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Abstract

We experimentally investigate spin-orbit torques and spin pumping in NiFe/Pt bilayers with
direct and dusted interfaces. The damping-like and field-like torques are simultaneously measured
with spin-torque ferromagnetic resonance tuned by dc bias current, whereas spin pumping is mea-
sured electrically through the inverse spin Hall effect using a microwave cavity. Insertion of an
atomically thin Cu dusting layer at the interface reduces the damping-like torque, field-like torque,
and spin pumping by nearly the same factor of ~1.4. This finding confirms that the observed
spin-orbit torques predominantly arise from diffusive transport of spin current generated by the
spin Hall effect. We also find that spin-current scattering at the NiFe/Pt interface contributes to

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

Current-induced torques due to spin-orbit effects' ™ potentially allow for more efficient
control of magnetization than the conventional spin-transfer torques™’. The spin Hall ef-
fect” is reported to be the dominant source of spin-orbit torques in thin-film bilayers con-
sisting of a ferromagnet (FM) interfaced with a normal metal (NM) with strong spin-orbit

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

7-1

11-14

induces magnetization switching’ '”, domain-wall motion , and high-frequency magne-

15720 While this spin-Hall torque originates from spin-current generation

tization dynamics
within the bulk of the NM layer, the magnitude of the torque depends on the transmission
of spin current across the FM/NM interface’. Some FM/NM bilayers with ~1-nm thick FM
exhibit another spin-orbit torque that is phenomenologically identical to a torque from an
external magnetic field”'**. This “field-like” torque is also interface-dependent, because it
may emerge from the Rashba effect at the FM/NM interface’, or the nonadiabaticity’ of

spin-Hall-generated spin current transmitted across the interface™”* .

To understand the influence of the FM/NM interface on magnetization dynamics,
many studies have experimentally investigated resonance-driven spin pumping from FM
to NM*»*Ydetected with enhanced damping® " or dc voltage due to the inverse spin Hall
effect”® ", The parameter governing spin-current transmission across the FM/NM interface
is the spin-mixing conductance G+ (Ref. 46). Simultaneously investigating spin pumping
and spin-orbit torques, which are theoretically reciprocal effects’, should reveal the interface

dependence of the observed torques in FM/NM.

Here we investigate spin-orbit torques and magnetic resonance in in-plane magnetized
NiFe/Pt bilayers with direct and interrupted interfaces. To modify the NiFe/Pt interface,
we insert an atomically thin dusting layer of Cu that does not exhibit strong spin-orbit ef-
fects by itself. We use spin-torque ferromagnetic resonance (ST-FMR)'""* combined with dc
bias current to extract the damping-like and field-like torques simultaneously. We also inde-
pendently measure the dc voltage generated by spin pumping across the FM/NM interface.
The interfacial dusting reduces the damping-like torque, field-like torque, and spin pumping
by the same factor. This finding is consistent with the diffusive spin-Hall mechanism”**
of spin-orbit torques, where spin transfer between NM and FM depends on the interfacial

spin-mixing conductance.
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II. EXPERIMENTAL DETAILS

A. Samples

The two film stacks compared in this study are sub/Ta(3)/NiggFeq(2.5)/Pt(4) (“NiFe/Pt”)
and sub/Ta(3)/NiggFes(2.5)/Cu(0.5)/Pt(4) (“NiFe/Cu/Pt”), where the numbers in paren-
theses are nominal layer thicknesses in nm and sub is a Si(001) substrate with a 50-nm thick
SiOy overlayer. All layers were sputter-deposited at an Ar pressure of 3 x 1072 Torr with a
background pressure of S1x10~7 Torr. The atomically thin dusting layer of Cu modifies the
NiFe/Pt interface with minimal current shunting. The Ta seed layer facilitates the growth

.)|7.).))

of thin NiFe with narrow resonance linewidth and near-bulk saturation magnetization

We measured the saturation magnetization M, = (5.8 £0.4) x 105 A/m for both NiFe/Pt
and NiFe/Cu/Pt with vibrating sample magnetometry. From four-point measurements on
various film stacks and assuming that individual constituent layers are parallel resistors, we
estimate the resistivities of Ta(3), NiFe(2.5), Cu(0.5), and Pt(4) to be 240 puf2cm, 90 pf2cm,
60 pufdem, and 40 pflem, respectively. Approximately 70% of the charge current thus flows
in the Pt layer. In the subsequent analysis, we also include the small damping-like torque

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

B. Spin-torque ferromagnetic resonance

We fabricated 5-pm wide, 25-pm long microstrips of NiFe/Pt and NiFe/Cu/Pt with
Cr/Au ground-signal-ground electrodes using photolithography and liftoff. We probed
magnetization dynamics in the microstrips using ST-FMR (Refs. 47, 48) as illustrated in
Fig. 1(a): an rf current drives resonant precession of magnetization in the bilayer, and the
rectified anisotropic magnetoresistance voltage generates an FMR spectrum. The rf current
power output was +8 dBm and modulated with a frequency of 437 Hz to detect the rectified
voltage using a lock-in amplifier. The ST-FMR spectrum (e.g., Fig. 1(b)) was acquired at
a fixed rf driving frequency by sweeping an in-plane magnetic field |uoH| < 80 mT applied

at an angle |¢| = 45° from the current axis. The rectified voltage V., constituting the

3
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ST-FMR spectrum is fit to a Lorentzian curve of the form
W2
(oH — poHpnr)? + W2
W(,UOH - ,UOHFMR)
(oH — poHppng)? + W2

where W is the half-width-at-half-maximum resonance linewidth, Hpgy/r is the resonance

(1)

field, S is the symmetric Lorentzian coefficient, and A is the antisymmetric Lorentzian
coefficient. Representative fits are shown in Fig. 1(c).

The lineshape of the ST-FMR spectrum, parameterized by the ratio of S to A in Eq. 1,
has been used to evaluate the ratio of the damping-like torque to the net effective field from
the Oersted field and field-like torque”®**"?. To decouple the damping-like torque from the
field-like torque, the magnitude of the rf current in the bilayer would need to be known "'
Other contributions to V,,;; (Refs. 53-55) may also affect the analysis based on the ST-FMR
lineshape.

We use a modified approach where an additional dc¢ bias current I, in the bilayer, il-
lustrated in Fig. 1(a), transforms the ST-FMR spectrum as shown in Fig. 1(c). A high-
impedance current source outputs Iz, and we restrict [Iz.|] < 2 mA (equivalent to the
current density in Pt |J.p] < 10" A/m?) to minimize Joule heating and nonlinear dy-
namics. The dependence of the resonance linewidth W on I,. allows for quantification of

594700 while the change in the resonance field Hryg yields a direct

the damping-like torque’
measure of the field-like torque™. Thus, de-tuned ST-FMR quantifies both spin-orbit torque

contributions.

C. Electrical detection of spin pumping

The inverse spin Hall voltage V;sy due to spin pumping was measured in 100-pum wide,
1500-pm long strips of NiFe/Pt and NiFe/Cu/Pt with Cr/Au electrodes attached on both
ends, similar to the sub-mm wide strips used in Ref. 60. These NiFe/(Cu/)Pt strips were
fabricated on the same substrate as the ST-FMR device sets described in Sec. IIB. The
sample was placed in the center of a rectangular TE;p, microwave cavity operated at a fixed
rf excitation frequency of 9.55 GHz and rf power of 100 mW. A bias field H was applied
within the film plane and transverse to the long axis of the strip. The dc voltage V. across

the sample was measured using a nanovoltmeter while sweeping the field, as illustrated in

4
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Fig. 2(a). The acquired V. spectrum is fit to Eq. 1 as shown by a representative result
in Fig. 2(b). The inverse spin Hall voltage is defined as the amplitude of the symmet-
ric Lorentzian coefficient S in Eq. 1 (Refs. 38-11, 44). We note that the antisymmetric
Lorentzian coefficient is substantially smaller, indicating that the voltage signal from the

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

ITII. RESULTS AND ANALYSIS
A. Magnetic resonance properties

Fig. 3(a) shows the plot of the ST-FMR linewidth W as a function of frequency f for
NiFe/Pt and NiFe/Cu/Pt at I;. = 0 and £2 mA. The Gilbert damping parameter « is
calculated for each sample in Fig. 3(a) from

2
W =W, + ﬁf, (2)

where W; is the inhomogeneous linewidth broadening, f is the frequency, and v is the
gyromagnetic ratio. With the Landé g-factor g, = 2.10 for NiFe (Refs. 31, 33, 42, 1),
|v|/2m =(28.0 GHz/T)-(9../2) = 29.4 GHz/T. From the slope in Fig. 3(a) at I4. = 0,
a = 0.043 £ 0.001 for NiFe/Pt and a = 0.027 & 0.001 for NiFe/Cu/Pt. The reduction in
damping with interfacial Cu-dusting is consistent with prior studies on FM /Pt with nm-thick
Cu insertion layers®! #5712,

A fit of Hpyrgr versus frequency at I;. = 0 to the Kittel equation

toHpyr = 5 (—MoMeff + \/(MoMeff)2 + 4(f/7)2) — poHy 4+ poAHpyr(lae),  (3)

shown in Figs. 3(b),(c), gives the effective magnetization M, = 5.6 x 10° A/m for NiFe/Pt
and 5.9 x 10° A/m for NiFe/Cu/Pt, with the in-plane anisotropy field |puoHy| < 1 mT.
Mc¢; and M, are indistinguishable within experimental uncertainty, implying negligible
perpendicular magnetic anisotropy in NiFe/(Cu/)Pt.

When I;. # 0, the linewidth W is reduced for one current polarity and enhanced for
the opposite polarity, as shown in Fig. 3(a). The empirical damping parameter defined by
Eq. 2 changes with ;. (see Appendix B), which indicates the presence of a current-induced
damping-like torque. Similarly, I;. # 0 generates an Oersted field and a spin-orbit field-
like torque that together shift the resonance field Hgry g as shown in Figs. 3(b),(c). We

bt
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discuss the quantification of the damping-like torque in Sec. III B and the field-like torque
in Sec. IITE.

B. Damping-like torque

Fig. 4(a) shows the linear change in W as a function of I;. at a fixed rf frequency of 5
GHz. Reversing the external field (from ¢ = 45° to -135°) magnetizes the sample in the
opposite direction and reverses the polarity of the damping-like torque.

W is related to the current-dependent effective damping parameter a.ss at fixed f, cepr =
7|/ 27 f)(W — Wy). The magnitude of the damping-like torque is parameterized by the
effective spin Hall angle 6, proportional to the ratio of the spin current density J, crossing
the FM/NM interface to the charge current density J,. in Pt. 6p at each frequency, plotted
in Fig. 4(b), is calculated from the I, dependence of a.rr (Refs. 48, 62):

 2e| <HFMR + @) poMstrp

6 S
P g | sin ¢

AJ.

, (4)

where tr is the FM thickness. Assuming that the effective spin Hall angle is independent of
frequency, we find 0p;, = 0.087+0.007 for NiFe/Pt and 65, = 0.062+0.005 for NiFe/Cu/Pt.
These values are similar to recently reported fpy, in NiFe/Pt bilayers®”»"**%215450.59,

Opr of NiFe/(Cu/)Pt is related to the intrinsic spin Hall angle sy of Pt through the spin
diffusion theory used in Refs. 3, 32. For a Pt layer much thicker than its spin diffusion length

Apt, Opy, is proportional to the real part of the effective spin-mixing conductance Gi{f ,

~ 2Re[G5]]
pL = “om/Arr Osm, (5)
where op; is the conductivity of the Pt layer and G?{f = Gy (opt/Apt) /(2G4 + opt/Apt)
includes the spin-current backflow factor’*”. Assuming that Ap;, op¢, and Osy in Eq. 5

are independent of the interfacial Cu dusting layer, G?{f is a factor of 1.4 £ 0.2 greater for
NiFe/Pt than NiFe/Cu/Pt based on the values of 6, found above.

C. Reciprocity of damping-like torque and spin pumping

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

pumping, each fitted to the Loretzian curve defined by Eq. 1. Reversing the bias field reverses

6
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the moment orientation of the pumped spin current and thus inverts the polarity of V;gy,
consistent with the mechanism of the inverse spin Hall effect. By averaging measurements at
opposite bias field polarities for different samples, we find |V;gy| = 1.5+0.2 ©V for NiFe/Pt
and |Visy| = 2.6 £0.2 pV for NiFe/Cu/Pt.

38

The inverse spin Hall voltage Vg is given by

h Lps Yhy g ?
Visul = — G 1055 | \p; tanh R,LP [ =1L 6
Visn| = 1G5 Bsulmetant (32 ) r.Lp (3o ) ()

where Ry is the sheet resistance of the sample, L is the length of the sample, P is the
ellipticity parameter of magnetization precession, and h, s is the amplitude of the microwave
excitation field. The factor vh,r/2aw is equal to the precession cone angle at resonance in
the linear (small angle) regime. By collecting all the factors in Eq. 6 that are identical for

NiFe/Pt and NiFe/Cu/Pt into a single coefficient Cgpy, Eq. 6 is rewritten as

e
\Visu| = Cisu = (7)

We note that the small difference in M,; for NiFe/Pt and NiFe/Cu/Pt yields a difference
in P (Eq. 6) of ~1%, which we neglect here.

From Eq. 7, we estimate that G?{f of the NiFe/Pt interface is greater than that of
the NiFe/Cu/Pt interface by a factor of 1.4 £ 0.2. The dc-tuned ST-FMR and dc spin-
pumping voltage measurements therefore yield quantitatively consistent results, confirming
the reciprocity between the damping-like torque (driven by the direct spin Hall effect) and
spin pumping (detected with the inverse spin Hall effect). The fact that the diffusive model

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

torque.

D. Interfacial damping and spin-current transmission

Provided that the enhanced damping « in NiFe/(Cu/)Pt (Fig. 3(a)) is entirely due to
spin pumping into the Pt layer, the real part of the interfacial spin-mixing conductance can
be calculated by ,

RelGif] = 25T = o). 0
Using ap = 0.011 measured for a reference film stack sub/Ta(3)/NiFe(2.5)/Cu(2.5)/TaOx(1.5)
with negligible spin pumping into the top NM layer of Cu, we obtain Re[G?{f | = (11.6 +

7
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0.9) x 101 Q~1m=2 for NiFe/Pt and (5.84:0.5) x 101* Q~1m~2 for NiFe/Cu/Pt. This factor of
2 difference for the two interfaces is significantly greater than the factor of ~1.4 determined
from dc-tuned ST-FMR, (Sec. 111 B) and electrically detected spin pumping (Sec. II1C). This
discrepancy implies that the magnitude of Re[G?{f | of NiFe/Pt calculated from enhanced
damping is higher than that calculated for spin injection.

In addition to spin pumping, interfacial scattering effects’*"* %

, e.g., due to proximity-
induced magnetization in Pt'>%%° or spin-orbit phenomena at the NiFe/Pt interface”’, may
contribute to both stronger damping and lower spin injection in NiFe/Pt. Assuming that
this interfacial scattering is suppressed by the Cu dusting layer, ~0.010 of « in NiFe/Pt is
not accounted for by spin pumping. The corrected Re[G?{f | for NiFe/Pt is (8.1 £ 1.2) x
10 Q~'m™2, which is in excellent agreement with Re[Gi{f | calculated from first principles””.

26,32,33,43,49-51,54,55 VI :
369 , the intrinsic spin

Using Gi{f quantified above and assuming Ap; &~ 1 nm
Hall angle fgy of Pt and the spin-current transmissivity 7' = 0p, /05y across the FM/NM
interface can be estimated. We obtain gy ~ 0.15, and 7" =~ 0.6 for NiFe/Pt and 7" ~ 0.4 for

26

NiFe/Cu/Pt. These results, in line with a recent report™, indicate that the damping-like
torque (proportional to 0py) may be increased by engineering the FM/NM interface, i.e.,
by increasing G?{f . For practical applications, the threshold charge current density required
for switching or self-oscillation of the magnetization is proportional to the ratio a/0py.
Because of the reciprocity of the damping-like torque and spin pumping, increasing G?{f
would also increase « such that it would cancel the benefit of enhancing 6p,. Nevertheless,
although spin pumping inevitably increases damping, optimal interfacial engineering might
minimize damping from interfacial spin-current scattering while maintaining efficient spin-

current transmission across the FM/NM interface.

E. Field-like torque

We now quantify the field-like torque from the dc-induced shift in the resonance field
Hpar, derived from the fit to Eq. 3, as shown in Figs. 3(b),(c). M.y is fixed at its zero-

% Fig. 6 shows the net current-

current value so that AHpy g is the only free parameter
induced effective field, which is equivalent to vV2AHgpsr in our experimental geometry with
the external field applied 45° from the current axis. The solid lines show the expected

Oersted field pgHpe ~ 0.08 mT per mA for both NiFe/Pt and NiFe/Cu/Pt based on the

8
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estimated charge current densities in the NM layers, Hp, = %(Ja pitpt + Jecutouw — Jeratra)s

where the contribution from the Pt layer dominates by a factor of >6.

While the polarity of the shift in Hpy/g is consistent with the direction of Hp., the
magnitude of vV2AH gy g exceeds Ho, for both samples as shown in Fig. 6. This indicates the
presence of an additional current-induced effective field due to a field-like torque, poHpry =
0.20 £ 0.02 mT per mA for NiFe/Pt and puoHpr = 0.10 £0.02 mT per mA for NiFe/Cu/Pt.
Analogous to 0p, for the damping-like torque, the field-like torque can also be parameterized

by an effective spin Hall angle”:

. 2‘6|/J,0MST,F

Hpp,
Opr| —
0r] = =2

Jc,Pt

- (9)

Eq. 9 yields 0rp = 0.024+0.003 for NiFe/Pt and 0.013 +0.003 for NiFe/Cu/Pt, comparable

to recently reported results in Ref. 23.

The ultrathin Cu layer at the NiFe/Pt interface reduces the field-like torque by a factor
of 1.8 + 0.5, which is in agreement within experimental uncertainty to the reduction of the
damping-like torque (Sec. IIIB). This suggests that both torques predominantly originate
from the spin Hall effect in Pt. Recent studies on FM/NM bilayers using low-frequency
measurement techniques”” *’ also suggest that the spin Hall effect is the dominant source
of the field-like torque. Since the field-like torque scales as the imaginary component of
Gi{f (Refs. 3-5), the Cu dusting layer must modify Re[Gi{f | and Im[Gi{f | identically. We
estimate Im[G5]'] = (0r1/0pr)Re[G5]'] to be (2.2 £ 0.5) x 10" Q~'m~? for NiFe/Pt and
(1.2 40.3) x 10" Q7'm~2 for NiFe/Cu/Pt.

Because of the relatively large error bar for the ratio of the field-like torque in NiFe /Pt and
NiFe/Cu/Pt, our experimental results do not rule out the existence of another mechanism
at the FM/NM interface, distinct from the spin Hall effect. For example, the Cu dusting
layer may modify the interfacial Rashba effect that can be an additional contribution to
the field-like torque”***. Also, the upper bound of the field-like torque ratio is close to
the factor of ~2 reduction in damping with Cu insertion, possibly suggesting a correlation
between the spin-orbit field-like torque and the enhancement in damping at the FM-NM
interface. Elucidating the exact roles of interfacial spin-orbit effects in FM/HM requires

further theoretical and experimental studies.

9
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F. Comparison of the dc-tuned and lineshape methods of ST-FMR

Accounting for the field-like torque, we determine the effective spin Hall angle HTDfL in
NiFe/Pt and NiFe/Cu/Pt from the lineshape (Eq. 1) of the ST-FMR spectra at Iz =
0 (Refs. 26, 48-52). The coefficients in Eq. 1 are S = V,hJs,r/2|e|poMstp and A =
VoHrf\/l + M.sr/Hpyp, where V, is the ST-FMR voltage prefactor’® and H.y =~ BJers

is the net effective rf magnetic field generated by the rf driving current density J.,; in the
Pt layer. 6}/, = J, .t/ Jers is calculated from the lineshape coefficients S and A:

By 1+ —etL (10)

§‘ 2|6|,UOMstp
Hpyr

) = 5| 2l

Fig. 7(a) shows |0}/, | obtained by ignoring the field-like torque contribution, ie., f =
tpe/2. This underestimates |67, |, implying identical damping-like torques in NiFe/Pt and
NiFe/Cu/Pt. Using = tpi/2 + Hpr/J. pt extracted from Fig. 6, Gz)fL = 0.091 &+ 0.007
for NiFe/Pt and 0.069 + 0.005 for NiFe/Cu/Pt plotted in Fig. 7(b) are in agreement with
Opr, determined from the dc-tuned ST-FMR method. The presence of a nonnegligible field-
like torque in thin FM may account for the underestimation of QEf ;, based on the lineshape

analysis compared to fp;, from de-tuned ST-FMR as reported in Refs. 54, 55.

IV. CONCLUSIONS

We have experimentally demonstrated that the spin-orbit damping-like and field-like
torques scale with interfacial spin-current transmission. Insertion of an ultrathin Cu layer
at the NiFe/Pt interface equally reduces the spin-Hall-mediated spin-orbit torques and spin
pumping, consistent with diffusive transport of spin current across the FM/NM interface.
Parameters relevant to spin-orbit torques in NiFe/Pt and NiFe/Cu/Pt quantified in this
work are summarized in Table [. We have also found an additional contribution to damping
at the NiFe/Pt interface distinct from spin pumping. The de-tuned ST-FMR technique used
here permits precise quantification of spin-orbit torques directly applicable to engineering

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

NiFe/Pt  NiFe/Cu/Pt

Op1 0.087 + 0.007 0.062 = 0.005

OprL 0.024 + 0.003 0.013 = 0.003
Re[G5]/] (101 @7'm™2) 81£12 58405
Im[G5]7] (10 Q7 'm™2) 22405 12403

CrsuReGY]Y] (an) 1.4+0.2 1
— 0.032 = 0.001 0.016 = 0.001
ACKNOWLEDGEMENTS

T.N. and S.E. contributed equally to this work. This work was supported by the Air
Force Research Laboratory through contract FA8650-14-C-5706 and in part by FA8650-
14-C-5705, the W.M. Keck Foundation, and the National Natural Science Foundation of
China (NSFC) 51328203. Lithography was performed in the George J. Kostas Nanoscale
Technology and Manufacturing Research Center. S.E. thanks Xin Fan and Chi-Feng Pai
for helpful discussions. T.N. and S.E. thank James Zhou and Brian Chen for assistance in

setting up the ST-FMR system, and Vivian Sun for assistance in graphic design.

APPENDIX A: DAMPING-LIKE TORQUE CONTRIBUTION FROM TANTA-
LUM

With the same dc-tuned ST-FMR technique described in Sec. II B, we evaluate the ef-
fective spin Hall angle 6p; of Ta interfaced with NiFe. Because of the high resistivity of
Ta, the signal-to-noise ratio of the ST-FMR spectrum is significantly lower than in the case
of NiFe/Pt, thus making precise determination of 6p; more challenging. Nevertheless, we
are able to obtain an estimate of 0p; from a 2-pum wide, 10-pum long strip of subs/Ta(6
nm)/NigoFegy(4 nm)/Al,O3(1.5 nm) (“Ta/NiFe”) . The estimated resistivity of Ta(6 nm) is
200 pQ2em and that of NiFe(4 nm) is 70 pcm.

Fig. 8(a) shows the change in linewidth AW (or Aa.yss) due to dc bias current ;.. The
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polarity of AW against /. is the same as in NiFe capped with Pt (Fig. 4(a)). Because the
Ta layer is beneath the NiFe layer, this observed polarity is consistent with the opposite
signs of the spin Hall angles for Pt and Ta. Here we define the sign of 0, for Ta/NiFe to be
negative. Using Eq. 4 with M, = M.;; = 7.0 x 10° A/m and averaging the values plotted
in Fig. 8(b), we arrive at 0p;, = —0.034 + 0.008. This magnitude of 0p, is substantially
smaller than 0p;, &~ —0.1 in Ta/CoFe(B)>"” and Ta/FeGaB", but similar to reported values
of pz in Ta/NiFe bilayers'**. For the analysis of the damping-like torque in Sec. I11 B, we
take into account the fp; obtained above and the small charge current density in Ta. In
the Ta/NiFe/(Cu/)/Pt stacks, owing to the much higher conductivity of Pt, the spin-Hall
damping-like torque from the top Pt(4) layer is an order of magnitude greater than the
torque from the bottom Ta(3) seed layer.

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

Magnetization dynamics in the presence of an effective field H.¢; and a damping-like spin

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

om

ot

= —|ym x Hesr + om X —m+7'DLm>< (o0 x m), (11)

ot

where 7py, is a coefficient for the damping-like torque (proportional to 0p;) and o is the
orientation of the spin moment entering the FM. Within this theoretical framework, it is not
possible to come up with a single Gilbert damping parameter as a function of bias dc current
I, that holds at all frequencies. However, at I;. = 0 we empirically extract the damping
parameter « from the linear relationship of linewidth W versus frequency f (Eq. 2). We can
take the same approach and define an empirical damping parameter aw/; as a function of

[dca i.e.

2T Oéw/ f(Lic)
7

where we fix the inhomogeneous linewidth broadening W, at the value at I;. = 0, which

W (Iae) = Wo + f, (12)

does not change systematically as a function of small ;. used here. This approach of setting
awyys as the only fitting parameter in Eq. 12 well describes our data (e.g., Fig. 3(a)). We
show in Fig. 9 the resulting ay/; versus I4.. The change in o/ normalized by the charge

current density in Pt is 0.0036 £ 0.0001 per 10" A/m? for NiFe/Pt and 0.0025 + 0.0001

12



»o per 101 A/m? for NiFe/Cu/Pt. This empirical measure of the damping-like torque again
a1 exhibits a factor of ~1.4 difference between NiFe/Pt and NiFe/Cu/Pt.
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Figure 1. (a) Schematic of the de-tuned spin-torque ferromagnetic resonance (ST-FMR) setup and

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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Figure 2. (a) Schematic of the dc spin-pumping (inverse spin Hall effect) voltage measurement. (b)

Representative dc voltage spectrum. The inverse spin Hall signal V;gy dominates the anomalous

Hall effect signal Vagpg.
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Figure 3. (a) Resonance linewidth W versus frequency f at different dc bias currents. (b,c) Reso-

nance field Hp g versus frequency f at different de-bias currents for NiFe /Pt (b) and NiFe/Cu/Pt
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Figure 4. (a) Resonance linewidth W versus dc bias current I at f =5 GHz. (b) Effective spin

Hall angle 0py, calculated at several frequencies.
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Figure 8. (a) Change in resonance linewidth W versus dc bias current /4. in Ta/NiFe at f = 6.5

GHz. (b) Effective spin Hall angle 0p, calculated at several frequencies.
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