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3 Theory of electronic and spin transport in 

two-dimensional materials 

 

Abstract 

In this chapter, the concepts required to understand the electronic and spin transport in two-

dimensional materials are introduced. An introduction into the electronic transport 

properties of bulk and isolated two-dimensional materials is followed by a short introduction 

to the working principle of a field-effect transistor. Later, the concept of spin injection in 

non-magnetic materials like graphene is also explained along with a brief explanation on 

two-channel model for spin transport in a typical spin-valve. Also, the issues of conductivity 

mismatch and spin relaxation induced by contacts are addressed. Subsequently, the spin 

transport in graphene, including concepts on spin diffusion equation, non-local spin-valve 

measurement and Hanle spin precession measurement are described. Later, various spin 

relaxation mechanisms for spin transport in graphene are introduced. Finally, an overview 

of the theoretical and experimental studies on spin transport in single and bi-layer graphene, 

in proximity with TMD, are presented. 
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3.1 Electronic transport in 2-dimensional materials 

In the past four decades, detailed studies have been carried out to understand the electronic 

charge transport in bulk layered semiconductors1–3.  The electronic band structure of a bulk 

layered semiconductor changes depending on the interlayer interaction between its 2D layers 

and this significantly affects the electronic transport4,5. Further, in such a bulk layered 

semiconductor, one can also expect different charge transport properties (anisotropy) for in-

plane (x-y) and out-of-plane (z) directions. Here, the x-y direction corresponds to the charge 

transport along the length and width of the bulk 2D material, while the z direction is along 

its thickness6. Also, by electrostatically gating such a bulk 2D material via capacitive 

coupling, one can expect a higher accumulation of charge carriers at the surface which is 

closer to the gate, in comparison to being depleted in bulk due to charge screening. 

Very recently, isolated 2D material of graphene from bulk graphite has been achieved by 

Novoselov et al.7. However, graphene lacks bandgap in its electronic band structure which is 

quintessential for the realisation of logic-based FETs. This has led to the search for a new 

class of 2D materials, which are semiconducting, like black phosphorous5, MoS2
8, 

germanane9 and others. With a plethora of available 2D materials presenting various 

electrical characteristics, there has been a rise in the study of electronic charge transport in 

isolated 2D semiconductors7,10. This huge interest in isolated 2D semiconductors is mainly 

due to the reduced screening of charge carriers in comparison to bulk semiconductors, and 

due to further quantum confinement of charge carriers owing to their two dimensionality6,10. 

3.2 Charge and spin current 

 

Figure 3.2-1 For a charge current, spin “up” and “down” electrons flow in the same direction while for a spin current, 

spin “up” and “down” electrons flow in opposite directions. 

Electron is an elementary particle of an atom, revolving around the nucleus made up of 

protons and neutrons. The electrical charge of an electron is negative and is of the order 

1.60×10−19 C. Electron also has an intrinsic angular momentum, called spin, whose value is 

±
1

2
  depending on: if the spin of the electron is clockwise/up (+) or counter-clockwise/down 

(-).  

Electron Electron 
with spin 

up

Electron 
with spin 

down

Direction 
of flow

Charge current Spin current
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Charge current is said to be flowing in a system when electrons, both with spin up and spin 

down are flowing in the same direction as shown in Figure 3.2-1. The total charge current 

density (j ) is just the total contribution of up (j ↑) and down (j ↓) spin current density, i.e. 

j = j ↑ + j ↓.                             Equation 3.2-1 

Whereas, the spin current results from the flow of spin up and spin down electrons in the 

opposite direction, as shown in Figure 3.2-1. The total spin current density (j s) is just the 

difference between the up (j ↑) and down (j ↓) spin current density, i.e. 

js⃗⃗ = j ↑ − j ↓                                     Equation 3.2-2 

while the current spin polarisation (Pj) is, 

Pj =
j ↑−j ↓

j ↑+j ↓
.                                                                                Equation 3.2-3 

3.3 Metal oxide semiconductor field-effect transistor 

 

Figure 3.3-1 Cross-sectional view of a MOSFET showing gate, body, source, and drain terminal. Gate is capacitively 

coupled to the semiconducting channel by a thin dielectric oxide layer. 

Metal oxide semiconductor field-effect transistor (MOSFET) is a type of field-effect 

transistor (FET); it is a three-terminal device consisting of gate, source, and drain electrodes, 

as shown in the device schematic of Figure 3.3-1. A typical MOSFET consists of a 

semiconductor connected between a pair of metallic electrodes called source and drain. The 

conductivity of the semiconductor is capacitively modulated by a metallic gate which is 

connected to the semiconducting channel through a thin oxide layer, as illustrated in Figure 

3.3-1. Conventional silicon transistors are top gated devices along with an additional back 

gate termed ‘body’ which is usually electrically grounded. MOSFETs are classified 

depending on the type of charge carriers in the semiconducting channel, i.e. as either n- or p-

type corresponding to electron or hole charge transport respectively in the channel.  

The transistor illustrated in Figure 3.3-1 is a n-type silicon MOSFET wherein the 

Source Drain
Gate

Body

n+ n+p
Oxide
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semiconductor is hole-doped silicon; highly electron-doped silicon (n+) is used as the source 

and the drain electrodes. The gate is typically composed of polysilicon with the oxide barrier 

being silicon-di-oxide. The main application of a MOSFET is its use as a logic switch, 

realised by turning ON-OFF (represented as 1/0 in digital logic) the current flowing in the 

semiconducting channel. Some of the factors characterising a good MOSFET are its 

operational voltage, the rate at which one can turn the current ON-OFF, and the dimension 

of the transistor. MOSFETs are constantly being developed to achieve better performance by 

engineering the materials and dimensions of the semiconducting channel, source, drain, and 

gate. 

3.3.1 Graphene FET 

 

Figure 3.3-2 (a). Device schematic of a FET with graphene channel between source-drain electrodes and a back gate. 

(b). Sketch of charge carrier conductivity (σ) of graphene FET plotted as a function of charge carrier density (n); 

inset – band diagram of graphene with fermi energy, EF. 

There has been a constant effort in extending the electric field effect to metals; however, this 

requires atomically thin metallic films since the electric field at short distances (<1nm) for 

bulk metals will be screened. Additionally, the charge carrier concentration in a bulk metal 

is large in comparison to the surface charges that can be induced by the electric field. The 

first-ever effort to realise the field effect in an atomic layer of semi-metallic graphene was 

done by Novoselov et al.,7 wherein, the graphene FET was fabricated and characterised and 

its device schematic is shown in Figure 3.3-2 (a). Applying a gate voltage (VG) changes the 

charge carrier density (n) and the charge carrier type in the graphene, along with shifting the 

position of the Fermi energy. One can measure the induced charge carrier density by 

measuring the current (IDS) flowing between the source-drain electrodes by sweeping the 

voltage (VDS) applied across the source-drain electrodes. The measured conductivity (σ), σ = 

ISD/VSD, is plotted as a change in the charge carrier density as shown in Figure 3.3-2 (b). The 

positive-axis of n corresponds to the electron carrier density (EF in conduction band) and the 

negative-axis of n corresponds to the hole carrier density (EF in valence band). While at zero, 

it is theoretically expected to have no charge carrier density (EF in Dirac point) in graphene. 

The change in conductivity follows the Drude formula7, σ = neμ (where, e is the electron 

charge, and μ is the charge carrier mobility); as a result of this, there is a linear change in σ 

as a function of change in n, as shown in Figure 3.3-2 (b). Novoselov et al.7 measured typical 

values of μ ≈ 10,000 cm2/V·s and n ≈ 5 × 1012 cm–2, for their graphene FETs. 
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Au/Cr
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3.4 Spin injection into non-magnetic materials 

 

Figure 3.4-1 Spin injection from a ferromagnet (FM) into a non-magnet (NM) is as shown in the left part of the 

figure. The spin chemical potential in FM, interface (between FM-AlOx and NM), and the bulk of NM is shown in 
the centre and an exponential decay of induced spin accumulation from the interface into the bulk of the NM is 

shown in the right part of the figure. 

In this section, the spin injection process from a ferromagnet into a non-magnet is briefly 

described. Later, the two-channel model for spin transport in a typical spin-valve is explained. 

Finally, the issue of conductivity mismatch and the spin relaxation induced by contacts are 

addressed. 

One can achieve spin injection into a non-magnet (NM) like graphene by using a ferromagnet 

(FM) which has a net spin polarisation. In a ferromagnet, there is an imbalance in the density 

of states for spin-up and spin-down electrons at the Fermi energy, as shown in Figure 3.4-1. 

This imbalance leads to a difference in conductivity for the spin-up and spin-down channels. 

For a diffusive system, the conductivity for each spin channel, σ↑(↓) can be calculated as, 

σ↑(↓) = g↑(↓)(Ef)e
2D↑(↓)                                     Equation 3.4-1 

where, g↑(↓) is the density of states at the Fermi energy Ef and D↑(↓) is the diffusivity of each 

spin channel. The D↑(↓) is defined as, D↑(↓) =
vF↑(↓)lmfp↑(↓)

3
, where vF↑(↓) is Fermi velocity, 

lmfp↑(↓) is the mean free path length and the factor 
1

3
 accounts for the dimensionality of a 

three-dimensional system. 

The net spin imbalance of the FM will be induced into the NM at the interface when current 

flows from FM into NM, leading to a non-equilibrium state in NM. The induced spin 

imbalance is termed as spin accumulation (μs); the μs is measured as the difference in spin 

I

FM

NM

AlOx

µs

x

E

DOS

Ef
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chemical potential for spin-up (μ↑) and spin-down channels (μ↓), μs =
μ↑−μ↓

2
. 

Further, there is no spin imbalance in the bulk of the NM, leading to the diffusion of spins 

from the interface into the bulk of the NM. As the spins diffuse, they also undergo scattering 

due to their interaction with the impurities or phonons in the bulk of the NM; hence, they 

undergo relaxation. The spin diffusion length, λs is the characteristic distance at which μs 

decays; λs and μs are related as, μs α exp
−
x

λs. The λs is related to spin relaxation time τs as 

λs = √Dsτs, where Ds is the spin diffusion co-efficient. In the case of graphene, where 

electron-electron interaction is the dominant scattering mechanism, Ds = Dc, where Dc is the 

charge diffusion co-efficient. One can write the current spin polarisation (Pj
NM) of the NM as 

Pj
NM = 

μs

jNMRNM
 , where jNM is the charge current density in NM and RNM is the effective 

resistance of the NM. 

One can fabricate the device geometry following Figure 3.4-1 by depositing a thin layer of 

FM; such as Co, with thickness in the order of ~60 nm and with a length-to-width ratio of 

10; on top of graphene. A thin oxide layer of Al2O3 as a tunnel barrier between the FM and 

the graphene prevents the injected spins from flowing back from graphene into the FM. 

3.4.1 Two-channel model 

A non-magnet (NM) is sandwiched between a pair of ferromagnets (FM) to form a simple 

two-terminal spin-valve, as shown in Figure 3.4-2. The conductivity for spin-up and spin-

down electrons is different in a FM as given by Equation 3.4-1 and therefore the total 

conductivity of FM is σ = σ↑ + σ↓, where σ↑ and σ↓ are the conductivities for spin-up and 

spin-down channel respectively.  

 

Figure 3.4-2 A two-terminal spin-valve is shown in the top figure with a pair of FM sandwiching a NM. The bottom 

figure shows the relevant two-channel model for spin-up and spin-down channel for a two-terminal spin-valve. 

FM FMNM FM FMNM

B

B

Parallel
Anti-parallel

R↑ R↑

R↓
R↓ R↑ R↑

R↓
R↓
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Resistance for spin-up and spin-down channels of the two-terminal spin-valve is represented 

as a two-channel model, as shown in the resistance model in Figure 3.4-2. An external 

magnetic field is applied to magnetise the FM in parallel configuration (the arrows in the 

figure represent the net magnetisation direction of FM). In this geometry, when the current 

flows from the left FM to the right FM through the NM (resistance of NM is neglected since 

it is spin-independent), spin-up channel experiences a low resistance while spin-down 

channel experiences a high resistance. However, switching magnetisation of one of the FM 

electrodes from up- to downstate results in an anti-parallel state; as a result, the spin-up and 

spin-down channels experience a high and low resistance in series as shown in the resistance 

model of Figure 3.4-2. Thus, the effective resistance for spin-up electrons in parallel 

configuration is lower than that for anti-parallel state. In principle, there is a flow of spin-

polarised current through the spin-valve in parallel configuration, while a net spin 

accumulation builds up for the anti-parallel configuration which manifests as a voltage drop 

across the spin-valve. 

3.4.2 Conductivity mismatch and contact-induced spin 

relaxation 

So far, the spin injection from a FM into a NM is discussed; however, this spin injection can 

be significantly affected by the mismatch in spin conductivity for a FM on a NM. Before 

dwelling on the conductivity mismatch problem, one needs to understand the concept of spin-

resistance (Rs). 

Rs =
ρλs

A
                                                Equation 3.4-2 

spin resistance Rs, is the resistance posed by a material for the flow of spin in it; ρ is the 

resistivity, λs is the spin diffusion length, and A is the cross-sectional area of the material. In 

the case of the spin injection from a FM into a NM, the spin resistance for FM (RFM) is less 

than that for NM (RNM); resulting in a backflow of the spins into the FM, which eventually 

relax in the FM since the lifetime for spins in the FM is short. This backflow of spins from 

the NM into the FM is due to the conductivity mismatch problem.  

One can solve the problem of conductivity mismatch by inserting a high resistive interface 

barrier between the FM and the NM. The interface barrier is made up of metal oxides such 

as Al2O3, TiO2, and MgO. The resistance associated with the interface barrier Rb, is higher 

than that of the NM; and further, Rb is tunable as a function of the barrier thickness. 

3.5 Spin transport in graphene 

Graphene is an excellent material for the study of spintronics; this is in part due to 

theoretically predicted large spin relaxation length and time11,12. Long spin relaxation length 

and spin relaxation time in graphene are mainly due to the presence of low spin-orbit coupling 

and negligible hyperfine interaction. In this section, the study of spin transport in graphene 

using tools like non-local spin-valve (non-local SV) and Hanle spin precession measurements 

are briefly discussed. 
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3.5.1 Spin diffusion equation 

The spin diffusion equation describes the spin transport in graphene in the diffusive regime 

in a steady-state condition as, 

Ds∇
2μs⃗⃗  ⃗  −

μs⃗⃗ ⃗⃗   

τs
=
dμs⃗⃗ ⃗⃗   

dt
= 0                          Equation 3.5-1 

where, Ds is the spin diffusion constant, μs⃗⃗  ⃗ = (μs,x + μs,y + μs,z) is the spin accumulation in 

three-dimension, and τs is the spin relaxation time. The first term represents the spin diffusion 

process, and the second term represents the process of spin relaxation. Equation 3.5-1 can be 

solved for one-dimensional (1D) spin transport, for example along the x-direction resulting 

in μs = μs
o(Ae

−
x

λs + Be
+
x

λs), where the A and B are the constants defined by the boundary 

condition and μs
o is the injected spin accumulation. For an 1D channel x which is infinitely 

long, i.e. x = ±∞ is taken as the boundary condition, the obtained general solution is 

 μs = μs
oe

−|x|

λs , where λs is the spin diffusion length. According to this general solution, the 

injected spin accumulation in graphene decays exponentially along the length of the graphene 

channel, becoming 0 at x = ±∞. The spin accumulation can be estimated  by fabricating 

multiple FM detector electrodes, spaced at different points from a common spin injecting 

electrode, and measuring the spin accumulation at each point. However, this method is not 

very effective since the detector electrodes placed in between a pair of injector-detector 

electrodes can affect the spin transport significantly (i.e. if the contacts are invasive as 

explained in detail in section 3.4.2). Further, the detector electrodes can also have different 

spin polarisation affecting the spin detection. 

If one considers the spin relaxation in an applied magnetic field B⃗⃗  (perpendicular to the plane 

of graphene), the spins precess around the B⃗⃗  and this dynamics can be included in Equation 

3.5-1 as, 

Ds∇
2μs⃗⃗  ⃗  −

μs⃗⃗ ⃗⃗  

τs
+ωL⃗⃗⃗⃗  ⃗ X μs⃗⃗  ⃗ =

dμs⃗⃗ ⃗⃗  

dt
= 0                         Equation 3.5-2 

where, the spins precess with a Larmor frequency ωL⃗⃗ ⃗⃗ ⃗⃗   =
gμB
ћB⃗⃗⃗ 

; μB is the Bohr magneton and g 

is the gyromagnetic factor (g-factor, g=2 for free electrons). Equation 3.5-2 is the Bloch 

equation for spin transport in three-dimensional systems.  

3.5.2 Non-local spin-valve measurement 

In a local spin-valve measurement discussed in detail in section 3.4.1, the current is flowing 

through the FM/NM/FM leading to a voltage drop across the multilayer. In this case, the 

voltage drop measured includes both the effects of spin and charge current flowing through 

the multilayer. With the presence of both the effects, the charge current flow can be 

dominating the spin current flow, and in such a case, the charge current flow masks the spin-

related effects13. To avoid this problem, one needs to achieve pure spin current flowing in the 

NM. The pure spin current is the flow of spin-up electrons in one direction and spin-down 
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electrons in the opposite direction, while the net charge current flow being zero. 

 

Figure 3.5-1 (a). Schematic of a non-local SV geometry with a pair of FM and the NM on a graphene flake. The 

applied magnetic field is along the plane of graphene, i.e., along the length of the FM (indicated as X). Here, the 
current injector and the voltage detector circuits are separate. Further, spin accumulation created at the injector FM 

decays along the length of the graphene channel in either direction. (b). Shows the distribution of spin chemical 

potential along the length of the graphene channel for parallel and anti-parallel configurations of injector-detector 

FM magnetisation. 

In a non-local SV measurement, the current injector circuit and the voltage detector circuit 

are separate, i.e., the voltage drop of the diffusing spins in the NM is determined non-locally. 

The construction of a lateral non-local SV geometry is shown in Figure 3.5-1 (a), with a pair 

of FM and NM placed on a graphene channel. An external magnetic field is applied to the 

contacts to align the magnetisation of the FMs parallel to each other. An electrical current of 

magnitude ‘I’ flows in the injector circuit through the FM/graphene/NM. Since the external 

magnetic field has magnetised the FM electrodes in the injector circuit, the electrical current 

flowing through the FMs is spin-polarised and creates a build-up of spin chemical potential 

(μs
0) in the graphene at the FM interface,  

μs
0 =

ePiIρλs

2W
                      Equation 3.5-3 

where e is the electron charge, Pi is the polarisation of the injector, I is the electrical charge 

current flowing, ρ is the resistivity, W is the width of the channel, and λs is the spin diffusion 

length. 

The non-local voltage (VNL) detected is, VNL =
Pdμs(L)

e
−
Pd
′ μs
′ (L′)

e
, which is the 

electrochemical potential difference between the FM detector electrode and the NM reference 

electrode which is placed at a distance L and L′ respectively from the FM injector electrode. 

I V

Side view

Top view

ΔRNL
1

ΔRNL
2

X X

Graphene

+ -

FMNM NMFM

AlOX

µ↑

µ↓

a.

b.
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Pd and Pd
′ is the polarisation of the FM and NM detector electrodes respectively. In our case, 

as the outer reference contact is a NM, and it has a Pd
′=0; which implies that the 

measured VNL =
Pdμs(L)

e
. By applying a reverse magnetic field, one can flip the magnetisation 

of the detector electrode in to the anti-parallel state, thereby leading to a change in the 

measured non-local voltage (VNL). Further, the injected spins decay exponentially along the 

length of the channel as explained in section 3.5.1, and the non-local resistance measured at 

the detector circuit is RNL =
VNL

I
. Considering both the, we can write RNL as: 

RNL = ±
PiPdρλs

2W
e
−
L

λs                           Equation 3.5-4 

wherein ‘+’ is the RNL measured for parallel orientation of FMs, i.e. ↑↑, and ‘-’ is the RNL 

measured for anti-parallel orientation of FMs, i.e. ↑↓, as shown in Figure 3.5-2. The measured 

RNL as a function of applied magnetic field is as shown in Figure 3.5-2. If the NMs (used as 

the outer electrode) are replaced by FMs, then multiple switches corresponding to the 

switching of these extra FMs will be reflected in the measured RNL as a function of applied 

magnetic field. The measured RNL can also include a non-zero background signal, caused by 

an inhomogeneous current flow through the oxide barriers14. 

 

Figure 3.5-2 The switching of FM electrodes represented as a change in non-local resistance as a function of an 

applied magnetic field. 

To summarise, the injection and detection of in-plane spins were described in this section. 

However, it deems necessary to investigate the injection and detection of out-of-plane spins 

also. In light of this, a new technique of oblique spin-valve measurement to inject and detect 

both the in-plane and out-of-plane spins, and determine their spin lifetimes is presented in 

subsection 3.5.2.1. 

3.5.2.1 Oblique spin-valve measurement 

In order to accurately determine the spin lifetime for in-plane (τ‖) and out-of-plane spins (τ⊥) 

even in the possible presence of a background charge-signal, we have developed a new tool 

in-house called the Oblique Spin-Valve (OSV) measurement. For the OSV measurement, we 

follow a similar measurement procedure as in the SV measurement. However, for the 

magnetisation reversal in FM electrodes, a magnetic field B is applied making an angle θB in 

the y-z plane with respect to the easy-axes of the FM electrode (along y-axis), as shown in 

RNL

B||

ΔRNL
1

ΔRNL
2
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Figure 3.5-3 (a); this is in contrast to applying B in the plane of graphene and parallel to FM 

as in SV measurement shown in Figure 3.5-1. As a result, the magnetisations of the FM 

electrodes also make a finite angle θ with  their easy axis; and this way, both in-plane and 

out-of-plane spins are injected and detected in the spin-transport channel. The in-plane 

magnetic field ~Bcos θB is responsible for the magnetisation switching of C2 and C3 which 

are the injector and detector FMs. In the event of magnetisation reversal at a magnetic field 

in the OSV measurements, the spin-signal change would appear as a sharp switch in RNL. 

However, the magnetic field dependent background signal does not change.  

 

Figure 3.5-3 (a-c). Steps for  Oblique Spin-valve (OSV) measurements. The magnetisation vector for the injector 

and detector (in black) makes an angle θ with the easy axis; the applied magnetic field B (red vector) for the 
magnetisation reversal remains fixed at an angle θB throughout the measurement. The magnetisation reversal for the 

detector and the injector are shown in (b) and (c), respectively. (d). OSV measurements at different θB values for the 

injector-detector separation L = 1 μm. The OSV spin-signal ΔRNL is half of the magnitude of the switch, labelled 
with the black arrow. The increase in the spin-valve signal magnitude at higher θB confirms the presence of a large 

spin-relaxation anisotropy.  A background signal (0.5-1 Ω) has been removed from the measured signal for a clearer 

representation. 

In an OSV measurement, we measure a fraction of non-local resistance arising from both in-

plane (RNL
‖) and out-of-plane (RNL

⊥) spin diffusion. The OSV spin-signal, ΔRNL, consists of 

two components: an in-plane spin-signal component proportional to RNL
‖ (cos θ)2, and an out-

of-plane spin-signal component proportional to RNL
⊥ (sin θ)2; both of which get dephased by 

the applied magnetic field Bsin θB and Bcos θB respectively, 

ΔRNL = RNL
‖ (cos θ)2ζ‖(B sin θB) + RNL

⊥ (sin θ)2ζ⊥(B cos θB)       Equation 3.5-5 

where ζ‖(⊥) is the functional form for the in-plane (out-of-plane) spin precession dynamics.  

There is an enhancement in the dephasing of the in-plane spin-signal RNL
‖ at larger θB. 

Conversely, there is a suppression in the dephasing of the out-of-plane spin-signal RNL
⊥ at 

larger θB. Also, θ increases with θB. Therefore, RNL
⊥ dominates the ΔRNL at higher θB and 

acquires a similar form as in Equation 3.5-4. 

The switches in OSV measurement performed for BLG on WS2 are as shown in Figure 3.5-3 
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(d). In order to verify our hypothesis, we first measure the in-plane spin-valve signal ΔRNL = 

RNL
‖ at θB = 0̊ for L = 1 μm, and then measure RNL at different θB values. Figure 3.5-3 (d) 

shows the measurement summary. Here, we observe an increase in ΔRNL up to 1.5 times with 

respect to ΔRNL at θB = 0̊ by increasing θB. This result is remarkable in the way that it is 

possible to observe a clear enhancement even with a small fraction of RNL
⊥, i.e. α RNL

⊥ (sin 

θ)2 contributing to ΔRNL.  

Note: Following Equation 3.5-5 for RNL
⊥ ≤ RNL

‖, we would never observe an increase in RNL.  

3.5.3 Hanle spin precession measurement 

 

Figure 3.5-4 (a). Schematic of non-local spin transport from the injector to the detector with an in-plane magnetic 

field (B) applied to magnetise the injector-detector FM electrodes. (b). Schematic of non-local spin transport from 
the injector to the detector with an out-of-plane magnetic field (B) which precesses the spins travelling across 

graphene. 

Hanle spin precession measurement is performed to determine the spin transport parameters 

like spin diffusion length (λs) and spin diffusion time (τs). To carry out the Hanle spin 

precession measurement, the ferromagnetic electrodes (injector and detector) are first 

magnetised in a specific configuration, i.e. in parallel or anti-parallel state, by applying an in-

plane magnetic field, as shown in Figure 3.5-4 (a). The spins travelling across the graphene 

channel from the injector towards the detector (which are separated by a distance L) have a 

probability distribution as a function of time, (PD (t)) given by: 

PD(t) =
1

√4πDst
e
−
L2

4Dst                        Equation 3.5-6  
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where Ds is the spin diffusion coefficient.  

During the spin transport in graphene, spins undergo relaxation and the probability of spins 

relaxing (Pτ) during their flight is included by multiplying the Equation 3.5-6 by the term 

Pτ = e
−t

τs⁄ . Further, a magnetic field (B) perpendicular to the plane of graphene is applied, 

as shown in Figure 3.5-4 (b). This magnetic field causes the spins to precess around the 

applied field, accounted by the term cos(ωt) where ω is the frequency at which the spins 

precess. The frequency of spin precession is related to the applied magnetic field by ω =
gμB

ћ
Bo, where g is the Landé g-factor, μB is the Bohr magneton, and ћ is the reduced Planck’s 

constant. The probability distribution of spins at the detector electrode including spin 

diffusion, relaxation, and precession are as follows: 

P(t) =
1

√4πDst
e
−
L2

4Dste
−
t

τscos(ωt).                                         Equation 3.5-7 

The projection of the average spin accumulation (μs) at the detector over all possible 

diffusion times is obtained by: 

μs(L, B) = 2√
Ds

τs
μs
0 ∫ P(t)dt

∞

0
.                                               Equation 3.5-8 

The above integral can be numerically solved. Using Equation 3.5-4, an analytical  expression 

of measured non-local resistance (RNL) is obtained as: 

RNL(L, B) = ±
PiPdRsqDs

W
Re{

1

2√Ds

e
−L√λs

−2−i
ω
Ds

√τs
−1−iω

}.                     Equation 3.5-9 

In an actual experiment, the RNL measured at the detector, as a function of an applied 

perpendicular magnetic field, is fit in the above equation to obtain spin-related information 

like spin relaxation length (λs) and spin diffusion coefficient (Ds). 

The spin lifetime (τs) estimated from this method is for the spins which are in the plane of 

graphene, i.e. in-plane spin lifetime (τ∥). However, spins which are out of the plane of 

graphene can also be studied in order to compare their spin lifetimes (τ⊥) to that of in-plane 

spins. For an isotropic system, τ∥=τ⊥. However for an anisotropic system, τ∥≠τ⊥; hence, it is 

essential to estimate both τ∥ and τ⊥ to calculate the spin lifetime ratio, ζ =
τ⊥

τ∥
. τ⊥ can be 

estimated using different Hanle spin precession techniques like (explained in detail in the 

following sub-sections): 

1. Hanle spin precession measurement at high magnetic field 

2. Oblique Hanle spin precession measurement 

3. In-plane Hanle spin precession measurement 

Note: Oblique spin-valve measurement described in section 3.5.2.1 is another technique that 
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can be used to determine the τ⊥. 

3.5.3.1 Hanle spin precession measurement at high magnetic field 

In section 3.5.3, the injection, transport, and precession of spins in the plane of graphene were 

discussed. Following it up, this section includes a discussion on the spins which are out-of-

plane of the graphene. Out-of-plane spins can be injected electrically by controlling the 

magnetisation direction of the FM electrodes via an external magnetic field. Studying of spin 

transport properties of both in-plane and out-of-plane spins is essential in understanding the 

anisotropy in their spin relaxation time. By applying a magnetic field (B⊥) in the out-of-plane 

direction aligns the magnetisation of the FM in out-of-plane direction at high B⊥ and thus 

injecting out-of-plane spins into the graphene. For the FM electrodes with a thickness of 65 

nm, their magnetisation can be aligned fully in the out-of-plane direction at B⊥ ≈ 1.5 T. At 

B⊥ ≥ 0.3 T, the magnetisation of the FM makes an angle θ > 10̊ with the easy-axis of the FM 

electrode (which is in-plane); further, the θ increases with the increasing B⊥.  

 

Figure 3.5-5 Parallel (P) and anti-parallel (AP) Hanle curves for L = 1 μm (back gate voltage is 0 V ) show a strong 

increase in the nonlocal resistance (RNL) with the applied out-of-plane magnetic field B⊥, indicating a large spin-

relaxation anisotropy and a high spin-relaxation time for the out-of-plane spins. Signs of parallel (P) and anti-parallel 

(AP) configurations are reversed because one electrode has a negative contact-polarisation for in-plane spins. 

Figure 3.5-5 shows an increase in the RNL with the applied out-of-plane magnetic field B⊥. 

This is due to the injection and transport of the non-precessing out-of-plane spin-signal 

component which would increase with increasing B⊥, owing to the FMs magnetisation 

aligning towards the out-of-plane direction. From this measurement, we can estimate the spin 

lifetime for out-of-plane spins (τ⊥) by removing the contribution from the in-plane spin-signal 

and the background charge (magneto) resistance by fitting the RNL with the following 

equation, 

RNL(B⊥) =
PiPdρλs

⊥ sin θ2

2W
e
−
L

λs
⊥

                           Equation 3.5-10 



Spin transport in graphene 33 

 

 

where λs
⊥ is the spin relaxation length for out-of-plane spins, and θ is the angle of the FM 

magnetisation to the easy-axis of the FM electrode. 

One should note that there is a large contribution of magneto-resistance (MR) at a high out-

of-plane magnetic field. To better estimate the τ⊥, one needs to remove the effect of MR from 

the measured RNL. Hanle spin precession measurements can also be performed by applying 

an in-plane magnetic field15 which precess the spins in both in-plane and out-of-plane 

direction to determine both τ∥ and τ⊥ simultaneously (in this case, there is a negligible 

contribution of MR at a high in-plane magnetic field). 

3.5.3.2 Oblique Hanle spin precession measurement 

Here, we will discuss the method described in the report by Raes et al.15 presenting a way to 

extract spin lifetime for electron spins travelling out-of-plane of the graphene, i.e., τ⊥ by using 

oblique Hanle spin precession measurement.  

 

Figure 3.5-6 Device schematic of graphene contacted with FM contacts. Here a magnetic field B is applied at an 

angle β to the y-z plane of graphene. 

The FM electrodes are magnetised (injector and detector) along the y-axis in a specific 

configuration, i.e., parallel or anti-parallel state, by applying an in-plane magnetic field as 

explained in section 3.5.3 and shown in Figure 3.5-4 (a). However, for oblique Hanle spin 

precession measurement, unlike in section 3.5.3 where we applied a magnetic field which is 

perpendicular to the plane of graphene, we apply a magnetic field at an angle β to the y-z 

plane of graphene as shown in Figure 3.5-6. In this scenario, the spins injected at the FM 

injector electrode (in-plane) diffusing towards the FM detector electrode start to precess with 

both in-plane and out-of-plane spin component. Hence, the spin precession dynamics for B 

applied with 0<β<90̊ is sensitive to both τ∥ and τ⊥. With increasing B, the spin component 

which is perpendicular to the applied magnetic field de-phases. For B>Bd, where Bd is the 

de-phasing field, the spin component which is parallel to the applied field B alone remains 

this is picked up as the non-local signal at the FM detector electrode. The spin lifetime of the 

resulting component which is parallel to the applied field is represented as τsβ and follows the 

relationship, 

τsβ

τ∥
= ((cos β)2 +

1

ζ
(sin β)2)

−1

                     Equation 3.5-11 
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where, ζ =
τ⊥

τ∥
 is the spin lifetime anisotropic ratio. τ∥ is measured using conventional Hanle 

spin precession measurement as explained in section 3.5.3; alongside knowing τ∥ and 

studying the dephased non-local signal as a function of β, one can extract ζ using Equation 

3.5-11. 

A detailed explanation of this technique can be found in the report by Raes et al.15  

3.5.3.3 In-plane Hanle spin precession measurement 

 

Figure 3.5-7 Device schematic of graphene with FM contacts. Here, a magnetic field B is applied along the x-axis 

which is perpendicular to the magnetisation axis of FM and is in the plane of graphene. 

The out-of-plane spin lifetime (τ⊥) can also be estimated by the in-plane Hanle spin 

precession measurement. Unlike as discussed in section 3.5.3 and 3.5.3.2: where the magnetic 

field B is applied perpendicular or at an angle to the plane of graphene respectively; for in-

plane Hanle spin precession measurement, B is applied along the x-axis as shown in Figure 

3.5-7 wherein B is perpendicular to the magnetisation axis of the FM and is in the plane of 

graphene. In this scenario, the spins injected along the y-axis precess in the y-z plane. 

Therefore, the in-plane Hanle precession measurement is sensitive not only to τ∥ but also to 

τ⊥.  

The time-independent Bloch-diffusion equation is used to model and analyse the in-plane 

Hanle spin precession measurement: 

Ds
d2μ⃗⃗ s

dx
− τ̂−1μ⃗ s +

gμB

ℏ
μ⃗ s × B⃗⃗ = 0                      Equation 3.5-12 

where, Ds is the spin diffusion coefficient, μ⃗ s = (μs,x, μs,y, μs,z) is the spin accumulation for 

spins oriented in the three Cartesian coordinates x̂, ŷ, and ẑ, g is the gyromagnetic factor (g =

2), μB is the Bohr magneton, and B⃗⃗  is the external applied magnetic field. The matrix τ̂−1 is 

defined as, 
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τ̂−1 ≡

(

 
 

1

τ∥
0 0

0
1

τ∥
0

0 0
1

τ⊥)

 
 

                                    Equation 3.5-13 

where τ∥ and τ⊥ are the spin lifetimes for spins oriented along the in-plane and out-of-plane 

directions, respectively. τ∥ is estimated by using the perpendicular Hanle spin precession 

measurement, as explained in section 3.5.3. Equation 3.5-13 is substituted in Equation 3.5-

12 and solved for τ⊥ using a numerical finite element method using a commercial software 

package like COMSOL. After estimating both the values τ∥ and τ⊥, one can estimate the spin 

relaxation time ration as ζ =
τ⊥

τ∥
. 

A detailed explanation of this technique and its comparison with both the perpendicular and 

oblique Hanle spin precession measurement can be found in the report by Ringer et al.16. 

3.6 Spin relaxation in graphene 

The decay of spin-polarised electrons in metals and semiconductors is mainly due to either 

the spin-flip scattering or spin dephasing. The relaxation mechanisms thus involved are the 

discussed in the following subsections. 

3.6.1 Elliot-Yafet (EY) mechanism 

Elliot-Yafet (EY) mechanism is observed in semiconductors and metals with inversion 

symmetry. Here, the spins scatter because of impurities or phonons; the momentum scattering 

causing a spin-flip. In this case17, the spin relaxation time (τs) is directly proportional to the 

momentum scattering time (τp), i.e. τs ∝ τp. 

3.6.2 D’yakonov-perel mechanism 

D’yakonov-perel mechanism is observed in semiconductors without any centre of inversion 

symmetry, thus presenting an effective magnetic field. The spin associated with the electron 

moving in a semiconductor precesses around this magnetic field; and eventually when it 

undergoes scattering, the spins precession angle changes. In such a case17, the spin relaxation 

time (τs) is inversely proportional to the momentum scattering time (τp), i.e. τs ∝ τp
-1. 

3.6.3 Hyperfine interaction 

Hyperfine interaction is present in the materials made up of atoms with a nuclear spin. When 

the electron spin interacts with an ensemble of nuclear spins, it leads to an eventual spin-flip 

and spin dephasing. Naturally available graphene is composed of both 12C (99%) and 13C 

(1%) isotopes, however only 13C has nuclear spins. Due to the low percentage of 13C in the 

graphene, the hyperfine interaction can be considered negligible. 
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3.6.4 Rashba spin-orbit coupling 

Rashba type spin-orbit coupling (SOC) is a type of SOC which arises in the presence of an 

internal or external electric field. Rashba type SOC is only present in materials with broken 

inversion symmetry, wherein, the presence of an electric field breaks the inversion symmetry. 

In the presence of Rashba type SOC, an electric field is perceived as an effective magnetic 

field by a moving electron, leading to the spin precession of the electron around this magnetic 

field. This effective magnetic field is the Rashba field BR which is defined as18, 

BR = 2αR(ε)
kF

gμB
                                             Equation 3.6-1 

where αR is the Rashba parameter which can be tuned by the electric field ε, kF is the 

wavenumber at the Fermi level, g ≈ 2 is the g-factor and μB is the Bohr magneton. 

3.7 Spin-orbit interaction in single and bilayer 

graphene in the proximity of TMD 

In this section, a brief overview of the theoretical and experimental studies on the single and 

bi-layer graphene, in proximity to TMD, are presented. 

 

Figure 3.7-1 (a). Band splitting in mono-layer graphene due to the presence of Rashba type SOC. (red and green 

correspond to sub-bands for up and down spins). (b). Top view of the in-plane spin components in the kX-kY plane. 

3.7.1 Spin-orbit interaction in single-layer graphene 

The electronics band structure of the graphene in the vicinity of  K(Kʹ) is described by the 

Hamiltonian Ho=ћvF(kσxkx+σyky) (without considering any spin-orbit interaction). Here, vF 

is the Fermi velocity, kx and ky are the Cartesian components of the electron wave vector 

measured from K(Kʹ), and σx and σy are the Pauli matrices acting on the so-called pseudospin 

space formed by the two triangular sublattices of the graphene. This results in an energy band 

diagram described by a two-dimensional Dirac equation which is linear in dispersion and 

centred on the hexagonal corners of the honeycomb lattice of a Brillouin zone.  

In 2006, Min et al.19 considered the microscopic tight-binding model; and by using second-

kX kX
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order perturbation theory they derived explicit expressions considering the intrinsic and 

Rashba spin-orbit interaction in an isolated graphene sheet as,  

λSO =
|s|

18(spσ)2
ξ2                           Equation 3.7-1 

λR =
eEz0

3(spσ)
ξ                                      Equation 3.7-2 

where |s| and (spσ) are tight-binding model parameters, zo is proportional to the atomic size 

of the carbon, ξ is the atomic spin-orbit interaction strength, λSO and λR are the coupling 

constants for intrinsic and Rasbha spin-orbit coupling, and E is a perpendicular external 

electric field which lifts inversion symmetry in the graphene plane (E could also be produced 

by the doping of graphene by substrate or capping layer, or also by the atomic length scale 

charge re-arrangement at the graphene/substrate or the graphene/capping layer interfaces). It 

was found that19, the intrinsic and the Rashba spin-orbit interactions arise from mixing of σ 

and π bands: due to the atomic spin-orbit interactions alone in the case of λSO as shown in 

Equation 3.7-1, and due to the combination of atomic spin-orbit and Stark interaction in the 

case of λR as shown in Equation 3.7-2. The intrinsic SOC in graphene leads to a bandgap 

opening of 1 μeV suggesting that the quantum spin Hall effect will be observable in ideal 

samples only at temperatures below ~0.01 K in a zero-field limit. 

In 2009, Gmitra et al.20 revealed that the intrinsic SOC in graphene was caused by the d and 

higher orbitals, (in the first order of the respective atomic splitting on inclusion of SOC) 

whose contribution is dominant due to symmetry reasons, instead of the mixing of σ and π 

bands as assumed by Min et al.19. The intrinsic SOC is defined by the effective Hamiltonian 

Ho=λIkσzsz, where sz is the spin Pauli matrix and λI is the intrinsic SOC strength. Gmitra et 

al.20 calculated the intrinsic SOC to be around 24 μeV. The extrinsic SOC of the Rashba type 

in graphene can be described by the Hamiltonian HR=λR(kσxsy-σysx), where λR is the Rashba 

SOC strength. The SOC in graphene does not depend on the magnitude of the electron 

momentum, as the electrons at K and K' have a constant velocity. The electronic bands near 

K(K') are split as a result of the induced Rashba type SOC; band splitting in the conduction 

band at K point is as shown in Figure 3.7-1 (a), and the top view of the in-plane spin 

components in the kX-kY plane is shown in Figure 3.7-1 (b). Rashba induced SOC was proven 

to be dominated solely by the σ-π mixing. The electric field-induced Rashba SOC was found 

to be 10 μeV per V/nm.  

3.7.2 Spin-orbit coupling in single-layer graphene in the 

proximity of TMD 

Transition metal di-chalcogenides (TMD), like tungsten di-selenide (WSe2), are two-

dimensional in nature and possess strong intrinsic SOC. They can be mechanically cleaved 

and stacked with graphene to form clean 2D van-der-Waal heterostructure. Such a 

heterostructure provides the possibility to realise TMD proximity induced SOC in graphene, 

in the orders of few meV21,22, without compromising on the phenomenal charge transport 

properties of graphene.  
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Figure 3.7-2 Schematics of the valley-Zeeman effect for graphene on TMD with a magnetic field (B) applied 

perpendicular to the plane of graphene; when (a) B=0, and (b) B≠0. The orbital magnetic moments, having opposite 
signs for K and K' valleys, interact with B, inducing a different number of spin up and down electrons at the Fermi 

energy in the K and K' valleys as shown in (b). 

At the interface of TMD and graphene, the inversion symmetry in graphene is broken; this 

along with a TMD proximity induced SOC opens a bandgap in graphene with spin split and 

valley locked states. This is because, d-orbitals of the TMD can couple with π band of the 

graphene inducing a large SOC in graphene as well as a Rashba SOC at the TMD-graphene 

interface, both of the order ~10 meV21,23. The orbital magnetic moments (lying perpendicular 

to the graphene plane), having opposite signs for K and K' valleys, interact with the magnetic 

field applied perpendicular to the plane of graphene; the interaction induces a different 

number of spin up and down electrons at the Fermi energy in the valleys, which is termed as 

valley-Zeeman effect, as shown in Figure 3.7-2 (b). Further, with the application of a 

perpendicular electric field, the spin transport in graphene in contact with TMD experiences 

an in-plane Rashba field. Hence, the effective Hamiltonian for a graphene-TMD 

heterostructure is represented by,  

H = H0 + HI + Hλ + HR                           Equation 3.7-3         

where H0 is the Hamiltonian for a pristine graphene without SOC, HI is the Hamiltonian for 

the intrinsic SOC in graphene, and Hλ and HR are the SOC Hamiltonians for valley-Zeeman 

and Rashba type SOC respectively.  

The interplay between the Rashba (λR) and the valley-Zeeman type SOC (λV) can be detected 

by the anisotropy in the spin relaxation time for in-plane (τ‖) and out-of-plane (τ⊥) spin 

transport in graphene in contact with the TMD. The in-plane spins experience a motion-

narrowing, while scattering from one valley to another, since their sense of precession is 

reversed due to the reversal of the SOC field direction in each valley. Further, the in-plane 

spin relaxation also includes contributions from the overall momentum scattering. This is 

manifested by, 

1

τ‖
=
4λv
2

ћ2
τiv +

2λR
2

ћ2
τp                             Equation 3.7-4 

where τiv is the inter-valley scattering time, τp is the momentum scattering time, λV is the 

valley-Zeeman SOC strength, λR is the Rashba SOC strength, τ‖ is the in-plane spin relaxation 
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time, and ћ is the reduced Planck constant. The out-of-plane spins are de-phased by the in-

plane Rashba field with motion narrowing during momentum scattering which is manifested 

by, 

1

τ⊥
=
4λR
2

ћ2
τp.                              Equation 3.7-5 

As the spin transport in graphene in contact with the TMD experiences both inter-valley (iv) 

and momentum (p) scattering, it has been theoretically24 predicted that their lifetime ratio is 

τiv ≈ 5τp. Considering both the effects of the Rashba spin-orbit coupling and inter-

valley/momentum scattering, the spin lifetime anisotropy is, 

τ⊥

τ‖
=
τiv

τp
(
λVZ

λR
)
2

+
1

2
.                           Equation 3.7-6 

It is theoretically24 predicted that the ratio of the spin lifetimes for the out-of-plane spins to 

the in-plane spins for graphene on WSe2 is ≈20, this is one order more than that observed in 

graphene on SiO2 substrate24. Experiments have observed a spin relaxation anisotropy (τ⊥/τ‖) 

of ~10 in graphene covered by a single-layer (MoSe2)25 and multilayers (WS2)26 of TMD. 

3.7.3 Spin-orbit coupling in bi-layer graphene 

Bi-layer graphene (BLG) consists of two layers of graphene existing in AB form (Bernal 

stacked)27 than the less likely AA form28. BLG, unlike the single-layer graphene, possesses 

a tunable bandgap controlled by the applied transverse gate electric field29–31; however, the 

bandgap saturates at a value of 0.3 eV. The basic electronic band structure of the bilayer 

graphene is well understood; yet, when one considers the realistic spin-orbit interaction 

especially with the electric field gating, the electronic spectrum changes. In 2012, Konschuh 

et al.32 calculated the electronic band structure of the AB BLG from first principles in the 

presence of SOC and considering a transverse electric field. They found that the spin-orbit 

effects in BLG arise almost solely from the d orbitals. Around the K points, the intrinsic spin-

orbit splitting (anticrossing) is about 24 μeV for the low-energy valence and conduction 

bands. They also considered a transverse electric field which breaks the inversion symmetry 

leading to an induced Rashba type SOC. The Rashba SOC leads to the opening of bandgap 

which is linearly proportional to the applied electric field. At the K points, they observed that 

the spin splitting was about 24 μeV and was independent of the applied electric field. Away 

from the K points however, with an applied electric field, the Rashba SOC was seen to 

dominate and leading to a splitting of 10 μeV per field of 1 V/nm; and it showed a linear 

dependence on the applied electric field. 

For BLG encapsulated between hexagonal boron nitride, ab initio calculations indicated the 

existence of a spin splitting with a similar magnitude as that of isolated BLG sheets32. In this 

case, the intrinsic SOC is in the out-of-plane direction to the BLG plane, while the electric 

field induced Rashba SOC is in-plane. This leads to an anisotropy in the spin relaxation with 

intrinsic SOC dephasing only the in-plane spins, whereas, the Rashba SOC de-phases both 

the in-plane and the out-of-plane spins. It was observed experimentally that the anisotropy in 

such systems is around 8±2 near the charge neutrality point at 75 K33 and up to ∼12 at 100 
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K34. 

3.7.4  Spin-orbit coupling in BLG in the proximity of TMD 

Electronic band structure of a BLG on WSe2 (which is a TMD) has been studied from first 

principles by Gmitra et al.35, and they found that an indirect bandgap of 12 meV opens up in 

BLG due to the built-in electric field across the BLG/WSe2 heterostructure. Here, the valence 

band is formed by the nondimer carbon atom orbitals of the graphene layer adjacent to TMD, 

and the conduction band is formed by the nondimer carbon atom orbitals of the graphene 

layer away from the TMD. Interestingly the spin-orbit coupling of the valence band is huge 

(of the order 2 meV) and is two orders of magnitude higher in comparison to that of the 

conduction band. Further, the intrinsic bandgap of BLG on WSe2 can be tuned or even 

reversed (the characters of the valence and conduction bands flip) by an application of the 

external electric field of the order 1 V/nm. 

Similar theoretical observations have also been reported by Khoo et al.36 for BLG/WS2 

system, wherein the SOC is tunable with an application of an electric field across the 

BLG/WS2 heterostructure. Further, recent experimental observations23,37 of weak anti-

localisation in BLG/TMD heterostructure is a confirmation of strong SOC induced in BLG. 

3.8 Spin absorption at the TMD/graphene interface 

 

Figure 3.8-1 (a). Device schematic and non-local SV measurement geometry of MoS2/graphene heterostructure on 

a 300 nm SiO2 substrate with n++ Si back gate contacted with the ferromagnetic Co electrode and TiO2 tunnel 
barrier. (b). Non-local resistance change (ΔRNL) measured as a function of the applied back gate voltage Vg; the plot 

is extracted from the report by Dankert et al.38 in Nature communications. 

In the reports of Dankert et al.38 and Yan et al.39, spin transport in multi-layer MoS2/graphene 

heterostructures was studied; here, the graphene was placed on a silicon substrate, MoS2 

partially covering the graphene and graphene contacted by Co FM contacts with TiO2 tunnel 

barrier, as shown in Figure 3.8-1 (a). The change in the non-local resistance (ΔRNL) was 

measured for the measurement configuration of Figure 3.8-1 as explained in section 3.5.2. 

ΔRNL was measured as a function of back gate voltage, Vg as shown in Figure 3.8-1 (b).  Both 

the groups independently observed that the ΔRNL changes as a function of Vg and becomes 

nearly zero at Vg > 40 V. ΔRNL = 0 Ω signifies that there is no detectable spin transport across 

the graphene region covered by MoS2. Further, they measured the electrical conductivity of 
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MoS2 and found that the MoS2 starts conducting with the application of positive Vg while the 

ΔRNL approaches 0 Ω. However, MoS2 was found to behave as an insulator at negative Vg.  

Both the groups attribute the change in ΔRNL as a function of Vg to be resulting from the 

relative change in absorption of spins at the MoS2/graphene interface. Dankert et al.38 

associated this spin absorption to the change in Schottky barrier at the MoS2/graphene 

interface, while Yan et al.39 regarded the spin absorption to be due to the difference in spin 

resistance for graphene and MoS2.  

• Dankert et al.38 directly measured the charge transport (as a function of Vg and 

temperature) along the MoS2, MoS2/graphene interface and graphene by placing an 

electrode on MoS2 and another electrode on graphene. They determined that there 

exists a gate tunable Schottky barrier (Φ) at the MoS2/graphene interface and they 

estimated the value of Φ to be changing from 300 meV to 50 meV using the 

thermionic emission model. For ΔRNL = 0 Ω , they concluded that the Schottky 

barrier was 50 meV; and with this lowered Φ, the spins could easily enter the MoS2 

where they eventually relax due to the low spin relaxation time in MoS2. 

• Yan et al.39 calculated the spin resistance for both MoS2 (RMoS2) and graphene 

(Rgraphene) using the definition of Equation 3.4-2. They obtained Rgraphene =

408 Ω and RMoS2 = 2.7 Ω at Vg = 40 V; and since RMoS2< Rgraphene, they attribute 

it to the ability of MoS2 to absorb spins from the graphene channel resulting in the 

measured ΔRNL of 0 Ω.  

However, both these reports do not consider the effect of TMD induced SOC in graphene as 

discussed in section 3.7.2, which could change with the applied gate voltage and magnetic 

field and possibly result in a change in ΔRNL. Hence, it remains a challenge to understand the 

role and interplay of both the TMD induced SOC in graphene and the spin absorption at the 

TMD/graphene interface. 
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