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Supplementary Note 1. Contact resistance extraction from current-voltage (Ids-Vds) 1 
characteristics 2 

To correctly extract the contribution of the contact resistance (RC) and MoS2 channel resistance 3 

(RMS), we have checked Ids-Vds at Vg=+10V between electrodes with different channel distances 4 

(E1-E2, E1-E3 and E1-E4), as shown in Figure 2b in the main text. At large Vds, the Schottky 5 

contact resistance mainly concerns to the electrode which is reversely biased to inject the current 6 

and the contact resistance in the forward biased Schottky barrier can be neglected. Therefore, we 7 

focus on the negative Vds regime corresponding to the injection of electrons from the electrode E1 to 8 

other different electrodes. Since the shape of the MoS2 flake is triangle, different MoS2 channel 9 

widths should also be considered. 10 

There are two methods to extract the resistance with different channel distance. The first one is 11 

to extract the resistance at the same Vds, as shown in Supplementary Figure 1a with different Vds. 12 

However, the variation of R vs. channel distance/width is not exactly linear. This is because that 13 

there is one part of MoS2 depletion region contributes to the contact resistance. Their resistance can 14 

be varied depending on the partial voltage dropped on it. With the increase of channel length, the 15 

voltage dropped on the MoS2 depletion region is not the same, which introduces the non-linear 16 

behavior. The second method is to use identical Ids instead of Vds as shown in Supplementary Figure 17 

1d, the linear behavior is much improved. Assuming that RC is constant and RMS is proportional to 18 

the channel distance/width, RC can be extracted from the intercept of linear fitting of the resistance 19 

as a function of channel distance/width (Supplementary Figure 1b with identical Vds method and 20 

Supplementary Figure 1e with identical Ids method). In Supplementary Figure 1c and 1f, we show 21 

the extracted RC and RMS (E1-E2) as a function of Vds with Vg=+10V by using identical Vds and 22 

identical Ids method, respectively. For the method with Ids, the dependence with Vds is obtained 23 

according to the Ids-Vds relationship between electrodes E1-E2. 24 

With both methods, RC decreases rapidly with increase of |Vds| and it dominates the total 25 

resistance at low |Vds|. However, the method with Vds overestimates RMS and underestimates RC, 26 

which results in the crossover of RMS and RC at |Vds|=0.14V (Supplementary Figure 1c). With the 27 

method of Ids, it is found that RMS also decreases with increasing |Vds|, but it is always smaller than 28 

RC (Supplementary Figure 1f). As shown the inset of Supplementary Figure 1f, the contribution of 29 

RMS in Rtotal increases with |Vds|, and it saturates at 35% when |Vds| is larger than 0.35V. 30 

In Supplementary Figure 2, we show the extraction of the contribution of RC and RMS with 31 

different channel distances at Vg=0V by using identical Ids method. In Supplementary Figure 2b, the 32 

variation of R vs. channel distance shows a relative good linearity. In Supplementary Figure 2d, we 33 

show the extracted RC and RMS (E1-E2) as a function of Vds at Vg=0V. It appears a similar behavior 34 

as Vg=+10V. RC decreases rapidly with increase of |Vds| and it dominates the total resistance at low 35 
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|Vds|. RMS also decreases with increasing |Vds|. The contribution of RMS in Rtotal increases with |Vds| 36 

and saturates at 37% when |Vds| is larger than 0.25V. 37 

 38 

 39 

Supplementary Figure 1. (a, d) The resistance between the two electrodes versus the channel distance normalized by 40 
the width (a) with different Vds and (d) with different Ids. (b, e) The contact resistance can be extracted from the intercept 41 
of resistance vs. channel distance/width. (b) The resistance is taken with identical Vds=-0.2V. (e) The resistance is taken 42 
with identical Ids=-2.42e-8A, which corresponds to Vds =-0.2V between E1-E2 electrodes. (c, f) The extracted contact 43 
resistance RC and the MoS2 channel resistance RMS vs. Vds. at Vg=+10V with (c) identical Vds method and (f) identical Ids 44 
method. Inset of (f): percentage of RMS/Rtotal as a function of Vds. 45 
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 46 

Supplementary Figure 2. (a) Ids-Vds characteristics measured between different electrodes at 12K with applying a 47 
back-gate voltage Vg=0V. (b) The resistance between the two electrodes versus the channel distance normalized by the 48 
width with different Ids. (c) The contact resistance can be extracted from the intercept of resistance vs. channel 49 
distance/width. The resistance is taken with identical Ids=-2e-9A, which corresponds to Vds =-0.36V between E1-E2 50 
electrodes. (d) The total resistance Rtotal, the extracted contact resistance RC and the MoS2 channel resistance RMS vs. Vds. 51 
at Vg=0V. Inset: percentage of RMS/Rtotal as a function of Vds.  52 

 53 

Supplementary Note 2. Leakage current 54 

During the wire-bonding procedure, unintentional damage was created on the connection pads 55 

on the Si/SiO2 substrate, which results in a small leakage current between the electrode and Si 56 

substrate when applying a large back-gate voltage. This leakage current Ig can influence the 57 

measured drain-source current Ids through the MoS2 channel when the contact resistance becomes 58 

comparable to the leakage resistance. Supplementary Figure 3a shows the schematics of the 59 

electrical connections of the device and Supplementary Figure 3c illustrates the equivalent electric 60 

circuit considering four electrodes on the MoS2 flake. If we assume that the leakage resistance is 61 

equal for the four electrodes Rg=Rg1=Rg2=Rg3=Rg4 and MoS2 resistance is equal between each two 62 

close electrodes Rmos=RMS1=RMS2=RMS3, we can obtain: 63 
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ܫୢ ୱ = ௏ౚ౩ோౣ౥౩ ൅ ௏ౝோౝ (ோౝమାସோౝோౣ౥౩ାଷோౣ౥౩మோౝమାଷோౝோౣ౥౩ାோౣ౥౩మ ) −  ୥                             (1) 64ܫ

Since Rmos changes a lot with Vg, when Rmos<<Rg, Ids=Vds/Rmos+Vg/Rg-Ig and when Rmos>>Rg, 65 

Ids=Vds/Rmos+3Vg/Rg-Ig. In Supplementary Figure 3b, we show the measured leakage current Ig as a 66 

function of Vg. It is found that the leakage current is linearly proportional to the back-gate voltage 67 

with no change for different Vds, and it reaches ±5.6nA with Vg=±20V, respectively. Since our MR 68 

measurements is in the range of 1-100nA, the leakage current could modify the MR for the small Ids 69 

case, but it does not influence the large Ids case. To precisely obtain MR values, we have taken 70 

account of the leakage current when calculating MR, and put the corresponding error bars in the 71 

figures. 72 

  73 

 74 
Supplementary Figure 3. (a) Schematics of the multilayer MoS2 based lateral spin-valve device. (b) Leakage current 75 
as a function of back-gate voltage. (c) Equivalent circuit with finite leakage resistance. 76 

 77 

Supplementary Note 3. Possible artificial effects for the spin transport 78 

Since the measured MR ratio in our sample is small (~1%), any artificial effects related to the 79 

substrate and electrodes could affect our conclusions, and we should carefully verify their influence 80 

on the measurements. 81 
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A. Control sample with non-magnetic contact  82 

To eliminate artificial effects on the magneto-transport measurement related to the MoS2 83 

channel, Si substrate etc., we have fabricated one control sample with total non-magnetic 84 

electrodes, as shown in Supplementary Figure 4a. The thickness of the flake is identical to the 85 

device in the main text (4.3nm, 6MLs). The MoS2 channel distance between electrodes E2 and E3 is 86 

about 400nm. Supplementary Figure 4b shows the characterization of Ids as a function of Vds with 87 

different Vg. The Ids-Vds properties of the flake is similar to the device in the main text, however we 88 

cannot get any magneto-response with Vg=+10V (Supplementary Figure 4c) or Vg=+20V 89 

(Supplementary Figure 4d). This gives a strong argument that the MR effect we measured is related 90 

to the magnetic states of electrodes. 91 

 92 

Supplementary Figure 4. (a) Optical microscopy image of the control non-magnetic device. The region of dark yellow 93 
consists of MgO(2nm)/Au(10nm) and the region of light yellow consists of Ti(10nm)/Au(190nm). (b) Ids-Vds 94 
characteristics between E2 and E3 measured at 12K with applying different Vg. (c) Magneto-resistance response of the 95 
device with Vds=-0.1V and Vg=+10V at 12K. (d) Magneto-resistance response of the device with Vds=-0.1V and 96 
Vg=+20V at 12K. 97 
 98 

B. Leakage current effect 99 

We have mentioned above that for Vg=±20V we measure about ±5.6nA leakage current. Since 100 

Si is a very good candidate for spin transport and it has been reported that spin-polarized electrons 101 

can transport for even 300µm distance in Si1. Therefore, it is very important to exclude the 102 
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possibility of spin transport through the bottom Si substrate instead of MoS2 channel. If the 103 

observed MR is due to the Si substrate, we should also observe MR in negative Vg. In 104 

Supplementary Figure 5, we show the Ids vs. H curve with negative Vg=-16V and Vds=-0.1V at 20K. 105 

It is clear that we cannot observe any spin signal, which proves that the observed MR is not due to 106 

the leakage current through Si substrate. 107 

 108 

Supplementary Figure 5. Magneto-resistance response measurement with Vg=-16V to show the absence of MR signal. 109 

 110 

C. Anisotropic magneto-resistance of electrodes 111 

We also need to verify if the anisotropic magneto-resistance (AMR) of Co electrode could play 112 

a role for the spin-dependent transport. The resistance of Co electrode (L10µm×W300nm×H10nm) 113 

can be estimated to be about 390Ω (ρCo:117nΩ·m at 20K). If there is 1% AMR in Co electrode2, the 114 

variation of resistance is only 3.9Ω. It is completely negligible compared to the measured variation 115 

of resistance (~16kΩ with 1% of MR). Therefore, the possibility of AMR can be excluded. 116 

 117 

Supplementary Note 4. Micromagnetic simulation on magnetization switching of Co 118 

nano-wire 119 

We have performed the micromagnetic simulations of the magnetization switching in Co nano-120 

wires by using the external magnetic field. This simulation is to understand if we can obtain 121 

different coercivity with the same width of electrode but different shapes. For this purpose, we have 122 

used the Mumax3 software3. Two different nano-wire geometries (Supplementary Figure 6a) were 123 
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used to simulate the experimental condition (Supplementary Figure 6b, E1 and E2 electrodes). An 124 

external magnetic field was applied at 0° and 45° in respect to nano-wire easy axis in order to check 125 

the switching fields for each shape of Co nano-wire. Parameters used in the simulation were taken 126 

from the literature4: Exchange stiffness (20×10-12Jm-1), saturation magnetization (939×103Am-1), 127 

first order uniaxial anisotropy constant (450×103Jm-3) and the Landau-Lifshitz damping constant 128 

(0.5). The uniaxial anisotropy was set to be along the -x direction with a small component on the +y 129 

axis (10%) in order to facilitate the switching by an external magnetic field swept along the +x 130 

direction. The width of wires along the y axis was set to be 300nm corresponding to the one from 131 

the experiment. The nanowire length was set to be 7 times longer than its width and the thickness 132 

was set to 10nm. The initial magnetization state was chosen to be uniform, pointing out in the -x 133 

direction. All simulations were performed for T=0K. As a result, a distinct difference of switching 134 

field around 100Oe can be obtained for the two kinds of shape when the angle between the 135 

electrodes and field is either 0° (Supplementary Figure 6c) or 45° (Supplementary Figure 6d). The 136 

order of value is in good agreement with the experimental observed antiparallel plateau (200-137 

500Oe) if we consider the real shape and defect pinning effect on the domain wall prorogation. 138 

  139 

Supplementary Figure 6. (a) Two different shapes used for micromagnetic simulation. The width of wire is set to be 140 
300nm. (b) Optical microscopy image of the device in the main text. (c) Simulated magnetization switching for the two 141 
kinds of shape when magnetic field is along 0° to the electrodes. (d) Simulated magnetization switching for the two 142 
kinds of shape when magnetic field is along 45° to the electrodes. 143 
 144 
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Supplementary Note 5. Schottky barrier height of Co/MgO on MoS2 145 

In order to estimate the Schottky barrier height of Co/MgO on MoS2 (Supplementary Figure 146 

7a), we have measured Ids-Vds characteristics with different Vg from 180K to 240K; in this 147 

temperature range where the thermionic emission transport mechanism through the Schottky barrier 148 

is mainly considered (Supplementary Figure 7b). We employed a two-dimensional thermionic 149 

emission equation describing the electrical transport through the Schottky barrier into the MoS2 150 

channel5: 151 ୢܫ ୱ = ଵ.ହexpܶ∗ܣܣ ቂ− ௘௞ా் ୠߔ) − ௏ౚ౩௡ )ቃ                                                   (2) 152 

where A is the contact area, A* is the Richardson constant, e is the electron charge, kB is the 153 

Boltzmann constant, Φb is the Schottky barrier height, and n is the ideality factor. Supplementary 154 

Figure 7c shows the Arrhenius plot (ln(Ids/T
-3/2) vs. 1000/T) for different Vds. The slopes S(Vds) 155 

extracted from the Arrhenius plot follow a linear dependence with Vds: S(Vds)=-(e/1000kB)·(Φb-156 

Vds/n), as displayed in Supplementary Figure 7d. Then the Schottky barrier height can be evaluated 157 

from the extrapolated value at zero Vds (S0=-(eΦb/1000kB)). In Supplementary Figure 7d, we can 158 

obtain a Schottky barrier height Φb of 11.9meV for Co/MgO on MoS2 with Vg=+2V. Similar 159 

procedure has been used to determine Φb with different Vg, as described in the main text (Figure 3c). 160 

 161 
Supplementary Figure 7. (a) Schematics of the Schottky barrier height for Co/MgO contact on MoS2. (b) Ids-Vds 162 
characteristics for temperatures between 180K and 240K. (c) ln(Ids/T

3/2) versus 1000/T at different drain-source bias 163 
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(Vds), in an Arrhenius plot with linear fits in the temperature range from 180K to 240K. (d) Bias dependence of the 164 
slope (S). The slope at zero Vds (S0) is used to calculate the Schottky barrier height Φb.  165 
 166 

Supplementary Note 6. Supplementary data for magnetoresistance measurements 167 

Here we show all raw data for temperature (Supplementary Figure 8), drain-source bias Vds 168 

(Supplementary Figure 9) and back-gate voltage Vg (Supplementary Figure 10) dependent MR 169 

measurements. All MR values have been corrected after considering the leakage current as 170 

mentioned in Supplementary Note 2.  171 

 172 
Supplementary Figure 8. Magneto-resistance response of the multilayer MoS2 based lateral spin valve device, 173 
measured with Vg=+20V and Vds=-0.1V at (a) 12K, (b) 23K and (c) 43K, respectively. The error bars have been 174 
calculated by taking account of the signal noise and the contribution of leakage current. 175 
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 176 

Supplementary Figure 9. Vds dependence of MR. (a) MR versus Vds. (b-f) Magneto-resistance response measured with 177 
Vg=+20V at 23K with Vds from -0.04V to -0.15V. The error bars have been calculated by taking account of the signal 178 
noise and the contribution of leakage current. 179 

 180 
 181 

 182 
Supplementary Figure 10. Vg dependence of MR. (a) MR versus Vg. (b-f) Magneto-resistance response measured with 183 
Vds=-0.1V at 23K with Vg from +8V to +25V. The error bars have been calculated by taking account of the signal noise 184 
and the contribution of leakage current. 185 

 186 

 187 
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Supplementary Note 7. Supplementary information for spin injection/detection theory 188 

Magnetoresistance experiments between ferromagnetic source and drain like performed on 189 

MoS2 devices are typical prototype experiments in which a spin-current is generated by electrical 190 

means in MoS2 from a spin-dependent tunnel injector, transported in MoS2 over several hundreds of 191 

nanometers, before being absorbed at the level of a same tunnel spin-polarized detector. We can 192 

discriminate between the ‘local’ geometry whereby the charge current flows in both contacts and 193 

through the channel to the so-called ‘non-local’ geometry whereby the spin-current diffusing out of 194 

the injector is detected at the level of the detector without the need of a charge current displacement, 195 

only by probing a change in the voltage detection. It has been shown that the two configurations 196 

give exact identical magnetoresistive signals up to a factor of 2 whatever the contact sizes and 197 

channel geometry. This was derived in a general frame of spin-diffusion relaxation model6. 198 

From very general arguments, the existence of a large MR requires two main conditions: 1) The 199 

injection of a large spin-current in the parallel (PA=↑↑) magnetic state from a tunnel injector 200 

necessary to overcome the impedance mismatch issue. This is generally realized by using a MgO 201 

tunnel barrier with a high spin-injection efficiency thanks to its spin-filtering property. 2) The 202 

second condition is the occurrence of a large spin-accumulation signal in the antiparallel (AP=↑↓) 203 

magnetic state necessary to obtain a large contrast of resistance between the two magnetic 204 

configurations. The second condition can be generally more difficult to fulfill because of the spin-205 

relaxation which may occur in the channel by spin-flip processes between the spin-injection from 206 

the tunnel injector and the spin-detection processes at the level of the drain. For relative high 207 

resistive MgO tunnel barrier like used here, this second condition is more drastic than the necessary 208 

condition of a short channel distance compared to the characteristic spin diffusion length (lsf or 209 

SDL) and corresponding to the standard exponential decrease exp(-L/lsf) like observed in this work. 210 

This second condition can lead to a drop of MR even in the case of a short channel distance because 211 

of electronic spin multi-reflection processes on MgO barriers. 212 

Owing to the ensemble of these arguments, the general shape of the MR in a source-drain 213 

geometry have been largely discussed in the literatures6-8 and its very general expression writes 214 

according to a certain sum-rule: 215 ∆ܸ = ܴ∆ܬ݁ = 2൫ܲ↑↑∆ߤ↑↓ −  ൯                   (3) 216↑↑ߤ∆↓↑ܲ

where P is the spin-current polarization and Δµ is the spin accumulation measured at a given point 217 

in the channel. Indeed, one can easily demonstrate, by simple derivation, that the previous 218 

expression is coordinate-invariant along the spin propagation in the channel from the Valet-Fert 219 

theory of diffusive spin-transport9. If one chooses the middle point between in the channel as the 220 

reference point, one sees that the MR is maximal for either ܲ↑↓ = 0 or ∆ߤ↑↑ = 0 corresponding to a 221 
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symmetric device between spin injector/detector. In that sense, a symmetric system means the same 222 

contact sizes with same barrier thickness and same materials. Any asymmetry, e.g. like obtained in 223 

forward/reversed Schottky barrier profile may lead to a decrease of the maximal MR signal 224 

expected from its nominal largest value. Nevertheless, in the present case, the best MR experiments 225 

have been performed at very low bias from -0.04V to -0.1V where the resistance asymmetry 226 

between forward and reversed MoS2 Schottky barriers remain small and then irrelevant for the 227 

particular MR asymmetry analyses. 228 

On the other hand, from these whole arguments discussed here, the largest value to expect for 229 

MR and its optimization deals in several points and parameters in terms of quality of tunneling 230 

spin-injectors/detectors, and channel geometry. The tunneling spin-injectors/detectors have to be 231 

spin-selective enough and in this mind the choice of the MgO barriers is very adequate. On the 232 

other hand, the tunnel barriers must be high resistive enough to avoid the impedance mismatch issue 233 

and spin-backflow processes7,10,11. This is in the spirit to increase ܲ↑↑ at its maximum value of γ 234 

(tunnel spin-polarization) in the meaning that any spin-backflow process will reduce to a smaller 235 

(vanishing) value for a low resistive barrier resistance (compared to the channel spin-resistance by 236 

itself). In our situation of MgO/MoS2 devices, the impedance matching required is ensured in a 237 

certain optimized window by a gate voltage acting on both tunnel barrier and the MoS2 channel 238 

resistance composed of two different parts: a MoS2 depleted region with location of hopping 239 

underneath the tunnel contacts and the ‘bulk’ MoS2 part in the middle. This particular circumstance 240 

of a dual channel properties requires to revisit somehow the optimal conditions of spin injection as 241 

explained below.  242 

The second optimization of the device in favor of a large MR can be performed on a certain 243 

increase of ∆ߤ↑↓ via an optimized channel geometry design8. ∆ߤ↑↓, which has to be maintained large 244 

in the channel and in particular at the channel middle point, represents in the AP state an 245 

equilibrium value between the rate of spin-injection and the rate of spin-orbit assisted spin-flips. By 246 

quenching any spin-flip process depending on the total volume of spin-relaxation, MR should 247 

increase in parallel to ∆ߤ↑↓. In that situation, a channel characterized by a long spin-diffusion length 248 ߣୱ୤ is very favorable in several points. First, a long ߣୱ୤ allows to relieve the exponential decrease of 249 

the MR signal due to spin-flip processes (spin-memory), and second, a long ߣୱ୤ is very favorable 250 

like in multilayer MoS2 like investigated here, the rate of spin-flips being scaled-down by 1/(ߣߩୱ୤) 251 

in bulk material or in channel that spreads at infinity on both sides of the device. We call this as the 252 

so-called ‘open-geometry’ (‘O’). However, when the channel is limited in its lateral sides, the rate 253 

of spin-flip decreased as ߣߩ)/ܮୱ୤ଶ ), where L is the distance between source and drain. We call this as 254 

the so-called ‘confined-geometry’ (‘C’). Decreasing the distance L between the source and the drain 255 
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to a value well smaller than ߣୱ୤, or conversely increasing ߣୱ୤, by material engineering is a way to 256 

largely increase the MR signal.  257 

On the other hand, for a short distance L compared to ߣୱ୤, the way to increase the MR is to 258 

adapt the tunnel barrier, and in particular its thickness ݐ୑୥୓	to an optimized value of resistance 259 

close to ߩ ఒ౩౜మ௧౉౥౏మ where ݐ୑୭ୗଶ is the channel thickness. This value corresponds to an optimal situation 260 

for impedance matching and limited spin-relaxation in the MoS2 channel. 261 

Upon all these arguments, one can give a general expression of the local (and non-local 262 

resistance to a factor of 1/2) given below depending on the different device geometry. 263 

∆ோోோ∗ొ = ଼ఊమோ౅మ൫ଶோ౅ାோ∗ొ ൯మି൫ோ∗ొ ൯మ ୣ୶୮൬ି మಽഊ౩౜		൰ exp ቀ− ௅ఒ౩౜		ቁ                            (4) 264 

for an open geometry with symmetric contacts and 265 

∆ோిோ∗ొ = ଼ఊమோ౅మ൫ோ౅ାோ∗ొ ൯మି൫ோ౅ିோ∗ొ ൯మୣ୶୮	൬ି మಽഊ౩౜		൰ exp	ቀ− ௅ఒ౩౜		ቁ                       (5) 266 

for a closed geometry with symmetric contacts, where ୍ܴ is the tunnel barrier resistance (in Ohm) 267 

and ܴ୒∗  is the channel spin-resistance (in Ohm).  268 

The expressions for asymmetric tunnel barriers are the same except to replace ୍ܴ by 
ோ౅భାோ౅మଶ  and 269 (୍ܴ)ଶ by (ܴଵ୍	ܴଶ୍) which have the effect to decrease the signal from its nominal value obtained for 270 ܴଵ୍ = ܴଶ୍ (ܴଵ୍ and ܴଶ୍ are the two tunnel resistances). However, the observed decrease is generally 271 

small. All these expressions correspond to the most general aforementioned expression (3) for MR. 272 

In the case where the channel region admits an inhomogeneous character like e.g. composed of 273 

two mixed regions (a MoS2 depleted region of length t and a ‘bulk’ channel region spreading up to 274 

infinity), the spin-resistance of the channel ܴୣ୤୤∗  has to be recalculated according to ܴୣ୤୤∗ =275 

ோ∗ా ோ∗ీ ୡ୭୲୦ቆ ೟೗౩౜ీቇା(ோ∗ీ )మோ∗ా ାோ∗ీ ୡ୭୲୦ቆ ೟೗౩౜ీቇ , where ܴ୆∗  is the ‘bulk’ channel spin-resistance, ܴୈ∗  is the spin-resistance of the 276 

depletion zone and ݈௦௙஽  is its characteristic spin diffusion length. A large ܴୈ∗  compared to ܴ୆∗ , 277 

obtained at a certain extend depletion zone (t) leads to a significant increase of ܴୣ୤୤∗  and then to the 278 

impedance matching with the MgO barrier resulting sizeable MR value (threshold for impedance 279 

mismatch). 280 

  281 
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