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ABSTRACT 

We report measurements of the spin torque efficiencies in perpendicularly-magnetized Pt/Co 

bilayers where the Pt resistivity Ptρ  is strongly dependent on thickness Ptt .  The damping-like 

spin Hall torque efficiency per unit current density DL
jξ  varies significantly with Ptt , exhibiting a 

peak value DL 0.12jξ =  at Ptt = 2.8 - 3.9 nm. In contrast, DL Pt/jξ ρ  increases monotonically with 

tPt  and saturates for Ptt > 5 nm, consistent with an intrinsic spin Hall effect mechanism, in which 

DL
jξ  is enhanced by an increase in Ptρ . Assuming the Elliott-Yafet spin scattering mechanism 

dominates we estimate that the spin diffusion length 15 2
Pt(0.77 0.08) 10 m /sλ ρ−= ± × Ω .
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 The spin Hall effect (SHE) [1–3], in which a transverse spin current density SHEj  is 

induced by a longitudinal charge current density ej  and whose strength is characterized by the 

spin Hall ratio SH SHE(2 / ) / ee j jθ ≡ h , has recently drawn much attention because of its promise 

for spintronics applications [4–13].  Mechanisms which might give rise to the SHE [14,15] 

include the intrinsic SHE [1,16], side-jump scattering [17] and skew scattering [18]. Two 

common methods to quantify the strength of the SHE are to employ ferromagnet/normal metal 

(FM/NM) bilayers and either (1) detect the spin transfer torque that the SHE-induced spin 

current from the NM layer exerts on the magnetization of the adjacent FM layer [19,20], or (2) 

use spin pumping to inject a spin current from the FM to the NM and detect the electric current 

in the NM layer that is induced by the inverse SHE (ISHE) [21–23]. In the former case due to 

spin backflow (SBF) at the FM/NM interface [24,25] and/or enhanced spin scattering at the 

interface (spin memory loss or SML) [26], only a portion NM|FM
sj  of the SHE-induced spin 

current SHEj  is absorbed in the FM layer, and that reduces the damping-like (DL) spin Hall (SH) 

torque efficiency per unit current density 

NM|FM
DL int SH(2 / ) /j

s ee j j Tξ θ≡ =h  (1) 

 to be less than SHθ , where NM|FM
int SHE/sT j j=  ( 1< ) is the interfacial spin transparency. SBF 

and/or SML can similarly reduce the strength of spin-pumping/ISHE signals.  

 Large values of DL
jξ  have been reported for Pt [19,27–31], beta-Ta [19] and beta-W [4]. 

Special attention has been paid to Pt because its relatively low resistivity compared to the other 

SH materials would be beneficial for reducing Ohmic losses in applications. Values of DL
jξ  for Pt 

have been reported spanning the range 0.06 - 0.12 [19,27–29], depending on the FM/Pt 
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interface [31], and are usually accompanied by a relatively small field-like (FL) torque efficiency 

whose magnitude and sign vary with the interface, FM magnetic anisotropy and 

temperature [29,32–36].  From an analysis of SBF based on a spin diffusion model  [24,25], 

these DL
jξ  results indicate that the underlying internal value of SHθ  for Pt is ~ 0.2 or even 

larger  [28,29,31]. However, the determination of SHθ  from DL
jξ  using the spin diffusion model 

requires an accurate value of the spin diffusion length sλ , and in the case of Pt that value has 

long been controversial. Measurements by different techniques, at low and room temperatures, 

have reported a wide range, 1 - 11 nm, for sλ  in Pt [21–23,37–48]. Those measurements will be 

reviewed along with our analysis later in this Letter. 

 Here we report that DL
jξ  has a strong, unexpected dependence on Pt thin film thickness Ptt   

in perpendicularly-magnetized Pt/Co bilayers, as measured by the harmonic response (HR) 

technique [20,29]. In particular we report that DL
jξ  exhibits a peak at Pt 2.8 3.9 nmt = −  and 

gradually decreases at larger Pt thickness.  This behavior is counter to the common expectation, 

reported in prior experiments with different layer structures  [38,40,45], that DL
jξ  should simply 

increase and saturate at a maximum value as Ptt  exceeds the spin diffusion length sλ  in Pt.  Our 

interpretation of our result is that the spin Hall ratio is linearly dependent on the Pt resistivity Ptρ , 

which in turn varies approximately inversely with Ptt  in our samples in the thin Pt limit, 

Pt 4 nmt ≤ , due to strong diffusive scattering at the Pt interface(s). We observe that the spin-

torque efficiency per unit applied electric field  

NM|FM
DL int SH DL Pt(2 / ) / /E j

se j E Tξ σ ξ ρ≡ = =h   (2) 
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( E  is the electric field in the Pt film) increases monotonically with Ptt  and saturates at Pt 5 nmt ≈ .  

This is consistent with a spin Hall conductivity SH SHE(2 / ) /e j Eσ ≡ h  that is independent of Ptρ , 

which indicates that the intrinsic SHE (and/or side-jump scattering) determines the spin Hall 

ratio in our Pt films. The variation of DL
Eξ  with Ptt  is consistent with an effective 

eff 2.0 0.1 nmsλ = ± , but this determination neglects the fact that spin relaxation in Pt is predicted 

to be dominated by the Elliott-Yafet (E-Y) mechanism [49,50], so that sλ  should scale linearly 

with Pt1/ ρ  and therefore the spin diffusion length should depend on Ptt  in our samples as well.  

We find that an analysis that assumes that Ptsλ ρ  is a constant in our bilayer samples fits the 

experimental results well, and from the fit we obtain 15 2
Pt (0.77 0.08) 10 msλ ρ −= ± × Ω⋅ .  As 

discussed below, taking into account that sλ  should scale Pt1/ ρ∝  would appear to resolve a 

prolonged controversy regarding the values of sλ  obtained from various SHE and ISHE 

experiments. 

 We studied multilayer samples consisting of substrate/Ta(1)/Pt( Ptt )/Co(1)/MgO(2)/Ta(1) 

(numbers in parentheses are thicknesses in nm) grown on oxidized Si substrates by sputter-

deposition in a vacuum of 71.0 10−< ×  Torr.  The Ta(1) seeding layer resulted in a smoother 

multilayer [51,52] and enhanced perpendicular magnetic anisotropy (PMA) of the Co. The Pt 

thickness Ptt , as averaged over the sample area, was varied in fine steps from 1.2 nm to 15 nm 

with a relative uncertainty of about 5%. This series of samples exhibit PMA with coercivity of 

0.4 T≈  without post-deposition annealing. The saturation magnetization is 

60.05)(1.08 10 A/msM = ×±  with an apparent “magnetic dead layer” of 

dead
FM 0. 0. 426 nm0t = ±  [29]. For the HR measurements, the multilayer stacks were patterned into 
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5 μm 60 μm×  Hall bars by photolithography and ion milling. All measurements were carried out 

at room temperature (RT). 

 The sheet conductances of the films were determined by 4-probe resistance 

measurements of a set of microbars of varying width, length and probe spacing, which 

minimized errors due to sample geometry and reduced the statistical measurement error to below 

1%. Thus the main source of error comes from the uncertainty of film thicknesses. The resistivity 

of Pt layer Ptρ  was determined by subtracting the sheet conductance of a separately fabricated 

Ta(1)/Co(1)/MgO(2)/Ta(1) stack from that of our samples containing the Pt layer.  In Fig. 1(a) 

we show Ptρ  for the samples as a function of Ptt . The sharp increase of Ptρ  with decreasing Ptt  

is a well-known phenomenon due to strong diffusive scattering at a Pt surface [48,53–57].   

 The DL and FL SH torque efficiencies of these PMA samples were measured by the HR 

technique [20,29] with the same alternating voltage amplitude (4 V) applied to the Hall bars in 

all measurements, corresponding to an alternating electric field of constant magnitude 

67 kV/mE = . Fig. 1(b) shows the SH torque-induced longitudinal LH  (corresponding to DL 

torque) and transverse TH  (corresponding to FL torque) equivalent fields per unit applied 

electric field determined by the HR measurement as functions of Ptt . As Ptt  increases, LH  

quickly increases and then saturates for Ptt  > 5 nm. TH  starts for Ptt  near zero from a value that 

is negative in our convention, opposite to the Oersted field generated by the charge current flow 

in the Pt, but quickly reaches a positive maximum and then decreases gradually. (We will discuss 

the details of our analysis of this TH  behavior elsewhere.) We determine the DL (FL) SH torque 

efficiencies per unit applied current density as 
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DL(FL) 0 FM
dead
FM L(T))2 ( /j

s eM t te H jξ μ ⋅= −
h

  (3) 

where Pt/ej E ρ= .  Fig. 1(c) shows the DL and FL torque efficiencies per unit current density as 

functions of Ptt .  DL
jξ  first increases with Ptt  and reaches a maximum 20.1≈  at Pt 2.8 3.9 nmt = − , 

but then, surprisingly, decreases gradually with Ptt . The thickness dependence of DL
jξ  that we 

observe is qualitatively similar to that observed in YIG/Pt bilayers [57] but quite different from 

other previous ferromagnetic resonance (FMR) measurements [38,40,44,45] and spin 

pumping/ISHE experiments  [21–23] on metallic FM/Pt bilayers where the data typically are fit 

by a simple functional form [37]:   

( )DL DL,mNM int NM NxNM a M
2( ) ( ) / ( ) 1 sech( / )j j

s e s
et T j t j t tξ ξ λ= = −
h

. (4) 

This is the behavior expected for an ideal ( intT =1) interface with no SBF, or alternatively one 

where SML is the dominant cause for intT  < 1. However, we emphasize that Eq. (4) holds only 

under the assumption of constant NMρ  and hence thickness-independent values for SHθ  and sλ . 

We note that an analysis that assumed constant SHθ  and sλ  could not explain the similar 

thickness-dependent behavior reported in Ref. [57]. In the intrinsic SHE regime, which has 

recently been reported to describe Pt  [39,58], and also in the side-jump regime, it is the spin Hall 

conductivity SHσ  that is expected to be constant, independent of NM NM( )tρ  while the spin Hall 

ratio SH NM SH NM NM( ) (2 / ) ( )t e tθ σ ρ= h  should vary NM NM( )tρ∝  and therefore DL
jξ  also depends on 

the NM resistivity and hence, in this study, on its thickness due to strong interfacial scattering. 

 An alternative approach is to consider the spin torque efficiency per unit applied electric 

field, determined directly from the HR measurement as 
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DL 0 FM
d

L
ead

FM
2 ( ) /E

s
e M t t H Eξ μ= −
h

.  (5) 

The dependence of DL
Eξ  on Pt thickness is shown in Fig. 1(d) and is consistent with the functional 

form in Eq. (4) with a prefactor that does not depend on tPt , which indicates that the intrinsic 

SHE, or perhaps the side-jump mechanism, is indeed predominant in Pt.  Then assuming that (i) 

the DL torque is entirely due to the SHE of the Pt, (ii) the interface is well ordered, and (iii) SBF 

is the dominant cause for intT  < 1, we can expect, approximately, [24,25] 

( )
1

Pt
Pt SHL P

Pt
D t

tanh( / )2( ) 1 sech( / ) 1
2

s
s

s r

E tet t
G

ξ λσ λ
λ ρ

−
⎛ ⎞

= − +⎜ ⎟
⎝ ⎠h

 
 , (6) 

 where rG  is the real part of the spin mixing conductance r iG G iG↑↓ = +  and we have assumed 

r iG G , consistent with our result that DL FLξ ξ . As an exercise, if we fit the DL
Eξ  data shown 

in Fig. 1(d) to Eq. (6) using a fixed value bulk 15 μ cmρ = Ω ⋅ , approximately the resistivity of the 

bulk Pt, and 15 -1 -20.59 10 Ω mrG = ×  as theoretically calculated for the Pt/Co interface [24], we 

obtain an “effective” spin diffusion length eff 2.0 0.1 nmsλ = ±  and 

5 1 1
SH (10.5 0.3) 10 [ / 2 ] meσ − −= ± × Ω ⋅h  or bulk SHSH 0.16 0.01ρθ σ= ±= , consistent with previous 

estimations [28,31]. The choice of rG  may change the estimation of SHσ  but has a very weak 

effect on eff
sλ . The existence of a SML would introduce a constant factor < 1 to the right hand 

side of Eq. (6), thus would increase the estimated SHσ  but would not affect eff
sλ .  We note that 

this analysis neglects any possible negative SHE from the 1 nm Ta layer (see the discussion in 

the Supplementary Material [52]). We account for the maximum possible effect from the Ta 

within the experimental uncertainties indicated in Fig. 1(c,d). 
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 Although eff
sλ  indicates the scale of the Pt thickness for which the spin current flowing to 

the FM/NM interface begins to saturate, it is only a phenomenological number since both 

thickness-independent Ptρ  and sλ  are assumed in Eq. (6). In a more realistic approach, given the 

non-uniformity of resistivity across the layer, both SHθ  and sλ  will vary with location within the 

Pt film. In particular, since the E-Y mechanism [49,50] is expected to be the dominant spin 

scattering process in Pt [46,47], we should have Pt1/sλ ρ∝ .  Hence sλ  near the Pt interfaces 

(where Ptρ  is large) should be smaller than in the bulk. This means that the effective 

eff 2.0 nmsλ =  obtained above from the simplified Eq. (6) yields an underestimate of sλ  within 

the bulk of the Pt film.  

We have found that it is possible to go beyond this type of approximate treatment and 

perform, using a simple rescaling, a quantitative calculation of the spin torque (including SBF) 

even for a heavy-metal layer with a nonuniform resistivity and spin diffusion length, as long as 

(a) the intrinsic mechanism of the SHE dominates spin current generation and (b) the E-Y 

mechanism dominates spin relaxation.  Assuming that these two conditions hold, we can then use 

the experimental values of ( )tDL P
E tξ  and Pt Pt( )tρ  to obtain an estimate for the value of Ptsλ ρ . 

We first assume, as an exercise, that the thickness-dependence of Pt resistivity is due only 

to surface scattering at the Pt/Co interface. We note that although a more careful investigation 

indicates that the Ta/Pt interface is the major source of surface scattering, as fully discussed in 

the Supplementary Material [52], the result we obtain below is the same when considering the 

scattering as occurring at either interface or even at both. From the series of Pt Pt( )ntρ  as a 

function of Pt thickness presented in Fig. 1(a), we divide each of the Pt films into a series of 
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adjacent “slices” of thickness il  each of which has a different, but uniform, resistivity Pt
iρ  and 

spin diffusion length i
sλ . These divisions lead to the distribution of Pt ( )zρ  as shown in Fig. 2(b), 

where the z-axis points normal to the layers with z = 0 starting at the Pt/Co interface. As fully 

discussed in the Supplementary Material [52], the spin transmission through the i-th slice is 

identical to that for an “effective” slice having a fixed spin diffusion length 0
sλ , resistivity 0

Ptρ  

and a rescaled effective thickness 0
Pt Pt/i i iL l ρ ρ=  so that 0 0

Pt Pt
i i
s sλ ρ λ ρ=  which holds under the E-Y 

mechanism. Thus a Pt layer of thickness Pt 1

nn i
i

t l
=

=∑  (a combination of n slices) with non-

uniform resistivity and spin diffusion length is equivalent to a uniform “effective” Pt film having 

a thickness Pt 1

nn i
i

T L
=

=∑ , as schematically depicted in Fig. 2(a). Since the “effective” layers are 

chosen to have constant 0
Ptρ  (we choose 15 μΩ cm⋅ ) and 0

sλ , we can fit the DL
Eξ  data versus the 

rescaled thickness PtT  to Eq. (6), just substituting PtT  instead of tPt . One important factor we 

need to consider is the location of the Pt/Co interface, which is not necessarily at 0z = . This is 

because a few atomic layers of Pt at each of the interfaces may be intermixed with the adjacent 

material, and/or in the case of the Pt/Co interface magnetized by the proximity effect [59]. This 

can result in a small offset offt  because the thickness of the first slice is smaller than its nominal 

value. This effect seems to be apparent in Fig. 1(d) where the fitted line (which goes through the 

origin) does not fit the data particularly well in the thin Pt region. We address this issue in our 

analysis by replacing PtT  in the right hand side of Eq. (6) by Pt offT T−  where offT  is the location 

of the FM/NM interface and is estimated from the fitting.  

 The fitted result of the “effective” Pt layers with three free parameters SHσ , 0
sλ  and offT  

is shown in Fig. 2(c). We obtain 0 5.1 0.5 nmsλ = ±  for 0
Pt 15 μΩcmρ = , or more generally we 
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have 15 2
Pt (0.77 0.08) 10 msλ ρ −= ± × Ω⋅ ; off 4.9 0.3 nmT = ±  for the “effective” Pt thickness 

offset which corresponds to off 0.8 0.1 nmt = ±  in the original, un-scaled thickness; and 

5 1 1
SH (5.9 0.2) 10 [ / 2 ] meσ − −= ± × Ωh  independent of Ptρ . If we use a somewhat higher 

15 -1 -21.07 10 Ω mrG = ×  as calculated including spin orbit effects for the Py/Pt interface [47] then 

5 1 1
SH (4.5 0.1) 10 [ / 2 ] meσ − −= ± × Ω ⋅h , again a lower bound. We reiterate that the existence of 

SML would increase the estimated SHσ  but negligibly affect our determination of 0
sλ . As a final 

check of this analysis we note the requirement of the E-Y mechanism that the spin relaxation 

time sτ  be longer than the momentum scattering time mτ . It has been reported that the mean free 

path mfpl  in Pt can be estimated from 16
Pt[ ] 8 10 / [ m]mfpl m ρ−≈ × Ω⋅  [60]. Thus we have 

( ) 22 16
Pt/ 3( / ) 3 / 8 10 2.8sf m s mfp slτ τ λ λ ρ −⎡ ⎤= ≈ × =⎣ ⎦ ,  (7) 

 which is consistent with the E-Y spin scattering mechanism being dominant in Pt. 

 We now discuss our results in relation with previous results in the literature. First, as 

noted above, previous ST-FMR and ISHE studies on in-plane magnetized (IPM) Pt/Py 

bilayers [38,40,44] did not yield a peak in the apparent damping-like spin torque efficiency as a 

function of Ptt such as reported here. These previous analyses also reported a short 1.4 nmsλ ≈  

as determined by RT ST-FMR, or alternatively by ISHE, on Py/Pt  [38,40,44] and 2.1 nmsλ ≈  

for Co75Fe25/Pt  [45], in the same range as eff 2.0 nmsλ = . These differences with our results can 

be explained by a weaker thickness dependence of the resistivity for multilayers made from 

different materials and the neglect of any field-like torque in the analysis. See the Supplementary 

Material [52] for further discussion on these points. 
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 An alternative approach to estimate sλ  is to measure the Ptt  dependence of Gilbert 

magnetic damping in bilayer samples, and such a study has recently reported 

0.5 m. n0 3sλ ±=  [42]. Fast saturation of the damping at very thin Pt thicknesses has also been 

observed previously [22,37,38]. However, Liu et al. [47] have recently pointed out that this very 

rapid attenuation is likely due to strong SML at the FM/Pt interface, and used a first principles 

calculation and data  [61] from this measurement method to obtain 5.5 nmsλ ≈ , or more 

generally 1 25
Pt (0.61 0. 1002) msλ ρ −= Ω⋅± × . On the other hand, a longer 8.0 nmsλ ≈  has been 

reported [21,22] from ISHE  experiments on Py/Pt at RT. However, these latter works did not 

consider SML or spin backflow at the FM-NM interface which would reduce their estimated 

values, as pointed out by Jiao et al. [43]. Rojas-Sanchez et al. [23] performed similar 

measurement on Co/Pt and, after taking SML into account, reported 3.4 m. n0 4sλ ±=  and 

1 25
Pt (0.59 0.06) 10 msλ ρ −= ± × Ω⋅ . These experiments did not consider the non-uniformity of the 

local resistivity Pt Pt( )tρ  and its effect on Pt( )s tλ , and thus underestimated the value of Ptsλ ρ . A 

very high value 11 nm2sλ = ±  has been determined from a low temperature, 3-10 K, study of 

spin pumping in lateral spin valves  [39,41] for samples having Pt 12 μΩ cmρ = ⋅ , or 

1 25
Pt 1.32 10 msλ ρ −= × Ω⋅ . However, Isasa et al. used a similar lateral spin value technique and 

reported 1 25
Pt (0.85 0.08) 10 ms ρλ −= ± × Ω ⋅  at 10 K and 15 2(0.79 0.87) 0 m1 −± × Ω⋅  at RT [58], 

while measurements using current-perpendicular to the plane studies of Py-based exchange 

biased spin valves [26] at 4.2 K have reported 1 25
Pt (0.59 0.25) 10 ms ρλ −= ± × Ω⋅  [37] and 

15 2(0.72 0.13) 0 m1 −± × Ω⋅  [46].  All of these latter results, which were all obtained with Pt layers 

~15 nm thick and therefore not susceptible to the non-uniform distribution of local resistivity as 
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in thinner Pt layers, are in reasonable agreement with our result 

1 25
Pt (0.77 0.08) 10 ms ρλ −= ± × Ω⋅ . 

 In summary, we have observed a strong dependence on Ptt  for the damping-like SH 

torque efficiency per unit applied current density for perpendicularly-magnetized Pt/Co bilayer 

structures, with a peak value DL 0.12jξ =  at Pt 2.8 n9 m3.t = − , while the spin torque efficiency 

per unit applied electric field exhibits a monotonic increase with increasing Pt thickness and 

saturates for tPt  > 5 nm.  We interpret this behavior as an indication that the intrinsic mechanism 

for the SHE being dominant in Pt, perhaps in combination with side-jump scattering, so that the 

SH conductivity is independent of mean free path while the SH torque efficiency per unit current 

density is enhanced by an increased Pt Pt( )tρ  associated with interfacial scattering. By assuming 

the E-Y mechanism for spin scattering, which implies that Pt1/sλ ρ∝  so that sλ  is also non-

uniform, we obtain 1 25
Pt (0.77 0.08) 10 ms ρλ −= ± × Ω⋅ .  With this result we can apply SBF 

analysis to our direct measurements of DL
Eξ  for this PMA system using 

15 -1 -20.59 10 Ω mrG = ×  [24], and obtain Pt 5 1 1
SH (5.9 0.2) 10 [ / 2 ] meσ − −= ± × Ω ⋅h , with this being a 

lower bound as it is made with the assumption that there is no significant SML at our Pt/Co 

interfaces.  

 This work seems to resolve the controversy regarding the differences in the value of sλ  

for Pt as obtained from various spin Hall and other experiments, and demonstrates that the spin 

Hall efficiency of Pt can be enhanced by increasing its resistivity, as expected when the intrinsic 

SHE is dominant.  
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FIGURES 

 

Figure 1: (Color online) (a) Resistivity of Pt in Ta(1)/Pt/Co(1), (b) SH torque-induced 

longitudinal (circles) and transverse (squares) equivalent fields per unit applied electric field, (c) 

damping-like (circles) and field-like (squares) SH torque efficiency per unit applied current 

density, and (d) damping-like SH torque efficiency per unit applied electric field as functions of 

Pt thickness. The solid line in (d) shows the fitted result to equation (4) from which the effective 

spin diffusion length is estimated to be eff 2.0 0.1 nmsλ = ± . The broken lines in other plots 

connect the data points.
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Figure 2: (Color online) Estimation of spin diffusion length within the E-Y mechanism. (a) 

Schematic illustration of the “slicing” and “rescaling” process in which a non-uniform layer Pt
nt  

is scaled into a uniform one Pt
nT . See full description in the main text. (b) The distribution of Pt 

local resistivity with location z, extracted from the experimental Ta/Pt/Co data in Fig. 1(a). The 

points represent the local resistivity of each “slice”. (c) Damping-like spin torque efficiency per 

unit applied electric field versus “effective” thickness PtT . The solid line shows the fitted result 

from which the spin diffusion length of Pt at 0
Pt 15 μΩ cmρ = ⋅  is estimated to be 0 5.1 0.5 nmsλ = ± . 


