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1 Introduction 

 

Abstract 

In this chapter, the need for scaling of field-effect transistors (FETs) and the bottleneck 

towards further scaling are discussed. Later, two-dimensional (2D) materials such as 

graphene and germanane are introduced; these materials could pave the way for fabricating 

even smaller FETs than the current silicon-based FETs. Further, a brief introduction is given 

into the field of spin-electronics (spintronics), which involves using the spin of an electron to 

compute logic instead of the conventionally used electron charge-based devices. New device 

concepts based on the crossroad of 2D materials and spintronics, such as transition metal 

di-chalcogenides/graphene heterostructures, are introduced. Finally, an outline of the 

contents of this thesis is listed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 Scaling of field-effect transistors 

1.1 Scaling of field-effect transistors 

In this hi-tech world, numerous electrical gadgets are around us, be it a compact mobile phone 

or a large display television set. The basic building block of all these electronic gadgets is a 

field-effect transistor (FET)1. FET is a three-terminal device consisting of a gate, a source 

and a drain electrode; a semiconductor is connected between the source and the drain 

electrode, and the semiconducting channel is capacitively coupled to the gate. The operation 

of FET relies on the control of the current flowing through the semiconducting channel 

(between source and drain electrodes) by the gate electrode. No flow of current between the 

source and the drain electrode is regarded as ‘0’, while a constant current flow is regarded as 

‘1’; forming the basis for defining binary bits used to store or compute information in a FET. 

The semiconducting channel in the FET is usually composed of three-dimensional (3D) 

silicon2 or III-V semiconductors like GaN3and GaAs4. 

For the past 30 years, Moore’s law has driven the semiconductor industry in scaling the FET, 

so that our electronic gadgets could become faster and smaller. According to Moore’s law, 

the number of FETs in an integrated cicuit (IC) doubles every two years5. Scaling of FET 

facilitates higher density of transistors in an IC, faster FET performance, less power 

consumption and cheaper cum large-scale IC fabrication. However, in few years from now, 

we will hit a bottleneck in the scaling of FETs as we are nearing the physical scaling limit 

down to the size of individual atoms at which the semiconductor becomes unstable and the 

scaling cannot continue further. This bottleneck is also due to the charge current leakage 

between the source-drain electrodes of FET (also resulting in power dissipation) as a result 

of a shorter semiconducting channel. Further, thinning down of 3D semiconductor leads to6: 

1. Dangling bonds at the surfaces, resulting in the scattering of charge carriers. 

2. Mobility (μ) degradation, since mobility is directly proportional to the thickness (t) 

of the 3D semiconductor as, μ α t6. 

3. Increase in the Bandgap (Eg) of the material, since the bandgap is directly 

proportional to the thickness (t) of the 3D semiconductor as, Eg α t2. 

In order to continue scaling, we need to explore new channel materials and devices based on 

alternative logic. 

1.2 Two-dimensional materials 

It is predicted by scaling theory that, FET with a thin oxide dielectric and a thin gate-

controlled channel region would be robust against short-channel effects, down to very short 

gate lengths7. Hence, single layers of two-dimensional (2D) materials, which are only an 

atomic layer thick, seem to be very attractive in their use as channel and oxide materials for 

new generation of FETs. Contrary to limitations with thinning down of 3D semiconductor as 

explained in the previous section, 2D materials offers various advantages like: 

1. There exists numerous 2D materials with different bandgap magnitudes and types, 

which could be metallic, or semi-metallic, or semiconducting, or insulating.  

2. Naturally passivated surface exists in 2D materials, and hence, there are no dangling 
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bonds for a stable and perfect crystal of 2D material. Also, 2D materials are perfectly 

flat unlike 3D semiconductors that exhibit thickness variation or film discontinuity 

leading to scattering of the charge carriers. 

3. Charge carrier mobility of 2D material like graphene8 is around 10,000 cm2V-1s-1, 

while that of 3D silicon9 is only ~1,400 cm2V-1s-1. 

1.2.1 Graphene 

In 2004, Andre K. Geim and K. S. Novoselov discovered graphene in search of new channel 

materials for FET8. Graphene is 2D in nature with naturally occurring atomically thin layers 

of ~0.35 nm thickness made up of honeycomb lattice of sp2 carbon atoms. Further, the charge 

carriers in graphene can be uniformly controlled by applying a gate voltage. Graphene offers 

a high charge carrier mobility8 of ~2,00,000 cm2V-1s-1 (theoretically) enabling fabrication of 

high-performance devices alongside window to study new physics at quantum scale due to 

its two dimensionality10. However, graphene in its pristine form lacks bandgap, which is 

essential for switching action in logic circuits11. Efforts to introduce a bandgap in graphene 

by making nanoribbons of graphene12 or chemically functionalising the graphene surface13 

has always resulted in complexity in device fabrication and in mobility degradation. 

1.2.2 Germanane 

As mentioned before, although graphene promises excellent charge carrier mobility, it still 

lacks a bandgap which is necessary to achieve turning ON and OFF of the FET. A search for 

an alternative has resulted in the discovery of other 2D materials like germanane, transition 

metal-dichalcogenides (TMD), hexagonal boron nitride (hBN), Bismuth Selenide (Bi2Se3), 

black phosphorus and many others14. Germanane (GeH) is a 2D material with a hexagonal 

lattice of germanium (Ge) atoms, wherein alternate Ge atoms are covalently bonded to 

hydrogen (H) atoms in up and down direction respectively. Germanane used in this thesis 

was synthesised for the first time by Bianco et al.15 using topochemical deintercalation of 

CaGe2. The electron mobility in GeH, which is limited by electron-phonon scattering, was 

calculated to be ~20,000 cm2V-1s-1 at room temperature15. The calculated electron mobility 

in GeH is about five times that of germanium which is promising towards realising faster 

FETs.  

The first-ever realisation of FET from GeH is reported in chapter 5. We found that the GeH 

transistor is ambipolar; hence, one can use GeH FET in the realisation of complementary 

metal-oxide semiconductor (CMOS) devices. Furthermore, GeH transistor showed electrical 

response upon shining light which is useful in building optoelectronic devices. 

1.3 Spintronics 

Conventional electronics utilises the charge property of electrons. However, electrons 

contain not only charge information but also angular momentum, which is called spin. 

Moreover, the spin of an electron can either point up or down corresponding to ‘1’ and ‘0’ 

states for logic applications and the electronics built using the spin aspect of an electron is 

called spin electronics, rather abbreviated as spintronics. Spintronics offers low power 
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operation and faster switching times since the power required to switch the spin of an electron 

is low, and the switching speed is faster than the conventional charge-based electronics.   

Spintronics has its roots in Mott's theoretical work in 1936, wherein he presented a simple 

two current model for spin-polarised transport16,17. In 1985, Johnson and Silsbee for the first 

time demonstrated the spin injection from a ferromagnetic metal into pure aluminium at 4K18 

temperature. In 1988, Albert Fert19 and Peter Grünberg20 discovered giant magneto-resistance 

(GMR) for which they won the Nobel Prize in Physics in 2007. To understand GMR, let us 

consider a pair of ferromagnets sandwiching a conductive non-magnet in between. This 

multilayer system offers a significant change in the electrical resistance depending on 

whether the adjacent ferromagnetic layers have their magnetisation in parallel or antiparallel 

configuration. In the case of parallel magnetisation, the overall resistance is low while it is 

high for anti-parallel configuration. By applying an external magnetic field, one can control 

the magnetisation direction of the ferromagnets. GMR has been used by IBM to develop read 

heads of computer disc in 1997 significantly increasing the storage capacity.  

Furthermore, if a thin insulator separates the ferromagnets in GMR instead of a non-magnetic 

conductive layer, it leads to the observation of tunnel magnetoresistance (TMR). The basic 

working principle of TMR is: if the magnetisation of the ferromagnet are parallelly aligned, 

the probability of electrons tunnelling across the insulating barrier is higher than when they 

are aligned anti-parallelly21. TMR is the basis for the operation of magnetic random access 

memory (MRAM), which is a new type of non-volatile memory. It was also observed that, 

using the concept of spin-transfer torque, the magnetisation of an electrode could be switched 

by spin-polarized electrons 22. The concept of spin-transfer torque is used in the development 

of spin-transfer torque MRAM (STT-MRAM), which has lower power consumption and 

better scalability over MRAM23. 

1.3.1 Graphene spintronics 

Graphene has attracted huge interest as an excellent material for spin transport; partly because 

of the theoretically predicted long spin relaxation length and time24,25. This long spin 

relaxation length and time in graphene is mainly due to the presence of low spin-orbit 

coupling (SOC) and negligible hyperfine interaction. The first experimental demonstration 

of spin transport in graphene was shown by Tombros et al.,26 who found a spin relaxation 

length of ~2 μm at room temperature which was weakly dependent on the charge carrier 

density in graphene. Since then, extensive research has been carried out27 exploring different 

substrates, tunnel barriers and the quality of graphene to obtain longer spin relaxation length. 

The highest experimentally reported28 spin relaxation length is ~30 μm at room temperature, 

wherein the graphene is covered with hBN and suspended over Co/MgO electrodes. Further, 

recent studies have probed spin transport in fully hBN encapsulated graphene29, alongside 

using hBN as an efficient tunnel barrier30.  

Unlike single-layer graphene, bilayer graphene (BLG) exhibits an electronic bandgap in the 

presence of an electric field; this electric field could further tune the spin transport in BLG. 

Fully encapsulated BLG in hBN has been studied31, showing gate tuneable spin relaxation 

length of ~24 μm. Further, it has also been observed32 that the spin relaxation length can be 

increased to ~90 μm using carrier drift by applying direct current (DC). Anisotropy in spin 
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relaxation times for out-of-plane spins to in-plane spins in hBN encapsulated BLG is around 

8±2 near the charge neutrality point at 75 K33, and up to ∼12 at 100 K34. 

Seeing the potential in graphene as the future and emerging technology, the European 

Commission has invested 1 billion euros for graphene research under the umbrella of 

Graphene Flagship. “The Graphene Flagship is tasked with bringing together academic and 

industrial researchers to take graphene from the realm of academic laboratories into European 

society in the space of 10 years, thus generating economic growth, new jobs and new 

opportunities,” reads an excerpt from www.graphene-flagship.eu. Further, a work package 

in the Graphene Flagship is exclusively set up on spintronics towards the engineering of 

efficient room-temperature spin injection and detection, long-distance spin transport, spin 

gating, and spin manipulation in graphene devices. 

1.3.2 Spintronics with graphene-TMD heterostructures 

Although graphene promises long-distance spin transport, it has weak intrinsic spin-orbit 

coupling (SOC), which is essential in the electrical control of spin transport in order to realise 

the spin polarized field-effect transistor (Spin-FET)35; Spin-FET promises logic operation 

based on the spins rather than the conventionally used charge of electrons. However, there 

exists other 2D materials like TMDs, having lower electron mobility than graphene but 

stronger spin-orbit coupling. These TMDs can be placed in the proximity of graphene to 

induce SOC in graphene36,37, resulting from the hybridisation of the d-orbitals of TMD with 

the π-orbitals of graphene. Also, the spatial inversion symmetry is broken at the 

graphene/TMD interface, leading to Rashba type SOC in graphene; the SOC can further be 

tuned by applying an electric field, which allows the electrical control of spins.  

For TMD-graphene heterostructures, reports suggest a reduced spin life time38,39 and its 

further tuning by electrical gating39 with a modulation of the spin current39,40, enabling their 

use as 2D spin field-effect switch. However, these experiments do not explore the spin 

lifetime anisotropy present for the spin transport in graphene under the TMD proximity. 

Recently, there have been reports observing anisotropy in the spin relaxation time in graphene 

encapsulated by single41 (MoSe2) and multi42 (WS2) layer TMD. In chapter 6, we study the 

tungsten disulfide (WSe2) on graphene heterostructures, and show that the spin lifetime 

anisotropy exists in these heterostructures. Further, we show that the spin lifetime anisotropy 

in graphene under the TMD proximity can also be studied by probing the non-local spin 

transport in the nearby graphene region. In addition, we also demonstrate the spin injection 

through WSe2 into graphene in chapter 6. 

For a monolayer TMD, the location of the conduction and valence band edges are at non-

equivalent K points (K and Kʹ) of the 2D hexagonal Brillouin zone known as the valleys. 

Further, the valence and the conduction bands at the K and Kʹ valleys are spin split due to a 

strong SOC, and this leads to a coupled spin and valley degree of freedom in the monolayer 

TMD. The charge (coupled to spins) transition between valence and conduction band in the 

K and Kʹ valleys can be achieved by using a right and left circularly polarised light 

respectively. Recently, valley polarised electron spins were generated using circularly 

polarised light in TMDs43,44; further, these generated spins were injected into graphene and 

were detected non-locally via ferromagnetic contacts.   
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Electronic band structure of a bi-layer graphene (BLG) on WSe2 has been studied from first 

principles by Gmitra et al.,45 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. Interestingly, the 

split in valence band due to induced SOC 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 and we get a spin-orbit valve) by the application of an external electric field of the 

order 1 V/nm. Along this direction, we studied spin-transport in BLG on tungsten disulfide 

(WS2) heterostructures, presented in chapter 7; we recorded huge spin lifetime anisotropy of 

∼40-70, which is the ratio between the out-of-plane (τ⊥) and the in-plane (τ||) spin relaxation 

time. A new technique was used to calculate the spin lifetime anisotropy, which we developed 

in-house called the oblique spin-valve measurement. 

Presented in chapter 8, we studied WSe2 on BLG, wherein we clearly show that there is no 

spin transport of in-plane spins across the WSe2 covered BLG, while the out-of-plane spin 

transport is unaffected. We also show that the spin lifetime anisotropy for in-plane and out-

of-plane spins can be extracted by studying the non-local spin transport in BLG which is 

close to WSe2 covered BLG. Furthermore, we have demonstrated the spin injection through 

WSe2 into BLG.  

1.4 Outline of the thesis 

Here is a brief look at the outline of the contents of this thesis. 

Chapter 1: In this chapter, the need for scaling and the bottleneck faced in the scaling of 

conventional silicon-based FETs are briefly discussed. Later, the new generation of materials 

which are fundamentally two-dimensional in structure like graphene, germanane, etc., are 

introduced; and their benefits to be used as a channel material for FETs in the future are 

noted. Further, an introduction and a brief history of the research undertaken in the field of 

spin-electronics (spintronics) in discussed. The section on spintronics, dwells more into the 

emerging area of study on spintronics in graphene and graphene-TMD heterostructures.  

Chapter 2: Basic structural and electronic properties of two-dimensional materials used in 

this thesis are introduced in this chapter. The materials include germanane, graphene (single 

and bi-layer), transition metal di-chalcogenides (WS2, WSe2), and their heterostructures. 

Chapter 3: In this chapter, the concepts necessary to understand the electronic and spin 

transport in two-dimensional materials are introduced; starting with a comparison of  the 

electronic charge transport properties of bulk and isolated two-dimensional materials. 

Followed by a short introduction to the working principle of the field-effect transistor. Later, 

the concept of spin injection into non-magnetic material like graphene is discussed, and the 

two-channel model for spin transport in a typical spin-valve is briefly explained. The issues 

of conductivity mismatch and spin relaxation induced by contacts are also addressed in this 

chapter. Further, description on the spin transport in graphene is provided, including concepts 

on spin diffusion equation, non-local spin-valve (non-local SV) measurement, and Hanle spin 

precession measurement. Later in the chapter, various spin relaxation mechanisms for spin 

transport in graphene are discussed. Lastly, a short overview of the theoretical and 
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experimental studies on spin transport in single and bi-layer graphene in proximity of TMD, 

are presented. 

Chapter 4: In this chapter, the protocol for fabricating field-effect transistors and non-local 

SVs of 2D materials studied in this thesis, are presented. In the fabrication section, the 

mechanical exfoliation and the realisation of 2D materials heterostructures using pick-up 

technique are discussed. In the last section of this chapter, the electrical and magnetic 

experimental characterization setup and techniques, used to study the 2D flakes and their 

heterostructures, are briefly outlined. 

Chapter 5: The fabrication and electrical characterisation of the first ever field-effect 

transistor made of multi-layer germanane are described in detail in this chapter. Here, it is 

shown that the germanane FET has charge transport in both electron and hole doped regimes 

with ON-OFF current ratio of up to 105 (104) and charge carrier mobilities of 150 cm2V-1s-1 

(70 cm2V-1s-1) at 77 K (room temperature). A significant enhancement of the FET 

conductivity is illustrated under an illumination with 650 nm red laser. Both ambipolar charge 

transport and opto-electronic response observed in germanane FET has great potential for 

applications in CMOS and (opto)electronics. 

Chapter 6: In this chapter, the fabrication and characterisation of non-local SV of 

graphene/WSe2 heterostructures are explained. The study of the proximity induced SOC in 

graphene by WSe2 via non-local SV and Hanle spin precession measurements are presented. 

The key observations discussed in this chapter are: 

1. No spin transport was observed in graphene over WSe2 covered region longer than 

3 μm, which alludes to a large magnitude of the proximity induced SOC in graphene 

by WSe2.  

2. Observation of anisotropy in spin lifetime for in-plane and out-of-plane spin 

transport. Further, the proximity induced SOC in graphene by WSe2 could be non-

locally determined in the nearby graphene region not covered by WSe2; which could 

be due to the diffusing nature of the itinerant spins which explore the WSe2 covered 

graphene region.  

3. Use of multi-layer WSe2 as an intermediate layer for spin injection into graphene.  

4. Modelling of Hanle curves using time-independent Bloch-diffusion equation for 

spin transport in graphene under, near and far from the WSe2 covered graphene 

region. These modelled Hanle curves showed similar behaviour as our experimental 

observations. 

Chapter 7: In this chapter, the fabrication and characterisation of non-local SV of bi-layer 

graphene/WS2 heterostructures are presented. A new technique we developed called oblique 

spin-valve measurement is described; we used this technique to determine the spin lifetime 

anisotropy for in-plane and out-of-plane spins in bi-layer graphene, arising due to induced 

SOC by WS2 substrate. With this measurement we were able to measure huge spin lifetime 

anisotropy of ~40-70, the ratio between the out-of-plane (τ⊥) and in-plane spin relaxation 

time (τ‖). Further in this chapter, the origin of such high spin lifetime anisotropy in BLG 

coupled with WS2 is discussed. 



8 Outline of the thesis 

Chapter 8: This chapter details the fabrication and characterisation of non-local SV of bi-

layer graphene (BLG)/WSe2 heterostructures. The spin transport studies carried out on this 

heterostructure is similar to the studies carried out on single layer graphene/WSe2 

heterostructure, discussed in chapter 6. The key observations discussed in this chapter are, 

1. Using Hanle precession measurement at a high magnetic field we measured 

anisotropy in spin relaxation time for in-plane (τ∥) and out-of-plane (τ⊥) spins in 

BLG, which is covered by WSe2, with τ⊥/τ∥ = 3.64.  

2. Anisotropy in the spin relaxation time present in BLG covered by WSe2, could be 

non-locally determined in the nearby region of BLG not covered by WSe2; this could 

be due to the diffusing nature of the itinerant spins which explore the neighbouring 

WSe2 covered BLG region.  

3. Due to the presence of anisotropy in τ∥ and τ⊥, any in-plane spin transport across the 

WSe2 covered BLG was not observed, although an out-of-plane spin transport was 

detected. 

The FETs of WSe2/BLG in vertical geometry, which showed an n-type behaviour with a 

current ON-OFF ration >103, are also discussed in this chapter. 

Chapter 9: In this chapter, a brief discussion on the conclusions of all the chapters discussed 

in this thesis, are presented. 
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2 Two-dimensional materials 

 

Abstract 

In this chapter, the basic structural and electronic properties of two-dimensional materials 

used in this thesis are introduced; these include germanane, graphene (single and bi-layer), 

transition metal di-chalcogenides (WS2, WSe2), and their heterostructures. The lattice 

structure of single atomic layers of these two-dimensional materials and their stacking 

geometry on top of another two-dimensional material are briefly explained. Further, the 

electronic band structure and the electronic properties of these two-dimensional materials 

are discussed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 Germanane 

2.1 Germanane 

Germanane (GeH) is a two-dimensional semiconducting material analogous to graphane. The 

crystal structure of GeH consists of a hexagonal lattice of germanium (Ge) atoms with 

hydrogen (H) atoms covalently bonding alternatively to every Ge atom, as shown in Figure 

2.1-1. Multilayer GeH consists of single layers stacked on top of each other and held together 

by weak van der Waals force. GeH has been recently synthesised for the first time by Bianco 

et al.1 using topochemical deintercalation of CaGe2. Single-layer GeH shows a direct bandgap 

of about 1.59 eV determined by diffuse reflectance absorption spectroscopy1. The bandgap 

of GeH decreases with increasing number of layers owing to interlayer interactions; however, 

it still remains a direct bandgap even for multilayers2. The electron charge carrier mobility in 

GeH which is limited by electron-phonon scattering, was calculated to be around 20,000 

cm2V-1s-1 at room temperature1. 

 

Figure 2.1-1 Lattice structure of the single-layer germanane (top view). 

The top surface layer of GeH oxidises in contact with air over a period of five months and is 

self-limiting, i.e. it prevents the underlying layers from oxidizing. GeH is thermally stable up 

to a temperature of 75 ̊C, and above this temperature amorphization occurs. The process of 

amorphization is complete at 175 C̊, and after, dehydrogenation is observed from a 

temperature of 200 to 250 ̊C1. 

2.2 Graphene  

 

Figure 2.2-1 The hexagonal lattice structure of the single-layer graphene (top view), represented with two sub-

lattices A and B which form the unit cell of graphene with lattice parameters a1 and a2. 

Graphene is a two-dimensional allotrope of carbon; the carbon atoms are arranged in a 

hexagonal chick wire mesh configuration, as shown in Figure 2.2-1. Each carbon atom is 

covalently bonded to three of its neighbouring carbon atoms via σ bond while one π bond is 

oriented in the out-of-plane direction. The orbitals of the carbon atoms are sp2 hybridised; a 

combination of s, px and py orbitals constituting the σ bond and the pz orbital forming the π 

Germanium (Ge)

Hydrogen (H)

Carbon (C)A B

a1

a2
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bond. Each atomic layer is stacked on top of another  held together by a weak van der Waals 

force. 

The hexagonal structure of the graphene can be described as a triangular lattice with an unit 

cell containing two atoms A and B, as shown in Figure 2.2-1. Atoms A and B are chemically 

equivalent but they are different with respect to the lattice symmetry, and they form two 

inequivalent groups at the corners of the Brillouin zone that are labeled as K and Kʹ points in 

momentum space. From tight-binding calculations, the energy dispersion relation of the 

electrons close to Fermi energy in graphene is expressed as3,4: 

E = ±ћvF|k⃗ |                                         Equation 2.2-1 

where ћ is the reduced Planck constant, k⃗  is the wave vector, and vF~106 ms-1 is the Fermi 

velocity of electrons in graphene. Due to the linear dispersion, the band structure at K and Kʹ 

is cone-shaped which is inequivalent in the Brillouin zone. Graphene is a zero bandgap 

material since the conduction and the valence bands overlap with each other, the point of the 

overlap is known as the Dirac point. In addition to the spin degree of freedom, there exists a 

valley degree of freedom; both the valleys have the same energy but are inequivalent in k-

space. The interesting electronic properties of the graphene are a result of this valley 

degenerate zero bandgap states. In comparison, for a conventional semiconductor like silicon, 

the main point of interest is generally Γ point in the Brillouin zone (Γ is the center of the 

Wigner-Seitz cell) where the momentum is zero.5 

 

Figure 2.2-2 The lattice structure of a bi-layer graphene in AB-type stacking of two individual single-layer graphene 

flakes represented as 1st and 2nd layer (top view). 

Bilayer graphene has two layers of graphene monolayers stacked on top of one another and 

held by a weak van der Waals force. The stacking geometry of the graphene layers in bilayer 

graphene can be either AB or AA type. In AB type, half of the carbon atoms in the upper 

layer lie directly over the centre of the hexagon in the lower graphene sheet, and the other 

half of the carbon atoms lie over the carbon atom from the lower layer6, as shown in Figure 

2.2-2. Whereas in AA type, the layers are exactly aligned with respect to each other7. AB 

stacked structure is much more stable in comparison to AA stacked geometry7. 

2.3 Transition metal di-chalcogenides 

Transition metal di-chalcogenides (TMD) are a class of two-dimensional materials 

represented as MX2; M is a transition metal which can either be Molybdenum (Mo) or 

Tungsten (W), and X is the chalcogenide which can either be Sulphur (S), or Selenide (Se), 

1st layer Carbon (C)

2nd layer Carbon (C)
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or Tellurium (Te). Each of the metal (Mo or W) atom is covalently bonded to six 

chalcogenides (S, or Se, or Te) atoms in trigonal prismatic geometry, and each chalcogenide 

atom is bonded to three metal atoms in pyramidal geometry8, as shown in Figure 2.3-1. Each 

layer of X-M-X is stacked on top of another with a weak van der Waals force. The TMDs 

studied in this thesis are tungsten di-sulphide (WS2) and tungsten di-selenide (WSe2). 

 

Figure 2.3-1 The hexagonal lattice structure of a single-layer transition metal di-chalcogenide (top view). 

The TMDs are semiconducting with a direct bandgap for single layer and indirect bandgap 

for multilayers. For a monolayer TMD, the conduction and the valence band edges are located 

at non-equivalent K points (K and Kʹ) of the two-dimensional hexagonal Brillouin zone. The 

charge (coupled to spins) transition between the valence and the conduction bands in the K 

and Kʹ valleys can be achieved by using a right and left circularly polarised light respectively. 

This valley dependent optical selection rule is due to the absence of inversion centre in a 

monolayer TMD (this also applies to TMD with odd number of layers). Further, the valence 

and the conduction bands at the K and Kʹ valleys are spin split due to a strong spin-orbit 

coupling, leading to coupling of the spin and valley degrees of freedom in a single layer 

TMD. 

A single-layer of WS2 has a direct band gap of 2 eV9 and the multilayer of WS2 has an indirect 

band gap9 of about 1 eV9. Similarly a single layer of WSe2 has a direct band gap of 1.7 eV9 

and the multilayer of WSe2 has an indirect band gap of about 1 eV10. Due to a strong spin-

orbit coupling present in both WS2 and WSe2, spin splitting is observed in the order of 

hundreds of meV in the conduction band while few meV in the valence band at the K and Kʹ 

valleys11. The electron spins residing in these valleys can be excited by tuning the photon 

energy of the excitation laser and by tuning its handedness (right or left circularly polarised 

light). 

2.4 Graphene-TMD heterostructure 

In the context of spintronics, graphene has a long spin diffusion length12 because of its low 

spin-orbit coupling (SOC) in the order of 10 μeV13. However, this magnitude of SOC is 

ineffective in generation and manipulation of spin current. Transition metal di-chalcogenides 

like WS2 and WSe2 have strong intrinsic SOC. By placing these TMDs in the proximity of 

graphene, one can induce strong SOC in graphene. Further, by placing TMD with graphene, 

the inversion symmetry in graphene is broken. These effects, the induced SOC and the 

breaking of inversion symmetry, open up a band gap in graphene with spin split and valley 

locked states. 

Metal (=Mo,W)

Chalcogenide (=S,Se,Te)



Graphene-TMD heterostructure 17 

 

 

Figure 2.4-1 The overlapping lattice structures of (a) single layer graphene in proximity with TMD, and (b) bi-layer 

graphene in proximity with TMD (top view). 

The TMD can be easily stacked on top of graphene (or below) to form van der Waals 

heterostructures as shown in Figure 2.4-1. However, in these heterostructures, there is a 

mismatch in the lattice constants (a) of graphene and TMD; graphene has a = 2.46 Å whereas 

WSe2 has a = 3.29 Å. Further, in the stacks of graphene/TMD prepared and presented in this 

thesis, we could not control the crystal orientation of either the graphene or the WSe2 with 

respect to each other. 

Detailed theoretical and experimental studies on single and bi-layer graphene in proximity 

with TMD are discussed in chapters 3.7, 6, 7 and 8 of this thesis. 
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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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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 
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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. 
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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. 
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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 
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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, 

graphene

AlOx/Co

B

V

IAC

-
+
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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

kY

E

a. b.
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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 

EF EF

B = 0 T

B ≠ 0 T

a. b.
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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 

IAC
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single layer graphene

Co/TiO2
multi-layer MoS2
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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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4 Experimental methods 

 

Abstract 

In this chapter, the fabrication and the characterisations performed on the nano-electronic 

devices are introduced. To start with, different device geometries of two-dimensional (2D) 

materials studied in this thesis are presented. Further, the preparation of the silicon and the 

Polydimethylsiloxane (PDMS) substrates are briefly explained, along with an introduction 

into the mechanical exfoliation of 2D flakes on these substrates. Subsequently, the process of 

determining the thickness of the 2D flakes using optical microscopy and atomic force 

microscopy (AFM) measurements is described. Later, the preparation of the 2D 

heterostructures using pick-up technique is described. The designing and the deposition of 

electrodes on 2D flakes and their heterostructures are introduced. Finally, the experimental 

characterisation setup and the electrical/magnetic characterisation techniques used to study 

the 2D flakes and their heterostructures presented in this thesis are discussed. 

 

 

 

 

 

 

 

 

 

 

 



46 Sample preparation 

 

4.1 Sample preparation 

In this section, the step-by-step fabrication of germanane transistors and graphene spin-

valves studied in this thesis is discussed. The device schematic of these nano-electronic 

devices fabricated on 300 nm SiO2 substrate is shown in Figure 4.1-1: 

• Device (a) – multi-layered germanane contacted with Ti/Au electrodes 

• Device (b) – top WSe2/graphene heterostructure contacted with AlOx/Co electrodes. 

• Device (c) – top WSe2/bi-layer graphene heterostructure contacted with AlOx/Co 

electrodes. 

• Device (d) – top hBN/bi-layer graphene/bottom-WS2 heterostructure contacted with 

AlOx/Co electrodes. 

 

Figure 4.1-1 Device schematic of (a) Germanane transistor, (b) Graphene spin-valve, (c) and (d) bi-layer graphene 

spin-valve with TMD heterostructure. 

4.1.1 Substrate preparation 

Silicon substrate  

The silicon wafer used for the device fabrication is as shown in Figure 4.1-2 and these silicon 

wafers are procured from Siliconquest®. The used wafer is a ~500 μm thick, highly n-doped 

silicon (n++ Si) with 300 nm thick SiO2 on either sides. One of the sides is polished, and the 

other is etched; the polished side is used for the device fabrication. The n++ Si is used as a 

gate electrode with a resistivity of 0.001 Ω-cm and SiO2 is used as an insulating layer. The 

capacitance offered by the n++ Si/SiO2 substrate is ~110 μFm-2. The wafer disc is 4 inches 

in diameter and are cut into small pieces, referred to as chips or die, of 0.8 cm (length by 

width) using a diamond tip scriber or a wafer cutting machine, as shown in Figure 4.1-2. The 

chips are then cleaned in a solution of acetone, followed by isopropyl alcohol (IPA), in an 

ultra-sonicate bath for 2 minutes each to remove organic residues. The cleaned chips are 

blow-dried with nitrogen (N2) and annealed in a furnace at 180 ̊C for 10 minutes in order to 

n++ Si

300 nm SiO2

multi-layer WS2

bi-layer graphene

n++ Si

300 nm SiO2

multi-layer WSe2

bi-layer graphene

AlOx/Co

n++ Si

300 nm SiO2

single layer graphene

n++ Si

300 nm SiO2

multi layer germanane

Ti/Au

multi-layer hBN
AlOx/Co

AlOx/Co
multi-layer WSe2

a. b.

c. d.



Sample preparation 47 

 

 

remove any solvent or moisture from its surface. 

 

Figure 4.1-2 Illustration of a silicon wafer cut into dies/chips.  

Markers, used to determine the position of the exfoliated two-dimensional flakes on the 

substrate during device fabrication, are deposited on the silicon chips (Ti/Au) as shown in 

Figure 4.1-3. These markers are designed using AUTOCAD© software and then transferred 

onto the substrate using a DUV (deep ultraviolet) photo-lithography tool. The markers, 

marked by Ti/Au (5/60 nm), are deposited on the chips by physical vapour deposition. The 

markers consist of numbers representing the position in x and y direction to locate the flake 

on the chip, and the symbol ‘∟’ indicates the orientation of the chip. 

 

Figure 4.1-3 An optical image of a silicon chip with position (numbers) and alignment (∟) markers. The scale bar, 

shown with a white line is 10 μm long. 

Polydimethylsiloxane substrate 

Polydimethylsiloxane (PDMS) is used as a substrate for exfoliating two-dimensional 

materials. To prepare the PDMS substrates, PDMS monomer is mixed with a curing agent 

like Sylgard in 10:1 ratio, and poured into a petri dish. The petri dish is then placed in a 

degassing chamber to remove any bubbles in the PDMS solution. Later the petri dish with 

the PDMS is annealed in an oven at 60 ̊C for 8 hours. Finally, the PDMS is cut into 

appropriate size using a scalpel and is later gently peeled from the petri dish using a tweezer. 
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4.1.2 Mechanical exfoliation 

Two dimensional (2D) materials are layered and the individual layers are held together by 

weak van der Waals force. By applying suitable force, one can overcome this weak interlayer 

force and cleave multiple layers down to a single layer. In 1999, Lu et al.1  made efforts to 

thin down graphite using an atomic force microscope (AFM) tip to obtain single or multilayer 

graphene which they wanted to roll into carbon nanotubes. However, they were only able to 

obtain graphite of thickness 100 to 200 nm. In 2004, Novoselov et al.2 used a rather naive 

technique of mechanically cleaving the graphite using a scotch tape, and they were successful 

in cleaving the graphite down to a single layer of graphene on a silicon substrate. This 

mechanical exfoliation technique using scotch tape can be used to cleave thin layers of any 

2D material. 

The 2D materials studied in this thesis are germanane, graphene, hBN, WS2 and WSe2. 

Graphene is exfoliated from highly oriented pyrolytic graphite (HOPG) crystals; WS2 and 

WSe2 appear in crystal forms and other 2D materials like germanane and hBN appear in 

powder forms. A tweezer or a spatula is used to handle the crystals or powders of 2D 

materials.  

For mechanical exfoliation, a piece of scotch tape is placed on the 2D material to be 

exfoliated, as shown in Figure 4.1-4, and later the scotch tape is peeled. The peeled scotch 

tape is placed on the substrate (silicon or PDMS) and gently pressed. Finally, the scotch tape 

is peeled off the substrate leaving behind thin flakes of 2D material. Single-layer of 2D 

materials can be achieved by calibrating the choice of the scotch tape, amount of force 

applied, and the number of exfoliations.  

 

Figure 4.1-4 Multiple steps illustrating the mechanical exfoliation of a 2D flake on to a substrate (either silicon or 

PDMS). 

Note: Exfoliation on a PDMS substrate yields relatively large area and thinner flakes 

compared to the exfoliation on a silicon substrate. 

Mechanical exfoliation is not a reliable technique due to its uncertainty over reproducibility 

and inefficiency in its integration into large-area fabrication. For large-area 2D material 

coverage on substrates, one should consider 2D materials grown with chemical vapor 

deposition (CVD) technique3.  
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4.1.3 Optical image 

 

Figure 4.1-5 Optical images of a WSe2 flake with multiple numbers of layers exfoliated on (a) PDMS, and (b) 300 

nm SiO2 substrate; L represents the number of layers, and one can see that 5 L, 6 L and 7 L have different optical 

contrast. 

An optical image of the 2D flake is taken by placing the chip with the flakes under an optical 

microscope. The optical images of the 2D flakes (of WSe2) exfoliated on a PDMS substrate 

and a 300 nm thick SiO2 substrate, are shown in Figure 4.1-5. A contrast in optical reflectivity 

(called the optical contrast) for different thicknesses of WSe2 on different substrates can be 

seen in the figure. Apart from the thickness of the flake, the optical contrast also depends on 

the SiO2 thickness (in case of the silicon substrate) and the wavelength of the light source 

used for optical microscopy.  

 

Figure 4.1-6 (a). Optical image of a few-layers graphene flake exfoliated on a 300 nm SiO2 substrate. (b). Optical 

contrast for single and bi-layer graphene along the profile line a-b-c in panel (a). 

The optical image and the optical contrast for graphene on a 300 nm SiO2 substrate are shown 

in Figure 4.1-6. Here, we see a 7% change in the optical contrast for the single-layer 

graphene; while it is twice i.e. 14% for the bi-layer graphene. The 2D flake chosen for the 

device fabrication usually has length >10 μm and width >3 μm with desired flake thickness; 

further, the 2D flake is expected to be isolated without any other neighbouring 2D flakes. 
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4.1.4 Atomic force microscopy 

 

Figure 4.1-7 (a). AFM image of a germanane flake on a 300 nm SiO2 substrate contacted with Ti/Au electrodes. (b). 

Height profile of the germanane flake along the red line in panel (a). 

The 2D flake on a silicon substrate is profiled under an atomic force microscope (AFM) to 

determine its thickness. The AFM measurement of a 2D flake is done using a gold (Au) 

cantilever tip in contact mode. Image analysis software like Gwyddion® is used to calculate 

the height or thickness of the flake. Typical Gwyddion® image obtained by an AFM 

measurement of a 2D flake (of germanane) along with its height profile plot is shown in 

Figure 4.1-7. The thickness obtained for a 2D flake from AFM measurement can also be co-

related with the optical contrast for the different number of 2D layers as in section 4.1.3; this 

helps in determining the thickness of a 2D flake using only optical microscopy even without 

performing an AFM (since AFM measurement takes relatively more time than determining 

the contrast by a microscope).  

4.1.5 Pickup and transfer technique 

Since 2D materials are held by van der Waals force, they can be easily stacked on top of each 

other to form heterostructures which could reveal unusual properties and new phenomena4. 

The heterostructures studied in this thesis are: 

• Stack I – top WSe2/graphene 

• Stack II – top WSe2/bi-layer graphene 

• Stack III – top hBN/bi-layer graphene/bottom-WS2 

These heterostructures are fabricated using the dry pick-up transfer technique developed by 

Zomer et al.5. The set up used for the transfer is a modified ultraviolet (UV) lithography tool. 

Using PDMS 

To understand the dry pick-up transfer technique using PDMS, consider an example of the 

preparation of top-WSe2/graphene heterostructure.  

a. b.
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Figure 4.1-8 Step-by-step schematic of the pick-up transfer technique for realising a top-WSe2/graphene 

heterostructure. 

1. A WSe2 flake is exfoliated on top of a PDMS substrate, and a graphene flake is 

separately exfoliated on top of a silicon substrate (300 nm SiO2) using scotch tape 

as shown in Figure 4.1-8 (a) and (b).  

2. The PDMS substrate is then stuck on a glass slide. In the transfer stage, this glass 

slide is fixed to a mask holder which is mounted under the microscope. The mask 

holder is an aluminium plate which can hold the glass slide by vacuum.   

3. The silicon substrate exfoliated with graphene flake is stuck on an aluminium chuck 

situated below the mask holder. The chuck can be moved in the x-y direction using 

micro-manipulators.  

4. The silicon substrate with graphene flake is positioned under the glass/PDMS 

substrate (with WSe2 flake) using micro-manipulators as shown in Figure 4.1-8 (c). 

Note here that both the glass and the PDMS are transparent enabling the easy 

positioning.  

5. The PDMS is brought in contact with the silicon substrate by moving the chuck in 

the z-direction (upward). The PDMS is then pressed against the silicon substrate for 

about 30 seconds as shown in Figure 4.1-8 (d). 

6. The chuck with the silicon substrate is then lowered gently releasing it from the 

PDMS. The result is a heterostructure of top-WSe2 on graphene, on top of a silicon 

substrate, as shown in Figure 4.1-8 (e). 

Using PDMS and PC 

To explain the dry pick-up transfer technique using PDMS and poly-bisphenol-A-carbonate 

(PC), consider an example of the preparation of top-hBN/bi-layer graphene/bottom-WS2 

heterostructure. 
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1. A PC solution is prepared by dissolving 6 wt.% of PC crystals in a chloroform 

solvent. This PC solution is drop-casted on a glass slide which is brought in contact 

with another glass slide to spread the PC solution across the glass slide uniformly. 

The glass slides are quickly separated from each other by sliding and then left in the 

open air to dry. This results in the formation of a thin film of PC. 

2. Using scotch tape, the PC film is transferred on top of a PDMS substrate which is 

on a glass slide as shown in Figure 4.1-9 (a). This glass slide is fixed to a mask 

holder and is then mounted under the microscope in the transfer stage. 

 

Figure 4.1-9 Step-by-step schematic of the pick-up transfer technique for realising a heterostructure of top hBN/bi-

layer graphene/bottom-WS2. 

3. The hBN flake is exfoliated on top of a silicon substrate (90 nm SiO2) using scotch 

tape. The silicon substrate with hBN flake is stuck on an aluminium chuck (can be 

moved in x-y direction) situated below the mask holder as shown in Figure 4.1-9 

(a).  

4. The PDMS/PC is brought in contact with the hBN flake on the silicon substrate by 

moving the chuck in the z-direction.  

5. When the PDMS is in contact with the silicon substrate, the silicon substrate is 

heated to about 60-90 ̊C for around 30 seconds (since the chuck is equipped with a 

heater). Because of the heating, the PC becomes more stickier and picks up the hBN 

flake.  

6. Next, a bi-layer graphene flake is exfoliated on top of another silicon substrate (300 

nm SiO2) using scotch tape.  

7. The same process as mentioned above is used to pick up the bi-layer graphene flake 
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via the top-hBN as shown in Figure 4.1-9 (b). The bi-layer graphene adheres to the 

hBN because of the van der Waals force.  

8. Later, a WS2 flake is exfoliated on top of a new silicon substrate (300 nm SiO2) 

using scotch tape. 

9. Again, in order to transfer the top-hBN/bi-layer graphene on bottom-WS2, the same 

process as above is followed as shown in Figure 4.1-9 (c). However, unlike heating 

to 60-90 ̊C when the PC is in contact with the WS2 flake, the substrate is heated to 

150 ̊C for 30 seconds. This breaks the PC from the PDMS substrate and it sticks 

over to the silicon substrate. Now, we have a PC covering top-hBN/bi-layer 

graphene/bottom-WS2 heterostructure on top of a 300 nm SiO2 substrate as shown 

in Figure 4.1-9 (d). 

10. The silicon substrate with PC/heterostructure is then placed in a chloroform solution 

for about 6 hours. This step removes the PC by dissolving it. The silicon substrate 

with the heterostructure is then rinsed gently in the IPA solution to remove any PC 

residues. 

11. Furthermore, the silicon substrate with the heterostructure is then annealed in an Ar-

H2 environment at 250-350 C̊ for about 3-6 hours to remove the remaining PC 

residues. The result is a heterostructure of top hBN/bi-layer graphene/bottom-WS2 

on a silicon substrate as shown in Figure 4.1-9 (e). 

4.1.6 Electron beam lithography 

 

Figure 4.1-10 Illustration of the (a) Resist spin coating, (b) E-beam exposure, and (c) developing the exposed 

PMMA. 

Electron beam lithography (EBL) uses electron beam (E-beam) to write the desired patterns 

over a substrate which is spin-coated with E-beam resist. In comparison to other types of 

lithography (extreme and deep UV lithography), EBL yields the best resolution with a feature 

size of ~10 nm and less. This fine resolution with E-beam is achievable due to its high 

incident electron energy along with its narrow beam angle which is not limited by diffraction. 

In this section, the EBL technique used to write patterns for the nano-electronic devices 

studied in this thesis is briefly described. 

1. Pre-bake - the silicon substrate with exfoliated 2D flake is baked at 180 ̊C for 30 

seconds on a hot plate to remove any moisture on the flake or the substrate. 

2. Resist spin coating - Poly(methyl methacrylate) (PMMA), an E-beam resist is spun 

on top of the silicon substrate at 4000 RPM for 60 seconds in a spin coater. PMMA 

is a positive resist, i.e. the PMMA exposed by the E-beam is soluble in a solvent. 

The PMMA coating over the 2D flake serves a dual purpose; protecting the 2D 

surface against environmental degradation and also as a layer to define a pattern for 

electrodes. The silicon substrate with the exfoliated flake and coated by a PMMA 
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resist is as shown in Figure 4.1-10 (a). 

3. Post bake – After spin coating the PMMA resist, the silicon substrate is baked at 

180 ̊C for 30 seconds on a hot plate to dry the PMMA coating. 

4. Designing electrodes to expose – AutoCAD® which is a computer-aided design 

software by Autodesk is used to draw the electrode patterns for the E-beam 

exposure. These drawings are then converted into a format compatible with the EBL 

tool. 

5. EBL exposure – The silicon substrate with the 2D flake covered by PMMA is 

loaded (in a vacuum) in an EBL tool. The design of the electrodes to be exposed is 

loaded onto the software on a computer; this software controls the EBL tool. The 

design is exposed onto the PMMA using an E-beam at 10 KeV with 150 μCcm-2 

dose as shown in the schematic of Figure 4.1-10 (b). The exposed PMMA undergoes 

chemical modification (polymer crosslinking) which can be removed using a 

suitable developer solution. 

6. Developing the exposed PMMA - Methyl isobutyl ketone (MIBK) is mixed with 

IPA in 1:3 ratio to form the developer solution. The substrate with exposed PMMA 

is placed in the developer solution for 60 seconds and later rinsed in IPA for 30 

seconds. The resulting structure of the PMMA is as shown in Figure 4.1-10 (c). 

Note: Pre-bake and post bake steps are not performed in the case of fabrication of germanane 

transistors since germanane is temperature-sensitive. 

4.1.7 Electrode deposition and lift off 

Electrode deposition - Electrodes are deposited on top of the 2D flakes in a vacuum chamber 

(10-6 Torr) using electron-beam physical vapour deposition. The electrode materials 

deposited on different 2D flakes differ depending on what we consider to study. For example, 

AlOx/Co is deposited on single or bi-layer graphene flake as shown in Figure 4.1-11 (a) to 

inject spins and study the spin transport in graphene. For AlOx/Co deposition, 0.4 nm of 

Aluminium (Al) is deposited at a rate of 0.7 Å/s on 2D flake which is then naturally oxidized 

by introducing oxygen in the chamber at 10-1 Torr for 15 minutes to form AlOx. This process 

is repeated to obtain ~0.8 nm thick AlOx layer. Later, thick ferromagnetic cobalt (Co) of 65 

nm is deposited over AlOx. A thin Al of 3 nm is deposited as the top layer to facilitate easy 

electrical contact for wire bonding and prevent oxidation of Co.  

In case of the germanane transistors, Titanium (5 nm) and Gold (100 nm) are deposited for 

studying the charge transport in germanane. 

 

Figure 4.1-11 Schematic of the (a) electrode deposition, and (b) final device after lift-off. 
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Lift-off – After the deposition of the electrodes, the substrate is placed in warm acetone at 

35 ̊C for 10 minutes to dissolve the resist alongside removing the overlaying excess electrode 

material (termed lift-off). A plastic dropper is used to agitate the unremoved or the leftover 

material. Later, the substrate is washed off with IPA and blow-dried with nitrogen. The chip 

is examined under an optical microscope to ensure the successful lift-off and to check the 

quality of the developed electrodes. The final device after lift-off is as shown in Figure 4.1-11 

(b). 

4.1.8 Wire bonding 

The final device, a 2D flake or a heterostructure with electrodes on a silicon substrate, is 

glued on to a chip carrier using silver paste. The electrodes on the glued chip are then wire 

bonded to the gold pads on the chip carrier. The wire bonding is done using gold wire on a 

wedge-type bonding machine. The chip carrier can then be directly inserted in to an 

experimental characterisation setup for electrical/magnetic/optical measurements. 

4.2 Electrical measurements 

 

Figure 4.2-1 Schematic of the setup used to do AC and DC measurements on graphene spin-valves and germanane 

field-effect transistors. 

For characterising the graphene spin-valves, a low-frequency lock-in detection method is 

used by applying an alternating current (AC) and measuring the voltage response. Whereas, 

for characterising germanane field-effect transistors, direct current (DC) is applied and the 

corresponding voltage change is recorded. A schematic of the measurement setup for both 

AC and DC characterisation is shown in Figure 4.2-1.  

The working principle behind different parts of the setup is as explained below: 
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• The SR-830 is a lock-in amplifier which can generate sinusoidal voltage signal with 

root mean square (RMS) amplitude between 0-5 V at an oscillatory frequency range 

of 1 mHz – 102 kHz. A lock-in amplifier takes the input (In) signal and multiplies 

it with the reference signal  fref (Out) and averages it over a specified time, usually 

in the order of milliseconds to a few seconds. The resultant signal is a DC signal, 

where the contribution from any signal that is not at the same frequency as the 

reference signal is attenuated. 

• IV Meetkast is a home-made voltage-controlled current source unit. Here the IV 

Meetkast is controlled by the lock-in amplifier. 

• Keithley 2410 is a DC voltage and current source. It can also measure the current 

and the voltage.  

• The switch box is home-made and it connects the IV Meetkast and the Keithley 

2410 to the nano-electronic device through a π filter. The π filter is a low-pass filter 

made up of resistor of 1 KΩ and capacitor of 10 nF; its role is to cut off high-

frequency signal (i.e. it passes signal below 16 kHz). The switch box also has other 

modes where the sample can be connected to either float or common ground. 

• Both the lock-in amplifier and the Keithley 2410 are interfaced with a computer by 

GPIB connectors and are controlled by the LabVIEW programme on the computer. 

The LabVIEW is also used to record measurements by gathering and analysing the 

data from the lock-in amplifier and the Keithley 2410. 

• A chip carrier with the nano-electronic device is loaded on to a sample holder which 

is wired with the switch box. The sample holder is then placed in a cylindrical 

chamber which can be vacuumed. This chamber is equipped with a liquid helium 

flow cryostat and the chamber is fixed in between the poles of an electromagnet. 

The closed-cycle cryostat uses the liquid helium as the cryogenic fluid to reach 

temperatures as low as 4.2 K. The chamber also has a glass window through which 

light can be shined on the sample. 

• The electromagnet from GMW systems is mounted on a rotating table; it can 

generate up to 1.2 T magnetic field. The power supply to the magnet is from a 

Sorensen DLM40-75E which can output up to 40 V and 75 A. The power supply 

is controlled by the LabVIEW which in-turn controls the magnetic field applied to 

the sample. 

Operation of the setup starts by loading the sample (graphene spin-valve or the germanane 

transistor) on to the sample holder and then placing it in the chamber which is then vacuumed 

to 10-6 mbar. The glass window is closed with a silver foil to avoid the exposure to light.  

1. Performing a non-local SV measurement on the graphene spin-valve: The lock-

in amplifier is set to output 1 V at fref (usually at 21 Hz); this signal is fed to IV 

Meetkast (operating in AC in/out) where the current source is set to 1 μA range 

which outputs 1 μA AC. The switch box is connected to pass the current coming 

from the IV Meetkast to the graphene spin-valve. The measured non-local voltage 

is passed through the switch box and is fed to the amplifier in the IV Meetkast, 

which is usually set to amplify the voltage by a factor of 102. This amplified voltage 

is then available at the input of the lock-in. The wait time of the lock-in is usually 

set to 3 times the 1/ fref. The voltage at fref is recorded by the LabVIEW on the 

computer. The voltage can also be measured as a function of the magnetic field or 
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the temperature which could be set in the LabVIEW software. 

 

2. Performing IV sweep on germanane transistor: Keithley 2410 is programmed by 

the LabVIEW software to operate as a voltage source applying voltage on the 

sample through the switch box. The applied voltage is usually swept from +5 V to -

5 V at a rate of 0.2 V/s. The measured current from the germanane transistor is then 

read by the Keithley 2410 which also acts as an ammeter. The applied voltage and 

the measured current from the Keithley 2410 are recorded by the LabVIEW on the 

computer. The voltage can also be measured as a function of the magnetic field or 

the temperature which could be set in the LabVIEW software. 

4.2.1 Charge and spin transport 

 

Figure 4.2-2 Resistor model for a graphene flake contacted with electrodes C1,2,3,4 to study a. 2 terminal, b. 3 terminal, 

c. 4 terminal local and d. 4 terminal non-local measurements.  

To understand the charge and the spin transport in 2D materials, consider a 2D flake (e.g. 

graphene) contacted by four electrodes as shown in Figure 4.2-2. Here, C1,2,3,4 represents the 

contact resistance which includes the sum of the resistances: of the wire connected to the 

electrodes, of the filter in the filter box, of the electrode and of the electrode/graphene 

interface. G1,2,3 represents the resistance of the graphene flake.  

• 2 terminal measurement – current is passed between the pins connected to C2 and 

C3; as a result, the current flows through C2, G2, and C3 as shown in Figure 4.2-2 

(a). The voltage is measured across the same pins, resulting in a total measured 

resistance of C2+ G2+C3. 

• 3 terminal measurement – current is passed between the pins connected to C2 and 

C3; as a result, the current flows through C2, G2, and C3 as shown in Figure 4.2-2 

(b). The voltage is measured across the pins connected to C1 and C2, resulting in a 

total measured resistance of C2. 

• 4 terminal local measurement – current is passed between the pins connected to C1 
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and C4; as a result, the current flows through C1, G1, G2, G3, and C4 as shown in 

Figure 4.2-2 (c). The voltage is measured across the pins connected to C2 and C3, 

resulting in a total measured resistance of G2. 

• 4 terminal non-local measurement – current is passed between the pins connected 

to C3 and C4; as a result, the current flows through C3, G3, and C4 as shown in Figure 

4.2-2 (d). With the use of the ferromagnetic electrodes, spin accumulation is created 

in the graphene at the electrode/graphene interface i.e. at C3/G3 and at C4/G3. The 

spin accumulation diffuses along the length of the graphene creating a difference 

in chemical potential underneath C2 and C1 which is reflected as a voltage 

difference measured across C2 and C1. Here, there is no charge current flow in the 

voltage detection circuit and hence the observed voltage drop is purely spin-related. 

Details of the non-local SV measurement and the Hanle spin precession 

measurement are explained in chapter 3.  
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5 Electronic properties of germanane field-

effect transistors 

 

Abstract 

A new two dimensional (2D) material - germanane has been synthesized recently with 

promising electrical and optical properties. In this chapter, we report the first realisation of 

germanane field-effect transistors fabricated from multilayer single crystal flakes. Our 

germanane devices show transport in both electron and hole doped regimes with ON-OFF 

current ratio of up to 105(104) and carrier mobilities of 150 cm2V-1s-1(70 cm2V-1s-1) at  

77 K(room temperature). A significant enhancement of the device conductivity under 

illumination with 650 nm red laser is observed. Our results reveal ambipolar transport 

properties of germanane with great potential for (opto)electronics applications. 
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5.1 Introduction 

The exceptional transport properties of graphene have generated an immense impulse that 

has stimulated the scientific community to study other layered Van der Waals materials1–3. 

Graphene analogues such as germanene, silicene, and stanene, as a separate family with 

hexagonal crystal structures, deserve careful consideration as they promise high quality 

charge transport properties, similar to their carbon predecessor4,5. The hydrogenated form of 

germanene, known as germanane, has recently been synthesised for the first time by Bianco 

et al.6. The crystal structure of germanane consists of a hexagonal germanium lattice with 

hydrogen atoms (H) covalently bonded to every germanium atom (Ge) as shown in Figure 

5.2-1 (a). Germanane is of particular interest, because in addition to high quality transport it 

is expected to have a band gap, similar to its graphene analogue graphane7–9. In Bianco et al.6 

the band gap of the germanane was experimentally estimated from diffuse reflectance 

absorption spectroscopy to be around 1.59 eV, close to the calculated values reported7–9. Until 

now the number of available publications on this material is still very limited, covering 

theoretical investigation of the band structure7–11 and very preliminary electrical 

characterisation12–14.  The electron mobility, limited by electron-phonon scattering, was 

calculated to be around 20,000 cm2V-1s-1 at room temperature6, which is strongly appealing 

for germanane to form a good basis for future application devices. 

5.2 Device fabrication and characterization 

To prepare the multilayer germanane flakes from powder we followed the protocol from 

Bianco et al.6, which involves the topochemical deintercalation of CaGe2. The precursor 

phase β-CaGe2 was prepared by sealing a stoichiometric 1:2 ratio of calcium (granular Ca 

with purity 99% from Sigma-Aldrich) and germanium (Ge powder with purity 99.99%, 

Sigma-Aldrich) in a cylindrical alumina crucible (external diameter of 11 mm) enclosed in 

an evacuated fused quartz tube (internal diameter of 12 mm). The mixing of the two metals 

and the filling of the crucible was performed in a glove box under nitrogen atmosphere. The 

sealed quartz tube was then placed in a box furnace and the following temperature profile 

was employed: (1) heating to 1025 ̊C within 2 hours at a rate of 8.3 ̊C/min; (2) 

homogenization at 1025 ̊C for 20 hours; (3) slow cooling to 500 ̊C at a rate of 0.1 ̊C /min and 

finally (4) cooling further to room temperature at a rate of 0.2 C̊/min. Small crystals (2-6 mm) 

of CaGe2 were collected and treated with an aqueous HCl solution 37% w/w (12 M) at -40 C̊ 

under stirring for 7 days. The final product (GeH) was then separated by centrifugation, 

washed several times with distilled water (and finally methanol), and left to dry under 

vacuum. No trace of a calcium signal was detected in the measured energy-dispersive X-ray 

spectrum of our sample, confirming the successful topotactic deintercalation of β-CaGe2 and 

the formation of germanane (GeH) product. The quality of our germanane powder has been 

confirmed by a set of characterisation techniques including X-ray diffraction, FTIR 

spectroscopy, Raman spectroscopy and DRA measurements (see section 5.5), which fully 

verify that the synthesised material is indeed germanane. 

The prepared powder was further processed to fabricate transistors. Germanane flakes were 

mechanically cleaved down to thicknesses ranging from 15 nm up to 90 nm and placed on 

top of a 300 nm Si/SiO2 substrate. Ti/Au contacts (5 nm/100 nm) were made via standard 
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PMMA-based e-beam lithography, as shown in the optical image of a typical device in Figure 

5.2-1 (b). Solvent residue was evaporated from the resist film by baking at 150 ̊C for 90 sec. 

It was shown in6,15 that prolonged temperature treatment of germanane above 75 ̊C in 5% 

H2/Ar can cause an amorphisation process. To exclude the possibility that brief heat treatment 

might cause a change in the crystal structure, we made a follow-up device (sample 2) without 

baking, which showed quantitatively the same behaviour as sample 1 (see section 5.5). Of 

four prepared devices, only two were found to be electrically connected by the electrodes, 

presumably due to the fast oxidation of the germanane surface. Both working devices were 

prepared within a relatively short time period of 12 hours between the exfoliation and contact 

deposition in order to minimise the oxidation effect. Thickness of the flake was determined 

by atomic force microscopy (AFM), shown in Figure 5.2-1 (c) and (d) to be 60 nm. All 

electrical measurements were performed in a DC current mode with the use of a Keithley 

2410 source measure unit in both a vacuum chamber and a cryostat. The samples were stored 

and measured in vacuum with pressures of below 105 mbar in the sample space. 

 

Figure 5.2-1 (a). Schematic representation of a germanane monolayer (top and side views) with Ge atoms (blue) at 

the corners of hexagons and H atoms (yellow) bonded to Ge. (b). Optical image of the germanane flake based device 
on top of a Si/SiO2 substrate with Ti/Au electrodes (Scale bar is 3 μm). (c). AFM image of the germanane transistor. 

(d). The height profile is plotted along the red line as shown in panel (c) giving the flake thickness to be 60 nm.  

5.3 Measurement  

As initial electrical characterization we performed resistance measurements at room 

temperature in the linear regime (the measured voltage scales linearly with the applied 

current). We measured the voltage V in a 2-terminal configuration when a constant current 

of 2 nA was supplied, shown as the blue curve in Figure 5.3-1 (a). The signal was measured 

as a function of the applied gate voltage VG, revealing a peak-like feature. The appearance of 

this maximum is associated with tuning of the Fermi level of the material in the band gap, 

implying that the studied device is ambipolar or, in other words, indicating the possibility to 
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electrically dope it with both holes and electrons. It is worth noting here that the position of 

the maximum close to VG=0 V indicates a relatively low intrinsic doping of the material. 

 

Figure 5.3-1 (a). Measured signal V plotted for 2-terminal (blue), 3-terminal (red) and 4-terminal (black) 

configurations as a function of the gate voltage. The 3-terminal measurements were performed using both contacts 

18 (triangles) and 19 (diamonds). The applied constant current between source and drain was 2 nA, and the 

measurements were performed at room temperature. (b). 2-terminal measurements as a function of VG performed 

using different distances between the contacts while keeping the same source contact. The resistance values at the 

curve maxima scale approximately with the channel length (for the sample geometry, see Figure 5.2-1 (b)). I = 2 
nA. (c). 2-, 3- and 4-terminal measurement configurations allow the contact and channel-related resistances to be 

extracted separately. (d). Room temperature conductance calculated from the 4-terminal measurement shown in 

panel (a); the red line represents a linear fit resulting in a mobility of 30 cm2V-1s-1. 

A semiconductor, when brought into direct contact with a metal, forms a Schottky barrier 

which usually results in a relatively high contact resistance and thus affects the measured 2-

terminal V(VG) dependence. To circumvent the influence of the resistive contacts and 

distinguish between channel and contact properties, 4-terminal electrode configurations were 

used. In Figure 5.3-1 (a) different multiterminal measurements (see Figure 5.3-1 (c) for 

schematics of configurations) are shown together for a clear comparison. The 2-terminal 

measurement contains contributions from both the channel resistance and the two interface 

resistances (see section 5.5 for the resistance model used) and is seen to be asymmetric with 

respect to the peak position. In contrast, the 4-terminal voltage shows a much more symmetric 

dependence on VG, as one would expect for a semiconducting material with similar electron 

and hole transport properties. The difference between the 2-terminal and 4-terminal curves 

is ascribed to the contact resistances and can be probed more directly in a 3-terminal 

configuration. The measured dependencies indeed indicate that the observed asymmetry is 

related to the transport through or in the vicinity of the contact interface and can be explained 

by the presence of the expected Schottky barriers at each contact interface. The degree and 

sign of the asymmetry (as for the height and position of the Schottky barrier itself) are 

determined both by the Fermi level positions in the adjacent regions and by the properties of 

the interface such as the density of impurity states. We note that in addition to formation of 
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the Schottky barrier, the metal contact can also lead to modification of the underlying bulk 

channel. In this scenario the contact contribution cannot be excluded even in a 4-terminal 

configuration (see section 5.5 for more details). 

 

Figure 5.3-2 The 2-terminal conductance for contacts 18 and 19 is plotted as a function of VG at different 
temperatures. The orange line represents an example of a linear fit for the extraction of hole mobility. The perceived 

2-terminal hole mobility is expected to be close to the actual channel mobility because (as shown in Figure 5.3-1) 

the contact contribution at negative gate voltages is minimal. The gate voltage was swept from positive to negative 
values. Inset: 2-terminal hole mobility extracted from the data plotted in the main panel, shown as a function of 

temperature. 

An alternative way to differentiate between the channel and contact properties is to measure 

2-terminal resistances for different channel lengths. In Figure 5.3-1 (b) we plot 2-terminal 

resistances measured with source contact 17 while the drain contact was varied over all 

possible configurations (see Figure 5.3-1 (b)). The central portion of the curves around the 

maxima scales approximately with the channel length L, while for large positive gate voltages 

the measured signals saturate at values that are independent of L. This further confirms a 

clear distinction between the channel associated resistance and the asymmetric contribution 

attributed to the contact regions, which influences the measurement mostly at positive VG. 

In order to explore the higher carrier concentration regime, we extended the range of used 

gate voltages up to ±50 V. At the maximum VG range, an ON-OFF current ratios for the holes 

is found to be 104 at room temperature and 105 at 77 K (see section 5.5). At |VG|>10 V a 

prominent hysteretic behaviour develops that is most pronounced at higher temperatures 

where the difference between the positions of the minima for opposite sweeping directions 

can be as large as ~60 V for a sweeping range of ±50 V (at sweeping rate of ~0.1 V/s). Such 

hysteresis indicates the presence of a substantial number of charge trap states within the range 

over which the Fermi level varies. Under an applied gate voltage these traps become 

activated/deactivated and can modulate the effective doping level of the system, thus 

affecting the shape of the conductivity dependence. At lower temperatures charge traps 

become frozen, considerably diminishing the degree of hysteresis and improving the 

reliability of the mobility estimation. For clarity, in our subsequent analysis below we use 

measurements performed with the same sweep direction from positive to negative VG unless 

stated otherwise (Figure 5.3-2). The mobility is estimated from the linear high carrier 
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concentration part of the conductance dependence as a function of VG and is plotted as a 

function of temperature in the inset. The observed increase in mobility with decreasing 

temperature could suggests a significant reduction of the contribution of the phonon 

scattering to the transport properties of carriers. Alternatively such temperature dependence 

of the extracted mobility can be artificially induced by the temperature dependent hysteretic 

behaviour of the measured conductance. However, such mobility extraction is still reliable at 

low temperatures where the observed hysteresis is minimal. Below about 170 K, the mobility 

saturates at ~150cm2/Vs). This exceeds the value estimated from the room temperature, low 

VG range dependence (Figure 5.3-1 (d)), presumably due to the fact that in the low VG range 

the system does not yet reach the linear conductivity regime as the Fermi level is still in the 

transition from the band gap to the valence band. Furthermore, electron transport is observed 

to be significantly suppressed compared to hole transport due to the presence of both 

hysteresis and the contact contribution in the 2-terminal measurement configuration as 

discussed earlier. Therefore, the set of performed measurements does not allow us to 

characterize the temperature dependence of the electron transport. 

 

Figure 5.3-3 Room temperature 4-terminal voltage measured as a function of VG for a set of different bias currents 

at room temperature. The current was applied between contacts 17 and 7, while the voltage was measured between 

contacts 19 and 13. 

To further demonstrate the transistor action of germanane in the non-linear regime, we 

repeated the 4-terminal voltage measurements using applied currents up to 100 nA, as shown 

in Figure 5.3-3. In this regime the voltage drop along the channel becomes comparable with 

the applied gate voltage and therefore creates an easily observable additional doping effect 

that changes along the length of the transport channel. These transport measurements probe 

an effect that can be approximated to first order by an average doping value, i.e., an extra 

gating of V/2. This means that under an applied voltage V across the channel, the measured 

dependencies are expected to be shifted by V/2. Such a shift is indeed seen in Figure 5.3-3. 

For instance, when the applied bias current is 100 nA the voltage across the sample at the 

maximum is ~8 V. The position of the maximum is shifted with respect to its linear regime 

position (see Figure 5.3-1 (a)) by ~5 V, which is close to the expected 8/2 V. The small degree 

of asymmetry between positive and negative applied currents indicates intrinsic asymmetry 

in the device and is further discussed in the section 5.5. 
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Figure 5.3-4 4-terminal conductance shown as a function of the gate voltage measured in the dark (black squares) 
and under red laser illumination (red diamonds). The current was applied between contacts 17 and 8, while the 

voltage was measured between contacts 18 and 19. I=1 μA, T=77 K. Inset: 4-terminal V plotted as a function of 

time when the laser is switched ON and OFF with chopper at 4 Hz. Applied VG=-20 V, I=1 μA. The red curve 
represents a fit using a double exponential dependence resulting in two characteristic times, 8.3 ms and 0.20 s. The 

black line shows the laser intensity, plotted in arbitrary units, which was switched between 0 and ~40 mW/cm2. 

So far we have presented measurements performed in the dark, thus avoiding influence of 

ambient light on the transport characteristics of germanane. However, the theoretical 

studies7–9 suggest the presence of a direct band gap in germanane, which implies a substantial 

response of the material to light excitation of the appropriate wavelength. Accordingly, we 

performed an experiment where the channel conductance in 4-terminal configuration was 

measured both in the dark and under illumination, shown in Figure 5.3-4. For the light source 

we used a red laser with a wavelength of 650 nm and an intensity of ~40 mW/cm2. The 

increase of the conductance under illumination over a certain gate voltage range (swept from 

negative to positive values) can suggest the excitation of extra carriers by photons as it 

happens in direct band gap materials. However, the substantial hysteresis in the system that 

is also observed indicates the presence of charge traps in the channel or in its vicinity. Such 

trap states can also be optically active and can influence the response to the illumination. The 

time responses of a trap system and a band electron system are expected to be significantly 

different because band electron systems reach equilibrium relatively fast compared to trap 

states. In the inset to Figure 5.3-4 we show the electrical response measured in 4-terminal 

configuration as a function of time when the laser light was modulated with a chopper at a 

frequency of 4 Hz. Double exponential fitting clearly indicates two components with 

characteristic times of t1 ≈ 0.20 s and t2 ≈ 8.3 ms. Since the trap-associated processes are 

expected to be much longer than those associated with band carriers, we interpret the 

appearance of a long time t1 as an indication of trap states in the vicinity of the channel. The 

short time t2 is consistent with the bandwidth limitation of our electrical measurement circuit 

(RC time limitation), which masks the real time scale of the fast response. The time response 

of band electrons in similar systems is typically faster than 1 ns (for GaAs see16). Therefore, 

further investigation with a higher frequency bandwidth is needed in order to characterize the 

photo response of the device at short timescales. 
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5.4 Conclusion 

In conclusion, in this work we have demonstrated the realization of single crystal germanane 

field-effect transistors with a current ON-OFF ratio in the range of 104-105, depending on the 

temperature. By employing various multiterminal measurement configurations, we have 

clearly separated the transport properties of the germanane channel from those of the 

contacts. Low gate voltage dependence measured at room temperature clearly reveals that 

germanane exhibits ambipolar behaviour. We have found a low bound for the hole mobility 

to be 70 cm2/Vs at room temperature which further increases to ~150 cm2/Vs below 150 K. 

Moreover, our study of the influence of light illumination confirms the high responsivity of 

the material, although further investigations are needed to fully characterize the photo 

response. 
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5.5 Supplementary information 

5.5.1 X-ray diffraction 

Single-crystal X-ray diffraction (XRD) measurements were performed using a Bruker D8 

Venture diffractometer operating with Mo Kα radiation and equipped with a Triumph 

monochromator and a Photon100 area detector. The crystals were mounted on a 0.3 mm 

nylon loop using cryo-oil. An Oxford Cryosystems Cryostream Plus was used to cool the 

samples to 100 K for data collection using a nitrogen flow. Data processing was performed 

using the Bruker Apex II software; the structure was solved by direct methods and refined 

using the SHELXL software17. Powder XRD data were collected using a Bruker D8 Advance 

diffractometer operating in Bragg-Brentano geometry with Cu Kα radiation. The data were 

fitted using the GSAS software suite18. 

 

Figure 5.5-1 hk0 and h0l reciprocal lattice images reconstructed from raw single-crystal XRD data. 

The sample contained many small, dark brown crystals. A rectangular block-like crystal of 

dimensions 0.1 × 0.05 × 0.02 mm was chosen for structure determination by single-crystal 

XRD. The unit cell was found to be monoclinic with lattice parameters a = 6.9244(14) Å, b 

= 3.9978(14) Å, c = 10.939(5) Å, β = 102.181(1)°. Inspection of reconstructed reciprocal 

lattice sections (Figure 5.5-1) showed that the condition h+k=2n is obeyed, implying a C-

centered lattice. Intensity statistics suggested a non-centrosymmetric structure, thus structure 

solution and refinement were attempted in space groups C2 and Cm. The Ge framework 

structure was solved by direct methods using the intensities of 373 unique reflections and the 

best solution (in terms of goodness of fit and residual electron density) was obtained using 

C2. Hydrogen atoms were added using the “riding” model incorporated in SHELXL, 

assuming tetrahedral coordination of Ge and fixed Ge-H bond distances of 1.565 Å19. A view 

of the refined structure is shown in Figure 5.5-2 and the atomic parameters are listed in Table 

5.5-1. 

In Figure 5.5-1 it is apparent that the pseudo-hexagonal hk0-plane (left) is well defined, 

containing sharp spots, whereas the spots along the l-direction (right) exhibit streaking, 

indicating short range order in the layer stacking direction. This is consistent with a previous 

report on germanane6. Nevertheless, the 00l spots are well distinguished, allowing the 
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average stacking periodicity to be established. 

Atom Ge1 Ge2 H1 H2 

x 0.6557(8) 0.6784(18) 0.6069 0.7267 

y 0.3589(16) 0.9306(16) 0.3589 0.9306 

z 0.9678(9) 0.5386(14) 0.8214 0.685 

U11 

(Å2) 
0.012(3) 0.092(8) 0.067 0.123 

U22 

(Å2) 
0.029(4) 0.018(4)   

U33 

(Å2) 
0.131(8) 0.202(13)   

U12 

(Å2) 
-0.001(4) 0.005(4)   

U13 

(Å2) 
0.029(3) 0.041(8)   

U23 

(Å2) 
0.005(4) -0.003(4)   

Table 5.5-1 Refined atomic coordinates and displacement factors for germanane at 100 K. Hydrogen positions were 

generated automatically by geometrical considerations. Space group C2: a = 6.9244(14) Å, b = 3.9978(14) Å, c = 

10.939(5) Å, β = 102.181(1)°. 

 

 

Figure 5.5-2 Refined crystal structure from single-crystal XRD data. The 6-membered Ge rings adopt the “chair” 
configuration. Views of layers A and B (right) show the crystallographically distinct Ge-Ge bond distances 

(Ångstrom). 

In the refined structure in Figure 5.5-2 it can be seen that the Ge atoms form 6-membered 

rings in the “chair” configuration. There are two crystallographically independent layers 

which are stacked in an ABAB sequence along the c-axis. The lateral offset between 

successive layers gives rise to a monoclinic unit cell. The seventh layer is almost directly 
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above the first layer; this would correspond to the 6-layer rhombohedral unit cell of β-CaGe2 

(space group R-3m) with which Luo and Zurek19  argued that germanane should be 

isostructural. The transformation from the rhombohedral to monoclinic cell is given by the 

matrix [1, -1, 0; 1, 1, 0; -1/3, 1/3, 1/3]. Indeed, our single-crystal XRD data could be indexed 

assuming a rhombohedral cell with a = 3.998 Å, c = 32.078 Å. We thus carried out structure 

solutions and refinements in the space groups R-3m, R3m and R3. The best fit was obtained 

in R3m but with an RF2 factor slightly larger than the C2 solution (0.187 versus 0.177) and 

with a significantly larger residual electron density. We therefore conclude that the structure 

is very close to that of β-CaGe2, but with a slight monoclinic distortion. We note that the RF2 

fit factors are relatively high due to the diffuse scattering associated with stacking disorder 

(Figure 5.5-1).  

The disorder in the stacking direction can also be seen in powder XRD patterns collected at 

room temperature and above on part of the bulk sample that was finely ground (Figure 5.5-3). 

The intense 002 peak is extremely broad. The width of this peak allows a rough estimate of 

the correlation length; use of the Scherrer formula gives an estimate of ~50 Å (~5 unit cells) 

in the c-direction. The strongly anisotropic peak broadening gives rise to problems in fitting 

the powder XRD pattern well, but the fit is rather good assuming the C2 structure obtained 

from the single crystal XRD data. There is a small amount of α-Ge in the sample: the ratio of 

GeH to α-Ge is 94(2)% to 6(2)%. 

 

Figure 5.5-3 Observed (black data points), calculated (red line) and difference (blue line) powder XRD profiles at 
40 °C. The Al peaks are from the sample holder. The inset shows the disappearance of the 002 peak as the sample 

is heated from 160 °C to 190 °C. 

On heating, no changes are observed in the powder XRD patterns up to 160 °C apart from 

slight peak shifts due to thermal expansion. The GeH peaks decrease strongly in intensity at 

180 °C and have disappeared at 190 °C (inset to Figure 5.5-3). On cooling again the peaks 

do not reappear, implying that there is an irreversible crystalline to amorphous transition on 

heating. 

Therefore, with XRD spectroscopy we unambiguously determine the crystallographic 

structure of the synthesised material to be identical to that of GeH. 
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5.5.2 FTIR spectroscopy 

 

Figure 5.5-4 FTIR spectrum of GeH 

Fourier transform infrared spectra were measured in the range of 400−4000 cm−1 with a 

Shimadzu FTIR 8400 spectrometer equipped with a deuterated triglycine sulfate (DTGS) 

detector. Each spectrum was the average of 32 scans collected with 2 cm−1 resolution. 

Samples were in the form of KBr pellets containing ca. 2 wt % of sample. The spectrum of 

germanane shows a strong peak at 2000 cm-1 due to Ge-H stretching vibration while peaks at 

470, 574 and 620 cm-1 assigned to multiple wagging modes of Ge-H6,20. Moreover, weak 

peaks at 760 and 825 cm-1 are also present which correspond to H-Ge-H bending modes from 

neighbouring Ge atoms at the edges of the crystalline germanane layer and/or Ge vacancies 

within the layered germanane lattice6. Based on the FTIR spectroscopy we confirmed 

hydrogen termination of germanium atoms in the synthesised germanane (GeH). 

5.5.3 UV-Vis-NIR/DRA measurements 

 

Figure 5.5-5 DRA spectrum of GeH plotted in Kubelka-Munk function versus wavenumbers/ photon energy 

The diffuse reflectance measurements were conducted using a Shimadzu UV-VIS-NIR 
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Spectrophotometer (UV-3600) equipped with an integrating sphere attachment on barium 

sulfate coatings. The diffuse reflectance spectrum was converted to Kubelka-Munk function, 

F(R∞)6,21 and plotted against wavenumbers (nm) and photon energy (eV). The line tangent 

to the point of inflection on the curve and the eV value, at the point of intersection of the 

tangent line determined Eg value close to 1.58 eV. Thus, with DRA spectroscopy we confirm 

the presence of a band gap with the value which is very similar to that reported for 

germanane6. 

5.5.4 Raman spectroscopy 

 

Figure 5.5-6 Raman spectrum of bulk germanane powder flake (black) transferred on top of a SiC substrate, where 

SiC spectrum (red) shown separately. A characteristic peak associated with Ge-H bond is seen at 285 cm-1. 

Raman spectra were collected using a 632.8 nm excitation laser with a spot size of  

2 µm using an Olympus BX51 microscope coupled to a HeNe Laser (10 mW, Thorlabs) and 

a Shamrock 163 spectrograph and iDus-420-OE CCD (Andor Technology). The Raman 

spectrum of the synthesized  powder flake clearly reveals the presence of the Ge-H bond in 

the studied material thus confirming its composition. 

5.5.5 Resistance model for 4-terminal measurement  

 

Figure 5.5-7 Schematics of the used resistance network model for multiterminal measurements. Horizontal 

resistances Rch line represent the channel divided into sections between the contacts which are shown with vertical 

resistances Rc. 

For interpretation of the 3- and 4-terminal measurements we employ a standard resistance 

network model shown in Figure 5.5-7. Within such a model the contact contribution Rc is 

fully excluded when 4-terminal configurations is used. 3-terminal measurement 

unambiguously gives the contact resistance Rc.  However, in reality the metal contact locally 

modifies the semiconductor channel underneath it, forming, for example, p-n junctions in the 

channel or depletion regions. This implies that Rch=rch+rch
*, where rch is true unaffected 

channel resistance and rch
* is the part of the channel modified due to the contact. Under these 

circumstances even a 4-terminal configuration contains not only the intrinsic channel 

https://en.wikipedia.org/wiki/Barium_sulfate
https://en.wikipedia.org/wiki/Barium_sulfate
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resistance but also contact induced contribution. 

5.5.6 Non-linear I-V characteristics 

 

Figure 5.5-8 2-terminal I-V characteristics of the device measured between contacts 18 and 19 and plotted in 

logarithmic scale with respect to the source-drain bias for different gate voltages for both hole doped (left) and 
electron doped (right) regimes. For V<0 V the value of the current is multiplied with -1for the applicability of the 

logarithmic scale. 

We measured I-V characteristics of the device in 2-terminal configuration for different gate 

voltages, Fig S8. Overall the measured output curves resemble transistor-like behaviour. In 

particular, for V<0 in a certain ranges of the gate voltage we observed consistently a current 

saturation regime that is followed by a breakdown regime where the source-drain current 

transits into an exponential increase. However, at V>0 a saturation regime is practically 

absent implying that the output curves are highly asymmetric with respect to V=0. Assuming 

a homogeneous channel the strong asymmetry in I-V characteristics unambiguously suggests 

an asymmetry between the Schottky barriers formed at source and drain contacts. This is not 

immediately expected as both of the contacts used for measurements are geometrically 

designed to be the same (contact 18 and 19 in Figure 5.2-1, main text) and there is no step in 

our fabrication procedure that would make a clear distinction between them. Nevertheless, 

experimentally the 3-terminal dependences V(VG) for these contacts indeed reveal substantial 

difference in their resistances as seen in Figure 5.3-1, main text. With a certain extension this 

situation is similar to a p+np bipolar transistor with similar asymmetric I-V characteristics. 

5.5.7 Four-terminal transfer curves at higher gate voltage 

range 

Higher gate voltages up to ±50V (at 0.1 V/s sweep rate) were probed to achieve higher charge 

carrier concentration. In Figure 5.5-9 conductance is plotted within a maximum used gate 

voltage range in semologarithmic scale both at room temperature and 77K. The observed 

modulation of the conductance with applied VG gives an ON-OFF current ratio ~104 at room 

temperature and ~105 at 77K. As mentioned in the main text a significant hysteresis develops 

when VG is swept in a range larger than ±10V. For a given range of ±50V the difference in 

conductance minima positions in opposite sweeping directions is found to be as large as ~60V 

at room temperature. Presence of such hysteresis is likely to be due to the existence of charge 
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trap states. 

 

Figure 5.5-9 4-terminal conductance plotted in a semilogarithmic scale as function of VG for both room temperature 
(orange) and 77K (black). The current was applied between contacts 17 and 8, while the voltage was measured 

between contacts 19 and 13. Arrows indicate the direction of the sweeping gate voltage. 

5.5.8 Electrical characterization of sample #2 

 

Figure 5.5-10 Left: measured signal V for sample #2 is plotted for 2-terminal (blue), 3-terminal (red) and 4-terminal 

(black) configurations as a function of the gate voltage. 3-terminal measurements are done for contacts 3 and 4. The 
applied constant current between source and drain is 0.2 nA, measurements are done at room temperature. Right: 4-

terminal conductivity V/I measured at room temperature as function of VG. The red line represents a linear fit and 

gives ~400 cm2/(Vs) for the hole mobility. The gate voltage is swept from negative to positive values. The inset 

shows a zoomed in region for positive gate voltage range of the dependence from the main panel. 

One of the consequences of the formed Schottky barrier at the interface is a doped (depleted) 

region in the vicinity of the contact. The affected region spreads out as far as the depletion 

width (both in plane of the flake and beneath the contact) and can generally contribute to the 

electrical transport as an extra resistance. Depending on the thickness of the studied 

semiconductor with respect to the depletion width such regions/junctions will affect the 4-

terminal measurements to a different extent. As compared to sample #1 discussed in the main 

text (see Figure 5.3-1) it is seen that contact contribution for sample #2 is much more 

pronounced even in a 4-terminal configuration. It suggests a significant modification of the 

channel under the contact. Moreover, it is apparent that for sample #2 2-terminal 
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measurement cannot be obtained by summing up both 3-terminals and 4-terminal 

measurements. For this sample the leackage current between the Si gate and the germanane 

flake was found to be relatively high compared to sample #1 and reached up to 3 nA which 

is comparable to the applied current and, therefore, is likely to influence the measured voltage 

in all configuration. Leackage current for sample #1 was found to be below the noise level 

of the measurement (typically ~1 nA) at all gate voltages. 

Besides the leackage sample #2 showed a qualitatively similar behaviour to the sample 

discussed in the main text, including the value for the hole mobility ~400 cm2/(Vs) estimated 

from 4-terminal measurements at 77 K. 
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6 Study of proximity-induced SOC and 

anisotropic spin relaxation in single layer 

graphene − multi-layer WSe2 van der Waals 

heterostructures 

 

Abstract 

In graphene, large spin-orbit coupling (SOC) in the order of meV can be induced in its 

proximity with a transition metal dichalcogenide (TMD). In this report, we probe the 

possibility of inducing SOC in a single-layer graphene using multi-layer tungsten di-selenide 

(WSe2) via the non-local spin-valve and the Hanle spin precession measurements. First, we 

observe for the in-plane spin transport in graphene underneath the WSe2 that, the spin-signal 

in a WSe2 covered region longer than 3 μm could not be detected; this alludes to a large 

magnitude of the induced SOC in the graphene. Second, we show that the WSe2 induced SOC 

is anisotropic in nature and results in different in-plane (τ‖) and the out-of-plane (τ⊥) spin-

relaxation time. The lower bound for the spin-lifetime anisotropy ratio in the WSe2 covered 

region of graphene is found to be: 
𝜏⊥

𝜏‖
= 3.5. Interestingly, the proximity induced SOC in 

graphene underneath the WSe2 covered region can be non-locally determined in the nearby 

graphene region not covered by WSe2; this is due to the diffusing nature of the itinerant spins 

which also explore the WSe2 covered graphene region. Third, we demonstrate the use of the 

multi-layer WSe2 as an intermediate layer for spin injection into the graphene. Lastly, we 

model the spin transport under and near the WSe2 covered graphene region, and obtain an 

agreement between the simulation and the experimental observation of the anisotropic 

behaviour. 
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6.1 Introduction 

Graphene has emerged as a promising material for the study of spin-based electronics 

(spintronics), as it offers a high charge carrier mobility and a long-distance spin transport.1–3 

However, graphene in its pristine form has very weak intrinsic spin-orbit coupling (SOC) in 

the order of 10 eV4, limiting the efficient electrical control of the spin transport. Efforts to 

induce a large SOC in graphene by chemical functionalisation has led to the mobility 

degradation and complexity in the device fabrication5. Unlike graphene, transition metal 

dichalcogenides (TMD) possess a strong intrinsic SOC. Tungsten di-selenide (WSe2), one of 

the TMDs, possesses a SOC strength of ~440 meV, the highest among all TMD materials. 

The strong SOC in WSe2 allows one to theoretically induce a large SOC in graphene in the 

orders of 10-20 meV6,7 by weak van der Waals interaction between graphene and the 

contacting WSe2, without compromising on the excellent charge transport capability of 

graphene.  

Spins diffusing in the graphene region in contact with a TMD experience both Rashba and 

valley-Zeeman SOC, present in the plane and perpendicular to the plane of the graphene 

respectively8. The Rashba SOC arises from the breaking of the inversion symmetry at the 

TMD-graphene interface, and the valley-Zeeman SOC arises due to the proximity of a high 

SOC TMD material. The Rashba SOC, due to its in-plane effective magnetic field texture de-

phases both the in-plane and the out-of-plane spins while the valley-Zeeman SOC de-phases 

only the in-plane spins. Both these effects de-phase the in-plane and the out-of-plane spins at 

different rates giving rise to the anisotropy in their spin lifetimes. Theoretically, the ratio of 

the spin lifetimes of the out-of-plane spins (τ⊥) to the in-plane spins (τ‖) for graphene on WSe2 

is ≈ 20, the maximum among all the TMDs and is one order higher than that observed in the 

graphene on a SiO2 substrate8. 

Recent magneto-resistance experiments6,7,9,10 in graphene placed on a multi-layer TMD 

exhibit a sharp conductance peak at small magnetic-fields, i.e. the weak anti-localization 

effect which is a characteristic of a TMD proximity induced strong SOC in graphene.  Such 

enhancement of SOC in graphene entails a reduction of the spin lifetime by nearly 3 orders 

of magnitude than in graphene on other substrates - such as SiO2 and hBN which has 

negligible intrinsic SOC. Graphene-on-TMD device geometry does not allow one to directly 

compare the spin transport in the same graphene when not in contact with TMD. Hence, other 

experiments11,12 have considered reversing the configuration of the stack, by placing TMD 

on graphene instead, paving the way for the study of proximity effects in graphene covered 

and not covered by the TMD in the same device.  

For the TMD-on-graphene heterostructures, reports observe a reduced spin life time12,13 and 

its further tuning by electrical gating12 with a modulation of the spin current11,12; which makes 

these heterostructures an attractive platform to use it as a 2D spin field-effect switch. 

However, these experiments do not explore the spin lifetime anisotropy for the spin transport 

in graphene under the TMD. Recently, there are reports observing an anisotropy in the spin 

relaxation in graphene encapsulated by a single-layer14 (MoSe2) and multilayer15 (WS2) 

TMD, and show the effect of TMD proximity-induced SOC in the graphene region covered 

by narrow TMD flakes (1-2m). However, there has been no direct spin-transport 

measurements on graphene-TMD heterostructures using WSe2 as a TMD material and 
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exploring the consequences of the largest induced SOC in graphene on spin-transport. 

In this report, we study the effect of WSe2 proximity-induced SOC in graphene via the non-

local spin transport measurements. We perform non-local spin-valve (non-local SV) and 

Hanle spin precession measurements, at different charge carrier densities in both graphene 

and WSe2. We study four graphene-WSe2 heterostructure samples with a varying length of 

the WSe2 covered graphene region, and find that the length of the WSe2 coverage 

significantly affects the spin transport in the graphene region. The spin transport in graphene 

is detectable across the WSe2 covered graphene region only when the coverage is < 3 µm in 

length. For WSe2 coverage > 3 µm, no spin-signal is detected. This observation supports the 

possibility of a large SOC in WSe2-covered graphene, in contrast with other TMDs such as 

WS2, where graphene is completely supported on the TMD and it is still possible to measure 

the spin transport even in the region of ~7µm13,19. Also, we show that the WSe2 proximity 

effect in the graphene region in contact with WSe2 can be measured in the nearby spin-

transport region of graphene which is not even covered by the WSe2 flake. In this nearby 

region, we also observe a change in a spin lifetime by tuning the charge carrier density (via 

back-gate voltage) in graphene.  

Next, we observe an anisotropy in the spin relaxation time for in-plane and out-of-plane spins 

in the graphene region covered by the WSe2 flake via Hanle spin-precession measurements 

at high magnetic fields (>500 mT). The lower bound for the spin-lifetime anisotropic ratio is 

found to be, 
τ⊥

τ‖
= 3.5. The observed spin relaxation anisotropy in the nearby region is seen 

to decrease as we measure the spin transport farther away from the WSe2 covered graphene 

region, in the range of 1 µm to 2.5 µm. For the graphene region farther away than 2.5 µm 

from the TMD covered region, we could not detect the anisotropy in the spin relaxation times 

present in the WSe2 covered region. We also use a multi-layer WSe2 (5-10 nm thick) flake as 

an intermediate layer in the WSe2/graphene heterostructure for injecting spin into graphene.  

Further, we use the steady-state Bloch-diffusion equation to model our experimental results. 

The modeled Hanle spin precession curves for spin transport under and near the TMD 

covered graphene region are in agreement with our experimental observation. 

6.2 Device fabrication and characterisation 

We prepare stacks of WSe2 on graphene by the dry transfer method.16 Thin WSe2 flakes are 

mechanically exfoliated onto a poly-di-methyl-siloxane (PDMS) substrate and identified 

using an optical microscope. Likewise, the graphene flake is mechanically exfoliated on a 

300 nm SiO2 substrate with n++ Si back-gate. A transfer stage arrangement is then used to 

position and transfer the WSe2 flake from the PDMS substrate onto the graphene flake. The 

thickness of the WSe2 is determined using the atomic force microscopy (AFM). We did not 

anneal the prepared stack of WSe2 on graphene since the WSe2 and graphene flakes are seen 

to roll up during the annealing. Later, the stack is spin-coated with a poly(methyl 

methacrylate) (PMMA) e-beam resist at 4000 rpm for 60 seconds and is baked at 180C for 

30 seconds on a hot plate. The desired pattern of the contacts is written on the e-beam resist 

via the e-beam lithography and develop the exposed resist in a MIBK:IPA solution mixed in 

1:3 ratio for 60 seconds, and later rinse in IPA for 30 seconds followed by blow-drying of 
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the residue solution using nitrogen gas. 

In order to define the contacts, we first deposit 0.8 nm thick Al in two steps: each step of 0.4 

nm thick Al is deposited and naturally oxidised in an oxygen atmosphere to form aluminium 

oxide (AlOx) tunnel barriers. Next we deposit 60 nm thick ferromagnetic cobalt (Co) and 5 

nm thick aluminium (Al) as a capping layer, using the e-beam physical vapor deposition. 

Finally, we treat the device in warm acetone ( 35 C) for the lift-off of the unexposed e-

beam resist along with the deposited overlying excess metal. 

We electrically characterise the fabricated device at room temperature, 77 K and 4.2 K in a 

vacuum chamber at 10-5 m-bar pressure. AC electrical measurements are performed using a 

low-frequency lock-in detection technique, and DC electrical measurements are carried out 

using a Keithley 2410 source meter. The magnitude of the AC used for spin injection is in 

the range 1-10 A. Magnetic field is applied using a rotatable electromagnet which can 

generate up to 1.2 T. Optical experiments are performed by illuminating the sample, with a 

650 nm laser, through an optical window. 

6.3 Measurements 

 

Figure 6.3-1 Schematic of a stack of multi-layer WSe2 on graphene with FM contacts on single layer graphene (top 

view). Graphene regions covered and not covered by WSe2 are indicated by the red arrows and text. The in-set figure 

shows a typical non-local SV measurement presenting a change in non-local resistance (RNL) as a function of an 

applied in-plane magnetic field (B‖). 

A representative schematic of a multi-layer WSe2 on graphene (top view) heterostructure is 

shown in Figure 6.3-1. Different regions of the graphene covered and not covered by WSe2 

are indicated accordingly. To explore the possibility of WSe2 induced SOC in graphene, we 

perform a comparative study of the spin and charge transport in graphene regions covered 

and not covered by WSe2.  

We characterise the spin transport in graphene by using the non-local SV and Hanle spin 

precession measurements. For the non-local SV measurements, an in-plane magnetic field B|| 

is applied along the negative direction of the y-axis. Since, the applied B|| is parallel to the 

Region of 
graphene covered 

by multi-layer 
WSe2

Region of 
graphene not 

covered by WSe2

and close to 
WSe2/graphene 

region

Region of graphene 
not covered by WSe2

and far from 
WSe2/graphene 

region

V

Cdetector Cinjector

X

Y

Z

B||

B||

RNL

L = 0.44 µm to 5.8 µm



Measurements 83 

 

 

easy axes of the ferromagnetic (FM) electrodes Cinjector and Cdetector, the FMs magnetization 

gets aligned along the direction of B|| represented by orange arrows in Figure 6.3-1. We then 

inject a spin-polarised charge current (IInject) via Cinjector into the graphene. In the non-local 

geometry, the spins diffusing towards the detector FM electrode is different from the path of 

electrical charge current flowing in the injector circuit. A FM voltage probe (Cdetector) is used 

to measure the voltage VNL arising due to the diffusing spin accumulation along the length of 

the graphene channel. The measured VNL is converted into non-local resistance RNL as, 

RNL=VNL/IInject. We denote the initial signal as R, corresponding to the parallel 

magnetisation of the injector and the detector FM electrodes. Later, B|| is increased in the 

opposite direction, i.e. in the direction of the positive y-axis to reverse the magnetisation 

direction of one of the FM electrodes which leads to an anti-parallel state R. The FM 

electrodes switch corresponding to their coercive fields which appears as a sharp transition 

in the RNL. The change in RNL is calculated as ∆RNL=R-R which is the magnitude of the 

non-local SV signal as shown in the inset of Figure 6.3-1. 

We perform Hanle spin precession measurements with a magnetic field, B⊥ applied 

perpendicular to the plane of graphene, i.e., along the z-axis. By increasing the strength of 

B⊥, the spins in graphene diffusing towards the detector FM start to precess with a Larmor 

frequency ωL around B⊥. The one-dimensional Bloch equation, which includes the effects of 

spin diffusion, spin precession, and spin relaxation describes the whole spin-dynamics as 

below17, 

0 = Ds∇
2μS
→ −

μS
→

τs
+ ωL

→ × μS
→                    Equation 6.3-1 

where μS
→ is the spin-accumulation electrochemical potential, Ds is the spin-diffusion 

coefficient, and τs is the spin relaxation time. The Hanle curves are fit with the steady-state 

solution of the above equation to obtain the spin-transport parameters Ds and τs. 

Further, with an application of a high magnetic field B⊥ ≃ 1.2 T, we could align the 

magnetisation of the FM electrodes along the out-of-plane direction, i.e. in the direction of 

B⊥ at the positive z-axis. In this scenario, the spin-polarised current injected via the FM is 

polarised in the out-of-plane direction; this enables us to study the out-of-plane spin injection 

and transport.  

We characterise four WSe2/graphene heterostructure samples with different lengths (L) of 

WSe2 covering graphene. For further discussion, we label them as Device-1, 2, 3, and 4. First, 

we discuss the spin transport of the in-plane spins in graphene under and near the WSe2 

covered graphene region. Here, it is shown that the WSe2 induced proximity effect in 

graphene can be measured even in the neighbouring graphene region not covered by WSe2. 

We also show that the spin transport is not measurable across the graphene region covered 

with L > 3 m of WSe2. Later, we study the spin transport of both in-plane and out-of-plane 

spins in graphene regions covered by WSe2. In both under and near the WSe2 covered 

graphene regions, we observe an anisotropy in the spin relaxation time for in-plane and out-

of-plane spin transport.  
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6.3.1 In-plane spin transport in the graphene region under 

and near the WSe2 covered region 

Figure 6.3-2 (a) shows the optical image of Device-1 with ≈7 nm thick WSe2 flake (as 

determined by the AFM, Supplemental material 6.5.1) on monolayer graphene. The length 

of the graphene covered by WSe2 is ≈ 0.5µm. In Figure 6.3-2 (b), the graphene region covered 

by WSe2 is represented as region-I. The graphene regions not covered by WSe2, far from and 

near the WSe2 covered region are labelled as II and III respectively. 

 

Figure 6.3-2 (a) An optical image of the Device-1, a stack of multi-layer WSe2 on a single layer graphene on a 300 

nm SiO2 substrate, the dotted blue line marks the graphene flake contacted with ferromagnetic (FM) electrodes; the 

green flake positioned vertically to graphene is multi-layer WSe2. (b)  Device schematic of the WSe2/graphene stack 
of Device-1 showing graphene regions covered (I) and not-covered (II and III) by WSe2 and contacted by FM 

electrodes. 

6.3.1.1 Spin transport in region-I of Device-1 

The device is electrically characterised via low-frequency AC lock-in measurements to 

determine the contact-resistance (RC) ≈ 3-25 KΩ and graphene sheet resistance (Rsq) ≈ 200 

Ω as discussed in Supplemental material 6.5.3. These values of RC and Rsq fall in the 

conductivity mismatch regime (Rc>Rsq) which prevents the backflow of spins from the 

graphene into the FM contacts.17 

We characterise the channel resistance of graphene and WSe2 as a function of back-gate 

voltage VG, via four-probe and two probe measurements, as shown in Figure 6.3-3 (a) and 

(b) respectively. We observe that the graphene flake is n-doped with the Dirac point of 

graphene residing at negative VG. WSe2 starts to conduct electrically with the application of 

a positive VG, is also n-doped. The WSe2 transfer characteristics (current flow in WSe2 vs  

applied gate-voltage) is performed on a small piece of WSe2 flake, broken off from the 

heterostructure, and is directly on the SiO2 substrate, with no graphene underneath. 

We perform the non-local SV measurements at room temperature (297 K) across the region 

I; contacts 17 (I+) is used as the inner injector and 16 (I-) as the outer injector, while, contacts 

11 (V+) and 8 (V-) are used as the inner and outer detectors respectively. Spin transport in the 

region-I could not be detected even with the closest placed injector-detector electrodes (top 

green curve) as shown in Figure 6.3-3 (c). However, the spin signal of ∆RNL ≈ 8 mΩ could 

be measured even at a longer channel length (distance between injector and detector FM 

electrodes) of ≈ 4.5 µm in the graphene region not covered with WSe2, unlike in region-I, as 
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discussed in Supplemental material 6.5.4. We attribute it to the presence of  ≈ 80 mΩ noise 

in the signal in region-I, as shown in the top green curve of Figure 6.3-3 (c).  

 

Figure 6.3-3 (a) 4-terminal transfer curve for regions-I and III of Device-1. (b) Transfer curve for WSe2 flake 

measured at 64 K. (c) Non-local spin-valve measured in the region-I at different temperatures and back-gate 

voltages. (d) The green and red curves are a change in measured non-local resistance (ΔRNL) for the region-I and II 

respectively (error bar represents the noise in the non-local SV signal). 

To increase the signal to noise ratio, we cool down the Device-1 to 64 K using liquid N2. 

Now, we indeed measure a clear non-local SV signal ∆RNL ≈ 13 mΩ for region-I at VG = 0 V 

as shown in the bottom green curve of Figure 6.3-3 (c). The level of noise in the RNL signal 

is reduced from ≈ 80 mΩ at 297K to ≈ 3 mΩ at 64 K. Following this, we measure ∆RNL in 

region-I as a function of charge carrier density in both graphene and WSe2 by changing the 

back-gate voltage (VG), as shown in the bottom graphs of Figure 6.3-3 (c). 

An increase in ∆RNL towards the Dirac point in graphene is a characteristic of spin transport 

in graphene with tunnel contacts while a decrease in ∆RNL towards the Dirac point in 

graphene is a characteristic of spin transport in graphene with transparent contacts18. As 

shown in Figure 6.3-3 (d), ∆RNL decreases for the region-I while it increases for region-II as 

we sweep VG towards the Dirac point of graphene, i.e. towards negative gate voltage. We 

determine the nature of contacts directly by performing the three-terminal (3T) 

measurements, and find that the lowest RC measured is ≈ 3.2 KΩ (Supplemental material 

6.5.3) which is usually a characteristic of tunnel contacts. Since our contacts are in the 

tunnelling regime, it clearly explains that our observation of ∆RNL change in region-II is due 

to tunnelling contacts. However, the observed anomaly for the change in ∆RNL for the region-

I with the application of VG is indeed not due to the nature of contacts, but instead, it could 

be due to other mechanisms like the electrical tuning of either the SOC6,7 or the spin 

resistance11,12 at the WSe2/graphene interface. 
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However, the observed increase in ∆RNL as WSe2 becomes electrically conductive is contrary 

to the trend observed in previous reports where a decrease in the spin signal is observed with 

the TMD acting as a spin sink when it is electrically conductive11,12. Hence, the change in 

∆RNL observed for region-I can only be understood and explained by studying and comparing 

the spin lifetime obtained by Hanle spin precession measurements in the region-I and II. 

 

Figure 6.3-4 Normalised Hanle spin precession measurements in the region of I and II for Device-1, showing a 

decrease in non-local resistance with an increase in applied perpendicular magnetic field.  

Hanle spin precession measurements are performed at VG = 0 V to determine the spin lifetime 

at low temperatures (4-64K). Hanle curves for the region-I and II are normalised and plotted 

together in Figure 6.3-4. The obtained spin lifetime (55-50 ps) along with the shape of the 

Hanle curve for both the region-I (at 4 K) and region-II (at 64 K) appear to be similar, which 

indicates that the spin transport is unaffected with the coverage of WSe2 at VG = 0 V. 

However, conductance in WSe2 is turned OFF at 0 VG and may not contribute to any changes 

in spin transport in the graphene region covered by WSe2. We could not perform Hanle spin 

precession measurement at different VG to quantify our observation of the change in ∆RNL 

due to the device failure. 

Further, we note that the spin lifetime in the region-I can be obtained by considering the 

homogeneous-model for spin relaxation (by Hanle fitting) across the entire graphene flake. 

However, region-I includes different graphene regions covered and not covered by WSe2 

where the spin relaxation can be different owing to either a difference in induced SOC in 

these regions or due to the spin sink effect. Hence, the real spin parameters can be extracted 

only by considering a spin relaxation model which includes different spin relaxation rates for 

both the graphene regions covered and not-covered by WSe2. 

Also, due to the shorter length of WSe2 coverage over graphene (0.44 µm), there is a small 

dwell-time of spins under the WSe2 covered graphene region and therefore, it might lead to 

the reduced effect of proximity-induced SOC or the spin sink effect. Also, the charge 

screening in graphene and/or higher spin resistance at the WSe2/graphene interface11,12 

complicates our analysis of proximity effect. Therefore, our measurements of gate modulated 

spin transport in the region-I of Device-1 are not conclusive enough to claim the proximity 

induced spin-orbit interaction. 
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6.3.1.2 Spin transport in region-II, and III of Device-1 

Due to the diffusive nature of the spins, the TMD proximity effect should be visible not only 

in region-I where the spin-transport properties of graphene are directly modified by the 

contacting WSe2, but the proximity effect is also expected to be visible in the nearby graphene 

region not covered by WSe2. To verify this hypothesis, we study the spin injection and 

transport in two graphene regions: far (II) and near (III) the graphene region covered by WSe2 

in Device-1.  

 

Figure 6.3-5 (a) and (c) show the Hanle spin precession measurements in the region - III and II respectivley. The 

Hanle curves show a decrease in non-local resistance with increase in perpendicular magnetic field at different back-

gate voltages. (b) and (d) show the plot of change in non-local resistance (left y-axis) and spin lifetime (right y-axis) 
as a function of change in back-gate voltage for region-III and II respectively. The data in (a) and (c) is symmetrized 

to remove the linear background. 

Corroborating our expectations, Hanle spin precession measurements performed for region 

III show an increased broadening of the Hanle curves by tuning the back-gate voltage towards  

positive VG, values as shown in Figure 6.3-5 (a), along with the reduction in the magnitude 

of the spin-signal at B⊥ = 0 T, which is confirm independently via spin-valve measurements 

(Supplemental material 6.5.6). The spin lifetimes obtained via the Hanle curve fitting of the 

measured data are plotted against the right y-axis in Figure 6.3-5 (b); observe a decrease in 

the spin lifetime by tuning the back-gate to the positive VG i.e. towards the higher carrier-

density regime in graphene. We also see that the WSe2 becomes electrically conductive by 

sweeping VG in the positive direction, as shown in Figure 6.3-3 (b);. The extracted spin 

lifetime of ≈ 63 ps at VG = - 50 V for region-III when WSe2 is not conducting is similar to 
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the value found for region-II (Figure 6.5-3 (d)). However, when WSe2 starts conducting, the 

extracted spin lifetime decreases down to ≈ 29 ps, showing an effective tuning of the spin 

lifetime as a function of VG. 

For comparison, region-II is characterised using non-local SV and Hanle measurements as a 

function of VG. We see that the magnitude of the Hanle signal and the extracted spin lifetime 

from the Hanle spin precession measurements remain almost constant in region-II as a 

function of VG as shown in Figure 6.3-5 (d), which indicates the difference in the effect of 

WSe2 on spin-transport between region-III and region-II. We obtain two major conclusions 

from the measurements. First, when the WSe2 is not conducting, we obtain similar 

magnitudes of in-plain spin-relaxation time ~ 50-55 ps in regions I,II and III irrespective of 

the location of the TMD with respect to the spin transport channel. Second, the TMD-

proximity induced spin relaxation can also be measured in the spin-transport channel even 

when the TMD is not directly present in the channel. The only prerequisite is that WSe2 has 

to be close enough to the spin transport channel. These measurements unambiguously 

establish the effect of TMD-proximity for in-plane spins in graphene. 

The change in the spin lifetime in region-III as a function of back-gate voltage could be due 

to two mechanisms. Firstly, the graphene region covered by WSe2 could act as a spin sink 

that changes its effect as a function of VG
11,12. Reduction in the spin resistance or Schottky 

barrier at the interface results in the absorption of spin current across the WSe2/graphene 

interface and eventually leading to the spin relaxation in the WSe2. Secondly, the observed 

change in the Hanle magnitude and shape could also be due to the change in SOC19 magnitude 

as a function of the electrical field applied across the back-gate. However, our observations 

alludes more towards the spin absorption as we see a change in both spin lifetime and RNL in 

contrast to proximity induced SOC wherein RNL is not expected to change19.  

6.3.1.3 Studying the role of length of WSe2 coverage over in-plane spin transport 

 

Figure 6.3-6 (a) and (c) shows the optical image of Device-2 and Device-3 respectively; a stack of WSe2 on graphene 
on a 300 nm SiO2 contacted with ferromagnetic (FM) electrodes. (b) and (d) show typical non-local SV 

measurements for spin transport in graphene for the graphene regions covered and not-covered by WSe2 respectively. 
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In Device-1 with L = 0.44 µm, we could observe the in-plane spin transport underneath the 

WSe2 covered graphene region. Now, we study the role of WSe2 coverage over spin transport 

by considering the larger lengths of WSe2 coverage, i.e. L = 3.6 m for Device-2 and L = 5.8 

m for Device-3, device images presented in Figure 6.3-6 (a) and (c). The distance of 

separation between the FM electrodes placed across the graphene region covered with WSe2 

is > 8 m. Initially, we characterise the switching fields of the FM electrodes placed across 

the WSe2 covered graphene region, via the non-local SV measurements for spin transport in 

graphene regions not covered by WSe2, to make sure that they are spin-sensitive. Later, the 

spin transport across the WSe2 covered graphene region is studied and it shows no spin-signal 

as shown in Figure 6.3-6 (b) (magenta) and Figure 6.3-6 (d) (green); this is in contrast to our 

observations of spin transport in Device-1 where the channel of separation is < 3 m instead. 

However in both Device-2 and Device-3, the spin transport is measurable at the same distance 

of injector-detector FM electrode separation (> 8 m) in the graphene region not covered by 

WSe2, as shown in Figure 6.3-6 (b) (blue curve) and (d) (violet curve). From these 

measurements we infer that, the longer the graphene region covered by WSe2, lower is the 

chance of measurable spin transport across the region of WSe2 coverage. This is because the 

spin relaxation length in WSe2 covered graphene is lower than that of bare graphene; hence, 

larger the area of coverage lower is the chance of measuring spin transport across the covered 

region. Further, our observation supports the possibility of a large SOC in WSe2-covered 

graphene, in contrast with other TMDs such as WS2, where graphene is completely supported 

on the TMD and it is still possible to measure the spin transport even in the region ~7µm13,19. 

6.3.2 Spin relaxation anisotropy in the graphene region under 

and near the WSe2 covered region 

 

Figure 6.3-7 (a) Optical image of the Device-4, which is a stack of WSe2 on graphene on a 300 nm SiO2 substrate. 

The dotted white line indicates the graphene flake contacted with ferromagnetic (FM) electrodes; while the green 

flake positioned vertically to graphene is multi-layer WSe2. (b) Device schematic of the WSe2/graphene stack 

showing different graphene regions covered and not-covered by WSe2 contacted with FM electrodes. 

Until now, we discuss the in-plane spin transport in different graphene regions covered and 

not covered by WSe2. By applying a high perpendicular magnetic field, one can align the 

magnetisation of the FM electrodes in the out-of-plane direction along the applied field, thus 

facilitating the injection of out-of-plane spins in graphene. By doing this, we can study and 

compare the in-plane and out-of-plane spin transport in the graphene regions covered and not 

covered by WSe2. 
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Figure 6.3-7 (a) shows the optical image of Device-4 with WSe2 (L = 3.2 µm) on graphene. 

The WSe2 has two regions with different thicknesses of ≈ 6 and 10 nm as determined by the 

AFM (Supplemental material 6.5.9). FM contact 18 is on 6 nm thick WSe2 and contact 19 is 

on 10 nm thick WSe2. In this device, we inject spins into graphene through the WSe2 and 

AlOx tunnel barrier. Different graphene regions covered and not covered by WSe2 with FM 

contacts are labelled in the device schematic shown in Figure 6.3-7 (b). We could not modify 

the charge carrier density in graphene and WSe2 due to the non-operating back-gate, and we 

perform all the measurements in the floating gate condition. 

6.3.2.1 Spin transport in the region-I for Device-4 

The Device-4 is cooled down to 4.2 K to suppress the temperature-dependent noise and 

increase the signal to noise ratio. A spin-polarized current is injected into graphene via the 

FM contact 18 and is detected non-locally at FM contacts 8 and 9. For the non-local SV 

measurements (discussed in Supplemental material 6.5.10), we observe that only the detector 

electrode placed on graphene reverse its magnetisation direction while the injector electrode 

situated on WSe2 does not switch even with the application of a high magnetic field up to 

190 mT, which is usually sufficient enough to switch the FM electrodes of this width and 

thickness. Further, we observe similar anomaly in the switching of the FM electrodes when 

spins are injected through the contact 19 placed on WSe2 (discussed in Supplemental material 

6.5.12). The injector electrodes placed on WSe2 could not switch possibly due to the breaking 

of the domain walls at the edges of WSe2 where the FM electrodes cross over from the SiO2 

substrate to a thick WSe2; so, the magnetisation of the FM contacts on top of WSe2 seems to 

be pinned. 

Hanle spin precession measurements are performed to extract the spin-transport parameters 

in the region-I. Experimental data (blue curves) for Hanle measurements in the parallel FM 

electrode configuration is as shown in Figure 6.3-8, with a large linear background. Hence, 

the raw data is symmetrised to remove the linear background as shown by the purple curves 

in Figure 6.3-8. The extracted spin lifetime (τ‖) is ≈ 49 ps (in region-I) for the in-plane spins 

as discussed in Supplemental material 6.5.10. The spin lifetime is extracted for the region-I 

using the uniform model for spin relaxation, i.e. assuming that the graphene channel is 

uniform and τ‖ does not change along the length of graphene. However, in the region-I, the 

spins travel in both graphene regions covered and not covered by WSe2, where the spins 

possibly experience different spin relaxation mechanisms and thus has a different spin 

lifetime. Hence, it is essential to consider complete spin-dynamics of different regions to 

extract the τ‖ accurately. 

We apply an out-of-plane magnetic field up to 1.2 T during the Hanle spin precession 

measurements, leading to a gradual alignment of the magnetisation of FM electrodes towards 

the out-of-plane direction. As a result, the spin-polarised current flowing through the FM 

injects the out-of-plane spins into graphene. The injected out-of-plane spins travelling in the 

graphene channel are detected non-locally via FM electrodes whose magnetisation is also 

aligned out-of-plane, and this is reflected as an upturn of the measured RNL in the Hanle curve 

of Figure 6.3-8 (a) with the increasing magnetic field for region-I. This shape of the Hanle 

curve with an upturn is due to the spin lifetime anisotropy present in graphene which is also 

confirmed by modelling Hanle spin precession curves for spin injection near and under the 
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TMD covered graphene region as shown in Figure 6.3-10. In the modelled Hanle curves of 

Figure 6.3-10, we see a saturation in the RNL (plotted as measured spin accumulation which 

is α RNL). This saturation is a result of the magnetisation of the FM electrode being completely 

out-of-plane. We do not see a saturation of RNL at high B in our experimental measurement 

of Figure 6.3-8 (a) as we expect the magnetisation of the Co FM electrodes to saturate at ~1.5 

T at which value RNL will also saturate. For the Co electrodes, with the same thickness and 

width as the FM electrodes, the magnetic field at which their magnetisation saturates is 

obtained via an independent control-experiment.  

 

Figure 6.3-8 (a) and (b) shows Hanle spin precession measurement in the region-I and II respectively at a high 

magnetic field up to 1.2 T; the blue coloured curve is the raw data and the purple coloured curve is the symmetrised 

data. 

The in-plane spins are completely de-phased at B = 1.2 T, and as a result, the RNL measured 

at 1.2 T is mostly due to the detection of the out-of-plane spins. We can calculate the ratio 

(ξ) of the RNL measured at 1.2 T (RNL at 1.2T) and the RNL measured at 0 T (RNL at 0T), i.e., ξ =
RNL at 1.2T

RNL at 0T
. The anisotropy ratio, ξ > 1 for region-I hints to the fact that the τ⊥ > τ‖; this is 

because, WSe2 covers part of the graphene in region-I where we expect an anisotropic spin 

relaxation for τ⊥ and τ‖ with τ⊥ > τ‖. This is also confirmed by our modelled Hanle curves in 

Figure 6.3-10, wherein, we see that the measured spin accumulation is higher at B = 2 T than 

at B = 0 T for the TMD covered graphene region (also in the graphene region near to TMD 

covered graphene) for τ⊥ > τ‖.  

6.3.2.2 Spin transport in region-II for Device-4 

We consider spin injection via contact 18 at 4.2 K and the injected spins then travel in the 

graphene under the WSe2 covered region (region-II) before being detected by contact 20. 

Non-local SV measurement is discussed in supplemental material 6.5.13. From the non-local 

SV measurement, we see that the injector electrode does not switch, agreeing with our 

observation in the region-I addressed in 6.3.2.1. We also see that the spins injected by the 

FM contact 18, and travelling to the right side under WSe2, could not be detected at an 

injector-detector FM electrode separation of 4 m. In contrast, spins injected via contact 18 

and travelling to the left side, i.e. in the region-I, could be detected even at farther distances 

of ≈ 5.3 m (supplemental material 6.5.10). Hence, our observation of detecting no spin 

signal at farther distances in the graphene region covered by WSe2 can be explained by a 
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strong suppression of the in-plane spins propagating in graphene under WSe2. 

The Hanle spin precession curve for region-II for the parallel configuration of FM electrodes 

is as shown in Figure 6.3-8 (b). The obtained Hanle curve shows a weak modulation of the 

RNL (due to the in-plane spin detection) at low magnetic fields. However, the magnitude of 

RNL change at high magnetic field is significant ~100%. For region-II, ξ >1, suggesting that 

the region-II preferentially transports the out-of-plane spins rather than the in-plane spins. ξ 

>1 also implies that the spin lifetime for out-of-plane spins is much larger than that of the in-

plane spins. The lower bound value for spin relaxation time anisotropy as calculated in the 

supplemental material 6.5.13 is 
τ⊥

τ‖
= 3.5. We want to emphasise here that the change in the 

flake magneto-resistance (MR) for this region is ~5% (supplemental material 6.5.14), that is 

less than the change in the measured RNL which is about 100% as seen in the Figure 6.3-8 

(b). Therefore, the total change in the measured RNL is mostly due to the detection of the out-

of-plane spins and has a negligible contribution from MR.  

6.3.2.3 Spin transport in the region-IV, V, and VI for Device-4 

From sections 6.3.1.2, and modeling of Hanle curves for anisotropic case discussed in the 

later section of this chapter, 6.3.3, we already established that the anisotropy in the in-plane 

and the out-of-plane spin-relaxation times for the graphene region covered by WSe2 can be 

detected even in the spin-transport region of graphene not covered by WSe2, due to the 

diffusive nature of spin-current in graphene which explores the neighbouring WSe2 covered 

graphene region. Exponentially decaying in-plane and the out-of-plane spin signals with 

τ⊥ > τ||  will intuitively have the same ratio of 
RNL
⊥

RNL
∥  as with increasing the channel length 

between injector and detector FM electrodes, as observed by our Hanle modeling discussed 

in supplemental material 6.5.15. Here, RNL
⊥  and RNL

∥  are the non-local resistance for the out-

of-plane spin (i.e. at B = 1.2 T) and the in-plane spin (i.e. at B = 0 T) detection.  

To verify this hypothesis, we investigate the spin transport in the graphene region not covered 

by WSe2 but close to the WSe2 covered graphene region as shown in the device schematic of 

Figure 6.3-9 (a). Here, the spins are injected into graphene via contact 20 through the AlOx 

tunnel barrier at 4.2 K. We perform non-local SV measurement as shown in Figure 6.3-9 (b) 

and (c) for different injector-detector separations, i.e. for regions IV, V, and VI as labelled in 

Figure 6.3-9 (a). Hanle spin precession measurements in parallel magnetisation configuration 

for different injector-detector separations are shown in Figure 6.3-9 (d), (e), and (f). Blue 

coloured curves represent the raw data and the purple coloured curves represent the 

symmetrised data after the removal of the linear background. Both parallel and anti-parallel 

Hanle curves obtained for region-IV, V, and VI are shown in the Figure 6.3-9 (g), (h), and (i) 

respectively.  

In contrast to our prediction from modeling, we see that 
RNL
⊥

RNL
∥  increases as the detector 

electrode is placed farther away from the injector and the graphene region covered by WSe2. 

Further, we see a significant decay of the in-plane spin signal (at 0 T) in comparison to decay 

in the out-of-plane spin signal (at 1.2 T) as the detector is placed farther away from the 
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graphene region covered by WSe2. The increase in 
RNL
⊥

RNL
∥  with injector-detector separation can 

arise only when the decay rate for τ∥ and τ⊥ is different; however this is unlikely since this 

graphene region is not covered by WSe2 which would lead to such difference in decay rates 

as seen in our modelling. Hence, the origin of such an ambiguity is still not clear from our 

measurements. 

 

Figure 6.3-9 (a) Device schematic of Device-4 showing different graphene regions not covered by WSe2 contacted 

by FM electrodes. (b) and (c) show typical non-local SV measurements for spin transport in graphene in regions of 

IV, V, and VI. (d), (e), and (f) show Hanle spin precession measurements in the regions of IV, V, and VI respectively 
at a high magnetic field; blue coloured curves represent the raw data and purple coloured curve represent the 

symmetrised data. (g), (h), and (i) show both parallel (purple) and anti-parallel (orange) Hanle curves in the regions 

of IV, V, and VI respectively at a high magnetic field. 

Further, we see the presence of a linear background in RNL for the detector electrode placed 

close to the graphene region covered by WSe2 in both Device-1 and 4. However, the linear 

background disappears when the detector electrode is placed farther away from the WSe2 

covered graphene region, as shown in the raw data of Figure 6.3-9 (d), (e), and (f). The origin 
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of such a linear background could be due to the non-uniform distribution of pinholes at the 

oxide-graphene interface corresponding to a linear Hall response18. However, we see that the 

FM electrodes in our devices are in the tunnelling regime, and the Hanle measurements with 

such tunnelling contacts placed farther away from the WSe2 covered regime do not show a 

linear background. Our observation of linear background in Device-1 and Device-4 exists 

only in the regions of WSe2 proximity. The origin of such a linear background is still unclear 

and has to be investigated further. 

6.3.3 Nonhomogeneous Bloch-diffusion model with spin 

lifetime anisotropy 

To model the spin transport under and near the WSe2 covered graphene region, we use the 

time-independent Bloch-diffusion equation: 

Ds
d2μ⃗⃗ s

dx
− τ̂−1μ⃗ s +

gμB

ℏ
μ⃗ s × B⃗⃗ = 0                       Equation 6.3-2 

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

oriented along the three Cartesian coordinates (x̂, ŷ, ẑ), g is the gyromagnetic factor (g = 2 

in our model), μB is the Bohr magneton, and B⃗⃗  is the external applied magnetic field. The 

matrix τ̂−1 is defined as 

τ̂−1 ≡

(

 
 

1

τ∥
0 0

0
1

τ∥
0

0 0
1

τ⊥)

 
 

                        Equation 6.3-3 

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

out-of-plane directions respectively. In our device, we need to consider two different regions: 

the anisotropic WSe2-covered graphene region (τ⊥
TMD ≠ τ∥

TMD) and the non-covered 

graphene region (τ⊥
G = τ∥

G ≡ τG). To take into account the effect of both regions, we will 

solve the Bloch-diffusion equation for each region and then apply the following boundary 

conditions at the interfaces: (i) μ⃗ s is continuous in all the interfaces. (ii) 
dμ⃗⃗ s

dx
 is continuous 

everywhere except at the position of the injector contact, where it has a discontinuity (a 

constant spin current is injected from the contact at this point); and (iii) μ⃗ s = 0 at x→ ±∞. 

Finally, we must note that when a magnetic field is applied perpendicular to the easy axes of 

the injector and the detector contacts, the magnetisation of the contacts is progressively pulled 

out of the plane and therefore, spins are injected and detected at an oblique angle. Our model 

also takes this effect into account by using the Stoner-Wohlfarth model to determine the 

contact magnetisation direction for both the injector and the detector. 
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6.3.3.1 Homogeneous vs nonhomogeneous case 

First, we use the model to compare the Hanle precession curves from a homogeneous device 

(without any WSe2 covered region) and a non-homogeneous device with a WSe2-covered 

region. As discussed above, we assume that the non-covered graphene is isotropic, i.e. τ⊥
G =

τ∥
G ≡ τG, while for the graphene region covered by WSe2, we consider different spin lifetimes 

for the in-plane and the out-of-plane directions. For this discussion, we will assume that the 

TMD/graphene region has the same out-of-plane spin lifetime as that of pristine graphene, 

and that its in-plane spin lifetime is reduced by a factor 10 - which is a reasonable assumption 

as per recent experimental reports14. Hence, 

τ⊥
TMD = τG;     τ∥

TMD = 0.1 τG.                      Equation 6.3-4 

For the following analysis, we fix the spin diffusion coefficient to Ds = 0.02 m
2s−1 and the 

spin lifetime to τG = 40 ps. Unless otherwise stated, we assume that the magnetic field is 

applied perpendicular to the graphene surface, B⃗⃗ = Bẑ, and that the injector contact has its 

easy magnetisation axis oriented along the ŷ axis. 

For zero magnetic field, it is worth noting that the third term in Equation 6.3-2 can be omitted; 

and thus, the measured spin accumulation, μmeas(B = 0) = μy(B = 0), depends only on the 

spin diffusion coefficient Ds and the in-plane spin lifetime τ∥
i  of the different media i. 

Similarly, when the applied magnetic field is larger than the saturation magnetic field Bsat 
along the z-direction, the magnetisation of the contacts is aligned with perpendicular B in the 

out of plane direction. Now, the injected (and detected) spins have their quantisation-axis 

along ẑ, parallel to B⃗⃗ = Bẑ, and the third term in Equation 6.3-2, which represents the spin-

precession reduces to zero as well. Thus, μmeas(B > Bsat) = μz(B > Bsat) is fully 

determined by Ds and the out-of-plane spin lifetime τ⊥
i .  

 

Figure 6.3-10 Modeled Hanle precession curves for different channel geometries. In all cases, we assume Ds =
0.02 m2s−1 and τG = 40 ps. (a) Homogeneous graphene channel without WSe2 coverage. (b) Graphene channel 

with a TMD-covered region between the injector and the detector electrodes. (c) Graphene channel with a 

TMD-covered region before the injector contact. 

Figure 6.3-10 shows the Hanle spin precession curves obtained for the three Cartesian 

components of the spin accumulation (μx, μy, μz) as well as the signal μmeas measured at the 

detector contact. For the case where the spin-transport channel is exclusively composed by 

the pristine graphene (Figure 6.3-10 (a)), we have τ⊥
G = τ∥

G and therefore, μmeas(B = 0) =

x

y

z

x

y
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μmeas(B > Bsat). On the other hand, when the region between injector and detector is 

covered by WSe2 (Figure 6.3-10 (b)), a spin lifetime anisotropy rises and the identity does 

not hold: μmeas(B = 0) ≠ μmeas(B > Bsat). Finally, we consider the case where the 

WSe2-covered region is placed before the injector contact (Figure 6.3-10 (c)). Interestingly, 

even if the channel between the injector and the detector is isotropic (τ⊥
G = τ∥

G), the detected 

Hanle curve shows anisotropic behaviour but less pronounced than that in the first case. This 

is a consequence of the stochastic nature of the spin diffusion: once injected in the channel, 

spins randomly move along the graphene channel and expend a nonzero time (in average) in 

the WSe2-covered region before they reach the detector contact, leading to the observed 

anisotropic Hanle precession curve. 

6.4 Conclusion  

In this report, we study a heterostructure of multi-layer WSe2 on single-layer graphene to 

understand the WSe2 induced spin-orbit coupling in graphene. We probe the proximity 

induced SOC via non-local SV and Hanle spin precession measurements in graphene under 

WSe2, and in graphene which is near and far away from the WSe2 covered graphene region. 

First, we could only measure the in-plane spin transport in the graphene region covered by 

WSe2 with a coverage length < 3 μm which alludes to a large magnitude of the induced SOC 

in graphene. Second, we measure an anisotropic spin relaxation for the in-plane (τ‖) and the 

out-of-plane (τ⊥) spin lifetimes in the graphene region covered by WSe2 with 
𝜏⊥

𝜏‖
= 3.5. 

Interestingly, the proximity induced SOC in graphene by WSe2 could be non-locally 

determined in the nearby graphene region not covered by WSe2 due to the diffusing nature 

of the itinerant spins. Third, we demonstrate that the multi-layer WSe2 could be used as an 

intermediate layer for spin injection into graphene. Lastly, the steady-state Bloch-diffusion 

equation is used to model the spin transport under and near the WSe2 covered graphene 

region, and we find that the modelled Hanle curves support our experimental observation. 
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6.5 Supplementary information 

6.5.1 AFM of Device 1 

       

Figure 6.5-1 (a) AFM scan and (b) AFM profile along the red and black lines shown in (a) for Device-1. 

Atomic force microscopy (AFM) image of the stack of Device-1 before deposition of 

ferromagnetic (FM) electrodes is shown in Figure 6.5-1 (a). The measured thickness of the 

graphene by AFM is ~0.6 nm as shown in Figure 6.5-1 (b) (red line), which is the 

experimental thickness for monolayer graphene. The measured thickness of WSe2 by AFM 

is 7-8 nm as shown in Figure 6.5-1 (b) (black line); i.e. it is a multi-layer WSe2 with 

monolayer flakes measuring ~0.8 nm. 

6.5.2 Broken WSe2 flake in Device-1 and optical 

measurements 

Although after the device lift-off, WSe2 flake was broken and looked shifted, as shown in the 

inset of Figure 6.3-2 (a), the heterostructure of WSe2/graphene held by van der Waals forces 

is intact. Our electrical measurement in Figure 6.3-3 (a) shows a lower graphene resistance 

for the graphene region covered by WSe2 than that for the graphene region not covered by 

WSe2.  

Note: We did not expose the graphene region covered by WSe2 to any resist processing, and 

so, this region is much cleaner than the graphene region not covered by WSe2 which is 

exposed to resist. Absence of any resist residues can also lead to lower resistance of graphene. 

We loaded the Device-1 in a cryo-vacuum setup wherein we could shine a laser of 650 nm 

wavelength on the device to observe an optoelectronic response. By shinning the laser, the 

measured 4-terminal resistance for the graphene region not covered by WSe2 shows an 

increase in resistance while the graphene region covered by WSe2 shows a decrease in 

resistance as shown in Figure 6.5-2 (b). This negative change in resistance in the WSe2 

covered region is not understood, and it could be due to the charge transfer happening at the 

a.

b.

a.

b.
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interface between WSe2 and graphene while shining light. Further, the laser is pulsed to 

observe the time response of the measured change in resistance, as shown in Figure 6.5-2 (c). 

Our observation of positive and negative resistance change for the graphene regions not-

covered and covered by WSe2 is interesting in studying the spin transport in both these 

regions, in the presence and the absence of light. 

 

Figure 6.5-2 (a) Device-1 schematic. (b) Optical excitation of Device-1 by red laser and measurement of a change 

in electrical resistance as a function of VG for the graphene region covered (green) and not covered by WSe2 (black 

and red). (c) Pulsed optical excitation for the graphene region covered by WSe2. 

6.5.3 Contact resistance for Device-1 

Contact resistances for Device-1 measured in 3-terminal geometry for all the FM electrodes, 

deposited with a tunnel barrier of AlOx, is as shown in the Table 6.5-1. 

Contact number  4 9 2 10 24 11 22 17 3 

Resistance in KΩ 130 53.7 131 3.26 48.8 6.7 22.6 9.95 26.9 

Phase in measured 

resistance  

-24.7 -7.2 -24.9 3.9 -78.4 3.3 -0.3 2.52 -1.18 

Table 6.5-1 Contact resistances measured at 297 K for Device-1. 

6.5.4 Non-local spin-valve measurement for Device-1 at room 

temperature 

Note: Iinject Cont X-Y, Vdetect Cont A-B means a current of magnitude Iinject is flowing between 

the injector FM electrodes X and Y with Y connected to the electrical ground; while we 

measure a non-local voltage of Vdetect across the FM electrodes A and B with B connected to 

the negative terminal of the voltmeter. 
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Figure 6.5-3 Schematic of the Device-1 with the WSe2/graphene stack contacted by FM electrodes. 

We measure the non-local SV with the FM electrode 22 acting as the injector and the FM 

electrode 11 acting as the detector, and with an injector-detector separation of about 1.3 µm. 

We can see a clear two-level switch in Figure 6.5-4 (a) due to the switching of injector-

detector electrodes, which confirms that the FM electrode 22 is a working electrode. Later, 

we measure spin transport in the graphene region covered by WSe2 with electrode 17 as the 

injector and 22 as the detector as shown in Figure 6.5-4 (b), and we see no switches in the 

RNL, signifying no spin propagation in this region at room temperature. 

 

Figure 6.5-4 (a) non-local SV measurement in graphene region not covered by WSe2. (b) non-local SV measurement 

in the graphene region covered by WSe2 at room temperature. 

Further, we performe non-local SV measurement in the graphene region not covered by WSe2 

with an injector-detector separation ≥ the injector-detector separation across the graphene 

region covered by WSe2 (measured in Figure 6.5-4 (b)). We find that the non-local spin signal 

(i.e. the switch in RNL) is measurable even at an injector-detector separation of about 4.45 

µm, as shown in Figure 6.5-5. From the measurement of the non-local SV signal for the 

device configuration in Figure 6.5-5, we can infer that: (i) the injector FM electrode 22 can 

inject spins efficiently, and (ii) graphene not-covered by WSe2 can transport spins over the 

length of ≥ 4.45 µm. Using the same FM electrode 22 with injector-detector separation < 

4.45 µm in NLSV measurement of Figure 6.5-4 (b), we should have been able to measure 

the non-local SV signal, but we did not. With this set of measurements, it is clear that the 

spin transport in Figure 6.5-4 (b) is affected by the presence of WSe2. 
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Figure 6.5-5 non-local SV measured in the graphene region not covered by WSe2 with an injector-detector separation 

of 4.45 μm. 

6.5.5 Hanle measurement in WSe2 covered graphene region at 

different back-gate voltages at 4 K 

 

Figure 6.5-6 Hanle curves with (a) raw data, (b) symmetrized data, and (d) parallel subtracted with antiparallel data 
along with Hanle fit for spin injection through FM contact 17 and detection via FM contact 11. (c) Anti-symmetrised 

data showing a linear background. 

Figure 6.5-6 (a), (b), and (d) show the Hanle curves plotted for the graphene region covered 

-30 -20 -10 0 10 20

144

146

148

150

152

154

RT

Channel Length = 4.45 m

 

 

R
N

L
 (

m


)

B (mT)

I
inject

 Cont 22-16, V
detect

 Cont 10-9

-0.4 -0.2 0.0 0.2 0.4
-0.010

-0.005

0.000

0.005

0.010

0.015

0.020

 

 

R
N

L
(

)

B (T)

 Hanle curve

 Hanle fit

I
inject

 Cont 17-16, V
detect

 Cont 11-8

10 A, V
G
= 0 V, 4.2 K

D
s
 = 0.053 m

2
s

-1

 = 55 ps

P = 5.3 %
L = 3.85 m

W = 3 m
 = 6.34 x 10

-3
 S

-0.4 -0.2 0.0 0.2 0.4
-0.015

-0.010

-0.005

0.000

0.005

0.010

0.015

Anti-symmetrized

10 A, V
G
= 0 V, 4.2 K

I
inject

 Cont 17-16, V
detect

 Cont 11-8

 

 

R
N

L
(

)

B (T)

 Parallel

 Anti-parallel

-0.4 -0.2 0.0 0.2 0.4

-0.40

-0.39

-0.38

-0.37

10 A, V
G
= 0 V, 4.2 K

I
inject

 Cont 17-16, V
detect

 Cont 11-8

 

 

R
N

L
(

)

B (T)

 Parallel

 Anti-parallel
Symmetrized

-0.4 -0.2 0.0 0.2 0.4
-0.41

-0.40

-0.39

-0.38

-0.37

10 A, V
G
= 0 V, 4.2 K

I
inject

 Cont 17-16, V
detect

 Cont 11-8

 

 

R
N

L
(

)

B (T)

 Parallel

 Anti-parallel

(d)(c)

(b)(a)



Supplementary information 101 

 

 

by WSe2. Figure 6.5-6 (a) is the raw data obtained for parallel (black) and antiparallel (red) 

magnetisation of FM electrodes. Figure 6.5-6 (b) represents the symmetrised data for Figure 

6.5-6 (a) which is obtained using (RNL for parallel + RNL for anti-parallel)/2. The data of 

Figure 6.5-6 (c) present the anti-symmetrised part of Figure 6.5-6 (a) data, using (RNL for 

parallel - RNL for anti-parallel)/2; the signal shows a strong linear background. The Figure 

6.5-6 (d) is the data shown (normalised) in Figure 6.3-4 obtained after subtracting the parallel 

(black) and antiparallel (red) data from Figure 6.5-6 (a); this curve is fit with a solution to 1-

D Bloch equation to obtain the spin lifetime parameters.  

6.5.6 Non-local spin-valve measured as a function of back-

gate voltage in the graphene region far and near to the 

WSe2 covered graphene region in Device-1 

Figure 6.5-7 (a) shows non-local SV measurement performed for region-III, the region of 

graphene close to the WSe2 covered graphene region. We can see the two-level switch, i.e. 1 

and 2; the switch 1 is due to the inner FM injector electrode 17 and the inner FM detector 3, 

while switch 2 is due to the switching of the outer FM detector electrode 16. We can see that, 

the ∆RNL changes for switch 1 and 2 as a change in back-gate voltage. Also, the ∆RNL for 

switch 2 becomes negligible as we turn the back-gate voltage to positive values. Further, the 

magnitude of the switch 1 changes as we tune the back-gate voltage to positive values.  

 

Figure 6.5-7 non-local SV plotted as a function of back-gate voltage for the graphene region close to (a), and far 

away (b) from the WSe2 covered graphene region. 

Figure 6.5-7 (b) shows non-local SV measurement performed for region-II, the region of 

graphene farther from the WSe2 covered graphene region. We can see a single level switch 

arising due to the inner injector (11) and detector (10) FM electrodes. However, as we change 

the back-gate voltage, the magnitude of ∆RNL does not change as a function of back-gate 

voltage. 
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6.5.7 Background in Hanle measurement as a function of 

back-gate voltage in the graphene region not covered by 

WSe2 which is near and far from the region of WSe2 

covered graphene in Device-1 

Figure 6.5-8 (a) shows the backgrounds extracted by anti-symmetrisation of the 

corresponding Hanle curves obtained for region-III, the region of graphene close to the WSe2 

covered graphene region. Figure 6.5-8 (a) shows a linear change in the background signal as 

a function of the applied magnetic field. Further, its magnitude also changes as a function of 

change in back-gate voltage. Figure 6.5-8 (b) shows backgrounds extracted by anti-

symmetrisation of the corresponding Hanle curves obtained for region-II, the region of 

graphene far from the WSe2 covered graphene region. Figure 6.5-8 (b) does not show a large 

linear dependence of background signal, unlike that seen in region-III. Further, the signal 

does not change as a function of back-gate voltage. 

 

Figure 6.5-8 Linear backgrounds plotted as a function of back-gate voltage for the graphene region (a) close to – 

region-III and (b) farther away – region-II, from WSe2 covered graphene region. 

6.5.8 Electrical characterisation of 7 nm thick WSe2 flake 

used in Device-1. 

We electrically characterise a small piece of WSe2 which is 7 nm thick and is a broken-off 

piece in Device-1. This piece of WSe2 is contacted with the same FM electrode which is 

deposited on graphene of Device-1. By applying an electrical voltage VDS across the flake, 

we measure the corresponding current flowing through the flake as a change in the back-gate 

voltage, as presented in Figure 6.5-9. We see that the WSe2 is n-doped since the flake 

electrically conducts with an application of positive back-gate voltage. Further, the device 

shows the highest ON-OFF current ratio of about 106 at 100 K. 
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Figure 6.5-9 (a) Transfer characteristics of WSe2 transistor fabricated on a 300 nm SiO2 substrate at different 

temperatures. (b) Transfer characteristics plotted on a logarithmic scale of y-axis at different temperatures. 

6.5.9 AFM of Device-4 

Atomic force microscopy (AFM) image of the stack of Device-4, before the deposition of 

FM electrodes. The measured thickness of graphene by AFM is ~0.6 nm, as shown in Figure 

6.5-10 (b); this corresponds to the experimentally measured thickness for a monolayer 

graphene. Measuring the thickness of WSe2 by AFM showed a non-uniform thickness of 6 

and 10 nm, as shown in Figure 6.5-10 (b). 

 

Figure 6.5-10 (a) AFM scan, and (b) AFM profile scan of Device-4. 

6.5.10  Spin injection through FM contacts 18 and detection via 

FM contact 8, 9, and 16 in Device-4 

Device schematic for spin injection through the contact 18 and detection via the FM contacts 

8 and 9 is as shown in Figure 6.5-11 (a). We see in Figure 6.5-11 (b) and (c) that the non-

local SV signal obtained for the detector electrodes (8, 9, and 16) do not switch back as 

discussed in the main manuscript. We expect one of the injector electrode switching to be 

consistent in the three non-local SV measurements. However, we do not see that; instead, we 

only see the switching of the detector electrodes, the injector electrode placed on WSe2 does 
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not switch.  

Figure 6.5-11 (d) and (e) show the Hanle curves plotted as a change in non-local resistance 

with applied perpendicular magnetic field for spin injection through contact 18 and detection 

via contacts 8 and 9 respectively. The spin lifetime obtained is 45-49 ps, extracted by fitting 

the Hanle curve with the solution to 1-D Bloch equation for diffusing spins along the 

graphene channel. 

 

Figure 6.5-11 (a) Shows the device schematic of Device-4 with FM electrodes placed on top of WSe2. (b) and (c) is 

the non-local SV signal as we sweep the magnetic field in the plane of graphene. (d) and (e) shows Hanle curves 

obtained by applying a perpendicular magnetic field to the plane of graphene which dephases the injected spins. 

6.5.11  DC bias over AC spin injection through FM contact 18 

via 6 nm thick WSe2 in Device-4 

Since applying a DC bias across the WSe2/graphene interface shows a non-linear current 

response as shown in Figure 6.5-12 (b) (owing to the electrical response of semiconducting 

WSe2 on top of linear response from graphene), we can study how spin transport changes by 

changing the DC bias across the injection contact using WSe2 as tunnel barrier. Hence, we 

applied a DC bias (0-50 µA) over AC electrical injection (5 µA) over FM contact 18, and it 

shows a slight change in the measured ΔRNL as shown in Figure 6.5-12 (c). However, by 

applying a negative DC bias, we see a reversal in the sign of the spin signal which falls to 

zero with increased negative bias.  

Hanle curves obtained with 20 A and 50 A DC bias currents are shown in Figure 6.5-12 

(d) and (e) respectively. The best fit to the Hanle curve yields 60 and 66 ps spin lifetimes for 
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20 A and 50 A DC bias respectively. Both the Hanle curves has a noise in the signal of 

~10 m, rendering it difficult to compare their spin lifetimes. 

 

Figure 6.5-12 (a) The device schematic and non-local SV measurement configuration for Device-4 with FM 

electrodes placed on top of WSe2. (b) 2-terminal DC-IV characterisation by applying a voltage across the 

WSe2/graphene junction. (c) DC bias dependence of ΔRNL. Hanle signal obtained with DC+AC bias at (d) 20 A, 

and (e) 50 A DC bias respectively. 

6.5.12  Spin injection through FM contact 19 and detection via 

FM contact 20 in Device-4. 

We perform the non-local SV and the Hanle spins precession measurements for the device 

configuration shown in Figure 6.5-13 (a) in region-III. The non-local SV measurement, 

presented in Figure 6.5-13 (b), shows clear switches in the measured RNL due to the switching 

of the detector FM electrodes. The Hanle spin precession curve at a low magnetic field of up 

to 0.2 T, is as shown in Figure 6.5-13 (c), for parallel and anti-parallel configurations of 

injector-detector magnetisation orientation. We see a weak modulation in the RNL in the 

Hanle signals; this is also observed for Hanle measurements in region-II, as shown in Figure 

6.3-8 (b). We subtract the parallel and anti-parallel curves to remove the background, as 

shown in the inset of Figure 6.5-13 (c) (green curve). We tried fitting this curve with the 

solution to 1-D Bloch equation; however, our fit did not converge. We had to assume a range 

(5-15%) of spin polarisation (P) for FM contacts to fit the Hanle curve. We assume this range 

of P based on our Hanle spin precession measurement for the region-I. Subsequently, we 

obtain a spin lifetime (τ) in the order of 20-30 ps as shown in Table 6.5-2. The obtained τ in 

lower than that obtained for the region of graphene not covered by WSe2, i.e. the region-I 

and region-IV to VI. 
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Figure 6.5-13 (a) The device schematic and the measurement configuration for Device-4 with spin injection through 
WSe2. (b) non-local SV measurement. (c) Parallel and anti-parallel Hanle spin precession curves at low magnetic 

field up to 0.2 T; inset shows the Hanle curve (green) obtained by subtraction of anti-parallel with parallel Hanle 

measurement. (d) Hanle curves obtained for spin precession with the application of magnetic field up to 1.2 T. 

We find ξ > 1 suggesting that the region-III transports the out-of-plane spins more 

preferentially than the in-plane spins; similar phenomenon is also observed in the region-II. 

Hence, our observations are consistent with the existence of spin-signal anisotropy for the in-

plane and the out-of-plane spins travelling in the region-II and III, which is covered by WSe2. 

Polarization (P) 5% 10% 15% 

Spin relaxation time (τ) 32 ps 23 ps 19 ps 

Spin diffusion co-efficient (Ds) 0.018 m2s-1 0.011 m2s-1 0.009 m2s-1 

Spin relaxation length (λ) 0.75 μm 0.50 μm 0.41 μm 

Table 6.5-2 Calculated spin relaxation times, diffusion co-efficients and relaxation lengths for different FM electrode 

spin polarisations from the Hanle fitting of Figure 6.5-13 (c) 

Note: spin injection through WSe2 predominantly occurs by the tunnelling mechanism; 

however, for a flake thickness of 5-10 nm, there is also a probability of vertical spin transport 

through WSe2 flakes. If so, the in-plane and the out-of-plane spins travelling through the 

0.00 0.05 0.10 0.15 0.20
0.05

0.10

0.15

0.20

0.25

0.30

0.00 0.05 0.10 0.15 0.20

-0.005

0.000

0.005

0.010

0.015

0.020

0.025

0.030

 

 

R
N

L
 (


)

B (T)

 (PL-APL)/2

 Hanle fit

23 1932

D
s
 (m

2
s

-1
)

(ps)

P(%) 15 % 10 % 5 % 

 

 

R
N

L
 (


)

B (T)

 Parallel (PL)

 Anti-Parallel (APL)

20 A, 4.2 K

 I
inject

 Cont 19-12, V
detect

 Cont 20-2

0.02 0.01 0.01

-1.0 -0.5 0.0 0.5 1.0

-1.0

-0.5

0.0

0.5

1.0

1.5

 

 Raw data for || Hanle

 Symmetrized || Hanle

B (T)

R
N

L
 (


)

20 A, 4.2 K

 I
inject

 Cont 19-12, V
detect

 Cont 20-2

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

R
N

L
 (


)

-40 -30 -20 -10 0 10 20 30 40
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

I
inject

 Cont 19-12

 

 

R
N

L
 (


)

B (mT)

 V
detect

 Cont 20-2

I
inject

 = 20 A, 4.2 K

Sweep 2
Sweep 1

(c)

(a) (b)

(d)



Supplementary information 107 

 

 

WSe2 are likely to be affected by the inherent SOC of WSe2 which could lead to a 

modification of their spin lifetime. In that case, we have to consider this aspect also while 

developing an anisotropic model for estimating the spin relaxation time for spin injection 

through the WSe2 and transport in the WSe2 covered graphene region. 

6.5.13  Spin injection through FM contact 18 and detection via 

FM contact 20 in Device-4 

Figure 6.5-14 (a) presents the device schematic for spin injection through contact 18 and 

detection via contact 20 for Device-4 in region-II. Figure 6.5-14 (b) shows the non-local SV 

measurement with a single switch in RNL which is due to the detector FM electrode. The noise 

level in the measured RNL is ≈ 10 mΩ and is of similar order as measured in the region-I. 

Here, the magnitude of the switch (ΔRNL), which is about 20 mΩ, corresponds to the in-plane 

spin signal represented as RNL,i. Figure 6.5-14 (c) shows Hanle curves measured at high 

magnetic fields up to 1.2 T; here, the difference in magnitude of RNL at B = 1.2 T to RNL at 

B = 0 T is the out-of-plane spin signal represented as RNL,o which is about 0.21 Ω. RNL,o = 

0.21 Ω is the lower bound value of RNL,o; because, with increasing B, the RNL is supposed to 

increase and saturate at 1.5 T.  

 

Figure 6.5-14 (a) Device schematic and the measurement configuration for spin injection through FM contact 18 

and detection via FM contact 20 in Device-4. (b) non-local SV measurement. (c) Hanle spin precession measurement 

where the left axis is the raw data and the right axis is the symmetrised data.  

We know that,  

RNL =
PiPdRsqλe

−L
λ

2W
                      Equation 6.5-1 

where, RNL is the non-local resistance measured at the detector, Pi and Pd are the injector and 

detector FM electrode spin polarisations respectively, Rsq is the graphene square sheet 

resistance, λ is the spin diffusion length, L is the graphene channel length, and W is the 

graphene channel width. Now, considering RNL,i and RNL,o as the non-local resistance 

measured for the in-plane and the out-of-plane spins, we can calculate 
𝑅𝑁𝐿,𝑖

𝑅𝑁𝐿,𝑜
 as:  
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RNL,i

RNL,o
= 

λie

L
λi

λoe

L
λo

.                Equation 6.5-2 

We know the RNL,i is ~20 mΩ and RNL,o is ~0.21 Ω for L = 2.7 μm from Figure 6.5-14 (b) and 

(c) respectively. We are not able to extract λ for this configuration of injector-detector FM 

electrodes since we could not measure the Hanle spin precession curve for the in-plane spins. 

So, we take the values of in-plane spin relaxation length (λi) as noted in Table 6.5-2 from our 

Hanle spin precession measurements detailed in 6.5.12. Our assumption is valid since the 

region-II overlaps with the region-III; further, the injector FM electrode is the same for both 

set of measurements in region-II and III. 

For different in-plane spin relaxation lengths (λi) at different FM electrode spin polarisations 

(P), we calculate the out-of-plane spin relaxation lengths (λo) as listed in Table 6.5-3. 

Polarisation (P) 5% 10% 15% 

In-plane spin relaxation length (λi) 0.75 μm 0.50 μm 0.41 μm 

Out-of-plane spin relaxation length (λo) 1.41 μm 0.76 μm 0.58 μm 

Table 6.5-3 In-plane and out-of-plane spin relaxation lengths calculated for different FM electrode spin polarisations. 

Polarisation (P) 5% 10% 15% 

In-plane spin relaxation time (τi) 32 ps 23 ps 19 ps 

Out-of-plane spin relaxation time (τo) 113 ps 53 ps 38 ps 

Anisotropic ratio for spin relaxation time (ζ) 3.5 2.3 2 

Table 6.5-4 Estimation of in-plane and out-of-plane spin relaxation times for different FM electrode spin 

polarisations. 

Now, we can use 𝜆 = √𝐷τ where, 𝜆 is the spin relaxation length, and D is the spin diffusion 

coefficient to calculate τ, the spin relaxation time. We calculated τ for both the in-plane (τ‖) 

and the out-of-plane spins (τ⊥) considering the spin diffusion coefficients as in Table 6.5-2. 

We can also calculate the anisotropic ratio for spin relaxation time, 𝜁 =
𝜏⊥

𝜏‖
 as shown in Table 

6.5-4. 
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6.5.14 Magneto-resistance (MR) 

We measure the magneto-resistance (MR) in the 4-terminal configuration, plotted in Figure 

6.5-16 as a function of magnetic field applied perpendicular to the plane of graphene. The 

measured MR shows an upturn with the applied magnetic field, similar to our observation in 

Hanle spin precession measurements at a high magnetic field. Hence, it becomes important 

to compare the RNL change, from the Hanle measurement and the MR measurement, to 

account/rule-out the contribution of MR. 

 

Figure 6.5-15 Device schematic of the Device-4. 

We perform the MR measurement in Device-4 in the graphene region covered by multi-layer 

WSe2. The measured MR in the 4 terminal configuration shows about 5.4% change in the 

resistance.  

 

Figure 6.5-16 Magneto-resistance (MR) measured in the 4-terminal configuration for graphene covered by WSe2 

with an application of magnetic field perpendicular to the plane of graphene. 

6.5.15  Dependence of Hanle curves on the channel length 

Here, we consider the dependence of the measured signal on the position L of the detector 

contact to the injector. We focus our discussion on the device geometry depicted in the inset 

of Figure 6.5-17 (a), as it resembles the geometry of the measurements carried out for Device-

4 in section 6.3.2.3.  
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Figure 6.5-17 (a) shows the dependence of the measured spin accumulation μmeas on the 

position L of the detector contact, for B = 0 T and for B = 2 T > Bsat. In both the cases, the 

signal is maximal at L = 0 µm (at the position of the injector contact) and decreases 

exponentially as one moves farther away from the injector. For L > 0, the decay rates 

μmeas(B = 0 T) (in-plane) and μmeas(B = 2 T) (out-of-plane) are the same, owing to the 

isotropy of the spin lifetime in this region. In contrast, for L < 0, the detector contact moves 

through the anisotropic WSe2-covered region, and the decay rate for the in-plane signal 

becomes larger than that for the out-of-plane signal. 

The measurements discussed in section 6.3.2.3 for Device-4 indicate that a spin lifetime 

anisotropy should be present in the WSe2-covered region (as observed in Figure 6.3-9). 

Hence, the quantity μmeas(B = 2 T)/μmeas(B = 0 T) should remain constant for 

measurements with different detector contacts, as observed above in our modelling. 

However, a decrease in this ratio is observed when L is increased as seen in Figure 6.5-17 

(b). The origin of this decrease remains unclear to us. 

 

Figure 6.5-17 Dependence of the detected spin accumulation on the position of the detector contact. (a) Measured 
spin accumulation at B = 0 T (black) and at B = 2 T (red), as a function of the position L of the detector contact. 

Inset: schematic of the considered device geometry. (b) Ratio between μmeas(B = 0 T) and μmeas(B > Bsat). This 

ratio is preserved when moving the detector contact along the noncovered region of the graphene channel. 
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7 Large spin-relaxation anisotropy in bilayer-

graphene/ WS2 heterostructures 

Abstract 

We study spin-transport in bilayer-graphene (BLG), spin-orbit coupled to a tungsten di 

sulfide (WS2) substrate, and measure a record spin lifetime anisotropy ~40-70, i.e. the ratio 

between the out-of-plane τ⊥ and in-plane spin relaxation time τ‖. We control the injection and 

detection of in-plane and out-of-plane spins via the shape-anisotropy of the ferromagnetic 

electrodes.  We estimate τ⊥ ≈ 1-2 ns via Hanle measurements at high perpendicular magnetic 

fields and via a new tool we develop: oblique Spin Valve measurements. Using Hanle spin-

precession experiments we find a low τ‖ ≈ 30 ps in the electron-doped regime which only 

weakly depends on the carrier density in the BLG and conductivity of the underlying WS2, 

indicating proximity-induced spin-orbit coupling (SOC) in the BLG. Such high τ⊥ and spin 

lifetime anisotropy are clear signatures of strong spin-valley coupling for out-of-plane spins 

in BLG/WS2 systems in the presence of SOC and unlock the potential of BLG/transition metal 

dichalcogenide heterostructures for developing future spintronic applications.  
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7.1 Introduction 

Graphene (Gr) in contact with a transition metal dichalcogenide (TMD), having high intrinsic 

spin-orbit coupling (SOC), offers a unique platform where the charge transport properties in 

Gr are well preserved due to the weak van der Waals interaction between the two materials. 

However, the spin transport properties are greatly affected due to the TMD-proximity 

induced SOC in graphene 1–3. At the Gr/TMD interface, the spatial inversion symmetry is 

broken, and the graphene sublattices having K(K') valleys experience different crystal 

potentials and spin-orbit coupling magnitudes from the underlying TMD. The electron-spin 

degree of freedom and its interaction with other properties such as valley pseudospins in the 

presence of SOC provide access to spintronic phenomena such as spin-valley coupling4–9, 

spin-Hall effect10,11, (inverse) Rashba-Edelstein effect12–16, and even topologically protected 

spin-states17–21 which are not possible to realise in pristine graphene. The mentioned effects 

are sought after for realising enhancement and electric field control of SOC1,3,22–26, efficient 

charge-current to spin-current conversion and vice versa10,27–29, which will be the building 

blocks  for developing novel spintronic applications13,30. 

Experiments on Gr/TMD systems confirm the presence of enhanced spin-orbit coupling3,31 

and the anisotropy in the in-plane (τ‖) and out-of-plane (τ⊥) spin relaxation times7,9,32   in 

single layer graphene. Recent theoretical studies22,23 predict that due to the special band 

structure of bilayer graphene on a TMD substrate, it is expected to show a larger spin-

relaxation anisotropy 𝜂 =
𝜏‖

𝜏⊥
 even up to 1000023, which is approximately 1000 times higher 

than the highest reported η values for single-layer graphene-TMD heterostructures9,33. As 

explained in Ref.[23], a finite band-gap opens up in bilayer graphene (BLG) in the presence 

of a built-in electric field at the BLG/TMD interface, which can be tuned via an external 

electric field. The BLG valence (conduction) band is formed via the carbon atom orbitals at 

the bottom (top) layer. As a consequence, due to the closer proximity of the bottom BLG 

layer with the TMD, the BLG valence band has almost two order higher magnitude of SOC 

of spin-valley coupling character than the SOC in the conduction band. This modulation in 

the SOC can be accessed in two ways: either by the application of a back-gate voltage by 

tuning the Fermi energy or via the electric-field by changing the sign of the orbital gap. 

Depending on whether the graphene is hole or electron doped, and the magnitude of the 

electric field at the interface, BLG can therefore exhibit the effect of spin-valley coupling in 

the magnitude of spin-relaxation anisotropy ratio η.  

In this paper, we report the transport of both in-plane and out-of-plane spins in BLG 

supported on a TMD substrate, i.e., tungsten disulfide (WS2). We inject and detect the out-

of-plane spins in graphene via a purely electrical method by exploiting the magnetic shape 

anisotropy of the ferromagnetic electrodes at high magnetic fields34–36, in contrast with the 

optical injection of out-of-plane spins into Gr/TMD systems in Refs.37,38. We extract τ⊥ ≈ 1 

ns-2 ns, which results in 𝜂 =
𝜏‖

𝜏⊥
 ≈ 40-70 via two independent methods: Hanle measurements 

at high perpendicular magnetic field and a newly developed tool oblique spin valve 

measurements. Such large η confirms the existence of strong spin-valley coupling for the out-

of-plane spins in BLG/TMD systems. We find a weak modulation in both τ‖ and τ⊥ as a 

function of charge carrier density in the electron-doped regime in the BLG. τ‖ varies from 15-

30 ps, with such short values indicating the presence of a very strong spin-orbit coupling in 
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the BLG, induced by the WS2 substrate. 

7.2 Device fabrication and measurements 

Bilayer-graphene/WS2 samples are prepared on a SiO2/Si substrate (thickness 𝑡𝑆𝑖𝑂2  ≈ 500 nm) 

via a dry pick-up transfer method39 (see the Supplemental Material40 for fabrication details). 

 

Figure 7.2-1 (a) Nonlocal spin-transport measurement scheme. The ferromagnetic electrodes C2-C3 are 

premagnetised along the y-axis by applying an in-plane magnetic field. The outer electrodes C1 and C4 act as 
reference electrodes.  (b) An optical image of a part of  WS2/BLG sample (stack A) where the measurements are 

performed. The BLG is outlined with a black dashed line which extends further to the right.  

We study two bottom-WS2/BLG samples (thickness 𝑡𝑊𝑆2≈ 3 nm), labelled as stack A and 

stack B, and present the data from the left region of stack A (Figure 7.2-1 (b)) as a 

representative sample, i.e., the graphene region on WS2 not covered with the hBN flake from 

the top. Additional measurements from stack B and the right-side region of stack A are 

presented in the Supplemental Material, and they also show similar results. We use a low-

frequency ac lock-in detection method to measure the charge and spin transport properties of 

the graphene flake. In order to measure the I-V behaviour of the bottom WS2 flake and for 

gate-voltage application, a Keithley 2410 dc voltage source was used. All measurements are 

performed at Helium temperature (4 K) under vacuum conditions in a cryostat. 

Details of charge and spin-transport measurement methods41-43 and TMD characterisation are 

provided in the Supplemental Material.  We obtain the BLG electron-mobility  

μe ≈ 3,000 cm2V-1s-1, which is somewhat low compared to the previously reported mobility 

values in graphene on a TMD substrate1,3. 

We perform spin-transport measurements, using the measurement scheme shown in Figure 

7.2-1 (a) and measure the nonlocal signal 𝑅𝑛𝑙=VNL/iac as a function of magnetic field. For in-

plane spin transport, the spin-signal is defined as 𝑅𝑛𝑙
‖
=

𝑅𝑛𝑙
𝑃 −𝑅𝑛𝑙

𝐴𝑃

2
, where 𝑅𝑛𝑙

𝐴𝑃(𝑃)
 is the 𝑅𝑛𝑙 

measured for the (anti-)parallel magnetisation orientations of the injector-detector electrodes. 

From nonlocal spin-valve (SV) and Hanle spin-precession measurements, we obtain the spin 

diffusion coefficient 𝐷𝑠 and in-plane spin-relaxation time τ‖, and estimate the spin-relaxation 

length 𝜆𝑠
‖ = √𝐷𝑠𝜏‖. A representative Hanle measurement for stack A is shown in Figure 

7.3-1 (b). The fitting procedure is described in the Supplemental Material. Due to small 

magnitudes of in-plane spin signals and invasive ferromagnetic (FM) contacts (~1 kΩ), we 
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are able to get information about the in-plane spins via Hanle measurements only for short 

injector-detector separation of about 1-2 μm. Since we could not access the hole-doped 

regime for the applied back-gate voltage in the range +40 V to -45 V due to heavily n-doped 

samples, we only measure the spin-transport in the electron-doped regime for both stacks. 

For stack A, we obtain Ds ≥ 0.01 m2s-1 and τ‖ in the range 18-24 ps, i.e., 𝜆𝑠
‖ ≈ 0.45-0.54 μm. 

For stack B, we obtain Ds ≈ 0.03 m2s-1 and τ‖ in the range 17-24 ps, i.e., 𝜆𝑠
‖ ≈ 0.6-0.7 μm. In 

conclusion, though for both samples we obtain reasonable charge transport properties, i.e., 

Ds ≈ 0.01 m2s-1, we obtain a very low τ‖ values. The weak modulation of τ‖ with the back-gate 

voltage suggests a strong SOC induced in the BLG in contact with WS2
1 and the insignificant 

contribution of the spin-absorption mechanism for the applied back-gate voltage range in 

contrast with the behaviour observed in Refs.32,44,45. 

7.3 Results and discussion 

A. Spin lifetime anisotropy: Hanle measurements 

 

Figure 7.3-1 (a) Parallel (P) and anti-parallel (AP) Hanle curves for L = 1μm (Vbg = 0 V) show a strong increase in 

the nonlocal resistance with the applied out-of-plane magnetic field B⊥, which indicates a large spin-relaxation 

anisotropy and the high spin-relaxation time for the out-of-plane spins.  Signs of P and AP configurations are 

reversed because one electrode has a negative  contact polarisation for in-plane spins. (b) The Hanle spin signal 𝑅𝑛𝑙
‖

 

and the fit  result in low τ‖ ≈ 30ps (stack A). 

In order to explore the proposed spin-relaxation anisotropy in BLG/WS2 systems23, we inject 

out-of-plane spins electrically by controlling the magnetisation direction of the FM electrodes 

via an external magnetic field. Due to its finite shape anisotropy along the z-axis, the 

magnetisation of the FM electrode does not stay in the device plane at high enough B⊥46,47. 

For the FM electrodes with the thickness ~65 nm, their magnetisation can be aligned fully in 

the out-of-plane direction at B⊥ ≈ 1.5 T5,34. At B⊥ ≥ 0.3 T, the magnetisation makes an angle 

θ > 10̊ with the easy axis of the FM electrode, which increases with the field (see the 

Supplemental Material40 for details). In this case, the injected spins, along with the dephasing 

in-plane spin-signal component as shown in Figure 7.3-1 (b) also has a nonprecessing out-

of-plane spin-signal component, which would increase with B⊥ due to the contact 
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magnetisation aligning towards B⊥ (Figure 7.3-1 (a)). From this measurement, we can 

estimate τ⊥ by removing the contribution of the in-plane spin signal and the background 

charge (magneto)resistance, i.e., Rsq (B⊥) (for details, refer to the Supplemental Material) and 

fit 𝑅𝑛𝑙 with the following equation: 

Rnl(B⊥) =
P2Rsqλs

⊥e
−
L

λs
⊥
(sin θ)2

2w
                     Equation 7.3-1 

where 𝑅𝑛𝑙(𝐵⊥) is the measured signal for out-of-plane spins for the injector-detector 

separation L, channel width w, with out-of-plane spin relaxation length 𝜆𝑠
⊥. Rsq is the graphene 

sheet resistance at B⊥ = 0 T. We assume that both electrodes has equal spin-injection and 

detection polarisation P, which we obtain in the range 3-5% via regular in-plane spin-

transport measurements (see the Supplemental Material40 for details). 

 

Figure 7.3-2 (a) In-plane SV signals at the injector-detector separation L = 1.3 μm (black) and 2.3 μm (red) with 

their values on the left and right axis, respectively. A background signal of 0.5 Ω (7 mΩ) which corresponds to 

Hanle signal at B⊥ = 0 T in Figure 7.3-2 (b) has been subtracted from the measured spin signal at L = 1.3(2.3) μm 

for a clear representation. (b) Measured and symmetrised Hanle curves for the same L values for the parallel 

configuration of FM electrodes. 

BLG on TMD is expected23 to have τ⊥ >> τ‖, which also implies that 𝑅𝑛𝑙(𝐵⊥) at θ = π/2, i.e., 

𝑅𝑛𝑙
⊥  will be higher in magnitude than 𝑅𝑛𝑙

‖
 at B⊥ = 0 T. In our measurements, this effect reflects 

as a strong increase in 𝑅𝑛𝑙 at high B⊥ for both P and AP configurations (Figure 7.3-1 (a)). Via 

charge magnetoresistance measurements (see the Supplemental Material) for the same 

channel, we confirm that the observed enhancement in 𝑅𝑛𝑙 is not due to the  

magnetoresistance originating from the orbital effects under the applied out-of-plane 

magnetic field. Next, we show the distance dependence of 𝑅𝑛𝑙 in Figure 7.3-2. The in-plane 

spin signal 𝑅𝑛𝑙
‖

 is reduced almost by factor of ten from 10 mΩ to 1 mΩ (Figure 7.3-2 (a)). On 

the other hand, 𝑅𝑛𝑙(𝐵⊥) for the same distance decreases roughly by less than a factor of three 

for the entire range of B⊥, which is evident from the ratio of , 𝑅𝑛𝑙(𝐵⊥) in black and red curves 

in Figure 7.3-2 (b). From this measurement, we confirm that τ⊥ >> τ‖ in the BLG/ WS2 
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heterostructures. We fit the experimental data in Figure 7.3-2 (b) with Equation7.3-1 for 

different L, and obtain 𝜆𝑠
⊥ ≈ 3.3 μm - 4.1 μm. We extract τ⊥ from the relation 𝜆𝑠

⊥ =  √𝐷𝑠𝜏⊥, 

while we assume equal Ds for in-plane and out-of-plane spins32, and obtain τ⊥ ≈ 1 ns - 1.6 ns, 

resulting in a large anisotropy η ≈ 50-70.  

B. Oblique spin-valve measurements 

 

Figure 7.3-3 (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 and 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. Due to the negative spin polarisation of one electrode, RAP is higher in 

magnitude than RP The OSV spin-signal Δ𝑅𝑛𝑙 is defined as half of the magnitude of the switch, labeled 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 clear 

representation (see the Supplemental Material40 for the original measurement). 

In order to confirm the spin life-time anisotropy in BLG/WS2 system and to accurately 

measure the out-of-plane spin signals even in the possible presence of a background charge-

signal, we develop a new tool: oblique spin-valve (OSV) measurements. For the OSV 

measurements, we follow a similar measurement procedure as in the SV measurements. 

However, for the magnetization reversal of FM electrodes, we apply a magnetic field B which 

makes an angle θB with their easy-axes in the y-z plane as shown in Figure 7.3-3 (a), instead 

of applying B‖ in SV measurements in Figure 7.2-1 (a). As a result, the magnetisation of the 

FM electrodes also makes a finite angle θ with its easy axis. In this way, we inject and detect 

both in-plane and out-of-plane spins in the spin-transport channel. The in-plane magnetic 

field ~B cos(θB) is responsible for the magnetisation switching of C2 and C3 (see details in 

the Supplemental Material). At 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.  In this way, in the OSV 

measurements, we combine the advantages of both SV and the perpendicular-field Hanle 

measurements and obtain background-free pure spin -signals. Previously reported 

methods9,32 strongly rely on the fact that there is a negligible magnetic-field dependent 

background present with the spin signal, and the analysis is based on Hanle spin precession 

and dephasing. In a stark difference, the presented OSV method is based on the spin-valve 
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effect where we can directly probe background-free pure spin signals and study the present 

spin-lifetime anisotropy in such systems.   

In an OSV measurement, we measure fractions of both 𝑅𝑛𝑙
‖

 and 𝑅𝑛𝑙
⊥ . 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 which 

get dephased by the applied magnetic field 𝐵 sin 𝜃𝐵 and 𝐵 cos 𝜃𝐵, respectively:  

ΔRnl ≃ Rnl
‖
(cos θ)2ζ‖(B sin θB) +  Rnl

⊥ (sin θ)2ζ⊥(B cos θB)      Equation 7.3-2  

where 𝜁
‖(⊥)

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

At larger θB, the dephasing of in-plane spin-signal 𝑅𝑛𝑙
‖

 is enhanced. Conversely, the dephasing 

of out-of-plane spin-signal 𝑅𝑛𝑙
⊥  is suppressed. Also, θ increases with θB. Therefore, Δ𝑅𝑛𝑙 at 

higher θB is dominated by 𝑅𝑛𝑙
⊥  and acquires a similar form as in Equation 7.3-1.  

Due to the expected spin-life time anisotropy in BLG/TMD systems and as observed in Hanle 

measurements in Figure 7.3-2 (b), the out-of-plane spin signal magnitude increases with the 

magnetisation angle θ. Similar effect would appear in the OSV measurements at larger θB 

values due to fact that the magnetisation switching would occur at larger θ, which would 

allow us to measure a larger fraction of the out-of-plane spin signal. 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. The measurement summary is presented in Figure 

7.3-3 (d). Here, we clearly observe an increase in Δ𝑅𝑛𝑙 up to 1.5 times with the increasing θB.  

This result is remarkable in the way that it is possible to observe such clear enhancement 

even with a small fraction of 𝑅𝑛𝑙
⊥ , i.e., α 𝑅𝑛𝑙

⊥ (sin 𝜃)2 contributing  to Δ𝑅𝑛𝑙. Note that, 

following Equation 7.3-2, for η ≤ 1 (or 𝑅𝑛𝑙
⊥  ≤ 𝑅𝑛𝑙

‖
), we would never observe an increase in 

𝑅𝑛𝑙. Therefore the observation of an enhanced signal in the OSV measurements is the 

confirmation of the present large spin life-time anisotropy in the BLG/WS2 system. 

In order to simplify the analysis and to estimate 𝑅𝑛𝑙
⊥  from the OSV measurements, we assume 

that the out-of-plane signal is not significantly affected by the in-plane magnetic field 

component (~10 mT) at θB > 80̊,  and 𝜁
⊥
(𝐵 cos 𝜃𝐵) can be omitted from Equation 7.3-2. Note 

that this assumption would lead to the lower bound of 𝑅𝑛𝑙
⊥  or τ⊥. 𝑅𝑛𝑙

‖
 and 𝜁

‖
 are obtained via 

the in-plane SV and Hanle spin-precession measurements (for details refer to  the 

Supplemental Material). From 𝑅𝑛𝑙
‖

, we obtain 𝜆𝑠
⊥ ≈ 3.7 - 4 μm, which is similar to 𝜆𝑠

⊥ obtained 

via Hanle measurements, and confirms the validity of the analysis. Using 𝜆𝑠
⊥ =  √𝐷𝑠𝜏⊥, we 

estimate τ⊥  ~1-2 ns and the lower limit of η ≈ 70 for Vbg between - 45 V to 40 V except at 

Vbg = -20V (Figure 7.3-4 (a)). Such high magnitude of τ⊥  ≈ 1 ns is also expected theoretically 

even in presence of spin-orbit coupling23, which is comparable to the spin relaxation times 

observed in ultraclean graphene5,48–50, and is a clear signature of strong spin-valley coupling 

present in the BLG/ WS2 system (see the Supplemental Material40 for additional 
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measurements).   

 

Figure 7.3-4 (a) η - Vbg plot (in red) on the left y axis, and respective τ‖ and τ⊥ as a function Vbg on the right y axis (b) 

OSV measurements at L = 4.3 μm at θB = 0 ̊(black curve), θB = 82 ̊(config.-I) and for the swapped injector-detector 

(config.-II) at θB =82.̊ Arrows in the figure indicate the switching of electrode C2 in Figure 7.3-3. 

In the presence of large η values in BLG/ WS2heterostructures, the out-of-plane spin signal 

can still be detected at larger distances via OSV measurements whereas the in-plane is not 

even possible to detect. We present such a case in Figure 7.3-4 (b) for L = 4.3 μm, where no 

in-plane spin-signal is detected. However, we clearly measure Δ𝑅𝑛𝑙 = 1.5 mΩ for θB = 82̊, 

and obtain a similar result by swapping the injector and detector electrodes. The presented 

measurement unambiguously establishes the fact that indeed due to extremely large η, even 

though we measure a small fraction ~𝑅𝑛𝑙
⊥ (sin 𝜃)2 of  𝑅𝑛𝑙

⊥ , its magnitude is larger than the 

in-plane spin signal.  

 

7.4 Conclusion 

In summary, we report the first spin-transport measurements on a bilayer-graphene/TMD 

system. We find low in-plane spin relaxation times in the range of 20-40 ps which weakly 

depend on the carrier density and conductivity of the underlying TMD and therefore suggest 

a strong proximity induced spin-orbit coupling in the BLG. Via Hanle and OSV 

measurements, we electrically inject and detect out-of-plane spins in the BLG/WS2 system. 

We estimate the out-of-plane spin relaxation time ~1-2 ns and the anisotropy value between 

40-70. The possible origin of lower value could have multiple reasons, such as relative 

crystallographic alignment of BLG and TMD lattices, which affects the valley-Zeeman type 

SOC, the cleanliness and interaction between the two layers, and the doping of individual 

layers. We do not have a direct experimental control over these parameters. It is noteworthy 

that obtained η and τ⊥ for BLG/TMD are much larger compared to previously reported values 

in Gr/TMD systems in Refs.9,32.  These results confirm the theoretical prediction that the 

BLG/TMD systems are highly anisotropic and show efficient spin-valley coupling for out-

of-plane spins. Obtained results unlock the potential of graphene/TMD system and confirm 

that the spin-lifetime anisotropy is a generic phenomenon to these heterostructures which is 

not limited to only single-layer graphene and thicker TMDs. These findings would be crucial 



Conclusion 121 

 

 

in developing future spintronic devices such as efficient spin filters and spin field-effect 

transistors. 
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7.5 Supplementary information 

7.5.1 Sample preparation 

Tungsten disulfide (WS2) flakes are exfoliated on a polydimethylsiloxane (PDMS) stamp and 

identified using an optical microscope. The desired flake is transferred onto a pre-cleaned 

SiO2/Si substrate (𝑡𝑆𝑖𝑂2  = 500 nm), using a transfer-stage. The transferred flake on SiO2 is 

annealed in an Ar-H2 environment at 240C for 6 hours in order to achieve a clean top-

interface of WS2, to be contacted with graphene. The graphene flake is exfoliated from a 

ZYB grade HOPG (Highly oriented pyrolytic graphite) crystal and boron nitride (BN) is 

exfoliated from BN crystals (size ~1 mm) onto different SiO2/Si substrates (𝑡𝑆𝑖𝑂2  = 90 nm). 

Both crystals were obtained from HQ Graphene. The desired bilayer-graphene (BLG) flakes 

are identified via their optical contrast using an optical microscope. Boron-nitride flakes are 

identified via the optical microscope. The thickness of hBN and WS2 flakes is determined 

via Atomic Force Microscopy. In order to prepare an hBN/Gr/WS2 stack, we use a 

polycarbonate (PC) film attached to a PDMS stamp as a sacrificial layer. Finally, the stack is 

annealed again in the Ar-H2 environment for six hours at 235C to remove the remaining PC 

polymer residues.  

In order to define contacts, a poly-methyl methacrylate (PMMA) solution is spin-coated over 

the stack and the contacts are defined via the electron-beam lithography (EBL). The PMMA 

polymer exposed via the electron beam gets dissolved in a MIBK:IPA (1:3) solution. In the 

next step, 0.7 nm Al is deposited in two steps, each step of 0.35 nm followed by 12 minutes 

oxidation in the oxygen rich environment to form a AlOx tunnel barrier. On top of it, 65 nm 

thick cobalt (Co) is deposited to form the ferromagnetic (FM) tunnel contacts with a 3 nm 

thick Al capping layer to prevent the oxidation of Co electrodes. The residual metal on the 

polymer is removed by the lift-off process in acetone solution at 40 ̊C. 

7.5.2 Charge transport measurements 

7.5.2.1 Graphene 

 

Figure 7.5-1 (a) Nonlocal spin-transport measurement scheme. (b) An optical micrograph of a fabricated 

WS2/BLG/hBN stack (stack A). BLG is outlined with black dashed lines and hBN top-gate is outlined in red. 
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We measure the charge transport in graphene via the four-probe local measurement scheme. 

For measuring the gate-dependent resistance of graphene-on-WS2, a fixed ac current iac ≈ 100 

nA is applied between contacts C1-C4 and the voltage-drop is measured between contacts 

C2-C3 (Figure 7.5-1 (a)), while the back-gate voltage is swept. The maximum resistance 

point in the Dirac curve is denoted as the charge neutrality point (CNP). For graphene-on-

WS2, it is possible to tune the Fermi energy EF and the carrier-density in graphene only when 

EF lies only in the band-gap of WS2. Since, we do not observe any saturation in the resistance 

of the BLG (red curve Figure 7.5-2 (a)), we probe the charge/ spin transport where the Fermi 

level lies within the band gap of WS2. The CNP cannot be accessed within the applied Vbg 

range. However, it is possible to access the CNP and the hole doped regime (black curves 

Figure 7.5-2 (a)) in the region underneath the top-hBN flake, outlined as red region in the 

optical image in Figure 7.5-1 (b), using the top-gate application due to its higher capacitance. 

 

Figure 7.5-2 (a) Rsq – Vbg(tg) dependence for the nonencapsulated (encapsulated) region is shown on the left (right) 

axis (red(black) curves) for stack A. (b) τ‖-Vbg for BLG/ WS2. 

In order to extract the carrier mobility μ, we fit the charge-conductivity σ versus carrier 

density n plot with the following equation: 

σ =
1

Rsq
=

neμ+σ0

1+Rs(neμ+σ0)
                       Equation 7.5-1 

where 𝑅𝑠𝑞 is the square resistance of graphene, 𝜎0 is the conductivity at the CNP, 𝑅𝑠𝑞 is the 

residual resistance due to short-range scattering39,41 and e is the electronic charge. We fit the 

σ-n data for n (both electrons and holes) in the range 0.5-2.5x1012 cm-2 with Equation 7.5-1. 

For the encapsulated region we obtain the electron-mobility μe ≈ 3,000 cm2V-1s-1 for stack A. 

For stack B, we could not access the CNP within the applied Vbg range due to heavily n-doped 

BLG. Therefore, we could not extract the mobility. 

Diffusion coefficient of graphene can be extracted from the σ-n dependence using the 

Einstein relationship: 

𝐷𝑐 =  
𝜎

𝑒2ʋ(𝐸)
                       Equation 7.5-2  

where Dc is the charge diffusion coefficient, e is the electronic charge, and ʋ(E) is the density 
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of states of the BLG at energy E. The total number of carriers n can be calculated using the 

relation: 

𝑛 = ∫ ʋ(𝐸)𝑑𝐸
𝐸𝐹
0

                      Equation 7.5-3 

ʋ(E) of the BLG is: 

ʋ(𝐸) =
𝑔𝑠𝑔ʋ

4𝜋ħ2ʋ𝐹
2 (2𝐸 + 𝛾1)                     Equation 7.5-4 

where gs and gʋ are electron spin and valley degeneracy (=2), ħ is the reduced Planck 

coefficient, ʋF = 106 m/s is the electron Fermi velocity, and γ1=0.37 eV is the interlayer 

coupling coefficient. 

In order to account for the broadening of the density of states near the charge neutrality point, 

Equation 7.5-4 can be rewritten as: 

ʋ(𝐸) =
𝑔𝑠𝑔ʋ

2𝜋ħ2ʋ𝐹
2 (

2𝑏

√2𝜋
𝑒𝑥𝑝 (−

𝐸2

2𝑏2
) + 𝐸 × 𝑒𝑟𝑓 (

𝐸

𝑏√2
) + 0.5𝛾1).               Equation 7.5-5 

Here b = 75 meV is the Gaussian broadening energy and erf is the Gaussian error function. 

By solving Equation 7.5-5 and Equation 7.5-3, we can obtain E and calculate ʋ(E). Now, 

using the relation in Equation 7.5-2, we obtain Dc ≈ 0.01 m2s-1 for the hBN encapsulated 

region. 

7.5.2.2  Tungsten disulfide (WS2) 

In order to obtain the transfer characteristics, i.e., back-gate dependent conductivity of the 

WS2 substrate, we apply a dc voltage VDS = 0.2 V and measured the current IDS between the 

top gate contact, that touches the bottom WS2 at point D and a contact S on the BLG flake 

(Figure 7.5-1 (b)), and vary the back-gate voltage Vbg in order to change the resistivity of 

WS2. The IDS - Vbg behaviour of the bottom-WS2 flake of stack A is plotted in Figure 7.5-3. 

 

Figure 7.5-3 IDS - Vbg behavior of the bottom-WS2 flake of stack A at VDS = 0.2 V applied between the top-gate 

electrode and another electrode contacting the BLG-on-WS2. The measurement scheme is shown in Figure 7.5-1(b). 
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7.5.3 Spin transport measurements 

For spin-valve (SV) measurements, a charge current iac is applied between contacts C2-C1 

and a nonlocal voltage VNL is measured between C3-C4 (Figure 7.5-1 (a)). First an in-plane 

magnetic field B‖ ≈ 0.2 T is applied along the easy axes of the ferromagnetic (FM) electrodes 

(+y-axis), in order to align their magnetisation along the field. Now, B‖ is swept in the 

opposite direction (-y-axis) and the FM contacts reverse their magnetisation direction along 

the applied field, one at a time. This magnetisation reversal appears as a sharp transition in 

VNL or in the nonlocal resistance 𝑅𝑛𝑙=VNL/iac. The spin-signal is 𝑅𝑛𝑙
‖
=

𝑅𝑛𝑙
𝑃 −𝑅𝑛𝑙

𝐴𝑃

2
, where 𝑅𝑛𝑙

𝑃(𝐴𝑃)
 

represents the 𝑅𝑛𝑙 value of the two level spin-valve signal, corresponding to the parallel (P) 

and anti-parallel (AP) magnetisation of the FM electrodes. In the nonlocal measurement 

geometry the spin-signal 𝑅𝑛𝑙
‖

 is given by: 

 Rnl
‖
=
P2Rsqλs

‖
e

−
L

λs
‖

2w
                         Equation 7.5-6  

where 𝜆𝑠
‖ is the spin-relaxation length for the in-plane spins in graphene and P is the contact 

polarisation of injector and detector electrodes for in-plane spins, 𝑅𝑠𝑞 is the graphene sheet-

resistance and w is the width of spin-transport channel. 

 

Figure 7.5-4 In-plane Spin valve (SV) measurements for stack A as a function of Vbg and the conductance of the 

underlying TMD (WS2). 

For Hanle spin-precession measurements3,42, for a fixed P (AP) configuration, an out-of-

plane magnetic field B⊥ is applied and the injected in-plane spin-accumulation precesses 

around the applied field. From these measurements, we obtain the spin diffusion coefficient 

Ds and in-plane spin-relaxation time τ‖. The measured Hanle curves are fitted with the steady 

state solution to the one dimensional Bloch equation: 

𝐷𝑠𝛻
2𝜇𝑠
→ −

𝜇𝑠
→

𝜏𝑠
+ 𝜔𝐿 𝑋 𝜇𝑠

→ = 0                     Equation 7.5-7 

with the spin diffusion constant 𝐷𝑠, spin relaxation time 𝜏𝑠 and spin-accumulation 𝜇
𝑠
→ in the 

transport channel. The spin diffusion length 𝜆𝑠 = √𝐷𝑠𝜏𝑠. The obtained Ds from the Hanle 
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precession measurements 0.01 – 0.02 m2s-1, which is of similar magnitude of the diffusion 

coefficient obtained from the charge transport measurements, and establishes the validity of 

the analysis. 

Using this 𝜆𝑠
‖ in Equation 7.5-6, we obtain the contact polarisation P ≈ 3-5 % for in-plane 

spin-transport. We would like to make a remark here that some of the contacts in stack A 

have the opposite (i.e., negative) sign of P for in-plane spin-transport. The origin of the 

negative sign is nontrivial and possibly could be due to the specific nature of the FM tunnel 

barrier interface with the graphene-on-TMD. 

 

Figure 7.5-5 In-plane Spin valve (SV) measurements for stack B at different back-gate voltage (Vbg) values. 𝑅𝑛𝑙
‖

 

does not change with Vbg, indicating that the spin-absorption is not the dominant mechanism for spin-relaxation 

within the applied Vbg range. 

SV measurements as a function of Vbg (stack B) are summarized in Figure 7.5-4 and Figure 

7.5-5 for stack A and stack B, respectively. For both samples, there is no significant change 

in the spin-signal within the range ΔVbg ≈ ± 40V. For stack A, the FM contacts have low 

resistance (≤ 1kΩ) and this is the reason that there is a modest increase in 𝑅𝑛𝑙
‖

 at higher charge 

carrier density due to the suppressed contact-induced spin-relaxation26,43. Both measurements 

do not exhibit any measurable signature of spin-absorption due to the conductivity 

modulation of the underlying TMD substrate. 

7.5.4 Generalised Stoner-Wohlfarth Model for extracting 

magnetisation angle 

In this section, we describe the basics of Stoner-Wohlfarth (SW) model, and extend it for 

three dimensional case in order to extract the magnetisation-direction of a bar-magnet in 

presence of an external magnetic field. 

The total energy ET of a ferromagnet in a magnetic field is expressed as: 

ET = EA+EZ                Equation 7.5-8 
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where EZ and EA are the contributions from Zeeman and anisotropic energy, respectively.  

 

Figure 7.5-6 Easy axis of magnetisation M for the bar magnet is along its length, i.e., along y-axis. (a) M is along y-

axis for B = 0 or when B is applied along y-axis. (b) For B ≠ 0 T, M makes an angle θ with the x-y plane and angle 

ϕ with the y-z plane and (c) B makes an angle θB with the x-y plane and angle ϕB with the y-z plane. 

First a magnetic field B is applied which makes an angle ϕB with the x-axis and an angle θB 

(Figure 7.5-6 (b)), having its components Bx, By, Bz along x, y and z axes, respectively. Here 

B can be parameterized with respect to θB, ϕB in the following way:  

Bx = B cos θB cosϕB , By = B cos θB sinϕB , Bz = B sin θB.         Equation 7.5-9 

For a ferromagnetic bar with its anisotropic constants Kx, Ky and Kz along x, y and z axes 

respectively, and �⃗⃗�  making an angle αx, αy and αz with the x, y and z axes respectively, ET be 

generalised to a three-dimensional form as: 

ET = ∑ EA
i

i=x,y,z + ∑ EZ
i

i=x,y,z .                              Equation 7.5-10 

Now we write down the expression for 𝐸𝐴
𝑖  and 𝐸𝑍

𝑖  which have contributions from Mi and Bi. 

At (B, θB, ϕB) �⃗⃗�  makes the azimuthal angle ϕ with the x-axis in the x-y plane and polar angle 

θ with the y-axis in the y-z plane (Figure 7.5-6 (c)). Therefore, �⃗⃗�  = (Mx, My, Mz) = 

(𝑀 cos 𝜃 cos𝜙 ,𝑀 cos 𝜃 sin 𝜙 ,𝑀 sin 𝜃). The anisotropic and Zeeman energy terms can 

again be parameterised with respect to θ, ϕ, θB, ϕB in to a three-dimensional form: 

EA
x = Kx(sin αx)

2 = Kx(1 − (cos θ)
2(cosϕ)2), 

EA
y
= Ky(sin αy)

2
= Ky(1 − (cos θ)

2(sinϕ)2), 

 EA
z = Kz(sin αz)

2 = Kx(cos θ)
2

                            Equation 7.5-11 

and 

EZ
x = −MxBx, 

 EZ
y
= −MyBy, 
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EZ
z = −MzBz.              Equation 7.5-12 

Now the expressions in Equation 7.5-11 and Equation 7.5-12 can be substituted to Equation 

7.5-10 and a full functional form of ET can be obtained.  

 

Figure 7.5-7 (a) in-plane ϕ and (b) out-of-plane θ angles as a function of magnetic field at different θB values. Dashed 
lines in the θ-B plot correspond to the situation when B and M have their in-plane components in the same direction 

in the y-z plane. Sharp switches in ϕ, θ correspond to the event when the magnetisation reversal occurs. 

In order to obtain (θ,ϕ) which correspond to min(ET), we solve for the global energy minima 

of Equation 7.5-10 by imposing two following conditions: 

∂ET(θ,ϕ)

∂θ
=
∂ET(θ,ϕ)

∂ϕ
= 0,

∂2ET(θ,ϕ)

∂θ2
=
∂2ET(θ,ϕ)

∂ϕ2
= 0.               Equation 7.5-13 

Since �⃗⃗�  has its easy axis along y-axis, Ky = 0. We use Mcobalt = 5 x 105 A/m as reported in 

literature46. In order to obtain Kz, we use the saturation magnetic field Ms of the FM electrodes 

along z-direction, i.e. ~1.5 T for the thickness (65nm) of the FM electrodes, and use the 

relation47 𝑀𝑠 =
𝑘𝑧

𝑀𝑐𝑜𝑏𝑎𝑙𝑡
. In order to obtain Kx, we use the in-plane switching fields of FM 

electrodes, and use them as the only free parameter in the model to obtain the in-plane 

magnetisation switching as obtained in measurements. 
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Using the procedure, we numerically solve for θ, ϕ for different directions of the applied 

magnetic field with respect to the minimum energy constraint in Equation 7.5-13 using 

MATLAB. The simulation outcome is shown in Figure 7.5-7.  

7.5.5 Oblique Spin-valve measurements 

 

Figure 7.5-8 Steps for Oblique Spin Valve Measurements 

Before starting the oblique spin-valve (OSV) measurements, we set the initial �⃗⃗�  of the FM 

electrodes along +y-axis, i.e. along their easy magnetisation-axis. Here, the measured spin-

signal 𝑅𝑛𝑙
𝑇 = 𝑅𝑛𝑙

‖
. 

Step-I: We apply a magnetic field B in the opposite direction which makes an angle θB with 

the -y-axis, as shown in Figure 7.5-8 (a). Here, we assume that both injector and the detector 

due to their identical thickness have the same out-of-plane anisotropy value Kz. As the 

magnitude of B increases, the magnetisation �⃗⃗�  of both injector and detector FM electrodes 

makes a finite angle θi with respect to its initial direction (+y-axis), and the injected spins 

have their quantisation axis along θi (Figure 7.5-8 (a)). Now, the measured spin-signal 𝑅𝑛𝑙
𝑃1 

in the parallel configuration can be expressed as: 

Rnl
P1 ≃  Rnl

‖
(cos θi)

2ζ‖(B sin θB) +  Rnl
⊥ (sin θi)

2ζ⊥(B cos θB)     Equation 7.5-14 

where, 𝜁
‖(⊥)

 is the functional form for the in-plane (out-of-plane) spin precession of 

dynamics. 

Step-II: Due to different widths of the FM electrodes, they have different in-plane 

anisotropies and different switching fields. At a certain magnetic field, the magnetisation of 

the detector reverses the direction of its y-component. Now, the detector magnetisation 

subtends an angle θf with the negative y-axis (Figure 7.5-8 (b)). This activity is seen as a 

switch due to the direction reversal of both in-plane and out-of-plane magnetisation 
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component with respect to its initial orientation. The factorisation of in-plane and out-of-

plane components can be understood via the presented vector diagram in Figure 7.5-8 (b) in 

following steps: 

• The injector electrode injects the spin signal along θi, represented by the blue arrow 

b-c in Figure 7.5-8 (b).   

• The detector measures the projection of the injected spin-signal which has its 

quantisation axis at θi, along the detector magnetization axis along b-a, shown as a 

black dashed line in Figure 7.5-8 (b). Now the magnetisation axis, along which the 

spin-signal is measured becomes:  

M
→
injector

new = −(ĵ cos θf + k̂ sin θf) cos(θi + θf)                    Equation 7.5-15 

where �̂�, �̂� are the unit vectors along y and z-axis, respectively. Since the in-plane and out-

of-plane spin-signals have magnitudes 𝑅𝑛𝑙
‖
cos 𝜃𝑖 𝜁‖(𝐵 sin 𝜃𝐵) and 𝑅𝑛𝑙

⊥ sin 𝜃𝑖 𝜁⊥(𝐵 cos 𝜃𝐵), 
the spin-signal measured by the detector becomes: 

Rnl
AP = −[ Rnl

‖
cos θi ζ‖(B sin θB) cos θf +

             Rnl
⊥ sin θi ζ⊥(B cos θB) sin θf] cos(θi + θf).          Equation 7.5-16 

 

Figure 7.5-9 (a)  OSV measurements for BLG/WS2 at different θB values for the injector-detector separation L=1 

μm with out background removal. Vertical dashed lines indicate the magnitudes of the magnetisation switching field 

magnitudes on x-axis at different θB values. The black curve is the in-plane spin-valve measurement at θB = 0̊. The 

curves measured at θB =75-82° have the contribution from both in-plane and out-of-plane spin-signals. The enhanced 
contribution of the out-of-plane spin-signal component during the magnetisation reversal, i.e. enhanced switch 

magnitude in 𝑅𝑛𝑙 for the measurements at higher θB values can be seen clearly in Figure 7.3-3 (b) of the main text, 

after the background removal. 

Step-III: Finally, the injector electrode reverses its magnetisation and both electrodes have 

their magnetisations pointing in the same direction, and making an angle θf with the device 

plane Figure 7.5-8 (c). The spin-signal 𝑅𝑛𝑙
𝑃2 has the same expression as in Equation 7.5-14, 

except θi is replaced with θf. The desired spin valve signal can be obtained by subtracting 



Supplementary information 131 

 

 

Equation 7.5-16 with Equation 7.5-14 with appropriate θ values, obtained from Figure 7.5-7 

at corresponding magnetisation switching fields.  

A data set for the oblique spin valve measurements is shown in Figure 7.5-9. As expected by 

the simulation results in Figure 7.5-7, the magnetisation switching follows the relation B0 

≈ 𝐵 cos 𝜃𝐵, where B0 is the magnetisation switching field ~40 mT for the in-plane spin valve 

(black curve in Figure 7.5-9). The measured signal has contribution from both in-plane and 

out-of-plane magnetisation switching. As suggested by the simulation results, the magnetic 

field dependent background in the measurement has similar trend as observed in Figure 7.5-7 

(b)) due to the field-dependent magnetisation angle, and has contribution of the out-of-plane 

spin-signal. The processed data after removing this field dependence is shown in Figure 7.3-3 

(a) of the main text which shows a clear enhancement in the measured spin valve signal 

magnitude. This is a consequence of large spin-life time anisotropy present in the system, 

and is discussed in the manuscript in detail. 

 

Figure 7.5-10 Additional OSV measurements at L = 1 μm at Vbg = 0 V (stack A). 

An additional set of OSV measurements for a different region (on the right side) of stack A 

is shown in Figure 7.5-10. For this set the FM electrodes at θB = 83° switch earlier than the 

expected switching field, i.e. 𝐵0/ cos 𝜃𝐵 ≈ 300 mT, and using the angles obtained in Figure 

7.5-7 and τ‖ in the region, the analysis yields η ≈ 244 and τ⊥ ≈ 4 ns.  The overestimation of η 

is probably due to earlier switching of the FM electrode. However, the effect of anisotropy 

can be clearly seen in the measurement. 

7.5.6 Nonlocal Hanle signal versus orbital magnetoresistance 

A negligible charge background signal due to the orbital magnetoresistance of the graphene 

flake is present at the applied B⊥ as shown in Figure 7.5-11.  
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Figure 7.5-11 Hanle (parallel configuration) at the injector-detector separation L = 2.3 μm and the flake 

magnetoresistance (black curve) are symmetrised and normalised with 𝑅𝑛𝑙
𝑚𝑖𝑛

 and 𝑅𝑀𝑅
𝑚𝑖𝑛

 value in order to emphasise 

the signal enhancement in the nonlocal configuration. 

Here, for the same channel 𝑅𝑛𝑙 increases almost 50 fold whereas there is hardly any change 

in the background MR signal (Figure 7.5-11). Therefore the observed increase in 𝑅𝑛𝑙 at high 

B⊥ is clearly not due to the orbital magnetoresistance of the graphene-flake. 

7.5.7 Estimating out-of-plane spin relaxation time via Hanle 

measurements 

It is already explained in the previous section that at a nonzero magnetic field B applied at an 

angle θB with the device plane, the magnetisation vector �⃗⃗�  makes a finite angle θ with the 

device plane (Figure 7.5-6). Here, we represent a specific case with θB =90° for Hanle 

measurements. Here, we would represent B as B⊥ and assume that both injector and detector 

behave identically and their �⃗⃗�  vectors make same angle θ. At B⊥ ≠ 0, �⃗⃗�  has its quantisation 

axis not in the device plane, it also electrically injects a nonzero out-of-plane spin-signal. If 

�⃗⃗�  for both injector and detector were pointing perpendicular to the device plane, the 

measured nonlocal signal 𝑅𝑛𝑙
⊥  would be written as: 

Rnl
⊥ =

P2Rsq(B⊥)λs
⊥e
−
L

λs
⊥

2w
             Equation 7.5-17 

where 𝜆𝑠
⊥ is the spin-relaxation length for the out-of-plane spins in graphene and P is the 

contact polarisation of injector and detector electrodes, which is obtained via in-plane spin-

transport measurements. Rsq(B⊥) is the magnetoresistance (MR) of the graphene flake in 

presence of the out-of-plane magnetic field. However, in general θ < π/2 for the values of B⊥ 

< 1.2 T due to limitations of the electromagnet in the setup, we inject and detect only a 

fraction of 𝑅𝑛𝑙
⊥

 that is proportional to (sin 𝜃)2(𝐵⊥), and the in-plane spin-signal 𝑅𝑛𝑙
‖

 that is 

proportional to (cos 𝜃)2(𝐵⊥) and gets dephased by B⊥. 
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Figure 7.5-12 (a) Symmetrised Hanle curves (stack A) and fits (in red) with Equation 7.5-23 after subtracting the 

background-signal of ~3 Ω and 1 Ω at two different injector-detector separations, respectively (at Vbg = 0 ) result in 

similar 𝜆𝑠
⊥

. (b) Additional Hanle measurements and the fit for stack B (after subtracting the background signal ~1 

Ω).  Nonlocal resistance and flake magnetoresistance are normalised and plotted together in order to highlight the 

relative difference between them in (c) for stack A and (d) for stack B. 

FM contacts also measure charge-related MR and a constant spin-independent background 

due to current spreading and homogeneous current distribution even in the nonlocal part of 

the circuit. This contribution can be represented as: 

Rnl
ch = C1Rsq(B⊥) + C2.                  Equation 7.5-18 

Therefore, the total measured nonlocal signal Rnl
T  is: 

Rnl
T (B⊥) =  Rnl

⊥ (sin θ)2(B⊥) ± Rnl
‖
(cos θ)2(B⊥) × ζ(B⊥) + Rnl

ch .         Equation 7.5-19 

Here +(-) before the expression for the in-plane spin signal is for P(AP) magnetization 

configuration of the injector-detector electrodes and ζ(B⊥) is the expression for Hanle 

precession dynamics. The second term can be omitted from Equation 7.5-19 by measuring 

Rnl
T (B⊥) for both P and AP configurations of FM electrodes and then averaging them out. 

Via this exercise, we get rid of the in-plane spin signal and get the following expression: 

Rnl
T (B⊥) =  Rnl

⊥ (sin θ)2(B⊥) ± C1Rsq(B⊥) + C2.          Equation 7.5-20 

At B⊥ = 0 T, Rsq(B⊥ = 0) = Rsq and θ(B⊥ = 0) = 0, Equation 7.5-20 reduces to: 
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Rnl
T (0) =  C1Rsq + C2.                 Equation 7.5-21 

By subtracting Equation 7.5-21 to Equation 7.5-20 and dividing the resulting expression with 

Rsq(B⊥), we obtain: 

Rnl
T (B⊥)−Rnl

T (0)

Rsq(B⊥)
=
Rnl
⊥ (sin θ)2(B⊥)

Rsq(B⊥)
+ C1

Rsq(B⊥)−Rsq

Rsq(B⊥)
.                    Equation 7.5-22 

Using Equation 7.5-17, we obtain the final expression:  

Rnl
T (B⊥)−Rnl

T (0)

Rsq(B⊥)
=
P2λs

⊥e
−
L

λs
⊥
(sin θ)2(B⊥)

2w
+ C1

Rsq(B⊥)−Rsq

Rsq(B⊥)
               Equation 7.5-23 

and use it for extracting 𝜆𝑠
⊥ and the constant C1 which is the fraction of flake MR contributing 

to the nonlocal signal. Here, θ is obtained via simulations, following the procedure mentioned 

earlier using θB = π/2.  Experimental data of 𝑅𝑛𝑙 and the fit with Equation 7.5-23 is shown in 

Figure 7.5-12 (a,b). 

7.5.8 Estimation of Valley-Zeeman and Rashba SOC 

strengths 

In graphene/TMD heterostructures, different spin-orbit coupling strengths are induced in 

graphene in the in-plane and out-of-plane directions because of weak van der Waals 

interactions with the contacting TMD8. This effect can be measured in the anisotropy of in-

plane τ‖ and out-of-plane spin-relaxation time τ⊥ using the following relation: 

η =
τ⊥

τ‖
≈
τiv

τp
(
λVZ

λR
)
2

                       Equation 7.5-24 

where λVZ and λR are spin-orbit coupling strengths corresponding to the out-of-plane and in-

plane spin-orbit field, respectively. τiv is the intervalley scattering time, and τp is the 

momentum relaxation time of electron. 

From the charge and spin transport measurements, we obtain the diffusion coefficient D ≈
0.01 − 0.03 m2V−1s−1. Following the relation D ≈ vF

2τp, where vF = 10
6 ms−1 is the 

Fermi velocity of electrons in graphene, we obtain τp ≈ 0.01 − 0.03 ps. Typically, for strong 

inter-valley scattering, we can assume the relation8 τiv~5τp, and estimate τiv ≈ 0.05 −

0.15 ps. From the spin-transport experiments, we already know τ⊥ ≈ 1 ns and τ‖ ≈ 30 ps. We 

can now estimate λR and λVZ independently by assuming that the spin-relaxation is dominated 

by the Dyakonov Perel mechanism8, i.e. using the relations τ⊥
−1 = (

2λR

ћ
)
2

and τ‖
−1 =

(
2λVZ

ћ
)
2

τiv, respectively. We obtain λR~100 μeV and λVZ ≈ 350 μeV. The obtained values 

are of similar order magnitude as reported in literature3,7,8.
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8 Study of proximity induced SOC in WSe2/bi-

layer graphene heterostructures 

 

Abstract 

In this chapter, fabrication of tungsten di-selenide (WSe2) on bi-layer graphene (BLG) 

heterostructure, represented as WSe2/BLG, on a 300 nm SiO2 substrate is presented. We have 

studied FETs of WSe2/BLG in vertical geometry showing an n-type behaviour with a current 

ON-OFF ratio >103. And,  spin transport in BLG was studied via the non-local spin-valve 

and Hanle spin precession measurements. Also, we have studied spin injection through WSe2 

into BLG, that changes as a function of applied back-gate voltage. 

Using Hanle precession measurement at high magnetic fields, we measured anisotropy in the 

spin relaxation time for in-plane (τ∥) and out-of-plane (τ⊥) spins in BLG, which is covered by 

WSe2, with τ⊥/τ∥ = 3.64. The anisotropy in spin relaxation time present in the WSe2 covered 

BLG could be non-locally determined in the nearby region of BLG not covered by WSe2; this 

is due to the diffusing nature of the itinerant spins which explore the neighbouring BLG 

region covered by WSe2. Due to the presence of anisotropy in τ∥ and τ⊥, we do not observe 

any in-plane spin transport across the WSe2 covered BLG (with the closest spaced 

ferromagnetic injector-detector electrodes), although we observe an out-of-plane spin 

transport. The anisotropy in τ∥ and τ⊥ for the region of BLG covered by WSe2 could be due 

to the presence of different magnitudes of SOC (Rasbha and Valley-Zeeman type) for the in-

plane and the out-of-plane spins.  

Our observation of spin lifetime anisotropy in the WSe2/BLG heterostructure has potential 

towards realising two-dimensional spin-based FETs, wherein, we can control the spin 

transport in the channel via an application of back-gate voltage. 
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8.1 Introduction 

Electronic band structure of a bi-layer graphene (BLG) on tungsten di-selenide (WSe2), 

represented as BLG/WSe2, has been studied from first principles by Gmitra et al.1 and they 

found that an indirect bandgap of 12 meV opens up in the BLG due to the built-in electric 

field across the BLG/WSe2 heterostructure. Here, the valence band is formed by the orbitals 

of nondimer carbon atoms of the graphene layer adjacent to the transition metal di-

chalcogenide (TMD), while the conduction band is formed by the orbitals of nondimer carbon 

atoms 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 

applying an external electric field in the order 1 V/nm. Similar theoretical observations have 

also been reported by Khoo et al.2 for BLG on tungsten di-sulphide (WS2), represented as 

BLG/WS2, wherein the SOC is tunable with an application of electric field across the 

BLG/WS2 heterostructure. Recent experimental3,4 observations of a weak anti-localisation in 

BLG on TMD heterostructure is a confirmation of strong SOC induced in BLG. In chapter 

7, we have studied the spin-transport in BLG/WS2 heterostructures, with BLG being entirely 

on multilayer WS2. For BLG/WS2 heterostructure, we measured a record spin lifetime 

anisotropy, the ratio between the out-of-plane (τ⊥) and the in-plane (τ||) spin relaxation time 

of ∼ 40-70.  

 

Figure 8.1-1 Device schematic of WSe2/BLG heterostructure on a 300 nm SiO2 substrate with n++ Si back gate 

contacted with ferromagnetic Co with AlOx tunnel barrier. 

In addition to the device geometry of BLG on multilayer WS2, we also considered reversing 

the configuration by placing a multilayer WSe2 on BLG wherein the WSe2 is partially 

covering the BLG; we refer to this heterostructure as WSe2/BLG. In this chapter, we have 

fabricated WSe2/BLG heterostructures placed on a 300 nm SiO2, as shown in Figure 8.1-1. 

We studied electrical and spin transport in WSe2/BLG heterostructure for multifold reasons 

which are: 

• We can study and compare spin transport in: (i) BLG covered with WSe2, (ii) BLG 

which is adjacent to BLG covered with WSe2, and (iii) BLG only.  

• By placing ferromagnetic (FM) contacts on WSe2, we can study: (i) the field-effect 

transistor (FET) of WSe2/BLG in vertical geometry, and (ii) spin injection into BLG 

using WSe2. 

• WSe2 has a higher spin-orbit coupling strength than WS2, and as a result of this, we 

expect WSe2 to induce larger spin-orbit coupling (SOC) in BLG. 

n++ Si

300 nm SiO2

multi-layer WSe2

bi-layer graphene

AlOx/Co
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From our electrical and spin transport studies on WSe2/BLG heterostructure, described in 

detail in the forthcoming sections of this chapter, we make the following observations: 

• The presence of anisotropy in spin relaxation times for in-plane (τ∥) and out-of-plane 

(τ⊥) spins in BLG which is covered by WSe2, with τ⊥/τ∥ = 3.64, could be determined 

by Hanle spin precession measurement at a high magnetic field. 

• Anisotropy in spin relaxation time present in BLG covered by WSe2 could be non-

locally determined in the nearby region of BLG not covered by WSe2 due to the 

diffusing nature of the itinerant spins which explore the neighbouring WSe2 covered 

BLG region. 

• WSe2/BLG heterostructure could be operated as a FET in vertical geometry which 

showed an n-type behaviour (i.e. a conductive channel is formed by electrons 

between source-drain electrodes of FET). Studying the vertical WSe2/BLG FET is 

essential in understanding the spin injection into BLG through WSe2 where we see 

that the spin injection changes as a function of applied back-gate voltage. 

However, from our study of the electrical and spin transport in WSe2/BLG heterostructure, 

the below observations still needs further investigation: 

• While studying the spin transport across the WSe2 covered BLG, we need to 

consider that there exists a part of BLG which is not covered by WSe2 where the τ∥ 

and τ⊥ are different in comparison to that of the region of BLG covered by WSe2. 

• Presence of a large magneto-resistance (MR) when a high magnetic field is applied 

perpendicular to the plane of BLG. Sometimes, the change in the magnitude of MR 

is significant in comparison to the change in non-local resistance measured by Hanle 

spin precession measurement. 

8.2 Device fabrication and characterisation 

In this section, the method of fabrication and electrical characterisation of the WSe2/BLG 

heterostructure on a 300 nm SiO2 substrate are briefly explained.  

Graphene is mechanically exfoliated on a 300 nm SiO2 substrate from HOPG crystals, as 

explained in chapter 4.1.2. We identified BLG by analysing the optical contrast of the flake 

for the 300 nm SiO2 substrate, as discussed in chapter 4.1.3, and as shown here in Figure 

8.2-1 (a) and (b). The optical contrast for BLG is 14% while for single-layer graphene it is 

7%. WSe2 is exfoliated on a PDMS substrate, as explained in chapter 4.1.2. A thin WSe2 

flake (<10 nm) is identified by optical contrast, and is stamped on the BLG by dry pick-up 

transfer method, as explained in chapter 4.1.5. The prepared stack of WSe2/BLG on a 300 

nm SiO2 substrate is as shown in Figure 8.2-2 (a). The WSe2 in Figure 8.2-2 (a) is a multilayer 

whose thickness is ~10 nm.  Later, as explained in chapter 4.1.6, contacts were defined by 

electron beam lithography. Finally, ferromagnetic cobalt contacts (65 nm) and the AlOx 

tunnel barrier (0.8 nm) were deposited by electron beam physical vapour deposition, as 

detailed in chapter 4.1.7. 
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Figure 8.2-1 (a) Optical image of a bi-layer graphene flake exfoliated on a 300 nm SiO2 substrate. (b) Optical contrast 

for the bi-layer graphene along the profile line in panel (a). 

A low-frequency AC lock-in detection method is used to measure the charge and spin 

transport in WSe2/BLG heterostructure. A DC voltage source (Keithley 2410) is used for 

studying the I-V response of WSe2 and for applying a back-gate voltage (VG). We performed 

all the electrical measurements in the presence of a magnetic field at 4K temperature using 

Helium flow cryostat. 

 

Figure 8.2-2 Optical images of (a) heterostructure of WSe2/BLG on a 300 nm SiO2 silicon substrate, and (b) a 

WSe2/BLG heterostructure contacted with ferromagnetic electrodes (Co/AlOx).  

8.3 Results 

We electrically characterised WSe2 by applying a DC voltage (VDS) and measuring the 

current (IDS) across the electrodes placed on BLG and WSe2, as shown in Figure 8.3-1 (a). 

The current path traverses through the WSe2 and BLG; the total resistance measured is 

dominated by the resistance of the WSe2 since WSe2 is more resistive than graphene. Further, 

by applying VG, one can change the charge carrier concentration in both WSe2 and BLG. The 

measured IDS as a function of VG is as shown in Figure 8.3-1 (b) and (c), and from these, we 

can interpret that: 
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• The WSe2/BLG heterostructure contacted with electrodes constitutes a vertical 

field-effect transistor (FET): since, the charge transport happens through the 

thickness of the WSe2, unlike conventional planar transistors where the charge 

transport is along the length of the two-dimensional flake.  

• The WSe2/BLG vertical FET conducts when we apply a positive VG. This implies 

that it is an n-type FET; i.e., a conductive channel forms with accumulation of 

electrons between source-drain electrodes of FET, when a positive VG is applied. 

• Electron charge carrier mobility was found to be 2.5 cm2V-1s-1, and the current ON-

OFF ratio was found to be > 103. 

 

Figure 8.3-1 (a) Device schematic for characterisation of WSe2/BLG heterostructure. (b) Linear, and (c) logarithmic 
plot of source-drain current (IDS) measured as a function of back-gate voltage (VG) for WSe2/graphene 

heterostructure. 

Electrical characterisation of bi-layer graphene (BLG)  

BLG was electrically characterised using the four-terminal local method by measuring the 

voltage drop across the electrodes on BLG, covered and not covered by WSe2, as shown in 

the device schematic of Figure 8.3-2 (a). Few observations from the resistance-VG plot of 

Figure 8.3-2 (b) are:  

• We see that the square resistance (Rsq) of the BLG region covered by WSe2 is lower 

than that of the uncovered region. Our observation of lower Rsq for the BLG region 

covered by WSe2 could be because this region is free from any residues remaining 

during the fabrication process.  

• Rsq-VG plot did not show a Dirac peak for the gate voltage sweep range of VG = ± 

15 V. And we see that, BLG is n-doped in this range of VG. The Dirac point of the 

BLG should be residing at higher negative VG since the resistance keeps increasing 

with increasing VG in negative voltage range. 
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Figure 8.3-2 (a) Device schematic for electrical characterisation of BLG using a four-terminal local method. (b) 

Measured four-terminal square resistance of BLG covered (black) and not covered (red) by WSe2. 

Non-local spin transport measurement in WSe2/BLG 

heterostructure 

The contact resistances (RC) of the ferromagnetic electrodes (FM) on BLG were determined 

by the three terminal measurements. The RC was found to be 2-10 kΩ; these values of RC and 

Rsq (from Figure 8.3-2 (b)) fall into the conductivity mismatch regime (Rc>Rsq). This 

condition ensures that there is a negligible backflow of spins from the graphene into the FM 

contacts, and further, contacts do not affect the spin transport in graphene5. 

 

Figure 8.3-3 (a) Device schematic for non-local spin valve (non-local SV) measurement. (b) The non-local SV 

measurement at VG = 15 V. (c) Symmetrised parallel (PL) and anti-parallel (APL) Hanle spin precession 
measurements. (d) The resultant Hanle curve (green) after subtracting the symmetrised parallel with anti-parallel 

Hanle curve is fit (red coloured curve) with the solution to the Bloch equation. 
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Non-local spin transport was measured for the device configuration in Figure 8.3-3 (a), as 

explained in chapter 3.5.2. Here, the FM injector electrode on BLG is close (0.64 μm) to the 

WSe2 covered BLG region. Non-local spin-valve (non-local SV) measured at VG = 15 V, as 

shown in Figure 8.3-3 (b), is showing a clear switch in the magnetisation of the injector-

detector FM. We noted down the switching fields for the injector and detector electrodes. 

Later, we aligned the magnetisation of the FM electrodes (injector and detector) in parallel 

(PL) and anti-parallel (APL) configurations. We performed Hanle spin precession 

measurement by applying a magnetic field perpendicular to the plane of the BLG in PL and 

APL configurations, as explained in chapter 3.5.3. PL and APL Hanle spin precession curves, 

obtained at VG = 15 V, are shown in Figure 8.3-3 (c). The Hanle curve after subtraction is as 

shown in Figure 8.3-3 (d); we performed the subtraction as (
𝑅𝑁𝐿,𝑃𝐿−𝑅𝑁𝐿,𝐴𝑃𝐿

2
) where, RNL,PL and 

RNL,APL are the non-local resistances measured for PL and APL configurations respectively. 

The resultant Hanle curve (green coloured curve) was fit with the solution to Bloch equation 

(red coloured curve),  as shown in Figure 8.3-3 (d), to obtain spin parameters such as spin 

lifetime (τs), contact polarisation (P), and spin diffusion coefficient (Ds). At VG = 15 V, the τs 

in BLG region close to the BLG region covered by WSe2 was found to be ~150 ps. 

In addition, we performed the Hanle spin precession measurements at VG = 0 V and -15 V, 

all of which are plotted together as shown in Figure 8.3-4 (a). Here, we see that the Hanle 

curve is narrower for VG = - 15 V.  

 

Figure 8.3-4 (a) Symmetrised Hanle spin precession measurements at: different back-gate voltages, and (b) spin 

lifetimes (obtained by fitting the Hanle curves from (a) with the solution to the Bloch equation), plotted as a function 

of back-gate voltage for the device schematic of Figure 8.3-3 (a). 

The obtained spin lifetimes at different VG are shown in Figure 8.3-4 (b). We observe that 

the spin lifetime increases as we push the VG towards the Dirac point of BLG, and this could 

be due to: 

• As reported by Wei et al.6, spin lifetime decreases from 6.2 ns at Dirac point to 2.5 

ns at higher carrier densities in BLG on 300 nm SiO2. The change in the spin lifetime 

as a function of charge carrier density was reported to be due to Dyakonov-Perel 

(DP) spin relaxation (i.e., spin relaxation via precession in internal spin-orbit fields 

which could be due to the curvature of the graphene7 or due to ripples in the 

graphene8). However, in BLG on SiO2 substrate, the Elliot-Yafet (EY) spin 
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relaxation is strongly reduced owing to the enhanced screening of the impurity 

potential and due to a smaller surface-to-volume ratio of thicker graphene. 

• Due to the diffusive nature of the injected spin accumulation, the spins explore the 

neighbouring WSe2 covered BLG region. Two mechanisms govern the spin 

relaxation as a function of VG in WSe2 covered BLG region. First, the Schottky 

barrier or the change in the spin resistance as a function of VG at the WSe2/BLG 

interface can result in the leakage of spins across the interface and eventual spin 

relaxation in WSe2
9,10. Second, the observed change in the spin lifetime can also be 

due to the change in SOC magnitude induced in BLG by WSe2 as a function of the 

electric field applied across the gate or as a function of tuning the doping density 

(and type) in BLG. 

We probed the spin transport in BLG only in the electron-doped regime. However, if we 

could extend the range of the gate voltage sweep, we would be able to observe a Dirac peak 

and explore the hole-doped regime. In this extended range of VG, we would have been able 

to determine and compare the spin lifetimes for the electron and hole-doped regimes. As 

reported by Wei et al.6, the spin lifetime is the same for both electron and hole-doped regimes 

in BLG on SiO2. However, in our WSe2/BLG heterostructure on SiO2, we expect that the spin 

lifetimes will be different due to different induced SOC or different spin sink effect for 

electron and hole-doped regimes. That is, the magnitude of induced SOC in BLG by WSe2 

is reported to be different1 in conduction and valence bands, implying different spin lifetimes 

for electron and hole-doped regimes. Further, for the spin sink effect, it is expected to have 

no spin transport after certain VG corresponding to the lowering of the Schottky barrier across 

the WSe2/BLG interface. It is difficult to separate the effects of the spin sink and the SOC 

from these measurements and would require further investigation. 

 

Figure 8.3-5 (a) Device schematic for non-local spin transport measurement. Symmetrised Hanle spin precession 

measurements for FM electrodes (magnetised parallel) placed (b) across (D3-D4), (c) close-to (D2-D4), and (d) far-

from (D1-D4) WSe2 covered BLG region.  
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Non-local spin transport measurements were also performed for the device schematic and 

measurement configuration shown in Figure 8.3-5 (a). Here, the voltmeter is connected 

across the detector FM electrodes D1-D4, D2-D4, and D3-D4 measuring voltages V1, V2, and 

V3 respectively; and an AC source is connected across the injector electrodes passing a 

current IAC. The Hanle spin precession curves measured for spin transport in BLG with the 

parallel magnetisation of FM electrodes are as shown in Figure 8.3-5 (b), (c), and (d) across 

the FM electrodes D3-D4, D2-D4, and D1-D4 respectively.  

A few observations from these Hanle curves are: 

• For the Hanle curve measured across D1-D4, we have RNL=V1/IAC as shown in Figure 

8.3-5 (d). At low magnetic field (< 0.25 T), we see a decrease in RNL due to a reduced 

in-plane spin signal because of spin precession. However at high perpendicular 

magnetic field (> 0.25 T), out-of-plane spins are injected as the FM electrodes 

magnetization is pulled out-of-plane, leading to an up-turn in the RNL. It is seen from 

Figure 8.3-5 (d) that the measured non-local resistance (RNL) at 0 T is greater than 

that at 1.2 T; which is expected when the in-plane (τ∥) and the out-of-plane (τ⊥) spin 

relaxation times are either equal or τ∥ > τ⊥. To confirm either of the cases, one needs 

to increase the magnetic field up to 1.5 T; wherein, the magnetisation direction of 

the cobalt FM electrodes is expected to be completely out-of-plane, i.e. 90̊. 

• For the Hanle curve measured across D2-D4, we have RNL=V2/IAC as shown in Figure 

8.3-5 (c). At low magnetic field (< 0.25 T), we see a decrease in RNL due to a reduced 

in-plane spin signal because of spin precession. However at high perpendicular 

magnetic field (> 0.25 T), we see an up-turn in the Hanle curve as a result of the 

out-of-plane spin injection, as explained in chapter 2.5.3.1. The RNL at 0 T is less 

than that at 1.2 T which is expected when there is an anisotropy in the spin relaxation 

times with τ⊥>τ∥, as discussed in chapter 3.5.3.1 and chapter 6.3.3.1. This anisotropy 

in spin relaxation times may exist in BLG or/and in WSe2 covered BLG. However, 

we haven’t observed anisotropy in spin relaxation times for uncovered BLG on 

SiO2. So, the measured anisotropy in spin relaxation times could be due to the 

presence of anisotropy in τ∥ and τ⊥ in the neighbouring WSe2 covered BLG which 

is felt by the diffusive spins under the detector FM electrode – placed close to the 

WSe2 covered BLG region. By fitting the Hanle curve in Figure 8.3-5 (c) with the 

Bloch equation at the low and high magnetic fields as explained in chapter 7.5.7 

(including the effects of the change in magneto-resistance), we extracted τ∥ = 122 ps 

and τ⊥= 445 ps. So, the anisotropy in spin relaxation time is τ⊥/τ∥ = 3.64. 

• For the Hanle curve measured across D3-D4, we have RNL=V3/IAC as shown in Figure 

8.3-5 (b). At low magnetic field (< 0.25 T), we do not see any feature arising due to 

the in-plane spin detection (at 0 T) and the in-plane spin precession (0 to 0.3 T). 

From the Hanle measurement across D2-D4 shown in Figure 8.3-5 (c), the RNL = 

0.17 Ω and by using 𝑅𝑁𝐿 ∝  𝜆𝑠𝑒
−
𝐿

𝜆𝑠 , we can calculate λs for in-plane spins to be 1.8 

μm for L of 4.625 μm. Using these values and considering the exponential decay of 

the in-plane spin accumulation along the channel of BLG, we calculated a non-local 

resistance of 24 mΩ at 0 T for the in-plane spin detection at a distance of 8.2 μm. 

So, this is the RNL expected to be measured via the Hanle measurement across D3-

D4, which was not the case. The in-plane spins reaching the detector FM electrode 

have to travel along the WSe2 covered BLG region, where they could have been de-
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phased (due to induced SOC) or sucked into the WSe2 (due to lower spin resistance 

in WSe2). At high magnetic field, we see an upturn in the RNL due to the injection 

and transport of the out-of-plane spins. The spin transport and the detection of out-

of-plane spins hints that the out-of-plane spins travelling in the BLG region covered 

by WSe2 are weakly affected by both the SOC and the spin-sink effect. By fitting 

the Hanle curve in Figure 8.3-5 (b) as explained in chapter 7.5.7, we estimate that 

τ⊥= 452 ps, which is similar to the τ⊥ measured for Hanle curve of Figure 8.3-5 (c). 

Non-local spin transport across WSe2 covered BLG was studied for the device schematic 

shown in Figure 8.3-6 (a). Here, we can see that the injector and detector FM electrodes are 

placed closely, unlike the measurements shown in Figure 8.3-5 (a) for spin transport across 

WSe2 covered BLG. Non-local SV signal at VG = ± 10 V in Figure 8.3-6 (b) shows no 

switches, signifying that there is no in-plane spin transport across WSe2 covered BLG. The 

non-local SV measurement was performed on the WSe2/BLG stack at different back-gate 

voltages to study the change in conductivity, which changes as a function of back-gate 

voltage, as shown in Figure 8.3-1 (c). Even with a change in the back-gate voltage, we do not 

see any switches in the measured non-local SV. 

The absorption or de-phasing of the in-plane spins in the WSe2 covered BLG was further 

investigated by performing Hanle spin precession measurement. The Hanle measurement at 

VG = 0 V is as shown in Figure 8.3-6 (c); it is similar in shape to that in Figure 8.3-5 (b) and 

(c), showing no signal due to the in-plane spin detection or the in-plane precession curve at 

low magnetic field. So, we consistently observe no spin signal for the in-plane spin transport, 

but could measure RNL for the out-of-plane signal as reflected by the upturn in Hanle curve 

seen in Figure 8.3-6 (c) at a high magnetic field . 

 

Figure 8.3-6 (a) Device schematic for non-local spin transport measurement. (b) non-local SV at different back gate 

voltages. (c) Symmetrised Hanle spin precession curve at a back-gate voltage of 0 V. 

Magneto-resistance (MR) measured for BLG covered by WSe2 

We also measured four-terminal local magneto-resistance (MR) of BLG covered by WSe2 

by applying a magnetic field perpendicular to the plane of BLG. A change in MR is calculated 

by,  

 MR % change =
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                             Equation 8.3-1 
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where, Rmax and Rmin are the maximum and minimum MR measured respectively. For MR 

plotted as a function of the applied perpendicular magnetic field, as shown in Figure 8.3-7 

(a), the change in MR is about 2.6 %.  However, the change in the signal observed for Hanle 

curves in Figure 8.3-5 (b) and (c) is about ~7 % and ~10 % respectively. The MR curve and 

the 
R

𝑅𝑚𝑖𝑛
 curves from Figure 8.3-5 (b) and (c) are plotted together in Figure 8.3-7 (b) for 

comparison. We see that the contribution of MR in the measured Hanle curves can be 

significant and hence, we have to remove the contribution of MR for estimating the true out-

of-plane spin relaxation times.  

 

Figure 8.3-7 (a) Symmetrised magneto-resistance of BLG covered with WSe2 measured with a magnetic field (B) 

applied perpendicular to the plane of BLG; the device schematic (four-terminal measurement) is shown in the inset. 

(b) Comparison of symmetrised magneto-resistance curve and Hanle curves from Figure 8.3-5 (b) and (c) plotted as 

R/Rmin. 

There exist other experimental techniques to estimate better out-of-plane spin relaxation 

times which have negligible MR contribution. These techniques are oblique spin-valve 

measurement (as explained and used in chapter 7) or Hanle spin precession measurement 

with application of an in-plane magnetic field11. 

Spin injection through WSe2 

The electrical conductivity across the WSe2/BLG heterostructure changes as a function of 

VG, shown in Figure 8.3-1 (b), and this could be interesting to study the spin injection through 

WSe2 as a function of VG. In this section, the spin injection through WSe2 was studied in 

non-local geometry as a function of applied VG, shown in Figure 8.3-8 (a), by placing a FM 

electrode on top of WSe2. At VG = 15 V, shown in Figure 8.3-8 (b), we see clear switches 

appearing in the measured non-local resistance due to the switching of injector and detector 

electrodes (confirmed by another set of measurements). However, when we perform non-

local SV measurement at VG = 0 V, we see no switches in the measured RNL; this implies that 

either there was no injection of spins or that the spins which were injected in BLG relaxed. 

However, from our observation in Figure 8.3-1 (c), we know that the WSe2/BLG vertical 

FET would be turned OFF at VG = 0 V. So, our observation of no spin transport at VG = 0 V 

is due to the WSe2/BLG interface acting as a barrier and hence, no current can flow through. 

However, to understand the nature of this barrier at the WSe2/graphene interface and the 

mechanism involving the spin injection through WSe2, one needs to study both charge and 
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spin transport at different back-gate voltages and temperatures. 

 

Figure 8.3-8 (a) Device schematic for non-local spin transport measurement for spin injection through WSe2. (b) 

and (c) are the measured non-local SV at VG = 15 V and 0 V respectively.   

8.4 Conclusion 

Here, we fabricated the heterostructure of multilayer WSe2 on BLG, represented as 

WSe2/BLG, which is contacted by FM contacts on a 300 nm SiO2 substrate. We studied the 

FETs of WSe2/BLG in vertical geometry showing an n-type behaviour with a current ON-

OFF ratio >103. We studied spin transport in different regions of BLG, covered and not-

covered by WSe2, via the non-local SV and the Hanle spin precession measurements. We 

also studied spin injection through WSe2 into BLG which changes as a function of the applied 

back-gate voltage. 

We observe the presence of an anisotropy in spin relaxation time for in-plane (τ∥) and out-of-

plane (τ⊥) spins in the region of BLG covered by WSe2 with τ⊥/τ∥ = 3.64.  We could also 

measure the anisotropy in spin relaxation time present in BLG covered by WSe2 by studying 

the non-local spin transport in the nearby region of BLG which is not covered by WSe2; this 

is due to the diffusing nature of the itinerant spins which explore the neighbouring WSe2 

covered BLG region. As a result of the anisotropy in τ∥ and τ⊥, we could not measure any in-

plane spin transport across the WSe2 covered BLG (with the closest spaced FM injector-

detector electrodes); although, we were able to measure the transport of the out-of-plane 

spins. The anisotropy in τ∥ and τ⊥ for the region of BLG covered by WSe2 can be due to the 

presence of different magnitudes of SOC (Rashba and Valley-Zeeman type) for the in-plane 

and the out-of-plane spins. Our observation of spin lifetime anisotropy in WSe2/BLG 

heterostructure has potential towards realising two-dimensional spin-based FETs, wherein, 

we can control the spin transport in the channel by applying a back-gate voltage. 
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8.5 Supplementary information 

8.5.1 Hanle spin precession measurement in the region of 

BLG close to WSe2 covered BLG 

 

Figure 8.5-1 (a)-(c) Raw data for parallel (PL) and antiparallel (APL) Hanle curves for the device schematic in 
Figure 8.3-3 (a) at back gate voltage of -15 V, 0V, and +15 V respectively. (d)-(f) Symmetrised PL and APL Hanle 

curves from the raw data of (a)-(c) respectively.  

We performed Hanle spin precession measurements in the non-local SV geometry for the 

device schematic and measurement configuration shown in Figure 8.3-3 (a). The Hanle spin 

precession curves measured for parallel (PL) and antiparallel (APL) magnetisation 

configuration of FM electrodes at different back-gate voltages are shown in Figure 8.5-1 (a)-

(c). To remove the linear background in the Hanle spin precession curves of Figure 8.5-1 (a)-

(c), we symmetrised the measured RNL for both PL and APL configurations, as shown in 

Figure 8.5-1 (d)-(f) respectively. 

8.5.2 Hanle spin precession measurement in the BLG regions 

covered and not covered by WSe2 

We performed Hanle spin precession measurement in the non-local SV geometry for the 

device schematic and measurement configuration shown in Figure 8.3-5 (a). The Hanle spin 

precession curves measured for parallel (PL) configuration of FM electrodes are as shown in 

Figure 8.5-2 (a)-(c). The symmetrised Hanle spin precession curve for Figure 8.5-2 (a) is as 

shown in Figure 8.5-3; it is fit with the spin diffusion equation, including the effect of rotation 

of magnetisation of FM and the MR, yielding an out-of-plane spin relaxation length (λout-of-

plane) of 3.56 μm. 
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Figure 8.5-2 Raw data for Hanle curves measured for the device schematic in Figure 8.3-5 (a) for FM electrodes 

(magnetised parallel) placed (a) across, (b) close-to, and (c) far-from the WSe2 covered BLG region. 

 

Figure 8.5-3 Symmetrised Hanle spin precession curve for the raw data of Figure 8.5-2 (a). It is fit with the spin 

diffusion equation including the effect of FM spin polarisation and the rotation of magnetisation of FM. 

8.5.3 Hanle spin precession measurement for spin transport 

across WSe2 covered BLG 

We performed Hanle spin precession measurement in the non-local SV geometry for the 

device schematic and measurement configuration shown in Figure 8.3-6 (a). The Hanle spin 

precession curve measured for parallel (PL) configuration of FM electrodes is as shown in 

Figure 8.5-4. 

 

Figure 8.5-4 Raw data for parallel Hanle curve measured for the device schematic in Figure 8.3-6 (a). 
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8.5.4 Measurement of magneto-resistance in BLG covered by 

WSe2 

We measured magneto-resistance (MR) in BLG covered by WSe2 for the device schematic 

and measurement configuration shown in the inset of Figure 8.3-7 (a). The raw data obtained 

for the MR measurement is shown in Figure 8.5-5. We obtained the data plotted in Figure 

8.3-7 (a) by symmetrising the data (to remove the linear background) in Figure 8.5-5. 

 

Figure 8.5-5 Raw data for magneto-resistance measured in the four-terminal configuration across WSe2 covered 

BLG for the device schematic shown in the inset of Figure 8.3-7 (a). 

8.5.5 Oblique Hanle spin precession measurement in Device-

2 at room temperature 

 

Figure 8.5-6 Device schematic of Device-2 with BLG (white dashed line) on silicon substrate with a multilayer 

WSe2 (green flake) on top, which is contacted by AlOx/Co.  

Device-2, which is a heterostructure of BLG with multilayer WSe2 on top as shown in Figure 

8.5-6, was fabricated in the same way as Device-1 (reported in the main text of this chapter).  

We performed oblique Hanle spin precession measurement at room temperature for the 

device schematic shown in Figure 8.5-7 as explained in chapter 3.5.3.2 and detailed in a 

report by Raes et al.11. Non-local resistance was measured as a function of B at 0<β<90 ̊as 

shown in Figure 8.5-8 (a). We see that the Hanle curve for β=90̊ saturates for B>0.14 T, 

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
296

298

300

302

304

306

308

 

 

R
s
q
-4

T

B (T)

WSe
2
 covered BLG

V
G
 = 0 V

8K

5 μm 



154 Supplementary information 

 

indicating that the in-plane spins are completely de-phased above this magnetic field. We 

calculated 
𝑅𝑁𝐿
𝛽

𝑅𝑁𝐿,0
 from Figure 8.5-8 (a) wherein, 𝑅𝑁𝐿

𝛽
 is the average non-local resistance at a 

magnetic field of 147 mT to 155 mT (above the saturation field of 0.14 T), and 𝑅𝑁𝐿,0 is the 

non-local resistance at 0 T. Further, 
𝑅𝑁𝐿
𝛽

𝑅𝑁𝐿,0
 was plotted as a function of (cos 𝛽)2, represented 

by the brown dots in Figure 8.5-8 (b).  

 

Figure 8.5-7 Device schematic of a bi-layer graphene (BLG) on silicon substrate contacted with FM contacts. Here, 

a magnetic field B is applied at an angle β with respect to the plane of BLG. 

For ζ =
𝜏⊥

𝜏‖
= 1, we get 𝑅𝑁𝐿

𝛽
= 𝑅𝑁𝐿,0(cos 𝛽)

2 from Raes et al.11; hence, 
𝑅𝑁𝐿
𝛽

𝑅𝑁𝐿,0
 plotted versus 

(cos 𝛽)2 yields a straight line as shown in Figure 8.5-8 (b). We see that our data falls around 

this line as seen in Figure 8.5-8 (b). We can infer from our measurements on BLG at room 

temperature that ζ =
𝜏⊥

𝜏‖
= 1, implying that 𝜏⊥ = 𝜏‖, which means that the spin lifetime for 

the out-of-plane and the in-plane spins is isotropic. 

 

Figure 8.5-8 (a) Non-local resistance measured for the device schematic in Figure 8.5-7 as a function of the magnetic 

field B applied at an angle β with respect to the plane of BLG. (b) 
𝑅𝑁𝐿
𝛽

𝑅𝑁𝐿,0

 plotted as a function of (cos 𝛽)2 (represented 

as brown dots); the blue straight line is the expected fit for a system with ζ =
𝜏⊥

𝜏‖
= 1 as found by Raes et al.11. 
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9 Conclusion 

 

Abstract 

In this chapter, the outcomes of the research on two-dimensional materials, described in this 

thesis, are briefly discussed. 
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9.1 Conclusion 

In the past decade, there has been an explosion in the number of electronic gadgets (or e-

gadgets) used by us. Also since the last decade, an increasing trend is observed in the down-

sizing of these e-gadgets. However, the down-sizing of the e-gadgets is hitting a limit due to 

the bottleneck in the scaling of the field-effect transistors (FETs) which are the basic units of 

the e-gadgets. To continue further scaling, as described in chapter 1, there is a need to search 

for new materials and a need for FETs based on alternative logic. In this quest, the discovery 

of new two-dimensional materials and a steep development in the research on spintronics 

[e.g. Spin FET] has emerged as a lifesaver in order for us to continue down-sizing of the e-

gadgets, accompanied with improved FET performance (e.g. increased speed and reduced 

power of operation). 

In this thesis, the studies carried out on charge and spin transport measurements on two-

dimensional (2D) materials, as part of my PhD research at the University of Groningen 

(RUG), are reported. The 2D materials studied are germanane, and heterostructures of 

graphene with transition metal di-chalcogenides (TMDs) like tungsten di-sulfide (WS2) and 

tungsten di-selenide (WSe2) described in chapter 2. In chapter 3, the basic structural and 

electronic properties of these 2D materials and their heterostructures are briefly described. 

Further in chapter 4, the fabrication steps followed in realising the FETs and the spintronics 

devices (non-local spin valves) of these 2D materials are explained. Additionally, the 

electrical, magnetic, and optical characterisation techniques performed on these nano-

electronic devices are explained in chapter 4. 

In chapter 5, the fabrication and optoelectrical characterisation of the first-ever FET of multi-

layer germanane realised by us at the RUG is described. Here, the electrical measurement 

performed on germanane FET showed charge transport in both the electron- and the hole-

doped regimes with a high ON-OFF current ratio. Further, optoelectrical measurements 

showed a significant enhancement of the electrical conductivity in germanane FET under 

illumination with a red laser. Our observation of both the ambipolar charge transport and the 

optoelectronic response in germanane FET promises great potential in complementary metal 

oxide semiconductor (CMOS) and (opto)electronic applications. 

One of my added areas of interest, other than studying FETs of 2D materials, was studying 

spintronics in 2D materials; wherein I wanted to study the electron spin transport in graphene. 

In line with this, the fabrication and the characterisation of spin valves on a heterostructure 

of the graphene with multilayer WSe2 (WSe2 covered the graphene partly) is reported in 

chapter 6. The objective was to study and compare the spin transport in graphene which is 

covered and not-covered by WSe2. The main observations are: 

1. The absence of the in-plane spin transport across the WSe2 covered graphene, when 

the WSe2 coverage was longer than 3 μm, which alludes to a large magnitude of the 

induced spin-orbit coupling (SOC) by the WSe2 in graphene. 

2. The presence of spin lifetime anisotropy for in-plane (𝜏‖) and out-of-plane (𝜏⊥) spin 

transport with their ratio being τ⊥/τ∥ = 3.5; which is due to the anisotropic SOC 

induced by the WSe2 in graphene. Surprisingly, the difference in spin lifetimes as a 
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result of the proximity induced SOC could also be non-locally determined in the 

nearby region of graphene not covered by WSe2; this is due to the diffusing nature 

of the itinerant spins which explore the neighbouring WSe2 covered graphene 

region. 

3. Use of multi-layer WSe2 as an intermediate layer for spin injection into graphene to 

study the use of TMDs as a tunnel barrier for spin injection into graphene.  

4. The Hanle curves obtained from the modeled spin transport under and near the WSe2 

covered graphene regions shows an agreement between the simulation and 

experimental observations of the anisotropic behaviour in graphene near the WSe2 

covered graphene region. 

Promising theoretical predictions of spin transport properties in bi-layer graphene (BLG), in 

the proximity of TMD, motivated us to study the same experimentally. Hence, in chapter 7, 

the spin transport in BLG which is spin-orbit coupled to a multi-layer WS2 substrate is 

studied. We were able to measure a record spin lifetime anisotropy of ~40-70, i.e. the ratio 

between the τ⊥ and τ‖. Also in chapter 7, we developed a new tool called the Oblique spin-

valve measurement to calculate this anisotropic ratio by exploiting the shape-anisotropy of 

the ferromagnetic electrodes. Our observation of high τ⊥ and high spin lifetime anisotropy 

are clear signatures of strong spin-valley coupling for the out-of-plane spins in BLG/WS2 

systems in the presence of SOC; this unlocks the potential of BLG/TMD heterostructures for 

developing future spintronic applications. 

Further, the spin transport in BLG/TMD heterostructure was also explored with another 

TMD, i.e. WSe2 in device geometry similar to that presented in chapter 6. In chapter 8, the 

spin transport studies on BLG with WSe2 heterostructure is described. Our observations are 

similar to that reported in chapter 6 and 7, these include: 

1. No in-plane spin transport is observed across the WSe2 covered BLG, although we 

could measure an out-of-plane spin transport, signifying a strong anisotropy in τ∥ 

and τ⊥. 

2. The spin lifetime anisotropy in WSe2 covered BLG was found to be τ⊥/τ∥ = 3.64 

(which is due to the anisotropic SOC induced by WSe2 in BLG). We also measured 

the spin lifetime anisotropy in in BLG near the WSe2 covered BLG; this is due to 

the diffusing nature of the itinerant spins, and these diffusing spins could explore 

the neighbouring WSe2 covered BLG region.  

Additionally in chapter 8, the FETs of WSe2/BLG in vertical geometry, which showed an n-

type behaviour with a current ON-OFF ratio >103, are discussed. 

The study of charge and spin transport in 2D materials, discussed in this thesis, is a step up 

in our understanding of these new generations of nano-electronic devices for their 

applications in the technology of the future. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Summary 

Today, we live in a hi-tech world filled with numerous electrical gadgets: be it a compact 

mobile phone, or a large display television set. The basic building block in most of these 

electronic gadgets is a field-effect transistor (FET). A FET is a three-terminal device 

consisting of a gate, source, and drain electrodes; herein, a semiconductor is connected 

between the source and the drain electrodes, and the semiconducting channel is capacitively 

coupled to the gate. The operation of a FET relies on the control of the current flowing 

through the semiconducting channel (between source and drain electrodes) by the gate 

electrode. No flow of current through the semiconducting channel is regarded as ‘0’ while a 

constant current flow is regarded as ‘1’, forming the basis for defining binary bits that are 

used to store or compute information in electrical gadgets. 

For the past 30 years, Moore’s law has driven the semiconductor industry in scaling the FETs, 

so that our electronic gadgets can become faster and smaller. According to Moore’s law, the 

number of FETs in an integrated circuit (IC) doubles every two years. Downscaling of a FET 

facilitates a higher density of FETs in an IC, faster FET performance, less power of operation, 

and lower cost of IC fabrication. However in the past few years, we are nearing a bottleneck 

in the scaling of FETs, owing to the challenges like charge current leakage between the 

source-drain electrodes of FET (resulting in power dissipation) as a result of the shorter 

semiconducting channel. According to the International Technology Roadmap for 

Semiconductors (ITRS), in order to continue further scaling – we need new approaches like 

exploring new channel materials, or new devices based on alternative logic, or a combination 

of these both. In this thesis, both these approaches are addressed; showcasing FETs made up 

of two-dimensional (2D) materials, and presenting a new device concept harnessing the spin 

of the electrons to store/compute logic.  

Basic structural and electronic properties of 2D materials, used in this thesis are introduced 

in chapter 2. While in chapter 3, the concepts necessary to understand the electronic and spin 

transport in 2D materials are discussed. In chapter 4, the protocol for fabricating FETs and 

heterostructures of 2D materials studied in this thesis, are presented. Additionally, the 

electrical and magnetic characterisation experimental setups and techniques, used to study 

the 2D flakes and their heterostructures, are briefly outlined in chapter 4.   

From scaling theory, it is predicted that a FET with a thin oxide dielectric and a thin gate-

controlled channel region would be robust against short-channel effects down to very short 

gate lengths. Hence, a single layer of a 2D material, which is only an atomic layer thick, 

seems to be very attractive in its use as channel and oxide materials to fabricate the new 

generation of FETs. In 2004, Andre K Geim and K S Novoselov discovered the first 2D 

material, graphene with naturally occurring atomically thin layers held by weak van der 

Waals forces, which could be cleaved into single layers by using just a scotch tape. Graphene 

promises excellent charge carrier mobility; but, it still lacks a bandgap which is required to 

achieve the turning ON and OFF of the FET.  

In the quest of synthesising other 2D materials with bandgap: our collaborators from the 

University of Ioannina, Greece, have been successful in producing germanane; wherein, they 

substituted Ca with H in CaGe2 crystals by topochemical de-intercalation. Following this, 
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world’s first 2D germanane FET was fabricated and characterised at the University of 

Groningen, Netherlands, as presented in chapter 5.  

To fabricate the germanane FET, multi-layer germanane of 60 nm thickness was cleaved and 

placed on a silicon dioxide substrate. Later, gold electrodes were deposited on the germanane 

in order to connect it with the electrical measurement circuit. Charge transport in both the 

electron and hole-doped regimes, i.e. ambipolar charge transport, was observed on passing 

charge current through the germanane FET. The charge current in the germanane FET could 

be turned ON (flowing) or OFF (not flowing) by controlling the electrical voltage bias applied 

across the gate, yielding an ON-OFF current ratio of up to 104 with charge carrier mobility 

of up to 70 cm2V-1s-1 at room temperature. Both ambipolar charge transport and high ON-

OFF current ratio have great potential for application in complementary metal oxide 

semiconductor (CMOS) circuits. 

It was observed that, the flow of charge current underneath the gold electrodes in germanane 

was significantly affected due to the formation of high resistive Schottky barrier at the 

gold/germanane interface (formed when a semiconductor is brought in direct contact with a 

metal). One of the important challenges and scope for further investigation is to reduce the 

Schottky barrier to get the best performance out of germanane FETs.  

Since germanane has a direct bandgap in its band structure, shining a red laser of 650 nm 

wavelength on germanane FET resulted in an enhancement of the magnitude of the charge 

current. Further, pulsing the red laser ON and OFF switched the charge current in the time 

scale of milliseconds; since the electrical measurement circuit used had a limited bandwidth, 

the actual time scale is expected to be faster than milliseconds (response of band electrons in 

similar systems such as in GaAs is typically faster than 1 ns). Our observation of 

optoelectronic response in germanane FET has promising implications in optoelectronic 

applications like photodiodes, phototransistors, etc.. 

An electron is a subatomic particle which contains not only the charge information but also 

an angular momentum called spin. The spin of an electron can either point in the in-plane or 

the out-of-plane direction, corresponding to ‘1’ and ‘0’ states respectively for logic 

applications. The electronics which is built using the spin aspect of an electron is called as 

spin electronics, abbreviated as spintronics. Spintronics offers low power operation and faster 

switching times, since the power required to switch the spin of an electron is comparatively 

low, and the switching speed is faster than the conventional charge-based electronics.  

Realising gate tuneable spin transport in FET, acronymed Spin-FET, is the holy grail of 

spintronics. In this regard, recently there have been numerous theoretical predictions of using 

transition metal di-chalcogenides (TMD) in the proximity of graphene to induce anisotropic 

spin-orbit coupling (SOC) in graphene. The predictions suggest that the induced SOC can be 

changed by applying an electrical field across the gate, allowing one to control spin transport 

in graphene. Hence, based on the theoretically predicted long distant spin transport in isolated 

graphene coupled with the ability to tune the spin transport in graphene via an electric field 

applied across the gate, the TMD-graphene heterostructure appears to be the way forward 

towards realising the Spin-FET. In this direction, we fabricated and studied various TMD 

heterostructures such as WSe2 and WS2 with single and bi-layer graphene on SiO2 substrate. 
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These heterostructures are contacted by the ferromagnetic cobalt electrodes whose 

magnetisation can be flipped by applying an external magnetic field, enabling one to inject 

either the in-plane or the out-of-plane electron spins into graphene.  

In chapter 6, a heterostructure of multilayer WSe2 on single-layer graphene (SLG) was 

studied wherein a part of graphene was covered by WSe2. In the region of graphene covered 

by WSe2, a spin lifetime anisotropy for the in-plane (τ∥) and the out-of-plane (τ⊥) spin 

transport was observed with their ratio being τ⊥/τ∥ = 3.5. Also in the WSe2 covered graphene 

region, we observed that the non-local resistance (RNL) measured for the in-plane spin 

transport was tuneable by applying an electric field across the gate. However, it is not clear 

if the change in RNL for the in-plane spin transport is due to the change in SOC or the change 

in spin resistance at the graphene/WSe2 interface; and hence, it requires further investigation. 

Interestingly, the effect of spin lifetime anisotropy, observed in the graphene region covered 

by WSe2, was also observable in the neighbouring region of graphene not covered by WSe2 

due to the diffusive nature of the itinerant spins which could explore the WSe2 covered 

graphene region. When the WSe2 coverage of graphene was longer than 3 μm, no in-plane 

spin transport was observed across the WSe2 covered graphene region, alluding to a large 

magnitude of the SOC induced by WSe2 in graphene. Multi-layer WSe2 was also used as an 

intermediate layer for spin injection into graphene; this makes the use of TMDs as a tunnel 

barrier, for spin injection into graphene, interesting to study further.  

In chapter 7, spin transport properties in BLG which are spin-orbit coupled to a multi-layer 

WS2 with WS2 also being used as a substrate was studied. We measured a record spin lifetime 

anisotropy of τ⊥/τ∥ ≈ 40-70 on these heterostructures. We could not tune the electric field via 

the back gate in BLG due to the thick WS2 substrate; however, a workaround to use the top 

gate instead of the back gate needs to be explored. Furthermore, we developed a new tool 

called the Oblique spin-valve measurement to measure the anisotropic spin lifetime ratio by 

exploiting the shape-anisotropy of the ferromagnetic electrodes. The observation of high τ⊥ 

and high spin lifetime anisotropy are clear signatures of the strong spin-valley coupling for 

the out-of-plane spins in BLG/WS2 systems in the presence of SOC.  

In chapter 8, the spin transport properties in bi-layer graphene (BLG) which is spin-orbit 

coupled to a multi-layer WSe2 was studied in a similar geometry as that of SLG/WSe2 

heterostructure. A spin lifetime anisotropic ratio of τ⊥/τ∥ = 3.6 was observed in the region of 

BLG covered by WSe2 and its effect was also observable in the BLG region not covered by 

WSe2, but close to WSe2 covered BLG region, similar to that observed for the SLG/WSe2 

heterostructure. Further, FETs of WSe2/BLG in vertical geometry were also realised and 

studied which showed an n-type behaviour with a current ON-OFF ratio >103. The realisation 

of vertical FETs of graphene with TMD heterostructures unlocks their potential for 

developing ultra-thin electronic devices by utilising new device geometries. 

Our experimental observation of strong anisotropic SOC present in both the SLG and BLG 

with TMD heterostructures, showing an anisotropic spin relaxation time for the in-plane and 

the out-of-plane spins, is one step closer towards realising next generation spintronic devices 

like Spin-FETs.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Samenvatting 

Tegenwoordig leven we in een high-tech wereld gevuld met elektronische gadgets, van de 

kleinste smartphone tot de grootste televisie. De bouwsteen in het meeste van deze toestellen 

is een veld-effect transistor (field effect transistor, FET). Een transistor heeft drie 

contactpunten: de gate, source en drain. Een halfgeleider ligt tussen de source en drain, en 

dit halfgeleidende kanaal is capacitief gekoppeld aan de gate. De gate laat toe de stroom door 

de halfgeleider (tussen source en drain) te regelen. Als er geen stroom vloeit, wordt dit 

beschouwd als een logische 0; een constante stroom is een logische 1. Dit vormt de basis 

voor de bits waarmee elektronische toestellen werken. 

In de laatste 30 jaar heeft de wet van Moore het ritme van de halfgeleiderindustrie bepaald, 

waardoor elektronica kleiner en sneller blijft worden. Deze wet stelt dat het aantal transistors 

in een geïntegreerd circuit (integrated circuit, IC) elke twee jaar verdubbelt. Als een 

transistor kleiner wordt, passen er meer in een IC, werken ze sneller, verbruiken ze minder 

energie en wordt de prijs lager. De laatste jaren is echter het einde van de wet van Moore 

bereikt. Eén van de problemen is lekstroom tussen source en drain als het halfgeleidende 

kanaal te kort wordt, wat tot ongewenst energieverbruik leidt. Volgens het Internationale 

Stappenplan voor Halfgeleiders (International Technology Roadmap for Semiconductors, 

ITRS) is er behoefte aan een nieuwe aanpak, zoals nieuwe halfgeleiders, alternatieve logica 

voor elektronische toestellen of een combinatie hiervan. In deze thesis worden deze twee 

ideeën behandeld: we tonen een FET gebaseerd op tweedimensionale (2D) materialen, en 

stellen een nieuw concept voor logica voor, gegrondvest op de spin van elektronen. 

De nieuwe 2D materialen, hun structuur en elektronische eigenschappen, worden voorgesteld 

in hoofdstuk 2. In hoofdstuk 3 behandelen we de beginselen van elektronisch en spin 

transport in twee dimensies. De productiemethodes van FETs en 2D heterostructuren is het 

onderwerp van hoofdstuk 4. De instrumentatie en methodes om elektrische en magnetische 

eigenschappen van deze materialen te bepalen, worden ook in dit hoofdstuk samengevat. 

De theorie achter het schalen van transistors voorspelt dat de gate van een FET met een dun 

diëlectricum en een kort halfgeleiderkanaal dat door de gate wordt beïnvloed erg klein kan 

gemaakt worden vooraleer er lekstroom tussen source en drain vloeit. Doordoor is een 

tweedimensionaal materiaal, dat slechts één atoom dik is, erg aantrekkelijk om als kanaal of 

als diëlectricum te gebruiken in de nieuwe generatie transistoren. André K. Geim en 

Konstantin S. Novoselov ontdekten in 2004 het eerste tweedimensionale materiaal, grafeen. 

Ze konden monoatomaire lagen grafeen met plakband van een stuk grafiet splijten, doordat 

de Van der Waals krachten tussen de lagen heel zwak zijn. Grafeen heeft een uitstekende 

ladingsmobiliteit, maar heeft geen bandgap, wat nodig is om een transistor aan of uit te 

schakelen. 

In de zoektocht naar een ander tweedimensionaal materiaal met een bandgap zijn onze 

collega’s van de universiteit van Ioannina in Griekenland erin geslaagd om germaneen te 

maken door topochemische deïntercalatie, waarbij ze Ca met H in CaGa2 substitueerden. 

Hierna werd de eerste 2D germaneen-gebaseerde FET ter wereld aan de universiteit van 

Groningen gefabriceerd en gekarakteriseerd, wat wordt voorgesteld in hoofdstuk 5. 
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Om de germaneen FET te vervaardigen werd meerlagig germaneen van 60 nm dik gespleten 

en op een siliciumdioxide-substraat geplaatst. Vervolgens werden gouden elektrodes 

gedeponeerd op het germaneen om elektrische metingen te kunnen uitvoeren. Transport van 

ladingsdragers in zowel het elektronen- als gaten gedoteerd regime (ambipolair transport) 

werd geobserveerd wanneer een stroom door de germaneen FET gezonden werd. Het 

ladingstransport kon gecontroleerd worden (stroom of geen stroom, aan of uit) door de 

potentiaal van de gate. Op kamertemperatuur bereikte de aan-uitverhouding 104 en de 

ladingsmobiliteit 70 cm2/Vs. Ambipolair transport en een hoge aan-uitverhouding zijn 

veelbelovend voor toepassingen in huidige complementaire metaal/oxide/halfgeleidercircuits 

(CMOS). 

Wanneer een halfgeleider in direct contact wordt gebracht met een metaal, vormt een 

Schottky-barriere. Dit creëert een hoge weerstand op het goud/germaneen-raakvlak en 

beïnvloedt de stroom door de elektroden. Het verkleinen van de Schottky-barriere wordt een 

belangrijke uitdaging en een onderwerp van toekomstig onderzoek om het beste uit 

germaneen-FETs te halen. 

Omdat germaneen een direct bandgap heeft, neemt de stroom toe wanneer een rode laser 

(golflengte 650 nm) op de FET schijnt. Het aan- en uitschakelen van de laser schakelde de 

stroom in milliseconden. Het meetcircuit had echter een beperkte bandbreedte en de 

reactietijd van de elektronen zelf hoort sneller te zijn (bandelektronen in gelijkaardige 

systemen, zoals GaAs, reageren binnen een nanoseconde op optische excitaties). Onze 

waarneming van een optoelektronische respons in een germaneen-FET heeft belangrijke 

implicaties voor optoelektronische toepassingen zoals fotodiodes en fototransistors. 

Een elektron is een subatomair deeltje met zowel een lading en impulsmoment, spin 

genaamd. De spin van een elektron kan ofwel in het vlak of uit het vlak wijzen. In een 

logische context is dit 0 of 1, respectievelijk. De elektronica gebaseerd op de spin van een 

elektron wordt spinelektronica genoemd, of kortweg spintronica. Het voordeel van 

spintronica is het lage vermogen en lage schakeltijden, omdat er relatief weinig energie nodig 

is om een spin in een andere richting te laten wijzen. 

Een belangrijk doel in de spintronica is het realiseren van gate-gestuurd spintransport in een 

FET (spin-FET). Onlangs waren er verschillende theoretische voorspellingen voor 

anisotropische spin-baan-koppeling (spin-orbit coupling, SOC) wanneer een transitiemetaal-

dichalcogenide (transition metal dichalcogenide, TMD) nabij een laag grafeen wordt 

gebracht. Volgens de voorspellingen kan de geïnduceerde SOC gecontroleerd worden door 

een elektrisch veld, wat ook de spins in het grafeen beïnvloedt. Hierdoor, samen met de 

voorspelling dat spintransport in geïsoleerd grafeen over lange afstand kan gebeuren, en de 

mogelijkheid om het spintransport in grafeen te controleren met een gate, lijkt een TMD-

grafeen-heterostructuur de meest beloftevolle kandidaat om de spin-FET te realiseren. Met 

deze basis fabriceerden en bestudeerden we verscheidene TMD-heterostructuren zoals WSe2 

en WS2 met enkel- en dubbellagig grafeen op SiO2-substraten. De contacten aan deze 

heterostructuren zijn gemaakt van ferromagnetisch kobalt, waarvan de magnetisatie 

geschakeld kan worden door een extern magnetisch veld. Hierdoor kunnen we spins 

injecteren die ofwel in of uit het vlak liggen. 
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In hoofdstuk 6 bestuderen we een heterostructuur van multilagig WSe2 op een monolaag 

grafeen (single layer graphene, SLG), waarvan een deel van het grafeen bedekt was door 

WSe2. In het deel van het grafeen dat bedekt was door WSe2, observeerden we een anisotropie 

tussen de levensduur van spins in (τ∥) en uit het vlak (τ⊥) met een verhouding τ⊥/τ∥ = 3.5. In 

dit gebied zagen we ook dat de nonlocale weerstand (RNL) voor spintransport in het vlak 

controleerbaar was door een elektrisch veld. Desalniettemin is het niet duidelijk of het 

verschil in RNL voor spintransport in het vlak door een verandering in SOC of door een 

verandering in spinweerstand in het grafeen/WSe2-raakvlak kwam, wat verdere studie 

vereist. Interessant genoeg was deze anisotropie in spinlevensduur ook zichtbaar in het nabije 

stuk grafeen dat niet bedekt was door WSe2, omwille van het diffunderen van de spins 

doorheen het volledige stuk grafeen. Wanneer het WSe2 meer dan 3 µm grafeen bedekte, 

zagen we geen spintransport in het vlak over het WSe2. Dit wijst naar een sterke SOC 

geïnduceerd door WSe2 in het grafeen. Meerlagig WSe2 werd ook gebruikt als een 

intermediaire spininjectielaag voor grafeen; deze toepassing van TMDs als tunnelbarriere is 

interessant voor verder onderzoek. 

In hoofdstuk 7 bestuderen we spintransport in tweelagig grafeen (bilayer graphene, BLG) op 

meerlagig WS2, wat zowel SOC induceert en dient als het substraat. De grootste anisotropie 

in spinlevensduur (τ⊥/τ∥ ~ 40-70) observeerden we in deze heterostructuren. Het was niet 

mogelijk om het elektrisch veld van de backgate doorheen het dikke WS2 te controleren, maar 

als alternatief verkenden we de topgate. Vervolgens ontwikkelden we een nieuwe techniek, 

het schuine spinventiel (oblique spin valve), om de verhoudingen van spinlevensduren te 

meten door de vormanisotropie van ferromagnetische elektrodes te gebruiken. De 

waarneming van hoge τ⊥ en hoge spinlevensduuranisotropie zijn duidelijke aanwijzingen 

voor de sterke spin-valleikoppeling voor spins uit het vlak in BLG/WS2-heterostructuren 

wanneer SOC aanwezig is. 

In hoofdstuk 8 bestuderen we spintransport in een gelijkaardige structuur uit tweelagig 

grafeen en meerlagig WSe2. Een verhouding in spinlevensduuranisotropie van τ⊥/τ∥ = 3.6 

werd waargenomen wanneer het BLG bedekt werd door WSe2. Dit effect werd ook 

waargenomen in het andere gebied, waar het BLG niet bedekt was. Verder ontwikkelden we 

ook verticale WSe2/BLG-FETs, met n-type transport en een aan-uitverhouding groter dan 

103. De realizatie van verticale grafeen-FETs met TMD-heterostructuren toont hun potentieel 

voor ultradunne electronica in nieuwe geometriëen aan. 

De observaties van sterk anisotropisch SOC in zowel SLG- en BLG-TMD-heterostructuren, 

met een anisotropische spinlevensduur voor spins in en uit het vlak, is een stap dichter bij de 

volgende generatie van spintronica, zoals spin-FETs. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ಸಾರಾಾಂಶ 

ಇಾಂದು, ನಾವು ಹಲವಾರು ವಿದುುತ್ ಗ್ಾುಜೆಟ್ ಗಳಾಂದ ತುಾಂಬಿದ ಹೆೈಟೆಕ್ ಜಗತ್ತಿನಲ್ಲಿ ವಾಸಿಸುತ್ತಿದ ದೆೇವೆ: ಅದು 
ತುಾಂಬಾ ಚಿಕ್ಕ ದೂರವಾಣಿ ಅಥವಾ ದೊಡ್ಡ ಪ್ರದಶಶನ ಟೆಲ್ಲವಿಷನ್ ಸೆಟ್ ಆಗಿರಬಹುದು. ಈ ಹೆಚಿಿನ ಎಲೆಕ್ಟ್ಾಾನಿಕ್ 
ಗ್ಾುಜೆಟ್ ಗಳಲ್ಲಿನ ಮೂಲ ಬಿಲ್ಲಡಾಂಗ್ ಬಾಿಕ್ ಫೇಲ್ಡಡ ಎಫೆಕ್್ ಟಾರನಿಿಸ್ರ್ (ಎಫ್ ಇಟಿ) ಆಗಿದೆ. ಎಫ್ಇಟಿ ಎನುುವುದು 
ಗ್ೆೇಟ್, ಸೊೇರ್ಸಶ ಮತುಿ ಡ್ೆೈನ್ ವಿದುುದಾಾರಗಳನುು ಒಳಗ್ೊಾಂಡಿರುವ ಮೂರು-ಟರ್ಮಶನಲ್ಡ ಸಾಧನವಾಗಿದೆ. 
ಇಲ್ಲಿ, ಅರೆವಾಹಕ್ವು ಸೊೇರ್ಸಶ ಮತುಿ ಡ್ೆೈನ್ ವಿದುುದಾಾರ ನಾಲೆಗಳ ನಡ್ುವೆ ಸಾಂಪ್ಕ್ಶ ಹೊಾಂದಿದೆ ಮತುಿ 
ಅರೆವಾಹಕ್ ಚಾನಲ್ಡ ಅನುು ಗ್ೆೇಟ್ ಗ್ೆ  ಕ್ಟ್ೆಪ್ಾುಸಿಟಿವ್ ಕ್ಪ್ಿಾಂಗ್ ಅನುು ಹೊಾಂದಿರುತಿದೆ. ಎಫ್ಇಟಿಯ 
ಕ್ಟ್ಾರ್ಾಶಚರಣೆಯು ವಿದುುದಾಾರ  ನಾಲೆಗಳಾಂದ ಅರೆವಾಹಕ್ ಚಾನಲ್ಡ ಮೂಲಕ್ (ಸೊೇರ್ಸಶ ಮತುಿ ಡ್ೆೈನ್ 
ವಿದುುದಾಾರ ನಾಲೆಗಗಳ ನಡ್ುವೆ) ಹರಿಯುವ  ವಿದುುತರವಾಹ  ನಿಯಾಂತರಣವನುು ಅವಲಾಂಬಿಸಿದೆ. ಅರೆವಾಹಕ್ 
ಚಾನಲ್ಡ ಮೂಲಕ್ ವಿದುುತರವಾಹ ಇಲಿದನುು ‘0' ಎಾಂದು ಪ್ರಿಗಣಿಸಲಾಗುತಿದೆ, ಮತುಿ ಸಿಿರ ವಿದುುತರವಾಹ, ‘1' 
ಎಾಂದು ಪ್ರಿಗಣಿಸಲಾಗುತಿದೆ, ಇದು ವಿದುುತ್ ಗ್ಾುಜೆಟ್ ಗಳಲ್ಲಿ ಮಾಹಿತ್ತಯನುು ಸಾಂಗರಹಿಸಲು ಅಥವಾ ಲೆಕ್ಟ್ಾಕಚಾರ 
ಮಾಡ್ಲು, ಬಳಸುವ ಬೆೈನರಿ ಬಿಟ್ ಗಳನುು ವಾುಖ್ಾುನಿಸಲು ಆಧಾರವಾಗಿದೆ. 

ಕ್ಳೆದ 30 ವಷಶಗಳಾಂದ, ಮೂರ ು ಸಿಧಾದಾಂತವು, ಎಫ್ ಇಟಿಗಳ ಕ್ಟ್ಾಯಶಕ್ಷಮತೆ ಸುಧಾರಣೆ, ಅಳೆಯುವಲ್ಲಿ, 
ಅರೆವಾಹಕ್ ಉದುಮವನುು ಪ್ೆರೇರೆೇಪ್ಸಿದೆ. ಇದರಿಾಂದಾಗಿ ನಮಮ ಎಲೆಕ್ಟ್ಾಾನಿಕ್ ಗ್ಾುಜೆಟ್ ಗಳು ವೆೇಗವಾಗಿ ಮತುಿ 
ಚಿಕ್ಕದಾಗಬಹುದು. ಮೂರ್ ಸಿಧಾದಾಂತದ ಪ್ರಕ್ಟ್ಾರ ಇಾಂಟಿಗ್ೆರೇಟೆಡ್ ಸಕ್ೂುಶಟ್ (ಐಸಿ) ಯಲ್ಲಿನ ಎಫ್ ಇಟಿಗಳ ಸಾಂಖ್ೆು 
ಪ್ರತ್ತ ಎರಡ್ು ವಷಶಗಳಗ್ೊಮ್ಮಮ ದಿಾಗುಣಗ್ೊಳುುತಿದೆ. ಇದರಿಾಂದಾಗಿ ಐಸಿಯಲ್ಲಿ, ಎಫ್ ಇಟಿಗಳ ಹೆಚಿಿನ ಸಾಾಂದರತೆ, 
ವೆೇಗವಾಗಿ  ಕ್ಟ್ಾಯಶಕ್ಷಮತೆ, ಕ್ಟ್ಾರ್ಾಶಚರಣೆಯ ಕ್ಡಿಮ್ಮ ಶಕ್ತಿ ಮತುಿ ಐಸಿ ತರ್ಾರಿಕ್ಟ್ೆ ಕ್ಡಿಮ್ಮ ವೆಚಿವನುು 
ಸುಗಮಗ್ೊಳಸುತಿದೆ. ಆದಾಗೂು, ಕ್ಳೆದ ಕ್ಟ್ೆಲವು ವಷಶಗಳಲ್ಲಿ, ಕ್ಡಿಮ್ಮ ಅರೆವಾಹಕ್ ಚಾನಲ್ಡ ನ ಪ್ರಿಣಾಮವಾಗಿ, 
ಎಫ್ ಇಟಿಯ ಸೊೇರ್ಸಶ - ಡ್ೆೈನ್ ವಿದುುದಾಾರ ನಾಲೆಗಳ ನಡ್ುವೆ ವಿದುುತರವಾಹ ಸೊೇರಿಕ್ಟ್ೆ (ವಿದುುತರವಾಹ 
ಹರಡ್ುವಿಕ್ಟ್ೆಗ್ೆ ಕ್ಟ್ಾರಣವಾಗುತಿದೆ) ನಾಂತಹ ಸವಾಲುಗಳ ಕ್ಟ್ಾರಣದಿಾಂದಾಗಿ,ಎಫ್ ಇಟಿಗಳ ಕ್ಟ್ಾಯಶಕ್ಷಮತೆ 
ಸುಧಾರಣೆಯಲ್ಲಿ ಅಡ್ಚಣೆಯನುು ಎದುರಿಸುತ್ತಿದ ದೆೇವೆ. ಅರೆವಾಹಕ್ ಚಾನಲ್ಡ ಗ್ಾಗಿ ಅಾಂತರರಾಷ್ಟ್ಾೇಯ ತಾಂತರಜ್ಞಾನ 
(ಐಟಿಆರ್ ಎಎರ್ಸ) ಪ್ರಕ್ಟ್ಾರ - ಹೊಸ ಚಾನಲ್ಡ ವಸುಿಗಳನುು ಅನೆಾೇಷ್ಟ್ಸುವುದು ಅಥವಾ ಪ್ರ್ಾಶಯ ತಕ್ಶದ 
ಆಧಾರದ ಮ್ಮೇಲೆ ಹೊಸ ಸಾಧನಗಳು ಅನೆಾೇಷ್ಟ್ಸುವುದು ಅಥವಾ ಇವೆರಡ್ರ ಸಾಂಯೇಜನೆಯ ಅಗತುವಿದೆ. ಈ 
ಪ್ರಬಾಂಧದಲ್ಲಿ, ಈ ಎರಡ್ೂ ವಿಧಾನಗಳನುು ತ್ತಳಸಲಾಗಿದೆ; ಎರಡ್ು ಆರ್ಾಮದ (2ಡಿ) ವಸುಿಗಳಾಂದ ಮಾಡ್ಲಪಟ್ 
ಎಫ್ ಇಟಿಗಳನುು ಪ್ರದರ್ಶಶಸುತಿದೆ ಮತುಿ ತಕ್ಶವನುು ಸಾಂಗರಹಿಸಲು ಮತುಿ ಲೆಕ್ಟ್ಾಕಚಾರ ಮಾಡ್ಲು ಎಲೆಕ್ಟ್ಾಾನ್ ಗಳ 
ಸಿಪನ್ ಅನುು ಬಳಸಿಕ್ಟ್ೊಳುುವ ಹೊಸ ಸಾಧನ ಪ್ರಿಕ್ಲಪನೆಯನುು ಪ್ರಸುಿತಪ್ಡಿಸುತಿದೆ. 

ಈ ಸಾಂಶೆ ೇಧನಾ ಪ್ರಬಾಂಧದಲ್ಲಿ ಬಳಸಲಾದ 2ಡಿ ವಸುಿಗಳ ಮೂಲ ರಚನಾತಮಕ್ ಮತುಿ ಎಲೆಕ್ಟ್ಾಾನಿಕ್  ಗುಣ 
ಲಕ್ಷಣಗಳನುು ಅಧಾುಯ 2 ರಲ್ಲಿ ಪ್ರಿಚಯಿಸಲಾಗಿದೆ. 3ನೆೇ ಅಧಾುಯದಲ್ಲಿ, 2 ಡಿ ವಸುಿಗಳಲ್ಲಿ ಎಲೆಕ್ಟ್ಾಾನಿಕ್ ಮತುಿ 
ಪ್ರಿಭ್ರಮಣೆ (ಸಿಪನ್) ಸಾಗಣೆಯನುು ಅಥಶ ಮಾಡಿಕ್ಟ್ೊಳುಲು ಅಗತುವಾದ ಪ್ರಿಕ್ಲಪನೆಗಳನುು ಚಚಿಶಸಲಾಗಿದೆ. 
4ನೆೇ ಅಧಾುಯದಲ್ಲಿ, ಈ ಪ್ರಬಾಂಧದಲ್ಲಿ ಅಧುಯನ ಮಾಡಿದ 2ಡಿ ವಸುಿಗಳ ಎಫ್ ಇಟಿ ಮತುಿ ಅತ್ತ ಸೂಕ್ಷಮ 
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ಪ್ದರುಗಳನುು (ಹೆಟಿರೊೇಸಾಕ್ಿರ್) ತರ್ಾರಿಸುವ ಪ್ರೇಟೊೇಕ್ಟ್ಾಲ್ಡ ಅನುು ಪ್ರಸುಿತಪ್ಡಿಸಲಾಗಿದೆ. 
ಹೆಚುಿವರಿರ್ಾಗಿ, 2 ಡಿ ಪ್ದರಗಳು ಮತುಿ ಅವುಗಳ ಅತ್ತ ಸೂಕ್ಷಮ ಪ್ದರುಗಳನುು ಅಧುಯನ ಮಾಡ್ಲು ಬಳಸುವ 
ವಿದುುತ್ ಮತುಿ ಕ್ಟ್ಾಾಂತ್ತೇಯ ಗುಣಲಕ್ಷಣಗಳ ಪ್ಾರಯೇಗಿಕ್ ಸಿದಧತೆಗಳು ಮತುಿ ತಾಂತರಗಳನುು ಸಾಂಕ್ಷಿಪ್ಿವಾಗಿ 4ನೆೇ 
ಅಧಾುಯದಲ್ಲಿ ವಿವರಿಸಲಾಗಿದೆ.  

ಸೆಕೇಲ್ಲಾಂಗ್ ಸಿದಾಧಾಂತದಿಾಂದ, ತೆಳುವಾದ ಆಕ್ಟ್ೆಿೈಡ್ ಡ್ೆೈಎಲೆಕ್ತಾಕ್ ಮತುಿ ತೆಳುವಾದ ದಾಾರ ನಿಯಾಂತ್ತರತ ಚಾನಲ್ಡ 
ಪ್ರದೆೇಶವನುು ಹೊಾಂದಿರುವ ಎಫ್ ಇಟಿ, ಸಣಣ-ಚಾನಲ್ಡ ಗಳ ಪ್ರಿಣಾಮಗಳ ವಿರುದಧ ಬಹಳ ಕ್ಡಿಮ್ಮ ಗ್ೆೇಟ್ 
ಉದದದವರೆಗ್ೆ ದೃಢವಾಗಿ ಕ್ಟ್ೆಲಸ ಮಾಡ್ಬಹುದು  ಎಾಂದು ಊಹಿಸಲಾಗಿದೆ. ಆದದರಿಾಂದ, ಒಾಂದು ಪ್ದರದ  2ಡಿ 
ವಸುಿವಿನ  ಚಾನೆಲ್ಡ ಮತುಿ ಆಕ್ಟ್ೆಿೈಡ್,  ಹೊಸ ಪ್ೇಳಗ್ೆಯ ಎಫ್ ಇಟಿಗಳನುು ತರ್ಾರಿಸಲು  ಬಹಳ 
ಆಕ್ಷಶಕ್ವಾಗಿದೆ. 2004 ರಲ್ಲಿ, ಆಾಂಡ್ೆರ.ಕ್ಟ್ೆ.ಗಿೇಮ್ ಮತುಿ ಕ್ಟ್ೆ.ಎರ್ಸ.ನೊವೊಸೆಲೊೇ ರವರು ಪ್ರಪ್ರಥಮ ಬಾರಿಗ್ೆ 2ಡಿ 
ವಸುಿವನುು ಕ್ಾಂಡ್ುಹಿಡಿದರು, ದುಬಶಲವಾದ ವಾುಾಂಡ್ರ್ ವಾಲ್ಡ ಶಕ್ತಿಯ ಪ್ರಿಮಾಣವಾಗಿ ಸಾಾಭಾವಿಕ್ವಾಗಿ 
ಸಾಂಭ್ವಿಸುವ ಪ್ರಮಾಣು ತೆಳುವಾದ ಪ್ದರಗಳನುು ಹೊಾಂದಿರುವ, ಗ್ಾರಫೇನ್, ಇದನುು ಕ್ಟ್ೆೇವಲ ಸಾಕಚ್ ಟೆೇಪ್ 
ಬಳಸಿ ಏಕ್ಪ್ದರಗಳಾಗಿ ವಿಭ್ಜಿಸಬಹುದು. ಗ್ಾರಫೇನ್ ಅತುುತಿಮ ವಿದುುದಾವೆೇಶ  ಚಲನರ್ಶೇಲತೆಗ್ೆ ಹೊಾಂದಿದೆ ; 
ಆದರೆ, ಇದು ,ಇನೂು ಬಾುಾಂಡ್ ಗ್ಾುಪ್ ನುು ಹೊಾಂದಿಲಿ, ಅದು ಎಫ್ ಇಟಿಯ ಆನ್ ಮತುಿ ಆಫ್ ಅನುು ಸಾಧಿಸಲು 
ಅಗತುವಾಗಿರುತಿದೆ. ಬಾುಾಂಡ್ ಗ್ಾುಪ್ ನೊಾಂದಿಗ್ೆ ಇತರ 2ಡಿ ವಸುಿಗಳನುು ಸಾಂಶೆಿೇಷ್ಟ್ಸುವ ಅನೆಾೇಷಣೆಯಲ್ಲಿ ಗಿರೇರ್ಸ 
ನ ಅಯೇನಿನಾ ವಿಶಾವಿದಾುಲಯದ ನಮಮ ಸಹಯೇಗಿಗಳು ಜಮಶನೆೇನ್ (Germanane) ಯನುು 
ಉತಾಪದಿಸುವಲ್ಲಿ ಯಶಸಿಾರ್ಾಗಿದಾದರೆ; ಇದರಲ್ಲಿ, ಟೊಪ್ಕ್ಟ್ೆರ್ಮಕ್ಲ್ಡ ಡಿ-ಇಾಂಟರ ಕಲೆೇಷನ್ ಮೂಲಕ್ ಅವರು 
CaGe2 ಹರಳುಗಳಲ್ಲಿ Ca ನೊಾಂದಿಗ್ೆ H ಅನುು ಬದಲ್ಲಸಿದರು. ಇದನುು ಅನುಸರಿಸಿ, ವಿಶಾದ ಮೊದಲ 2ಡಿ 
ಜಮಶನೆೇನ್ ಎಫ್ ಇಟಿಯನುು 5 ನೆೇ ಅಧಾುಯದಲ್ಲಿ ಪ್ರಸುಿತಪ್ಡಿಸಿದಾಂತೆ ನೆದಲಾರಯಾಂಡ್ ನ ಗ್ೊರನಿಾಂಗ್ೆನ್ 
ವಿಶಾವಿದಾುಲಯದಲ್ಲಿ ಅಭಿವೃದಿಧಪ್ಡಿಸಿ ಮತುಿ ನಿರೂಪ್ಸಲಾಗಿದೆ. 

ಜಮಶನೆೇನ್ ಎಫ್ ಇಟಿಯನುು ತರ್ಾರಿಸಲು, 60 nm ದಪ್ಪವಿರುವ ಬಹು-ಪ್ದರದ ಜಮಶನೆೇನ್ ಅನುು ಸಿೇಳಸಿ 
ಸಿಲ್ಲಕ್ಟ್ಾನ್ ಡ್ೆೈ-ಆಕ್ಟ್ೆಿೈಡ್ ತಲಾಧಾರದ ಮ್ಮೇಲೆ ಇರಿಸಲಾಯಿತು. ನಾಂತರ, ಚಿನುದ ವಿದುುದಾಾರಗಳನುು ವಿದುುತ್ 
ಮಾಪ್ನ ಸಕ್ೂಶಟ್ ನೊಾಂದಿಗ್ೆ ಸಾಂಪ್ಕ್ತಶಸುವ ಸಲುವಾಗಿ ಜಮಶನೆೇನ್ ಮ್ಮೇಲೆ ಸಾಂಗರಹಿಸಲಾಯಿತು. ಎಲೆಕ್ಟ್ಾಾನ್ 
ಮತುಿ ಹೊೇಲ್ಡ-ಡ್ೊೇಪ್  ಪ್ರಭ್ುತಾಗಳಲ್ಲಿ ವಿದುುತರವಾಹ, ಅಾಂದರೆ ಅಾಂಬಿಪ್ೇಲಾರ್ ಚಾರ್ಜಶ ಟಾರನ್ಿ ಪ್ೇಟ್ಶ 
ಗಮನಿಸಲಾಯಿತು. ಗ್ೆೇಟ್ ನಾದುಾಂತ ಅನಾಯಿಸಲಾದ ವಿದುುತ್ ವೊೇಲೆ್ೇರ್ಜ ಪ್ಕ್ಷಪ್ಾತವನುು ನಿಯಾಂತ್ತರಸುವ 
ಮೂಲಕ್ ಜಮಶನೆೇನ್ ಎಫ್ ಇಟಿಯಲ್ಲಿನ ವಿದುುತರವಾಹ, ಆನ್(ಹರಿಯುವುದು)/ಆಫ್(ಹರಿಯುವುದಿಲಿ) ಪ್ರಸುಿತ 
ಅನುಪ್ಾತವನುು 104 ವರೆಗ್ೆ ನಿೇಡ್ುತಿದೆ, ವಿದುುದಾವೆೇಶ  ಚಲನರ್ಶೇಲತೆ 70 cm2V-1s-1 ರವರೆಗ್ೆ, ಕ್ಟ್ೊೇಣೆಯ 
ಉಷಾಣಾಂಷದಲ್ಲಿ ನಿೇಡ್ುತಿದೆ. ಸೂಕ್ಿದ ಆಾಂಬಿಪ್ೇಲಾರ್ ಚಾರ್ಜಶ ಟಾರನ್ಿ ಪ್ೇಟ್ಶ ಮತುಿ ಹೆೈ ಆನ್/ಆಫ್ ಕ್ರೆಾಂಟ್ 
ಅನುಪ್ಾತ ಎರಡ್ೂ ಇರುವುದರಿಾಂದ , ಮ್ಮಟಲ್ಡ ಆಕ್ಟ್ೆಿೈಡ್ ಸೆರ್ಮಕ್ಾಂಡ್ಕ್್ರ್ (ಸಿಎಾಂಓಎರ್ಸ) ಸಕ್ೂಶಟ್ ಗಳಲ್ಲಿ 
ಸೆೇರಿಸಲು  ಹೆಚಿಿನ ಸಾಮಥುಶವನುು ಹೊಾಂದಿದೆ. 

ಚಿನು/ಜಮಶನೆೇನುಲ್ಲಿ ಹೆಚಿಿನ ರೊೇಧಕ್ ಷಾಟ್ ಕ್ತೇ ತಡ್ೆಗ್ೊೇಡ್ೆ (ಅರೆವಾಹಕ್ವನುು ಲೊೇಹದೊಾಂದಿಗ್ೆ ನೆೇರ 
ಸಾಂಪ್ಕ್ಶಕ್ಟ್ೆಕ ತಾಂದಾಗ ರೂಪ್ುಗ್ೊಳುುತಿದೆ) ರಚನೆಯಿಾಂದಾಗಿ, ಜಮಶನೆೇನ್ ಯಲ್ಲಿನ ಚಿನುದ ವಿದುುದಾಾರಗಳ 



ಸಾರಾಾಂಶ  171 

 

 

ಕ್ಟ್ೆಳಗಿರುವ ವಿದುುತರವಾಹ ಹರಿವು ಗಮನಾಹಶವಾಗಿ ಪ್ರಿಣಾಮ ಬಿೇರಿದೆ ಎಾಂದು ಗಮನಿಸಲಾಗಿದೆ. ಜಮಶನೆೇನ್ 
ಎಫ್ ಇಟಿಗಳಾಂದ ಉತಿಮ ಕ್ಟ್ಾಯಶಕ್ಷಮತೆಯನುು ಪ್ಡ್ೆಯಲು ಷಾಟ್ ಕ್ತೇ ತಡ್ೆಗ್ೊೇಡ್ೆ ಕ್ಡಿಮ್ಮ ಮಾಡ್ುವುದು 
ಮುಾಂದಿನ ತನಿಖ್ೆಯ ಪ್ರಮುಖ ಸವಾಲುಗಳು. ಜಮಶನೆೇನ್ ಬಾುಾಂಡ್ ರಚನೆಯಲ್ಲಿ ನೆೇರಬಾುಾಂಡ್ ಗ್ಾುಪ್ 
ಹೊಾಂದಿರುವುದರಿಾಂದ, ಜಮಶನೆೇನ್ ಎಫ್ ಇಟಿಯಲ್ಲಿ 650 nm ತರಾಂಗ್ಾಾಂತರದ ಕ್ಟ್ೆಾಂಪ್ು ಲೆೇಸರ್ ಅನುು 
ಹೊಳೆಯುವುದರಿಾಂದ, ವಿದುುತರವಾಹ ಪ್ರಮಾಣವನುು ಹೆಚಿಿಸುತಿದೆ. ಇದಲಿದೆ, ಕ್ಟ್ೆಾಂಪ್ುಲೆೇಸರ್ ಅನುು ಆನ್ ಮತುಿ 
ಆಫ್ ಮಾಡ್ುವುದರಿಾಂದ ರ್ಮಲ್ಲ ಸೆಕ್ಟ್ೆಾಂಡ್ುಗಳ ಸಮಯದ ಮಟಿ್ಗ್ೆ ವಿದುುತರವಾಹ ಬದಲಾಯಿಸಲಾಗುತಿದೆ; 
ಬಳಸಿದ ವಿದುುತರವಾಹ ಸಕ್ೂರಯಟ್ ಸಿೇರ್ಮತ ಬಾುಾಂಡ್ ವಿಡ್ಿ ಹೊಾಂದಿರುವುದರಿಾಂದ, ನೆೈಜ ಸಮಯದ ಪ್ರಮಾಣವು 
ರ್ಮಲ್ಲ ಸೆಕ್ಟ್ೆಾಂಡ್ುಗಳಗಿಾಂತ ವೆೇಗವಾಗಿರುತಿದೆ ಎಾಂದು ನಿರಿೇಕ್ಷಿಸಲಾಗಿದೆ (GaAs ಗಳಾಂತಹ ವುವಸೆಿಗಳಲ್ಲಿ ಬಾುಾಂಡ್ 
ಎಲೆಕ್ಟ್ಾಾನ್ ಗಳ ಪ್ರತ್ತಕ್ತರಯೆ ಸಾಮಾನುವಾಗಿ 1 ns ಗಿಾಂತ ವೆೇಗವಾಗಿರುತಿದೆ). ಜಮಶನೆೇನ್ ಎಫ್ ಇಟಿಯಲ್ಲಿನ 
ಆಪ್್ಎಲೆಟೊರನಿಕ್  ಪ್ರತ್ತಕ್ತರಯೆ ನಮಮ ಅವಲೊೇಕ್ನವು ಫೇಟೊಡಿಯೇಡ್ಗಳು, ಫೇಟೊಟಾರನಿಿಸ್ರ್ ಗಳು 
ಮುಾಂತಾದ ಆಪ್್ಎಲೆಟೊರನಿಕ್ ಅಪ್ಿಕ್ಟ್ೆೇಶನ್ ಗಳಲ್ಲಿ ಭ್ರವಸೆಯ ಪ್ರಿಣಾಮಗಳನುು ಹೊಾಂದಿದೆ. 

ಎಲೆಕ್ಟ್ಾಾನ್ ಒಾಂದು ಸಬ್ ಆಟೊೇರ್ಮಕ್ ಕ್ಣವಾಗಿದುದ, ಇದು ಚಾರ್ಜಶ ಮಾಹಿತ್ತಯನುು ಮಾತರವಲಿದೆ ಸಿಪನ್ ಎಾಂಬ 
ಅಾಂಗುಲರ್ ಮೊಮ್ಮಾಂಟುಮ್ ಸಹ ಒಳಗ್ೊಾಂಡಿದೆ. ಎಲೆಕ್ಟ್ಾಾನ್ ನ ಸಿಪನ್ ದೃಷ್ಟ್್ಕ್ಟ್ೊೇನ  ಅನುಕ್ರಮವಾಗಿ, '1' ಮತುಿ 
'0' ತಕ್ಶ ಸಿಿತ್ತಗಳಗ್ೆ ಅನುಗುಣವಾಗಿ, ಇನ್-ಪ್ೆಿೇನ್ ಅಥವಾ ಔಟ್-ಆಫ್-ಪ್ೆಿೇನ್ ದಿಕ್ತಕನಲ್ಲಿ ಸೂಚಿಸಬಹುದು. 
ಎಲೆಕ್ಟ್ಾಾನ್ ನ ಸಿಪನ್ ಅಾಂಶವನುು ಬಳಸಿಕ್ಟ್ೊಾಂಡ್ು ನಿರ್ಮಶಸಲಾದ ಎಲೆಕ್ಟ್ಾಾನಿಕ್ಿ ಅನುು ಸಿಪನ್ ಎಲೆಕ್ಟ್ಾಾನಿಕ್ಿ ಎಾಂದು 
ಕ್ರೆಯಲಾಗುತಿದೆ, ಇದನುು ಸಾಂಕ್ಷಿಪ್ಿವಾಗಿ ಸಿಪಾಂಟೊರೇನಿಕ್ಿ ಎಾಂದು ಕ್ರೆಯಲಾಗುತಿದೆ. ಎಲೆಕ್ಟ್ಾಾನ್ ನ ಸಿಪನ್ 
ಬದಲಾಯಿಸಲು ಬೆೇಕ್ಟ್ಾದ ಶಕ್ತಿಯು, ತುಲನಾತಮಕ್ವಾಗಿ ಕ್ಡಿಮ್ಮ ಇರುವುದರಿಾಂದ ಮತುಿ ಸಾಾಂಪ್ರದಾಯಿಕ್ ಚಾರ್ಜಶ-
ಆಧಾರಿತ ಎಲೆಕ್ಟ್ಾಾನ್ ಗಿಾಂತ ಸಿಾಚಿಾಂಗ್ ವೆೇಗವು,  ವೆೇಗವಾಗಿರುವುದರಿಾಂದ, ಸಿಪಾಂಟೊರೇನಿಕ್ಿ ಕ್ಡಿಮ್ಮ ವಿದುುತ್ 
ಕ್ಟ್ಾರ್ಾಶಚರಣೆ ಮತುಿ ವೆೇಗವಾಗಿ ಬದಲಾಯಿಸುವ ಸಮಯವನುು ನಿೇಡ್ುತಿದೆ. 

ಸಿಪನ್-ಎಫ್ ಇಟಿ, ಗ್ೆೇಟ್ ಟೂುನಿಾಂಗ್ ಮೂಲಕ್, ಸಿಪನ್ ಸಾರಿಗ್ೆಯನುು ಟೂುನಿಾಂಗ್ ಪ್ಡ್ೆಯುವುದು ಸಿಪಾಂಟೊರೇನಿಕ್ಿ 
ಕ್ೆೇತರದ ಅಾಂತ್ತಮ ಗುರಿರ್ಾಗಿದೆ. ಈ ನಿಟಿ್ನಲ್ಲಿ, ಗ್ಾರಫೇನ್ ನಲ್ಲಿ ಅನಿಸೊಟೊರಫಕ್ ಸಿಪನ್-ಆಬಿಶಟ್ ಕ್ಪ್ಿಾಂಗ್ 
(ಎರ್ಸ ಒಸಿ) ಯನುು ಪ್ೆರೇರೆೇಪ್ಸಲು ಗ್ಾರಫೇನ್ ನ ಸಾರ್ಮೇಪ್ುದಲ್ಲಿ ಟಾರನಿಿಷನ್ ಮ್ಮಟಲಾು ಡಿ-ಚಾಲೊಕಜೆನೆೈಡ್ಗಳನುು 
(ಟಿಎಾಂಡಿ) ಬಳಸುವ ಬಗ್ ಗೆ ಹಲವಾರು ಸೆೈದಾಧಾಂತ್ತಕ್ ಮುನೂಿಚನೆಗಳು ಇತ್ತಿೇಚೆಗ್ೆ ಬಾಂದಿವೆ. ಮ್ಮೇಲ್ಲನ ಹೆಚುಿವರಿ 
ವಸುಿಗಳ ೆಾಂದಿಗ್ೆ ಎಫ್ ಇಟಿ ನಲ್ಲಿ, ಗ್ೆೇಟ್ ನಾದುಾಂತ ವಿದುುತ್ ಕ್ೆೇತರವನುು  ಅನಾಯಿಸುವ ಮೂಲಕ್ ,ಪ್ೆರೇರಿತ 
ಎರ್ಸ ಒಸಿಯನುು ಬದಲಾಯಿಸಬಹುದು ಎಾಂದು ಭ್ವಿಷುತ್ ನಲ್ಲಿ ಸೂಚಿಸುತಿವೆ. ಆದದರಿಾಂದ ಗ್ಾರಫೇನ್ ನಲ್ಲಿ ಸಿಪನ್ 
ಸಾಗಣೆಯನುು ನಿಯಾಂತ್ತರಸಲು ಅವಕ್ಟ್ಾಶ ಮಾಡಿಕ್ಟ್ೊಡ್ುತಿದೆ.  ಸೆೈದಾಧಾಂತ್ತಕ್ವಾಗಿ ಲೆಕ್ಟ್ಾಕಚಾರದ ಆಧಾರದ ಮ್ಮೇಲೆ, 
ಪ್ರತೆುೇಕ್ ಗ್ಾರಯಫೇನ್ ನಲ್ಲಿನ ದೂರದ ಸಿಪನ್ ಸಾಗಣೆ ಮತುಿ ಗ್ೆೇಟ್ ನಾದುಾಂತ ಅನಾಯಿಸಲಾದ ವಿದುುತ್ ಕ್ೆೇತರವನುು 
ಅನಾಯಿಸುವ ಮೂಲಕ್, ಗ್ಾರಯಫೇನ್ ನಲ್ಲಿ ಸಿಪನ್ ಸಾಗಣೆಯನುು ಟೂುನ್ ಮಾಡ್ುವ ಸಾಮಥುಶದೊಾಂದಿಗ್ೆ, ಟಿಎಾಂಡಿ-
ಗ್ಾರಯಫೇನ್ ಹೆಟೆರೊಸಾಕ್ಿರ್ ಸಿಪನ್-ಎಫ್ ಇಟಿಯನುು ಕ್ಾಂಡ್ುಹಿಡಿಯುವ ಸಾಧುತೆ ಇದೆ.ಈ ದಿಕ್ತಕನಲ್ಲಿ, ನಾವು SiO2 
ತಲಾಧಾರದ ಮ್ಮೇಲೆ ಏಕ್ ಮತುಿ ದಿಾ-ಪ್ದರದ ಗ್ಾರಫೇನ್ ನೊಾಂದಿಗ್ೆ, WSe2 ಮತುಿ WS2 ನಾಂತಹ ವಿವಿಧ ಟಿಎಾಂಡಿ 
ಹೆಟೆರೊಸಾಕ್ಿಗಶಳನುು ತರ್ಾರಿಸಿದ ದೆೇವೆ ಮತುಿ ಅಧುಯನ ಮಾಡಿದ ದೆೇವೆ. ಈ ಹೆಟೆರೊಸಾಕ್ಿರ್ ಗಳನುು 
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ಫೆರೊೇಮಾುಗ್ೆುಟಿಕ್ ಕ್ಟ್ೊೇಬಾಲ್ಡ್ ವಿದುುದಾಾರಗಳಾಂದ ಸಾಂಪ್ಕ್ತಶಸಲಾಗುತಿದೆ, ಇದರ ಮಾುಗ್ೆುಟೆೈಝಷನ್ ದಿಕ್ಕನುು 
ಬಾಹು ಕ್ಟ್ಾಾಂತಕ್ೆೇತರವನುು ಅನಾಯಿಸುವ ಮೂಲಕ್ ನಿಯಾಂತ್ತರಸಬಹುದು, ಇದರಿಾಂದಾಗಿ ಇನ್-ಪ್ೆಿೇನ್ ಅಥವಾ 
ಔಟ್-ಆಫ್-ಪ್ೆಿೇನ್ ಎಲೆಕ್ಟ್ಾಾನ್ ಗ್ಾರಯಫೇನ್ ಗ್ೆ ಹಾದುಹೊೇಗಬಹುದು. 

ಅಧಾುಯ 6 ರಲ್ಲಿ, ಸಿಾಂಗಲ್ಡ-ಲೆಯರ್ ಅಥಶ ಏಕ್ ಪ್ದರದ ಗ್ಾರಫೇನ್ (ಎರ್ಸ ಎಲ್ಡ ಜಿ) ಮ್ಮೇಲ್ಲನ ಮಲ್ಲ್ ಲೆೇಯರ್ 
WSe2 ನ ಹೆಟೆರೊಸಾಕ್ಿರ್ ಅನುು ಅಧುಯನ ಮಾಡ್ಲಾಗಿದೆ, ಇದರಲ್ಲಿ ಗ್ಾರಫನ್ ನ ಒಾಂದು ಭಾಗವನುು WSe2 
ಆವರಿಸಿದೆ. ಈ ಪ್ರದೆೇಶ , ಇನ್ ಪ್ೆಿೇನ್ (τ∥ ಇನ್ ಪ್ೆಿೇನ್ ಸಿಪನ್ ಜಿೇವಿತಾವಧಿ) ಮತುಿ ಔಟ್ ಆಫ್ ಪ್ೆಿೇನ್  (τ⊥ ಔಟ್ 
ಆಫ್ ಪ್ೆಿೇನ್ ಸಿಪನ್ ಜಿೇವಿತಾವಧಿ) ಸಿಪನ್ಿ ಸಾರಿಗ್ೆ  ಜಿೇವಿತಾವಧಿ ಅನಿಸೊಟೊರಪ್ ಅನುಪ್ಾತವನುು 
ಗಮನಿಸಲಾಯಿತು, τ⊥/τ∥= 3.5. WSe2 ಆವರಿಸಿದ ಗ್ಾರಫೇನ್ ಪ್ರದೆೇಶದಲ್ಲಿ, ಇನ್-ಪ್ೆಿೇನ್ ಸಿಪನ್ ಸಾಗಣೆಯ 
ಸಿಳೇಯವಲಿದ  ರೊೇಧಕ್ವನುು, (ಆರ್ ಎನ್ ಎಲ್ಡ) ಗ್ೆೇಟ್ ನಾದುಾಂತ ವಿದುುತ್ ಕ್ೆೇತರವನುು  ಅನಾಯಿಸುವ ಮೂಲಕ್ 
ಟೂುನ್ ಮಾಡ್ಬಹುದೆಾಂದು ನಾವು ಗಮನಿಸಿದ ದೆೇವೆ. ಆದಾಗೂು, ಇನ್-ಪ್ೆಿೇನ್ ಆರ್ ಎನ್ ಎಲ್ಡ  ನಲ್ಲಿನ 
ಬದಲಾವಣೆಯು, ಎರ್ಸ ಒಸಿಯ ಬದಲಾವಣೆ ಅಥವಾ ಗ್ಾರಫನ್/WSe2 ಇಾಂಟರ್ ಸೆಪೇರ್ಸ ನಲ್ಲಿ ಸಿಪನ್ ರೊೇಧಕ್ 
ಬದಲಾವಣೆಯಿಾಂದಾಗಿ ಎಾಂಬುದು ಸಪಷ್ವಾಗಿಲಿ; ಆದದರಿಾಂದ, ಇದಕ್ಟ್ೆಕ ಹೆಚಿಿನ ಸಾಂಶೆ ೇಧನೆಯ ಅಗತುವಿದೆ. 
ಕ್ುತೂಹಲಕ್ಟ್ಾರಿರ್ಾಗಿ, WSe2ನಿಾಂದ ಆವರಿಸಲಪಟ್ ಗ್ಾರಫೇನ್ ಪ್ರದೆೇಶದಲ್ಲಿ ಕ್ಾಂಡ್ು ಬರುವ ಸಿಪನ್ ಜಿೇವಮಾನದ 
ಅನಿಸೊಟೊರಪ್ಯ ಪ್ರಿಣಾಮವು, WSe2 ವಾುಪ್ಿಯ ಗ್ಾರಫೇನ್ ಪ್ರದೆೇಶವನುು ಅನೆಾೇಷ್ಟ್ಸಬಲಿ ವಾಹಕ್ಗಳ 
ಸಿಪನ್ ಗಳ ಪ್ರಸರಣ ಸಾಭಾವದಿಾಂದಾಗಿ, WSe2 ವಾುಪ್ಿಗ್ೆ ಒಳಪ್ಡ್ದ ನೆರೆಯ ಗ್ಾರಫೇನ್ ಲ್ಲಿಯೂ ಸಹ 
ಗಮನಿಸಬಹುದಾಗಿದೆ. ಗ್ಾರಫೇನ್ ನ WSe2 ವಾುಪ್ಿಯು 3 μm ಗಿಾಂತ ಉದದವಾಗಿದಾದಗ, WSe2 ಆವರಿಸಿದ 
ಗ್ಾರಫೇನ್ ಪ್ರದೆೇಶದಾದುಾಂತ ರ್ಾವುದೆೇ ಪ್ೆಿೇನ್ ನಲ್ಲಿ ಸಿಪನ್ ಸಾಗಣೆ ಕ್ಾಂಡ್ುಬಾಂದಿಲಿ, ಇದು ಗ್ಾರಫೇನ್ ನಲ್ಲಿ 
WSe2ನಿಾಂದ ಪ್ರಚೊೇದಿಸಲಪಟ್ ಎರ್ಸ ಒಸಿಯ ದೊಡ್ಡ ಪ್ರಮಾಣವನುು ಸೂಚಿಸುತಿದೆ. ಮಲ್ಲ್-ಲೆೇಯರ್ WSe2 ಅನುು 
ಗ್ಾರಫೇನ ಗೆ ಸಿಪನ್ ಇಾಂಜೆಕ್ಷನ್ ಗ್ಾಗಿ ಮಧುಾಂತರ ಪ್ದರವಾಗಿ ಬಳಸಲಾಗುತಿದೆ; ಇದು ಗ್ಾರಫೇನ್ ಗ್ೆ ಸಿಪನ್ 
ಇಾಂಜೆಕ್ಷನ್ ಗ್ಾಗಿ ತನೆುಲ್ಡ ಬುರಿಯರ್ ರ್ಾಗಿ ಟಿಎಾಂಡಿಯನುು  ಬಳಸಬಹುದು ಎಾಂದು ತೊೇರಿಸಲಾಗಿದೆ , ಹೆಚಿಿನ 

ಅಧುಯನಕ್ಟ್ೆಕ ಆಸಕ್ತಿದಾಯಕ್ವಾಗಿದೆ. 

ಅಧಾುಯ 7 ರಲ್ಲಿ, ಬಿಎಲ್ಲಿಯ (BLG, ದಿಾ-ಪ್ದರದ ಗ್ಾರಫೇ) ಸಿಪನ್-ಕ್ಕ್ೆಯಾಂದಿಗ್ೆ ಬಹು-ಪ್ದರದ WS2ಗ್ೆ 
ಸೆೇರಿಕ್ಟ್ೊಾಂಡ್ ಮತುಿ WS2 ಅನುು ತಲಾಧಾರವಾಗಿ ಬಳಸಲಾಗುವ ಸಾಂರಚನೆಯಲ್ಲಿ ಸಿಪನ್ ಸಾಗಣೆಯನುು BLG 
ಯಲ್ಲಿ ತನಿಖ್ೆ ಮಾಡ್ಲಾಯಿತು.ಈ ಹೆಟೆರೊಸಾಕ್ಿರ ಗಳಲ್ಲಿ ನಾವು τ⊥/τ∥~40-70 ರ ರೆಕ್ಟ್ಾಡ್ಶ ಸಿಪನ್ ಜಿೇವಮಾನದ 
ಅನಿಸೊಟೊರಪ್ಯನುು ಅಳತೆ ಮಾಡಿದ ದೆೇವೆ. ದಪ್ಪವಾದ WS2 ತಲಾಧಾರದಿಾಂದಾಗಿ BLGಯಲ್ಲಿ ಹಿಾಂದಿನ ಗ್ೆೇಟ್ 
ಮೂಲಕ್ ವಿದುುತ್ ಕ್ೆೇತರವನುು ಟೂುನ್ ಮಾಡ್ಲು ನಮಗ್ೆ ಸಾಧುವಾಗಲ್ಲಲಿ; ಆದಾಗೂು, ಹಿಾಂದಿನ ಗ್ೆೇಟ್ ಬದಲಾಗಿ 
ಮ್ಮೇಲ್ಲನ ಗ್ೆೇಟ್ ನುು ಬಳಸುವ ಪ್ರಿಹಾರವನುು ಅನೆಾೇಷ್ಟ್ಸಬೆೇಕ್ಟ್ಾಗಿದೆ. ಇದಲಿದೆ, ಫೆರೊೇಮಾುಗ್ೆುಟಿಕ್ತಾ 
ವಿದುುದಾಾರಗಳ ಆಕ್ಟ್ಾರ-ಅನಿಸೊಟೊರಪ್ಯನುು ಬಳಸಿಕ್ಟ್ೊಳುುವ ಮೂಲಕ್ ಅನಿಸೊಟೊರಪ್ಕ್ ಸಿಪನ್ 
ಜಿೇವಿತಾವಧಿಯ ಅನುಪ್ಾತವನುು ಅಳೆಯಲು ಓಬಿಿಕ್ ಸಿಪನ್ ವಾಲ್ಡ ಮಾಪ್ನ ಎಾಂಬ ಹೊಸ ಸಾಧನವನುು ನಾವು 
ಅಭಿವೃದಿಧಪ್ಡಿಸಿದ ದೆೇವೆ. ಹೆಚಿಿನ τ⊥ ಮತುಿ ಹೆಚಿಿನ ಸಿಪನ್ ಜಿೇವಮಾನದ ಅನಿಸೊಟೊರಪ್ಯ ಅವಲೊೇಕ್ನವು, 
ಎರ್ಸ ಒಸಿ ಉಪ್ಸಿಿತ್ತಯಲ್ಲಿ, BLG/WS2 ವುವಸೆಿಗಳಲ್ಲಿ, ಔಟ್-ಆಫ್-ಪ್ೆಿೇನ್ ಸಿಪನ್ ಗಳಗ್ೆ ಬಲವಾದ ಸಿಪನ್-ವಾುಲ್ಲ 
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ಜೊೇಡ್ಣೆಯ, ಸಪಷ್ ಗುರುತುಗಳಾಗಿವೆ. 

ಅಧಾುಯ 8 ರಲ್ಲಿ, ಸಿಪನ್ ಸಾಗಣೆಯನುು ದಿಾ-ಪ್ದರದ ಗ್ಾರಫನ್ (BLG, ಬಿಎಲ್ಡ ಜಿ)  ಯಲ್ಲಿ ತನಿಖ್ೆ ಮಾಡ್ಲಾಯಿತು. 
BLG ಮತುಿ ಬಹು-ಪ್ದರ WSe2 ಸಿಪನ್-ಆಬಿಶಟ್ ಇಾಂಟರಕ್ಷಣ್ ಹೊಾಂದಿರುವ, SLG/WSe2 
ಹೆಟೆರೊಸಾಕ್ಿರ್ ನ್ ಾಂತೆಯೆೇ ಜಾುರ್ಮತ್ತಯಲ್ಲಿ, ಅಧುಯನ ಮಾಡ್ಲಾಗಿದೆ. WSe2 ನಿಾಂದ ಆವರಿಸಲಪಟ್ ಗ್ಾರಫನ್ 
ಪ್ರದೆೇಶದಲ್ಲಿ τ⊥/τ∥=3.6 ರ ಸಿಪನ್ ಜಿೇವಮಾನದ ಅನಿಸೊಟೊರಪ್ಕ್ ಅನುಪ್ಾತವನುು ಗಮನಿಸಲಾಯಿತು ಮತುಿ 
ಇದರ ಪ್ರಿಣಾಮವನುು WSe2 ವಾುಪ್ಿಗ್ೆ ಒಳಪ್ಡ್ದ ಗ್ಾರಫನ್ ಪ್ರದೆೇಶದಲ್ಲಿ ಸಹ ಗಮನಿಸಬಹುದಾಗಿದೆ, ಆದರೆ 
WSe2ಆವರಿಸಿದ ಗ್ಾರಫನ್ ಪ್ರದೆೇಶಕ್ಟ್ೆಕ ಹತ್ತಿರದಲ್ಲಿದೆ. ಮ್ಮೇಲ್ಲನ ಸಾಧನವು  SLG/WSe2 
ಹೆಟೆರೊಸಾಕ್ಿರ್ ನ್ ಾಂತೆಯೆೇ ರಚನೆಯನುು ಹೊಾಂದಿದೆ. WSe2/BLG ಯ ಲಾಂಬ ಎಫ್ ಇಟಿಗಳನುು ಸಹ 
ತರ್ಾರಿಸಲಾಯಿತು ಮತುಿ ಅಧುಯನ ಮಾಡ್ಲಾಯಿತು, ಇದು ಪ್ರಸುಿತ ಆನ್/ಆಫ್ ಅನುಪ್ಾತ >103 ನೊಾಂದಿಗ್ೆ, 
ಎನ್-ಟೆೈಪ್ ನಡ್ವಳಕ್ಟ್ೆಯನುು ತೊೇರಿಸುತಿದೆ. ಟಿಎಾಂಡಿ ಹೆಟೆರೊಸಾಕ್ಿರ ಗಳ  ೆಾಂದಿಗಿನ ಗ್ಾರಫೇನ್ ನ ಲಾಂಬ 
ಎಫ್ ಇಟಿಗಳ ಸಾಕ್ಾತಾಕರವು, ಹೊಸ ಸಾಧನ ಜಾುರ್ಮತ್ತಯನುು ಬಳಸಿಕ್ಟ್ೊಾಂಡ್ು ಅಲಾಾ-ತೆಳುವಾದ ಎಲೆಕ್ಟ್ಾಾನಿಕ್ 
ಸಾಧನಗಳನುು ಅಭಿವೃದಿಧಪ್ಡಿಸುವ ಸಾಮಥರಯವನುು ತೊೇರಿಸುತಿದೆ.  

ಎರ್ಸ ಎಲ್ಡ ಜಿ ಮತುಿ ಬಿಎಲ್ಡ ಜಿ ಎರಡ್ರಲೂಿ, ಟಿಎಾಂಡಿ ಹೆಟೆರೊಸಾಕ್ಿಗಶಳ  ೆಾಂದಿಗ್ೆ, ಬಲವಾದ ಅನಿಸೊಟೊರಪ್ಕ್ 
ಎರ್ಸ ಒಸಿಯನುು ಹೊಾಂದಿದೆ ಎಾಂದು , ನಮಮ ಪ್ಾರಯೇಗ ತೊೇರಿಸುತಿದೆ ಮತುಿ ಈ ಸಾಧನಗಳು  ಇನ್-ಪ್ೆಿೇನ್ 
ಮತುಿ ಔಟ್ ಆಫ್ ಪ್ೆಿೇನ್ ಗಳಗ್ೆ ಅನಿಸೊಟೊರಪ್ಕ್ ಸಿಪನ್ ವಿಶಾರಾಂತ್ತ ಸಮಯವನುು ತೊೇರಿಸುತಿದೆ. ಈ ವಿೇಕ್ಷಣೆ  
ಮುಾಂದಿನ ಪ್ೇಳಗ್ೆಯ ಸಿಪಾಂಟಾರನಿಕ್ಿ ಸಾಧನಗಳನುು ಹೊಾಂದಲು ಒಾಂದು ಹೆಜೆಿ ತುಾಂಬ ಹತ್ತಿರದಲ್ಲಿದೆ.     
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