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Spin transport in multilayer graphene away from the charge neutrality point
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Graphene is considered as a promising material in spintronics due to its long spin relaxation time and long spin relaxation length. However, its spin transport properties have been studied at low carrier density only, beyond which much is still unknown. In this study, we explore the spin transport and spin precession properties in multilayer graphene at high carrier density using ionic liquid gating. We find that the spin relaxation time is directly proportional to the momentum relaxation time, indicating that the Elliott-Yafet mechanism still dominates the spin relaxation in multilayer graphene away from the charge neutrality point.

Introduction

Due to the high charge-carrier mobility [START_REF] Dean | Boron nitride substrates for highquality graphene electronics[END_REF], weak spin-orbit coupling [START_REF] Gmitra | Band-structure topologies of graphene: Spin-orbit coupling effects from first principles[END_REF][START_REF] Min | Intrinsic and Rashba spin-orbit interactions in graphene sheets[END_REF], and efficiently gate-tunable transport properties [START_REF] Schwierz | Graphene transistors[END_REF], graphene has become a prospective material for spintronics [START_REF] Kamalakar | Long distance spin communication in chemical vapour deposited graphene[END_REF][START_REF] Roche | Graphene spintronics: the European Flagship perspective[END_REF][START_REF] Khokhriakov | Two-dimensional spintronic circuit architectures on large scale graphene[END_REF]. When the study of spintronics in graphene just rose, the spin-relaxation time and spin-relaxation length were measured to be 170 ps and 2 µm [START_REF] Tombros | Electronic spin transport and spin precession in single graphene layers at room temperature[END_REF], respectively, which are much higher than those in the traditional materials [START_REF] Sinova | Spin Hall effects[END_REF], yet much lower than the theoretical predictions [START_REF] Huertas-Hernando | Spin-orbit-mediated spin relaxation in graphene[END_REF][START_REF] Pesin | Spintronics and pseudospintronics in graphene and topological insulators[END_REF]. The poor quality of the tunneling layer [START_REF] Han | Tunneling spin injection into single layer graphene[END_REF], the polymer residues during the fabrication process [START_REF] Avsar | Electronic spin transport in dual-gated bilayer graphene[END_REF], and the presence of scattering centers in the substrate [START_REF] Guimaraes | Spin transport in high-quality suspended graphene devices[END_REF][START_REF] Zomer | Long-distance spin transport in highmobility graphene on hexagonal boron nitride[END_REF] are considered to be the main factors that degrade the spin transport properties of graphene.

Correspondingly, several measures have been proposed to address these problems, such as the optimized insulating layer which facilitates the tunneling injection [START_REF] Han | Tunneling spin injection into single layer graphene[END_REF][START_REF] Kamalakar | Enhanced tunnel spin injection into graphene using chemical vapor deposited hexagonal boron nitride[END_REF][START_REF] Singh | Nanosecond spin relaxation times in single layer graphene spin valves with hexagonal boron nitride tunnel barriers[END_REF][START_REF] Kamalakar | Inversion of Spin Signal and Spin Filtering in Ferromagnet vertical bar Hexagonal Boron Nitride-Graphene van der Waals Heterostructures[END_REF], the hexagonal boron nitride (hBN) layer which serves as a substrate or encapsulating layer to provide a smooth interface with reduced trapped charges [START_REF] Gurram | Electrical spin injection, transport, and detection in graphenehexagonal boron nitride van der Waals heterostructures: progress and perspectives[END_REF], and the suspended sample structure to avoid impurity scattering [START_REF] Guimaraes | Spin transport in high-quality suspended graphene devices[END_REF][START_REF] Drogeler | Spin lifetimes exceeding 12 ns in graphene nonlocal spin valve devices[END_REF][START_REF] Drogeler | Nanosecond spin lifetimes in single-and few-layer graphene-hBN heterostructures at room temperature[END_REF]. Thanks to these efforts, the spin-relaxation time and spinrelaxation length of graphene have been improved up to 12.6 ns and 30.5 µm [START_REF] Drogeler | Spin lifetimes exceeding 12 ns in graphene nonlocal spin valve devices[END_REF], respectively, approaching the theoretical prediction gradually [START_REF] Huertas-Hernando | Spin-orbit-mediated spin relaxation in graphene[END_REF][START_REF] Pesin | Spintronics and pseudospintronics in graphene and topological insulators[END_REF]. Alternatively, multilayer graphene was also proposed as a promising strategy to improve the spin transport performance since the outer layers of multilayer graphene can screen the electrical potential of impurities [START_REF] Li | Spin diffusion and non-local spin-valve effect in an exfoliated multilayer graphene with a Co electrode[END_REF][START_REF] Maassen | Comparison between charge and spin transport in few-layer graphene[END_REF]. However, this original study was limited to relatively low carrier density (close to 1.25×10 !" 𝑐𝑚 !! ) because of the low efficiency of the traditional solid gate [START_REF] Maassen | Comparison between charge and spin transport in few-layer graphene[END_REF]. Hence, the conclusion that the spin relaxation is mainly due to the Elliott-Yafet mechanism was drawn only in the vicinity of the charge neutrality point [START_REF] Maassen | Comparison between charge and spin transport in few-layer graphene[END_REF]. When the Fermi level is shifted away from the charge neutrality point, the energy band structure and thus the electron properties will be quite different.

Furthermore, the electron-electron interaction will be weakened due to the high-carrier density induced charge screening, which will influence the momentum relaxation time. Therefore, how spin transport evolves and which mechanism dominates the spin relaxation in the high-carrierdensity range of multilayer graphene is yet to be explored. Ionic liquid (IL) gating has been widely used in 2D materials due to its high efficiency in tuning carrier density [START_REF] Du | Electric double-layer transistors: a review of recent progress[END_REF][START_REF] Fujimoto | Electric-double-layer field-effect transistors with ionic liquids[END_REF]. It has been central to the exploration of the electronic and optical properties [START_REF] Ye | Accessing the transport properties of graphene and its multilayers at high carrier density[END_REF][START_REF] Braga | Quantitative determination of the band gap of WS2 with ambipolar ionic liquid-gated transistors[END_REF][START_REF] He | Formation of p-n-p junction with ionic liquid gate in graphene[END_REF][START_REF] He | Exploration of exciton behavior in atomically thin WS2 layers by ionic gating[END_REF], for the tuning and realization of voltage-controlled superconductivity [START_REF] Saito | Gate-induced superconductivity in two-dimensional atomic crystals[END_REF], and manipulation of the magnetic properties [START_REF] Deng | Gate-tunable room-temperature ferromagnetism in two-dimensional Fe3GeTe2[END_REF]. These studies all prove that IL gating is a mature and reliable technique.

In the present study, we explore the spin transport in multilayer graphene by tuning its carrier density using IL gating at 200 K. In a heavily doped multilayer graphene sample, the electron and hole densities reach as high as 4.3×10 !" 𝑐𝑚 !! and 5.7×10 !" 𝑐𝑚 !! , respectively.

The spin relaxation time and the momentum relaxation time are found to follow a directly proportional relationship, which indicates that the Elliott-Yafet mechanism, rather than the D'yakonov-Perel' mechanism, plays an important role in the high-carrier density range.

Results and analysis

The schematic and the optical images of the device for the spin and charge transport measurements are shown in Fig. 1(a-c), while the image with IL on the device can be found in Supplementary Fig. S1. All the electrodes are made of Co/Au (60 nm/ 20 nm). As presented in Fig. 1(a), the outer four electrodes [START_REF] Dean | Boron nitride substrates for highquality graphene electronics[END_REF][START_REF] Gmitra | Band-structure topologies of graphene: Spin-orbit coupling effects from first principles[END_REF][START_REF] Kamalakar | Long distance spin communication in chemical vapour deposited graphene[END_REF][START_REF] Roche | Graphene spintronics: the European Flagship perspective[END_REF] are designed for charge transport measurement using a four-probe configuration, while the inner four electrodes [START_REF] Gmitra | Band-structure topologies of graphene: Spin-orbit coupling effects from first principles[END_REF][START_REF] Min | Intrinsic and Rashba spin-orbit interactions in graphene sheets[END_REF][START_REF] Schwierz | Graphene transistors[END_REF][START_REF] Kamalakar | Long distance spin communication in chemical vapour deposited graphene[END_REF] are designed for spin transport measurement; the widths of the central two electrodes [START_REF] Min | Intrinsic and Rashba spin-orbit interactions in graphene sheets[END_REF][START_REF] Schwierz | Graphene transistors[END_REF] are fabricated to be 270 and 660 nm, respectively, forming injector and detector electrodes with different coercive fields.

The thickness of the multilayer graphene flake was measured to be 4 nm by atomic force microscope. Considering the spacing of adjacent graphene layers is 0.335 nm [START_REF] Maassen | Comparison between charge and spin transport in few-layer graphene[END_REF], the layer number of our sample can be estimated to be 12, with an error of about 1 layer. Note that all the measurements in this report were performed at 200 K unless otherwise specified. After dropping ionic liquid to cover the whole sample and setting the IL gate floating, the measurements for both spin transport and spin precession were first conducted at 300 K. Subsequently, the system was cooled down quickly to 200 K, the freezing point of ionic liquid [START_REF] Perera | Improved carrier mobility in few-layer MoS2 field-effect transistors with ionic-liquid gating[END_REF], so as to avoid chemical reaction between graphene and ionic liquid. The same experiments were also performed at 200 K. As shown in Fig. 1(a), under an in-plane magnetic field (B y ), a current I is injected from electrode 3 (injector) to 2, and then spins accumulate underneath electrode 3 and diffuse along the graphene channel to both sides, inducing a voltage drop V NL between electrode 4 (detector) and 5 and defining the nonlocal resistance R NL = V NL /I (spin transport) [START_REF] Tombros | Electronic spin transport and spin precession in single graphene layers at room temperature[END_REF]. The detector probes the chemical potential of the spins impinging from the injector. Therefore, switching the magnetization configuration of the injector and detector from parallel (P) to antiparallel (AP) by sweeping the in-plane magnetic field leads to a sudden decrease of both the nonlocal voltage (ΔV NL ) and the nonlocal resistance (ΔR NL = ΔV NL /I), as shown in Fig. 2(a) [START_REF] Tombros | Electronic spin transport and spin precession in single graphene layers at room temperature[END_REF][START_REF] Jedema | Electrical spin injection and accumulation at room temperature in an all-metal mesoscopic spin valve[END_REF]. The non-local spin valve signal obtained at 200 K is enhanced in comparison to that measured at 300K (Fig. 2(a)), due to the decreased Coulomb scattering in graphene with relatively low carrier mobility, which is consistent with previous reports [START_REF] Maassen | Long spin relaxation times in wafer scale epitaxial graphene on SiC[END_REF][START_REF] Yamaguchi | Spin relaxation in weak localization regime in multilayer graphene spin valves[END_REF].

Applying an out-of-plane magnetic field (B z ), a current I is also injected from electrode 3 to 2, and spins precess as they diffuse from electrode 3 to 4, inducing a voltage drop V NL between electrode 4 and 5 and defining the nonlocal resistance R NL = V NL /I as well (spin precession). The non-local Hanle spin precession signals in both 300 K and 200 K are plotted in Supplementary Fig. S2(a) and (b), respectively. At low magnetic fields, the signal weakens because of the reduction of the spin polarization upon increasing the field from zero. When the signal corresponding to the P (AP) configuration decreases (increases) to zero, it indicates that the average angle of the precession reaches 90° [START_REF] Jedema | Electrical detection of spin precession in a metallic mesoscopic spin valve[END_REF]. Upon increasing the field further, R NL changes sign and reaches a minimum (maximum) gradually, indicating the reversal of spins (the average precession angle reaches 180°) [START_REF] Jedema | Electrical detection of spin precession in a metallic mesoscopic spin valve[END_REF]. However, even though the vertical magnetic field was applied up to 6 T, we could not observe the saturation of R NL that indicates the magnetization of the electrodes has completely rotated out of the plane. This is because the large-resistance background blurs the spin precession signal [START_REF] Guimaraes | Controlling spin relaxation in hexagonal BN-encapsulated graphene with a transverse electric field[END_REF]. Thus, we can only estimate that R NL saturates at around 1.5 T, at which the slopes of the curves decrease suddenly (Supplementary Fig. S2). To verify the validity of IL gating at 200 K, we performed electronic measurements and then obtained the standard transfer curve of graphene, with the charge neutrality point located at V CNP = 0.59 V (Fig. S3). This means that IL gating works even at 200 K, suggesting that the molecules of IL are still mobile at 200 K. Moreover, from Fig. S3, the mobilities (µ) of both electron and hole are extracted to be 242 cm ! /𝑉 • 𝑠 and 197 cm ! /𝑉 • 𝑠, respectively, by using the

equation, µ = Δσ/(C !" ΔV ! ) = (Δ( ! !" ! ! ) • ! ! )/(C !" ΔV ! )
, where σ is the conductivity, I ds is the drain-source current, V d is the drain-source voltage, V g is the gate voltage, C IL is the capacitance per unit area of IL, L and W are the channel length and width, respectively [START_REF] Kim | Large-scale graphene micropatterns via self-assembly-mediated process for flexible device application[END_REF]. C IL is obtained to be 2.86 µF/cm 2 and 2.55 µF/cm 2 for the electron and hole, respectively (Supplementary Note 1), much lower than the values reported previously [START_REF] Ye | Accessing the transport properties of graphene and its multilayers at high carrier density[END_REF][START_REF] Zhang | Ambipolar MoS2 thin flake transistors[END_REF]. There are two factors leading to the small C IL : the extra TiO X layer and the screening effect in graphene. First, the inserted TiO X layer (about 1 nm thick) increases the effective dielectric thickness of the geometrical capacitance C g , which is defined by C ! = ε !" ε ! /d, where ε IL is the relative permittivity of ionic liquid, ε 0 is the vacuum permittivity, and d is the dielectric thickness [START_REF] Uesugi | Electric double-layer capacitance between an ionic liquid and few-layer graphene[END_REF]. Second, the charges distributed in the first 3 or 4 layers screen the electric field and quench its penetration, and then C g saturates to a constant as the layer number is larger than 4 [START_REF] Uesugi | Electric double-layer capacitance between an ionic liquid and few-layer graphene[END_REF]. In Fig. 2(b), the IL gate voltage is transformed to the carrier concentration N by using the formula, N = C !"

(! ! !! !"# ) ! ,
where e<0 is the elementary charge [START_REF] Perera | Improved carrier mobility in few-layer MoS2 field-effect transistors with ionic-liquid gating[END_REF][START_REF] Misra | Electric field gating with ionic liquids[END_REF]. Then the highest electron (hole) density can be calculated to be 4.3×10 !" 𝑐𝑚 !! (5.7×10 !" 𝑐𝑚 !! ). Also in Fig. 2(b), the changes of the non-local resistances were extracted by performing the non-local spin transport at a series of carrier densities, as a comparison to the carrier density dependence of the conductivity. The relationship between ΔR NL and σ in Fig. 2(b) follows neither ∆𝑅 !" ~𝜎 nor ∆𝑅 !" ~! ! , implying that the electrode contact could be a pinhole type [START_REF] Han | Tunneling spin injection into single layer graphene[END_REF]. As discussed in the previous study, the contact interface mainly affects the polarization of the injected current [START_REF] Maassen | Comparison between charge and spin transport in few-layer graphene[END_REF], and the pinhole-type contacts could also create long spin relaxation time and spin relaxation length [START_REF] Drogeler | Spin lifetimes exceeding 12 ns in graphene nonlocal spin valve devices[END_REF], thus the contacts barely influence the spin diffusion and spin relaxation in our study. The spin precession at different carrier densities is studied applying a perpendicular magnetic field at 200 K, as shown in Fig. 3. As an example, Fig. 3(a) shows the nonlocal Hanle spin precession signals with both P and AP magnetization of the central electrodes at V g = 2 V, corresponding to the electron density of 2.5×10 !" 𝑐𝑚 !! . Since the magnetic field is applied perpendicular to the plane, the spins with in-plane orientation begin to precess, following the Bloch equation for the spin accumulation µ S , [START_REF] Maassen | Comparison between charge and spin transport in few-layer graphene[END_REF]. The first, second and third term describes the spin diffusion, spin relaxation, and spin precession, respectively, with D S is the spin diffusion coefficient, τ S is the spin relaxation time, and ω ! = !! ! 𝐇 ħ is the Larmor frequency (g = 2 is the effective Lande factor, µ B is the Bohr magneton, and H is the outof-plane magnetic field). Moreover, D S and τ S can be extracted by fitting the Hanle precession signal at each carrier density with the solution of the above Bloch

D ! ∇ ! µ ! - ! ! ! ! + ω ! ×µ ! = 0
equation,R !" !(!") = (±)S ! ! !"! ! ! exp (- ! ! !! ! ! )cos (ω ! t)exp (- ! ! !
)dt [START_REF] Pi | Manipulation of spin transport in graphene by surface chemical doping[END_REF] (where 𝑅 !" !(!") is the nonlocal magnetoresistance, +(-) sign is for the P (AP) state, S 0 is the amplitude, and L is the channel length between the central two electrodes), while the spin diffusion length λ S can be calculated by λ ! = D ! τ ! [START_REF] Maassen | Comparison between charge and spin transport in few-layer graphene[END_REF]. Note that before fitting the result, the P curve of the Hanle effect was subtracted from the AP curve (e.g., Fig. 3(a)) to remove the background that is not related to the spin signal [START_REF] Maassen | Comparison between charge and spin transport in few-layer graphene[END_REF]. Therefore, the relationships between σ and n, D S and n, τ S and n, and λ S and n are presented in Fig. 3(b-e), respectively. D S , τ S, and λ S all diminish with decreasing the electron or the hole density, and reach the minimum values in the vicinity of the charge neutrality point, resembling the relationship between σ and n. Compared with the previous data obtained using the traditional solid gate in multilayer graphene [START_REF] Maassen | Comparison between charge and spin transport in few-layer graphene[END_REF], these parameters show more significant changes because of the stronger carrier density modulation induced by the IL gating. The asymmetry of D S for electrons and holes in Fig. 3(c) may be due to the nonuniformities in the carrier density [START_REF] Jozsa | Linear scaling between momentum and spin scattering in graphene[END_REF], while the asymmetry of τ S in Fig. 3(d) could be traced to the different impacts of the spin scatterings to the electrons and holes. In semiconductors, there are two main mechanisms that contribute to spin relaxation. The first one is the Elliott-Yafet mechanism, which stems from momentum transfer between spin and orbital angular momenta during momentum scattering events, resulting in τ S directly proportional to τ P (τ P is the momentum relaxation time) [START_REF] Jozsa | Linear scaling between momentum and spin scattering in graphene[END_REF][START_REF] Avsar | Toward wafer scale fabrication of graphene based spin valve devices[END_REF]. The second one is the D'yakonov-Perel' mechanism, which stems from scattering-induced destructive interference of spins coherently precessing around the spin-orbit field in the band structure. In this case, τ S is inversely proportional to τ P [START_REF] Jozsa | Linear scaling between momentum and spin scattering in graphene[END_REF][START_REF] Avsar | Toward wafer scale fabrication of graphene based spin valve devices[END_REF]. Thus, to identify which spin scattering mechanism dominates the spin relaxation, we need to determine the relationship between τ S and τ P . These relationships are consistent with the previous studies in both monolayer and multilayer graphene [START_REF] Maassen | Comparison between charge and spin transport in few-layer graphene[END_REF][START_REF] Jozsa | Linear scaling between momentum and spin scattering in graphene[END_REF][START_REF] Han | Spin relaxation in single-layer and bilayer graphene[END_REF]. Combing the facts that D ! ∝ D ! (D P is the momentum diffusion coefficient) [START_REF] Maassen | Comparison between charge and spin transport in few-layer graphene[END_REF] and D ! ∝ τ ! [START_REF] Pi | Manipulation of spin transport in graphene by surface chemical doping[END_REF][START_REF] Jozsa | Linear scaling between momentum and spin scattering in graphene[END_REF], we obtain τ ! ∝ τ ! . This indicates that the Elliott-Yafet mechanism still plays a more important role in the spin relaxation process of multilayer graphene at high carrier density [START_REF] Jozsa | Linear scaling between momentum and spin scattering in graphene[END_REF][START_REF] Avsar | Toward wafer scale fabrication of graphene based spin valve devices[END_REF]. Moreover, a large perpendicular electric field can lead to a considerable in-plane Rashba spin-orbit field, which will affect the spin transport properties, i.g., the spin relaxation time [START_REF] Guimaraes | Controlling spin relaxation in hexagonal BN-encapsulated graphene with a transverse electric field[END_REF]. In our experiment, the gate voltage up to 3 V is applied, and the electric field penetrates to the first 3 or 4 layers of graphene. Considering the ionic liquid molecule (diameter ̴ 1 nm) and the TiO X layer (thickness ̴ 1 nm), the electric field reaches around 1 V/nm in graphene theoretically. However, we do not see the deviation of the spin relaxation time in Fig. 3(d), which means that the induced spin-orbit field is quite weak, because of the strong screening of the charges to the applied electric field.

Outlook

Recently, to realize more functions in graphene-based spin devices, the heterostructures such as graphene/topological insulators [START_REF] Khokhriakov | Tailoring emergent spin phenomena in Dirac material heterostructures[END_REF], graphene/magnetic insulator [START_REF] Karpiak | Magnetic proximity in a van der Waals heterostructure of magnetic insulator and graphene[END_REF], and graphene/Transition metal dichalcogenides [START_REF] Dankert | Electrical gate control of spin current in van der Waals heterostructures at room temperature[END_REF] have been constructed. These heterostructures combine both the excellent spin properties of graphene and the exotic properties of other materials via proximity effect. Moreover, the nano-graphene based spin device is also drawing more attention [START_REF] Fan | Giant decreasing of spin current in a single molecular junction with twisted zigzag graphene nanoribbon electrodes[END_REF][START_REF] Fan | Redox control of magnetic transport properties of a single anthraquinone molecule with different contacted geometries[END_REF][START_REF] Fan | Symmetry-dependent spin transport properties of a single phenalenyl or pyrene molecular device[END_REF][START_REF] Enoki | Magnetism of Nanographene-Based Microporous Carbon and Its Applications: Interplay of Edge Geometry and Chemistry Details in the Edge State[END_REF]. Due to the weak tuning capability of the traditional solid gate, the gate voltage that is used to switch on/off the spin current is always as high as several tens of volts. We believe that the IL gate can be used to improve the gating effect in these devices and allow them to work practically at low voltages.

Conclusion

In conclusion, we provide more insights into the spin dynamics in multilayer graphene and verified that IL gating is a powerful technique investigating spintronics in 2D materials.

After applying IL gate, the electron and hole densities in multilayer graphene are increased up to 4.3×10 !" 𝑐𝑚 !! and 5.7×10 !" 𝑐𝑚 !! , respectively. The spin relaxation time and the momentum relaxation time are found to follow a directly proportional relationship, indicating that the Elliott-Yafet mechanism still dominates the spin relaxation in multilayer graphene at high carrier density.

Methods

Multilayer graphene samples were exfoliated from natural graphite onto SiO 2 /Si (300 nm / 500 µm) substrate. To avoid the extra etching process, the samples which were relatively long and narrow were located by optical microscope (Carl Zeiss Imager.A2 Vario with AxioCam

Fig. 1 .

 1 Fig. 1. (a) Schematic of a nonlocal spin-valve device under IL gating. (b) Optical image of a nonlocal spin-valve device (scale bar: 50 µm). A 12-layer graphene flake is used as the channel. (c) Zoom in on the image framed by the red open box in (b); the scale bar is 10 µm.

Fig. 2 .

 2 Fig. 2. (a) Non-local spin valve signal of the 12-layer graphene flack applying an in-plane magnetic field at 200 K and 300 K. The magnetization configurations of the electrodes are illustrated by the arrows. The amplitude of the nonlocal resistance is defined as the change of the nonlocal resistance, ΔR NL . (b) σ (left) and ΔR NL (right) as functions of the carrier density n, respectively.

Fig. 3 .

 3 Fig. 3. (a) Nonlocal Hanle spin precession signal of the 12-layer graphene flake at the electron density of 2.5×10 !" 𝑐𝑚 !! , P and AP magnetizations of the central two electrodes are illustrated in the insets. σ (b), D S (c), τ S (d) and λ S (e) as a function of the carrier density n, respectively.
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 4 Fig. 4. (a) Linear relationship between τ S and D S , extracted from Fig. 3(c) and (d). (b) Linear relationship between λ S and D S , extracted from Fig. 3(c) and (e).

Fig. 4 (

 4 a) shows the linear dependence between τ S and D S (τ ! ∝ D ! ), extracted from Fig. 3(c) and (d); while in Fig. 4(b), λ Sand D S are also in direct proportion, extracted from Fig.3(c) and (e). The larger slopes for the hole regimes indicates the averagely lower spin-flip probability for holes in each scattering[START_REF] Maassen | Comparison between charge and spin transport in few-layer graphene[END_REF].
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HRc), and then their thicknesses were confirmed by atomic force microscope (Asylum Research MFP-3D) using tapping mode. After that, 0.8 nm Ti was evaporated onto the samples using ebeam evaporator, and then they were exposed in air for 0.5 h to form an oxidation layer (the TiO X layer not only plays a role of tunneling layer to conquer the conductance mismatch problem but also prevents the sample from reacting with ionic liquid) [START_REF] Song | Anomalous Hall effect in one monolayer cobalt with electrical manipulation[END_REF]. Subsequently, six electrodes were fabricated for each sample using e-beam lithography (EBL) and followed ebeam evaporation of Co/Au (60 nm / 20 nm). After the lift-off process, the samples were immersed in chloroform (60 , 4 hours) to remove the polymer residues to facilitate the usage of 
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