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S1. The surface topography of Au

The surface topography and thickness of TMDs are measured by atomic force microscopy (AFM) which are 

shown in text. Figure S1 shows the surface topography of Au and the arithmetic mean deviation of roughness profile 

is Ra=0.594nm which indicates the great quality and the continuity of Au. 
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Figure S1. The surface topography of Au by AFM with tapping mode. (a) 2D image. (b) 3D image. (c) 

Corresponding to the change in height at the straight line in (a). 

S2. Parallel resistor model and Oersted field in devices

As the thickness of the film is decreased to a few atomic layers, the conductivity drops below that of the bulk 

metal.[1] Therefore, it is necessary to know the conductivity of Au (4 nm) and Ni (6 nm) films respectively. 

As shown in the inset of Figure S1(a) and (b), Ti(2 nm)/Au(4 nm) and Ti(2 nm)/Au(4 nm)/Ni(6 nm) films are 

fabricated into Hall devices. The conductivities are measured by four-probe method, and Figure.S1 (a) and (b) show 

I-V curves of devices. To ensure accuracy, 5 devices are measured for each kind of structure (Figure S1(c) shows). 

It is noted that current shunts on 2 nm Ti and monolayered TMDs are ignored, due to the much larger resistivity of 

Ti and TMDs compared with Au. We obtain average values of resistance ( ) are  = 93Ω and  = 180Ω. 𝑅 𝑅𝐴𝑢/𝑁𝑖 𝑅𝐴𝑢
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where , , and  are the resistance of Au/Ni, Au and Ni respectively,  is the conductivity,  is the length 𝑅𝐴𝑢/𝑁𝑖 𝑅𝐴𝑢 𝑅𝑁𝑖 𝜎 𝐿

of current flow and  is the cross-section perpendicular to the direction of current. Considering devices as a parallel 𝑆

resistors system according to (Eq. S1) and (Eq. S2), the calculated conductivity is σAu(4)= 5.152 × 106 (Ω·m)-1, σNi(6)= 

1.344 × 106 (Ω·m)-1.

From the conductivities of each layer, we can evaluate the current distribution in the device. According to Eq. 

S3, we calculated that about 72% of the current flows through the Au layer, and the current density in Au layer is 

about 2.3×1010 A·m2 by Eq. S4. 
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where  and  are the currents passing through the Au and Ni, respectively,  is the current density of Au. 𝐼𝐴𝑢 𝐼𝑁𝑖 𝐽𝐴𝑢

Based on the estimated charge-current densities in the each layer, we obtain Oersted field  = 0.59 
H𝑂𝑒 =

1
2

(𝐽𝐴𝑢𝑡𝐴𝑢)

Oe/mA , where is the thickness of Au.[2] 𝑡𝐴𝑢 
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Figure S2. Conductivity measurements of Ti(2 nm)/Au(4 nm) and Ti(2 nm)/Au(4 nm)/Ni(6 nm). I-V curves of 

(a) Ti(2 nm)/Au(4 nm). (b) Ti(2 nm)/Au(4 nm)/Ni(6 nm). Insets show optical microscopy images of corresponding 

devices. (c) Resistances of Ti(2 nm)/Au(4 nm) and Ti(2 nm)/Au(4 nm)/Ni(6 nm). (d) Abridged general view of 

four-probe method measurements setup with samples. 

S3. ST-FMR measurements of Au/Ni 

In order to study the role of the two-dimensional transition metal dichalcogenides (2D TMDs) inserts, DC-

tuned ST-FMR curve of Au/Ni is measured. By fitting the ST-FMR curve (Eq. 1 mentioned in main text), we obtain 

the linear change of the linewidth δ  and the resonance field  versus  (Figure S2 shows) for positive (45°) ∆H  δHr 𝐼𝑑𝑐

and negative (-135°) magnetic fields respectively. 

The slopes of curves for the two field directions are almost equal (-0.32 and 0.30 Oe/mA for δ , -1.87 and ∆H

1.67 Oe/mA for ), which substantiates that samples are magnetized in the opposite direction and the δHr/𝑠𝑖𝑛𝜙

polarity of the damping-like torque is reversed by the reversion of the external field (from φ = 45° to −135°, φ is 

the angle between external field and Idc) and the predominance of conventional SOTs. At the same time, we calculate 



 and  of Au/Ni through Eq. 2 and Eq. 3 respectively, which are listed in Table S1. 𝜉𝐷𝐿,𝑒𝑓𝑓 𝜉𝐹𝐿,𝑒𝑓𝑓
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Figure S3. ST-FMR measurement of Au(4)/Ni(6) with different dc-bias at room temperature. Corresponding 

variations at 3 GHz of (a) the resonance linewidth and (b) the resonance field. 

Table S1. Efficiencies of damping-like and field-like SOTs calculated by dc-tuned method

Structure (45°)𝜉𝐷𝐿,𝑒𝑓𝑓 (-135°)𝜉𝐷𝐿,𝑒𝑓𝑓 (45°)𝜉𝐹𝐿,𝑒𝑓𝑓 (-135°)𝜉𝐹𝐿,𝑒𝑓𝑓

Au/Ni 0.0281±0.0169 0.0299±0.0197 0.0546±0.0398 0.0465±0.0423

Au/ML WTe2/Ni 0.2136±0.0159 0.3701±0.0240 0.1862±0.0177 0.2192±0.0331

Au/ML MoS2/Ni 0.2916±0.0310 0.5095±0.0374 0.3963±0.0359 0.3060±0.0275

S4. DC bias resonance linewidth and the resonance field

Both the linewidth and the resonance field of Ni versus the applied DC current  are showed in Figure 2 and 𝐼𝑑𝑐

Figure S2. There are significant variations of the linewidth δ  and the resonance field  for Au/MX2/Ni devices, ∆H  δHr

and the variation values are listed in Table S2. Compared to Au/Ni, δ  at 45° and -135° have increased 7.57 and ∆H

12.28 times for Au/WTe2/Ni. For Au/MoS2/Ni, δ  at 45° and -135° have increased 10.93 and 17.90 times. At 45° ∆H

and -135°, the slope of  increases to 3.41 and 4.71 times for Au/WTe2/Ni and 7.26 and 6.58 times for δHr

Au/MoS2/Ni respectively. Not only do these variation values indicate the large damping-like and field-like SOTs 

but also the asymmetry of devices result from TMDs inserts. 

Table S2. Extracted values of δ  and ∆H δHr

Structure
δ (45°)∆H

(Oe/mA)
δ (-135°)∆H

(Oe/mA)
(45°) δHr/𝑠𝑖𝑛𝜙

(Oe/mA)
(-135°) δHr/𝑠𝑖𝑛𝜙

(Oe/mA)

Au/Ni 0.30 ± 0.35 -0.32 ± 0.35 -1.87 ± 0.99 1.67 ± 1.05

Au/ ML WTe2/ 

Ni
2.27 ± 0.16 -3.93 ± 0.23 -5.12 ± 0.44 5.94 ± 0.82

Au/ ML MoS2/ 

Ni
3.28 ± 0.35 -5.73 ± 0.41 -10.32 ± 0.89 8.09 ± 0.68



S5. ST-FMR measurements with different in-plane magnetic-filed angles

To further demonstrate the unconventional out-of-plane damping-like SOT in Au/TMDs/Ni structures, we 

analyze the angular dependence of VS and VA. Because of the high-symmetry of Au, conventional SOTs consist of 

an out-of-plane field-like torque, , and an in-plane damping-like torque, , so that VA and 𝜏𝐴 ∝ �̂� × �̂� 𝜏𝑆 ∝ �̂� × (�̂� × �̂�)

VS conform to the angle dependence of sin(2ϕ) cos(ϕ). Here we define the applied current as always being in the  �̂�

direction, and the film normal is in the  direction. The unconventional out-of-plane damping-like torque  can be �̂� 𝜏𝐵

fitted from the angular dependence of Va by adding a term ΔVa proportional to sin(2ϕ)[3]:

                     (S5)𝑉𝑎(𝜙) = 𝐴cos (𝜙)sin (2𝜙) + 𝐵sin (2𝜙)

As shown in Figure S3, there is ∆Va in Au/TMDs/Ni but not in Au/Ni, which is the evidence of the 

unconventional out-of-plane damping-like SOT Au/TMDs/Ni. This proves that TMDs inserts contribute to the 

formation of out-of-plane component of the spin polarization, because of the strong hybridization at TMDs/Ni 

interface.

-100 200 500 800

V
m

ix
 (a

.u
.)

H (Oe)

 Exp.
 Fitting
 Vs

 Va

2μV

Au/WTe2/Ni

(a) (b)

-180 -90 0 90 180

 Au/WTe2/Ni
 Fitting

V
a(

a.
u.

)

(°)

Va

 Au/Ni
 Fitting

Figure S4 (a) Measured ST-FMR spectra for Au/WTe2/Ni, with the magnetization oriented at 30° 
relative to the current direction and f = 3 GHz. The lines are fits to Eq. 1 showing the symmetric Vs 
and antisymmetric Va components. (b) Va as a function of in-plane magnetic-field angle (ϕfor Au/WTe2/Ni 

and Au/Ni.

S6. Spin Hall conductivity of Au/MX2/Ni

For some TMDs, although the spin-charge conversion efficiency is high enough, the conductivity is too low to 

avoid power consumption. Therefore, we calculated the spin Hall conductivity ( ) of Au, Au/WTe2 and Au/MoS2 𝜎𝑆𝐻

by , where  is the conductivity and  is the effective spin-Hall angle representing the effects of 𝜎𝑆𝐻 = 𝜎𝑥𝑥𝜃𝐷𝐿 𝜎𝑥𝑥 𝜃𝐷𝐿

the conventional and unconventional damping-like torques. When ϕ = -135°,  shows the combined effects of the 𝜎𝑆𝐻

conventional and unconventional components. When ϕ = 45°,  denotes the equalizing influence of the two 𝜎𝑆𝐻

components. As for the conductivity, we mainly take the conductivity of Au (  = 0.5152×107 (Ω m)-1) as the 𝜎𝑥𝑥

conductivity of Au/WTe2 and Au/MoS2, because there are about 98.76% and 99.90% current flows through Au in 

Au/WTe2 and Au/MoS2 respectively. Table S3 shows the  of Au, Au/WTe2 and Au/MoS2. It is clearly that  𝜎𝑆𝐻 𝜎𝑆𝐻

is increased by an order of magnitude after inserting TMDs. Figure S4 shows  of previous work and our work, 𝜎𝑆𝐻



from which we can see that the spin Hall conductivity of Au/TMDs is higher than other materials. Crucially, the 

 of Au/MoS2 is more than 60 times larger than Pt (0.04×106~0.5×106 [(ħ/2e) (Ω m)-1])[4-6] and an order of 𝜎𝑆𝐻

magnitude higher than PtTe2 (0.2~1.6 × 105[(ħ/2e) (Ω m)-1])[7].

Table S3. The calculated  of samples𝜎𝑆𝐻

Structure
(45°) 𝜎𝑆𝐻

[×106 (ħ/2e) (Ω m)-1]
(-135°) 𝜎𝑆𝐻

[×106 (ħ/2e) (Ω m)-1]

Au/Ni 0.15 0.15

Au/ML WTe2/Ni 1.10 1.91

Au/ML MoS2/Ni 1.50 2.62
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Figure S5. A comparison of SOT between Au/TMDs (TMDs=MoS2, WTe2) and other materials.[4-5, 7-14]
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