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Abstract: Transition metal dichalcogenide materials are studied to investigate unexplored research 

avenues, such as spin transport behavior in 2-dimensional materials due to their strong spin-orbital 

interaction (SOI) and the proximity effect in van der Waals (vdW) heterostructures. Interfacial in-

teractions between bilayer graphene (BLG) and multilayer tungsten disulfide (ML-WS2) give rise to 

fascinating properties for the realization of advanced spintronic devices. In this study, a BLG/ML-

WS2 vdW heterostructure spin field-effect transistor (FET) was fabricated to demonstrate the gate 

modulation of Rashba-type SOI and spin precession angle. The gate modulation of Rashba-type SOI 

and spin precession has been confirmed using the Hanle measurement. The change in spin preces-

sion angle agrees well with the local and non-local signals of the BLG/ML-WS2 spin FET. The oper-

ation of a spin FET in the absence of a magnetic field at room temperature is successfully demon-

strated. 

Keywords: spintronics; spin-orbit interaction; Hanle spin precession; graphene; spin field-effect 

transistor 

 

1. Introduction 

An essential aim of spintronics is to exploit the spin degree of freedom of electrons 

to overcome challenges related to spin logic in order to develop new forms of information 

storage devices [1,2]. Fundamental concepts such as the creation of spin-polarized elec-

trons and their subsequent manipulation, detection, and gate modulation have been 

demonstrated in spin-based devices by using electrical and optical tools. In particular, the 

spin field-effect transistor (FET), which plays a key role in spintronics, was proposed by 

Datta and Das nearly three decades ago [3–6], but spin precession of the local current 

controlled only by electrical methods has not yet been achieved. Elusive challenges in this 

field are the ability to control spin properties with back-gate voltage (Vbg) at ambient tem-

perature and the development of an innovative material in which spin precession and 

lifetime are controlled and measured only by electrical tools [2]. However, one should 

note that spin-FET [7] is not an analogue of conventional semiconductor FET or MOSFET. 

Graphene has a honeycomb lattice arrangement of carbon atoms, semi-metallic char-

acteristics, and an electronic band structure featuring Dirac cones that impart unique elec-

tronic properties [8]. It is considered an excellent candidate for spin transport and spin 

logic devices due to its high charge carrier density, small hyperfine interactions, and long 

spin diffusion length [9–12]. Very small spin-orbit interaction (SOI) is an advantage of 

graphene for a long spin lifetime, but this makes it difficult to use as a spin channel mate-

rial for spin FETs. In previous studies, various methods such as decoration of heavy met-

als, [13] chemical doping [14], and employment of the proximity effect [15] have been 

explored to enhance the SOI in graphene. Enhancement of the SOI in graphene by the 
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proximity effect of 2-dimensional (2D) transition metal dichalcogenides (TMDs) in partic-

ular has drawn considerable research attention. TMDs have a semiconductor nature with 

direct or indirect bandgaps owing to the distinct electronic structure and strong SOI, 

which is a few orders of magnitude larger than that of graphene [16–18]. Moreover, 2D 

systems with strong SOI experience Rashba-type zero-field spin splitting. Therefore, the 

electron spin can precess by the effective magnetic field, which is controlled by the 

Rashba-type SOI parameter [19]. As newly developed materials, TMDs can be used for 

atomically flat substrates to provide a strong SOI of ~102 meV, whereas the SOI of gra-

phene is only ~10 μeV [16]. 

In addition, the vertically assembled heterostructure of graphene with TMDs has a 

proclivity to modify the interfacial interaction such that the SOI in graphene is enhanced 

[20,21]. Taking advantage of the proximity effect in stacked 2D materials, one can impart 

desirable properties on graphene without disturbing the genuine characteristics [22–27]. 

Recently, in our previous study [28], the WS2/bilayer graphene (BLG)/WS2 heterostructure 

exhibited a noticeable phenomenon of weak anti-localization (WAL) and zero-field spin 

splitting due to a strong SOI. The Rashba-type SOI strength dramatically increased from 

~10 μeV to meV due to the proximity effect modulated by Vbg [28]. 

In this study, an innovative ML heterostructure of BLG/ML-WS2 was successfully 

developed as a spin FET to address the challenges of injection, detection, and gate modu-

lation of spin precession angle. Our BLG spin FET has the following distinctive features. 

The ferromagnetic (FM) electrodes (NiFe/AlOx) used as source and drain contacts are pat-

terned at 45° with respect to the BLG channel to operate the spin FET at zero external 

magnetic field because spins injected from the FM should have a component that is par-

allel to the current direction to experience the spin precession due to the Rashba-type SOI. 

The spin FET signals have been observed in non-local (NL) as well as local measurement 

configurations. Spin precession has been confirmed by the Hanle measurement. The gate 

modulation of spin precession in the BLG spin FET has been successfully demonstrated 

at 300 K. The effective spin injection, detection, and gate modulation of the graphene-

based system holds great potential for applications in the field of spintronics, enabling us 

to discover new areas of field-effect spin transport phenomena. 

2. Experimental Section 

ML-WS2 nanoflakes were mechanically exfoliated on p-type Si/SiO2 (300 nm) sub-

strates acting as a back-gate with the help of standard mechanical exfoliation using 

Scotch tape. First, we placed the BLG on top of polydimethylsiloxane (PDMS) by mechan-

ical exfoliation from commercial graphite and transferred it onto the WS2 flake. The thick-

ness of BLG can be identified on the substrate because of the interference effect. Further, 

Raman spectroscopy and AFM were utilized to confirm the thickness. By using a micro-

aligner stage, the flake of BLG was transferred onto the ML-WS2 flake. The device was 

placed in a furnace for annealing at 200 °C under gas flow at a rate of 97.5% Ar/2.5% H2 

for 6 h. 

To prevent direct contact of the FM electrode with WS2, the naked areas of WS2 were 

covered with 10 nm thick Al2O3 by atomic layer deposition (ALD). The FM electrodes were 

patterned by electron-beam lithography (E-beam lithography), and then aluminum (0.8 

nm thick) was deposited by thermal evaporation and left to oxidize in an O2 atmosphere 

for 30 m before depositing 50 nm thick Ni81Fe19 by electron-beam evaporation. A thin layer 

of Al2O3 (t = 0.8 nm) was used as a tunnel barrier between the FM electrode and the BLG 

to resolve conductance mismatch problems in the spin injection [29–31]. After FM depo-

sition, the samples were placed into acetone for lift-off. 

3. Results and Discussion 

Figure 1a shows a schematic of the BLG/ML-WS2 van der Waals (vdW) heterostruc-

ture spin FET; the bottom view illustrates the complete process of spin precession, and the 

top view represents the local measurement configuration. The widths of FM1 and FM2 
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were 0.3 μm and 1 μm, respectively. The width of the graphene channel was 2.3 μm. The 

1 m long BLG channel resistance was ~1.178 KΩ. A constant spin current was injected 

from FM1 electrode (source), and the spin signal was detected at FM2 electrode (drain). 

Basically, an in-plane magnetic field (𝐵∥) was applied along the easy axes to align the 

magnetization in the same direction. The back gate voltage was applied to control the spin 

of electrons during the transport through the BLG channel. Figure 1b displays a scanning 

electron microscope image of the final device in which the FM electrode is patterned at 

45° with respect to the BLG channel (the white dotted line) on WS2. The complete optical 

image of the spin FET in which the WS2 nanoflake is placed on SiO2 (300 nm thick) serves 

as the dielectric gate with a highly p-doped Si wafer prepared using the mechanical exfo-

liation method. Subsequently, BLG was transferred to WS2 by the dry transfer method 

illustrated in Figure S2a.  

Atomic force microscopy (AFM) was used to confirm the thickness of ML-WS2 and 

BLG on SiO2 (Figure S2b). The height profiles reveal the thickness of ML-WS2 (~19 nm) 

and BLG (~0.8 nm) in Figure S2c,d, respectively. The Raman spectra of ML-WS2 and BLG 

on SiO2 are shown in Figure S3a,b, respectively. The Raman spectra of ML-WS2 and BLG 

on SiO2 are shown in Figure S3a,b. The E2g1 and A1 peaks of WS2 appear at 351 cm−1 and 

418 cm−1, respectively. In the case of BLG, the Raman G and 2D peaks appear around 1587 

cm−1 and 2685 cm−1, respectively. The ratio of intensities of the G to 2D peaks (I2D/IG) is ~1.2, 

which is consistent with the previously reported value for BLG [32]. Further, the 2D peak 

is fitted by four Lorentzian peaks, which confirms the nature of BLG (Figure S3c).  

First, the basic electrical transport properties of Gr/WS2 vdW heterostructure devices 

(sample # 2) were characterized to confirm the disappearance of the Dirac point in the case 

of the FM electrode. In this regard, we measured the BLG on SiO2 and WS2 with different 

contacts such as Cr/Au and NiFe, as shown in Figure S4a. In fact, the Dirac point is shifted 

at a higher Vbg~30 V due to p-type doping of BLG by NiFe electrodes. 

When the BLG/WS2 heterostructure device with FM electrode was measured, a very 

small change in resistance was found between Vbg = −40 V and +40 V because the bottom 

WS2 layer started to conduct (Figure S4b) and behaved like a sink of the back gate electrical 

field at Vbg > 10 V, as shown in Figure S4c. To examine the spin valve behavior in the 

BLG/ML-WS2 spin FET on SiO2, local spin valve (LSV) measurements were conducted at 

room temperature (300 K) and 30 K. The local configuration is shown in Figure 1a. The 

local spin value measurements of the BLG/ML-WS2 spin FET were performed by a stand-

ard lock-in technique using an AC excitation current of 9.88 μA. The spin signal was in-

jected from one FM electrode (source) and detected from another FM electrode (drain) by 

applying the magnetic field (B) in the direction of the FM electrode. We applied a constant 

current between the two FM (7 and 8 in Figure 1b) electrodes and measured the voltage 

drop between these same two electrodes but opposite side contacts.  

Initially, an in-plane magnetic field (𝐵∥) was applied along the easy axes to align the 

magnetization in the same direction. The FM contacts have different coercivities because 

they are designed with different widths (0.3 and 1 μm). The magnetization configuration 

of FM contacts (injector and detector) can be aligned parallel or anti-parallel by sweeping 

an in-plane magnetic field, which results in magnetoresistance (∆𝑅𝐿𝑜𝑐𝑎𝑙 =  
∆𝑉𝐿𝑜𝑐𝑎𝑙

𝐼
).  A 

clear and noticeable local spin signal was detected at different temperatures, indicating 

spin transport in the BLG/ML-WS2 spin FET (Figure 1c).  

We also measured the local signal as a function of Vbg at different temperatures and 

B = 0 T for each magnetization alignment of the injector (source) and detector (drain), as 

shown in the inset of Figure 1d,e. For all magnetization configurations, we observed clear 

oscillations of the local spin signal as a function of Vbg at room temperature (Figure 1d). 

This is the first demonstration of 300 K spin FET operation. Spin FET was also demon-

strated at 30 K (Figure 1e). The half oscillation angle (∆𝜃 ≈ 180°) was observed for the 

change of back-gate voltage (∆𝑉𝑏𝑔 ≈ 40 𝑉) in both antiparallel and parallel states [33]. 

We found that the spin signal is less sensitive to Vbg when Vbg > 10 V. This is because ML-
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WS2 is an n-type TMD semiconductor material that begins to conduct and behaves like a 

sink at a positive Vbg, where electrons start to accumulate at the surface of WS2.  

 

Figure 1. (a) Schematic representation of the BLG/ML-WS2 spin FET. (b) Scanning electron microscope image of a complete 

BLG spin FET. (c) LSV signal as a function of parallel magnetic field at 300 K and 30 K at Vbg = 0 V, where  ∆𝑅𝐿𝑜𝑐𝑎𝑙 = 𝑅 −

 𝑅𝑝 and 𝑅𝑝 = 1178.3 Ω. (d) LSV signal as a function of Vbg at B = 0 T and at T = 300 K for anti-parallel (blue line), parallel 

(red line), and parallel (black line), respectively. (e) LSV signal as a function of Vbg at B = 0 T and at 30 K for anti-parallel 

(blue line), parallel (red line), and parallel (black line), respectively. The LSV signals are moving-averaged to remove noise 

from a data set. 

Therefore, the WS2 film screens the back-gate electric fields. However, the charge car-

riers in WS2 are much smaller than in BLG and thus contribute insignificantly to transport. 

In heterostructures like our BLG/ML-WS2 spin FET, a robust local electric field is engen-

dered by the accumulation of electrons at the interface of BLG with WS2. The direction of 
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this local electric field (𝐸𝑧) is perpendicular to the motion of electrons. It is expected that 

the coupling of this local field produces a Rashba-type SOI. This kind of SOI is defined by 

the Rashba Hamiltonian [28] 

𝐻𝑅 =  𝛼 (�⃗�   × �⃗⃗�𝐹  ) ∙  𝑧 (1) 

where �⃗� is the Pauli matrix, �⃗⃗�𝐹 denotes the electron wave vector, and 𝑧 is a unit vector 

perpendicular to the interface that defines the direction of spin precession and the effec-

tive magnetic field [34,35]. In this relation, the crucial parameter (𝛼)  represents the 

strength of the SOI, which is directly proportional to the interfacial electric field 𝐸𝑧  (𝛼 ∝

 𝐸𝑧). The 𝐸𝑧 of the Rashba-type SOI strength (𝛼) originates from both the microscopic Cou-

lomb potential and macroscopic potential gradient triggered by the hetero-interface and 

band bending in heterostructure devices of semiconductor materials. The macroscopic 

electric field can therefore be controlled by an external gate voltage applied to 2D systems 

and enhance the Rashba SOI [28,36]. This permits us to electrically modulate the effective 

magnetic field [37]. Thus, in our case, the interface of BLG with WS2 and the proximity 

effect of 2D materials enhances the strength of the Rashba-type SOI [15,28,38]. To probe 

the spin transport behavior and pure spin current in the BLG/ML-WS2 spin FET, an NL 

spin valve (NLSV) four-probe measurement scheme was used (Figure 2a). In order to ex-

amine the spin diffusion length (𝜆𝑠) from spin valve measurements (Figure S6a), we 

measured the NL signal (∆𝑅𝑁𝐿) at different distances between the injector and detector 

(L). The NL spin value measurements of the BLG/ML-WS2 spin FET were performed by 

standard lock-in technique using an AC excitation current of 9.88 μA. 

For the NL signal (𝑅𝑁𝐿), a constant current was applied between the FM electrodes (7 

and 8 in Figure 1b) and the NL voltage was measured at both FM contacts (6 and 5 in 

Figure 1b). Similar to the NL measurements, to measure the NL spin signals, we first ap-

plied a constant current and swept the 𝐵∥ magnetic field along the easy axes to align the 

relative magnetization of the FM contacts. The difference in magnetization of the FM con-

tacts gave rise to a sharp transition in NL magnetoresistance (𝑅𝑁𝐿 =  
𝑉𝑁𝐿

𝐼
) at both room 

temperature and 30 K. The NL signal decayed exponentially when increasing L, as shown 

in Figure 2b. We can evaluate 𝜆𝑠 by using the relation [39] 

Δ𝑅𝑁𝐿 =  
𝑃2𝑅𝑡𝜆𝑠𝑒

−𝐿
𝜆𝑠

2𝑤
 (2) 

where L is the spacing between the injector and detector, w is the width of the BLG chan-

nel, P is the spin polarization of the FM contacts, and 𝑅𝑡  is the sheet resistance. By fitting 

the NL spin valve signal to Equation (2), we obtained 𝜆𝑠 and contact polarization (𝜆𝑠 =

0.90 μm; P = 8.4%), as shown in Figure 2b. Further, we measured the NLSV signal as a 

function of Vbg at room temperature and 30 K (Figure 2c,d). The inset shows the alignment 

of magnetization for antiparallel and parallel states. Similar to the local measurement, we 

first used the magnetization configuration and then measured the change in 𝑅𝑁𝐿  as a 

function of Vbg at B = 0 T. We observed complete oscillation of the NLSV signal as a func-

tion of Vbg for each magnetization configuration of the FM electrodes. The characteristics 

of the oscillation in the NLSV signal are almost the same as for the local spin valve signals. 

The Hanle NLSV signal was measured using the configuration shown in Figure 2a. 
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Figure 2. (a) NL measurement configuration of spin injection and detection. (b) Exponential decay of the NLSV signal with 

L of injector and detector. (c) NLSV spin signal as a function of Vbg at B = 0 T and T = 300 K for parallel (blue line), anti-

parallel (red line), and anti-parallel (black line), respectively. (d) NLSV spin signal as a function of Vbg at B = 0 T and at 30 

K for parallel (blue line), anti-parallel (red line), and anti-parallel (black line), respectively. The NLSV signals are moving-

averaged to remove noise from a data set. 

As expected, we obtained an NL Hanle spin precession signal of ∆𝑅𝑁𝐿 ≈ 6.9 𝑚Ω 

with a separation of L ≈ 1 μm (center-to-center distance) between the FM electrodes, as 

shown in Figure 3a. In this type of geometry, the Hanle spin signal stems from the spin 

precession about 𝐵⊥ with the Larmor frequency given by 𝜔𝐿 =  
𝑔𝜇𝐵

ℏ
 𝐵⊥, where 𝑔 is the 

Landé factor, 𝜇𝐵 is the Bohr magneton, and ℏ is the Planck constant divided by 2π. The 

variation in ∆𝑅𝑁𝐿 due to spin precession and spin diffusion relaxation from the source to 

drain can be defined by 
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 ∆𝑅𝑁𝐿  ∝ ∫
1

√4𝜋𝐷𝑠𝑡

∞

0

𝑒
−

𝐿2

4𝐷𝑠𝑡
cos ( 𝜔𝐿𝑡) 𝑒

−(
𝑡

𝜏𝑠
)

𝑑𝑡 (3) 

By fitting the raw data of the Hanle spin signal, we extracted the spin lifetime (𝜏𝑠) 

in the range of 𝜏𝑠 ≈ 66.05 − 2.02 ps depending on Vbg. This is in the same range of previ-

ously reported values [40–42]. We assume that the spin diffusion constant (Ds) is the same 

as the charge diffusion constant (D).  

 

Figure 3. (a) Modulation of Hanle spin precession with Vbg. Hanle spin signal measured at different Vbg at 30 K. (b) The 

NL Hanle spin signal (∆𝑅𝑁𝐿 =  𝑅𝑁𝐿
𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 − 𝑅𝑁𝐿

𝐴𝑛𝑡𝑖−𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
/2) at Vbg = 0 V is fitted to Equation (3) for 𝜏𝑠 and 𝜆𝑠. (c) Gate 

voltage dependence of the SOI parameter (). (d) Estimated spin precession angle as a function of Vbg at 30 K. 

Further, we calculated the spin diffusion length (𝜆𝑠 =  √𝐷𝑠𝜏𝑠) as being in the range of 

0.98 − 0.15 μm depending on Vbg. The gate dependent τs and λs are shown in Figure S6(a) 

and (b), respectively. Figure 3(a) shows the fitting of the Hanle data when Vbg = 0 V. The 

spin diffusion length estimated from the Hanle measurement (λs = 0.68 μm) is nearly the 

same as that estimated by the NL spin valve signal fitting (λs = 0.89 μm, Figure 2b). Our 

BLG/ML-WS2 spin FET 𝜏𝑠  is very small compared to pristine graphene, which ranges 

from 168 to 447 ps, [43] which is indicative of the existence of a proximity-induced SOI in 

BLG through the WS2 film. Such a small 𝜏𝑠 has also been predicted by using the spin-

orbit relaxation time (𝜏𝑠𝑜) calculated from the spin Hall effect (SHE), WAL, and from 

theoretical predictions [20]. 

Next, we appraised the prevailing spin scattering mechanisms in our BLG/ML-WS2 

spin FET by estimating spin relaxation time (𝜏𝑠) and momentum scattering time (𝜏𝑃). First, 

we calculated 𝜏𝑃 from 𝐷 =  𝜈𝐹
2𝜏𝑃, where vF is the Fermi velocity. For the BLG on WS2, we 
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obtained D by using the Einstein relation 𝜎 =  𝑒2𝐷 𝑁2𝐷(𝐸𝐹), where 𝑁2𝐷(𝐸𝐹) is the den-

sity of states of graphene at the Fermi level [44]. In BLG, the D’yakonov-Perel’ (DP) mech-

anism is dominant because 𝜏𝑠 is inversely proportional to 𝜏𝑃 [10,43]. Therefore, we fur-

ther investigated the Rashba-type SOI using 
1

𝜏𝑠
=  

4∆𝑅
2

ℏ2  𝜏𝑃. The calculated value of R (~17.15 

meV) in our BLG/ML-WS2 spin FET was much larger than the theoretically and experi-

mentally predicted value of graphene on a conventional 2D substrates [21,42,45], which is 

analogous to our previous work [28]. 

It is worthwhile noting that R can be modified by Vbg more effectively in BLG than 

in SLG; when Vbg < 0, R is more sensitive to Vbg, but when Vbg > 0, we found that the change 

in R is small due to the screening effect of gate electric fields by the n-type WS2 film (Fig-

ure S6c). Furthermore, we calculated the Rashba-type SOI strength (α) by using the fol-

lowing relation [28]: 

𝜏𝑠 =  
ℏ4

4𝛼 
2𝐷 𝑚∗ 2

  
(4) 

where m* is the effective mass of electrons and holes in BLG [46]. The estimated value of 

𝛼 is 6.14 meVnm, which is much higher compared to that of pristine graphene. Figure 3c 

shows 𝛼  of the BLG/ML-WS2 device as a function of Vbg. For Vbg < 0, Vbg efficiently 

changes 𝛼, whereas 𝛼 does not change much when Vbg > 0 due to the screening effect of 

the n-type WS2 film. Finally, from the Rashba parameter, we obtained the spin precession 

angle with respect to Vbg (Figure 3d) by the following relation [5]: 

∆𝜃 =  
2𝑚⋆𝛼𝐿

ℏ2
 (5) 

where m* is the effective mass of electrons and holes in BLG, L ≈ 1 μm is separation (cen-

ter-to-center distance) between the FM electrodes, and ħ is the Planck constant divided by 

2. The amount of spin precession is determined by α, which depends on Vbg. We have 

described the schematic spin precession in Figure 1a. In the BLG/ML-WS2 spin FET, the 

injected spins are initially aligned in the direction of magnetization of the FM source.  

In the channel, a moving electron (𝑘𝑥) under an electric field (𝐸𝑧) experiences an 

effective magnetic field (𝐵𝑅𝑦) called the Rashba field. The precessional rate changes with 

Vbg because the Rashba field is proportional to Ez. When Vbg changes from −40 to +10 V in 

our BLG/ML-WS2 spin FET, the total change of precession angle is ∆𝜃 ≈  309° (Figure d). 

The change in precession angle is ∆𝜃 = 180° when Vbg changes from −30 to 0 V, which 

explains the observed gate dependent local and NL spin signals at B = 0 T. These findings 

provide the first step for successfully realizing a graphene-based spin FET. 

4. Conclusions 

In summary, we successfully fabricated a novel BLG/ML-WS2 spin FET to realize gate 

controlled spin precession. One promising outcome was the enhanced Rashba SOI in the 

BLG/ML-WS2 heterostructure, as this offers the creation of a pure spin current by the SHE 

or the manipulation of spin through an electric field. The key parameters of spin transport 

(e.g., 𝜏𝑠, 𝜆𝑠, and 𝛼) have been derived as a function of Vbg. Moreover, we showed that the 

change of  as a function of Vbg explains gate controlled spin precession in the BLG/ML-

WS2 spin FET. The gate control of spin precession at room temperature is an interesting 

step in the field of spintronics. These outcomes may open a new platform for the manip-

ulation of spin current, precession, and spin degree of freedom of electrons. 

Supplementary Materials: The following are available online at www.mdpi.com/arti-

cle/10.3390/electronics10222879/s1, Figure S1: Schematic diagram showing fabrication process flow 

of graphene/WS2 field-effect transistors heterostructure device. (a)-(e) Schematic procedures of the 

device fabrication. Figure S2: Structure of the BLG/ML-WS2 spin FET. (a) An optical microscope 

image of the BLG/ML-WS2 heterostructure device with FM source and drain contact with local 

measurement geometry. The FM electrodes are patterned at 45° with respect to the BLG channel. 

http://www.mdpi.com/xxx/s1
http://www.mdpi.com/xxx/s1
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The length and width of the graphene channel were 1 μm and 2.3 μm, respectively. (b) AFM image 

of the device showing WS2 and BLG on SiO2. (c) The height profile of WS2. The thickness of the WS2 

is ~19 nm. (d) The height profile of BLG. The thickness of the BLG flake is ~0.8 nm. Figure S3: Raman 

spectra of the BLG/ML-WS2 spin FET. (a) Raman spectrum of multilayers of WS2. The peaks E12g and 

A1 appear at 351 cm-1 and 418 cm-1, respectively. (b) Raman spectrum of BLG. (c) Raman spectrum 

of BLG 2D peak. The peak is fitted by four Lorentzian peaks, which confirms the nature of BLG. 

Figure S4: Doping effect by NiFe electrodes and screening effect by WS2 layer. (a) An optical image 

of the final device in which graphene is marked with the white dashed line on SiO2 and WS2 (sample 

#2). The different pairs of NiFe and Cr/Au electrodes were patterned by electron-beam lithography 

on WS2, BLG, and BLG/WS2 heterostructure devices, which is illustrated by purple, red, green, or-

ange, and blue circles for WS2 (Cr/Au), BLG (Cr/Au), BLG/WS2 (Cr/Au), BLG/WS2 (NiFe), and BLG 

(NiFe), respectively. (b) The transfer characteristics as a function of Vbg of WS2 with Cr/Au (purple 

circle); the threshold voltage (Vth) was found around 10 V. (c) The resistance of BLG on SiO2 and 

WS2 as a function of back gate voltage (Vbg) with different electrodes. Figure S5: Gate modulation of 

spin precession angle in the BLG/ML-WS2 spin FET. (a) Modulation of Hanle spin precession with 

back-gate voltage. Hanle spin signal measured at different back gates at 30 K. (b) Gate voltage de-

pendence of the spin-orbit interaction parameter . (c) Estimated spin precession angle as a function 

of Vbg at 30 K. Figure S6: Spin transport parameters. (a) Gate dependence of τs, which is derived from 

the fitting of the Hanle spin precession in Equation (3). (b) Gate dependence of λs. (c) Rashba spin-

splitting (∆R) as a function of Vbg at 30 K. Table S1: Comparison of key parameters of bilayer gra-

phene/multilayer WS2 field-effect transistor with previously reported parameters in pristine gra-

phene. 
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