come up with a single Gilbert damping parameter as a function of bias dc current309

Idc that holds at all frequencies. However, at Idc = 0 we empirically extract the damping310

parameter α from the linear relationship of linewidth W versus frequency f (Eq. 2). We can311

take the same approach and define an empirical damping parameter αW/f as a function of312

Idc, i.e.313

W (Idc) = W0 +
2παW/f(Idc)

|γ| f, (12)314

where we fix the inhomogeneous linewidth broadening W0 at the value at Idc = 0, which315

does not change systematically as a function of small Idc used here. This approach of setting316

αW/f as the only fitting parameter in Eq. 12 well describes our data (e.g., Fig. 3(a)). We317

show in Fig. 9 the resulting αW/f versus Idc. The change in αW/f normalized by the charge318

current density in Pt is 0.0036 ± 0.0001 per 1011 A/m2 for NiFe/Pt and 0.0025 ± 0.0001319

12



per 1011 A/m2 for NiFe/Cu/Pt. This empirical measure of the damping-like torque again320

exhibits a factor of ≈1.4 difference between NiFe/Pt and NiFe/Cu/Pt.321
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the symmetry of torques acting on the magnetization m. Through spin-orbit effects, the charge

current in the normal metal generates two torques: damping-like torque (DLT) and field-like torque

(FLT). (b,c) ST-FMR spectra of NiFe/Pt at different frequencies (b) and dc bias currents (c).
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