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Supplementary material 

1. Resistivity measurement of sample series I and II 

To verify the perpendicular magnetic anisotropy of the samples, we also measure the anomalous Hall 

resistance (𝑅஺ுா) of sample series I and II. 𝑅஺ுா  is extracted from 𝑅஺ுா = 𝑉௫௬ 𝐼௫⁄ . By comparing Fig. S1 

with Fig. 1(e) and 1(f), the magnitude of 𝑅஺ுா  and coercivity shows a similar trend with 𝑀ௌ. 

 

Figure S1. Anomalous Hall resistance (𝑅஺ுா) of sample series I (a) and II (b). A small non-zero average value 

of 𝑅஺ுா  brought by the small misalignment of the two voltage channels is removed. 

 

We measure the longitudinal conductance (σଡ଼ଡ଼) of sample series I and II. As illustrated in Fig. S2(a), σଡ଼ଡ଼ 

is extracted by σଡ଼ଡ଼ = I Vଡ଼ଡ଼⁄ . The resistivities of W and CoFeB are evaluated from the slope and intercept of 

the linear fitting in sample series I. ρ୛ = 183 μΩ cm and ρେ୭୊ୣ୆ = 180 μΩ cm. As shown in Fig. S2(b), the 

resistance keeps approximately a constant during annealing. 

 

Figure S2. Conductivity of sample series I (a) and II (b). Every data point is an average of 3~7 hall bar structures. 

 

2. Formula derivation of SMR measurement 

Considering the longitudinal spin absorption of the FM layer, the SMR ratio ∆R୛
ଡ଼ଡ଼ R୛

ଡ଼ଡ଼(0)⁄   can be 

expressed by following equation (shunting effect term is removed by considering only the HM layer 
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resistance):1,2 

ΔR୛
ଡ଼ଡ଼(β)

R୛
ଡ଼ଡ଼(z)

= −θୗୌ
ଶ

λୌ୑

tୌ୑
 tanhଶ(tୌ୑ 2λୌ୑⁄ ) × ൤

gୖ

1 + gୖcoth(tୌ୑ λୌ୑⁄ ) 
−

g୊

1 + g୊coth(tୌ୑ λୌ୑⁄ ) 
൨ 

gୖ ≡ 2ρୌ୑λୌ୑G୰, g୊ ≡
൫ଵି୔మ൯஡ౄ౉஛ౄ౉

஡ూ౉஛ూ౉ୡ୭୲୦(୲ూ౉ ஛ూ౉⁄ )
 (S1) 

, where λୌ୑, tୌ୑ and ρୌ୑ are the spin diffusion length, thickness and resistivity of the HM layer. P, λ୊୑, 

t୊୑ and ρ୊୑ are the spin polarization, spin diffusion length, thickness and resistivity of the FM layer. R୛
ଡ଼ଡ଼(z) 

is the W resistance when m points ±z directions. The first term in bracket is the major source of SMR caused 

by variation of interfacial spin transfer torque. Its strength is related to both the efficiency of current-spin 

conversion (θୗୌ) and spin mixing conductance (G୰). Since θୗୌ of each sample series keeps a constant, the 

SMR ratio dominantly reflects effective G୰ in our experiment. The second term in bracket represents a slight 

reduction of SMR caused by longitudinal spin current absorption, whose amplitude increases with t୊୑.2 Since 

∆R୛
ଡ଼ଡ଼ R୛

ଡ଼ଡ଼(0)⁄   increases monotonously with tେ୭୊ୣ୆  in sample series I, we verify that this slight reduction 

caused by longitudinal spin current absorption is not the dominant source of SMR variation in our experiment. 

The effective interfacial spin transparency T୧୬୲, which is the proportion of spin transfer torque in total spin 

generation θୈ୐
ୗ୘ θୗୌ⁄ , has a positive correlation with the effective G୰, 

T୧୬୲ = Re ቄ
ଶୋ↑↓୲ୟ୬୦(୲ౄ౉ ஛ౄ౉⁄ )

஢ౄ౉ ஛ౄ౉⁄ ାଶୋ↑↓ୡ୭୲୦(୲ౄ౉ ஛ౄ౉⁄ )
ቅ (S2) 

, where σୌ୑ is the conductivity of the HM layer. 

We notice that in Ref. 3, V.ௗL. Grigoryan et al. predicted that the Rashba effect also contributes to a SMR. 

Since the strength of ISOC and Rashba effect may vary during annealing,4 our current explanation of SMR data 

may be disproved. However, we point out that, if the strengthen or weakening of Rashba effect is the dominant 

source of SMR variation in our annealing experiment, it will lead to the improvement or reduction of the 

efficiency of current-spin conversion (θୗୌ). As a result, both the DL and FL torque will increase or decrease 

simultaneously, which is not the case in our experiment. 

3. Anomalous Hall magnetoresistance in single CoFeB layer 

Y. Yang et al. reported that there exists a novel kind of magnetoresistance called anomalous Hall 

magnetoresistance (AHMR) in FM single layer among y-z plane.5 We tested longitudinal AHMR in single 

CoFeB layers of 4 nm and 8 nm under 100 μA DC current and 3 T external field rotating inside y-z plane. As 
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shown in Fig. S3, the AHMR of 8 nm CoFeB is ~ 0.0145 % and AHMR of 4 nm CoFeB is ~ 0.0048 %, which 

is negligible compared to the SMR observed in W/CoFeB/MgO. 

 

Figure S3. Longitudinal AHMR measured in single CoFeB layer of 8 nm (a) and 4 nm (b). The inset 

shows the rotation of magnetization. The red lines show the sinusoidal fitting. 

 

4. Details of harmonic measurement 

Longitudinal (transverse) SOT effective field ΔH୶ (ΔH୷) can be detected by using a standard harmonic 

measurement.6,7 We first measure the 𝑅௉ுா under 100 μA DC currect while a 6 T external field rotating inside 

the x-y plane. Fig. S4(a) shows the 𝑅௉ுா  and sinusoidal fitting measured in 

W(1.5)/CoFeB(1.1)/MgO(2)/Ta(1.5), T୅୒ = 300 ℃.  

    

Figure S4. (a) Planar Hall resistance (R୔ୌ୉) of W(1.5)/CoFeB(1.1)/MgO(2)/Ta(1.5), T୅୒ = 300 

℃. (b) Transverse and longitudinal effective fields as a function of current density of W. (c) and 

(d) FL and DL effective fields of sample series I and II. Error bars come from the linear fitting of 

ΔH as a function of current density. 
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ΔH୶ (ΔH୷) is extracted from the parabolic and linear fit of 1st (Vன) and 2nd (Vଶன) harmonic voltage using the 

following equation considering planar hall effect (PHE) correction: 

ΔH୶(୷) = −
(୆౮(౯)±ଶ୰୆౯(౮))

ଵିସ୰మ , B୶(୷) ≡ 2 ൬
ப୚మಡ

பୌ౮(౯)
൰ / ൬

பమ୚ಡ

பୌ౮(౯)
మ൰ (S3) 

, where ± stands for ±z magnetization directions, r is the ratio between PHE resistance (R୔ୌ୉) and R୅ୌ୉, H୶ 

(H୷) is an external magnetic field sweeping along x (y) direction. The frequency of the adopted AC current is 

133.33Hz. We tilted the sample by 2~4° to give a small out of plane external field in order to prevent multi-

domain formation. The average value of the effective fields extracted with the magnetization pointing ±z 

direction with a small tilt angle can be a good approximation of the actual value.8 The current density in W layer 

is calculated by 

J୛ = J ∙
஡ి౥ూ౛ా/୲ి౥ూ౛ా

஡ి౥ూ౛ా/୲ి౥ూ౛ాା஡౓/୲౓
 (S4) 

, where J and J୛ are the current density flowing through the full stack and the W layer respectively, and t୛ 

is the W thickness. Fig. S4(b) shows the obtained SOT effective field under different current density. ∆H୶ (DL) 

and ∆H୷ (FL) (per 107A/cm2) are extracted from the linear fitting of the effective field. Fig. S4(c) and 4(d) 

summarize the SOT effective field of sample series I and II. We can find that ∆H୶ and ∆H௬ are both reduced 

by larger magnetization. With the same SOT efficiency, SOT effective field is inversely proportional to the 

magnetization. 
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