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Graphene stands out for its high mobility and weak spin-orbit coupling (SOC) 

offering efficient transport of both electron charges and spins. However, the negligible 

SOC prevents novel quantum states from emerging, such as the quantum anomalous Hall 

state. On the other hand, owing to their strong SOC, transition metal dichalcogenides 

(TMDs) provide an ideal platform to increase the SOC in graphene by proximity effect. 

This dissertation will focus on the analysis of the induced SOC in graphene, the 

underlying mechanisms, and the factors that could affect its strength. 

The first part briefly introduces graphene and SOC. We present possible ways to 

increase the SOC in graphene and how to quantify its strength. The second part shows the 

procedures on how to build a van der Waals heterostructure like graphene/WSe2/h-BN, 

followed by introductions to Raman and photoluminescence (PL). 

In the third part we demonstrate enhanced SOC in monolayer and bilayer graphene on 

WS2 by magneto-conductance measurements. We will show clear weak antilocalization 
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(WAL) in WS2-covered graphene over a wide range of carrier densities. We isolate and 

quantify the spin-relaxation rate caused by Rashba SOC and show its strength is tunable 

via transverse electric fields. 

Then we investigate the SOC in graphene coupled to monolayer TMD films. We 

show that the spin relaxation rate varies linearly with the momentum scattering time and 

is independent of the carrier type. Our analysis yields a Rashba SOC of ~1.5 meV in 

graphene/WSe2 and ~0.9 meV in graphene/MoS2.  The nearly electron-hole symmetric 

nature of the Rashba SOC calls deeper understanding for the underlying mechanisms. 

Finally, we study the interactions between TMDs and graphene in graphene/WSe2/h-

BN and WSe2/ graphene/h-BN. We find that strong PL quenching exists in the former 

stack while the PL is only weakly quenched in the latter stack. We attribute this 

difference to the increased interlayer distance between WSe2 and graphene caused by the 

h-BN, as evidenced by the reduced WAL and the first principles calculations. 
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 1 

Chapter 1 Graphene and graphene spintronics 

1.1 Introduction to graphene 

Graphene, a two-dimensional (2D) atomically thin lattice formed by carbon atoms, 

has attracted a great deal of research interest, especially in the theoretical field. In 1946, P. 

R. Wallace [1] first studied the band structure of graphene and discovered the linear 

dispersion near the charge neutrality point where conduction band minima touches 

valence band maxima. Due to its simplicity yet unusual band structure that represents the 

kinetic energy of massless Dirac fermions, graphene has served as a great platform to 

explore novel theoretical concepts and models. For example, F. D. M. Haldane [2] 

proposed a model of quantum Hall effect (QHE) in the absence of Landau levels (LL) or 

external magnetic field, which is the precursor of the quantum anomalous Hall effect and 

modern topological models.  

Despite its great attraction to theorists, however, graphene, in the free state, is not 

expected to exist in nature due to its unstable 2D characteristic. It was not until the 

beginning of 21st century, half a century after its theoretical discovery and more than four 

hundred years after the invention of pencil [3] (i.e., graphite, a three-dimensional 

counterpart to graphene), graphene was experimentally discovered by K. S., Novoselov et 

al. [4] on SiO2 wafer.  

Graphene is formed by carbon atoms which reside on a honeycomb lattice. The in-

plane sp2 hybridizations form σ bonds between each carbon atom, while the out-of-plane 

pz orbitals form π bonds and contribute to the mobile charge and thus the conductivity of 

the graphene sheet. The strong in-plane mechanical strength of graphene is ensured by 
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the σ bonds while the interlayer interaction is only through the weak van der Waals bonds. 

This enables graphene to be easily achieved by mechanical exfoliation [4]. The π bonds 

make graphene chemically inert just like benzene, so it can be preserved under ambient 

condition, unreactive to chemicals, and therefore greatly suitable for scientific research. 

Graphene has threefold rotational symmetry and adjacent carbon atoms are not 

identical. In other word, the honeycomb lattice can be viewed as a superlattice of two 

triangular sublattice A and B, and each unit cell contains a carbon atom from sublattice A 

and a carbon atom from sublattice B. The unit cell forms a triangular Bravais lattice and 

its first Brillouin zone in the reciprocal space is a hexagonal lattice, as shown in Fig. 1-1.

 

FIG. 1-1. Left: Honey comb lattice of graphene that consists of two sublattices A 

(blue) and B (yellow). Right: First Brillouin zone of graphene. Dirac bands are located at 

K and K’ points. b1 and b2 represent the reciprocal lattice vectors, thus K and K’ are not 

identical. Adapted from Castro Neto et al., Rev. Mod. Phys. 81, 109 (2009). 
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The band dispersion near the K and K’ points on the corners of the Brillouin zone can 

be approximated by [1, 2]: 

𝐸±(𝑞) = ±ν𝑓|𝑞| + 𝑂(𝑞/𝑘)2                                            (1) 

where 𝜈𝑓  is the fermi velocity and 𝑞  is the vector relatively from K or K’ in the 

momentum space, as shown in Fig. 1-2. 

 

FIG. 1-2. Linear dispersion of the Dirac cones in graphene, located at K and K’ points 

of the Brillouin zone. Adapted from Castro Neto et al., Rev. Mod. Phys. 81, 109 (2009). 

 

Unlike traditional electron gas in 2D semimetals where 𝐸𝑞 = 𝑞2/(2𝑚), the energy at 

the vicinity of charge neutrality points linearly depends on the momentum, which 

essentially has the same form of massless Dirac equation. Furthermore, graphene is a 

gapless semimetal with a constant fermi velocity (at low energy) roughly equals to 

1 × 106𝑚/𝑠, which makes graphene a superior conductor yet only composed of mono 

layer of atoms. Modern graphene devices can easily achieve mobility more than 
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100,000 𝑐𝑚2/𝑠−1𝑉−1 when it is freely suspended [5] or sandwiched between hexagonal 

Boron Nitride (h-BN) [6], and could even reach  1,000,000 𝑐𝑚2/𝑠−1𝑉−1 in chemical 

vapor deposition (CVD) synthesized graphene [7]. 

The existence of two copies of Dirac cones at K and K’ points originate from the 

nature of the triangular Bravais lattice, and results in a valley degeneracy, i.e., 𝑔𝑣 = 2. 

Combined with the spin degeneracy, it gives rise to a total degeneracy 𝑔 = 4 , 

consequently, this leads to an unconventional QHE where each LL is fourfold degenerate 

and the quantization in the Hall conductance 𝜎𝑥𝑦 is characterized by 4𝑒2/ℎ [8]. Though 

the valley degree of freedom is not in the scope of this thesis, it has attracted a great deal 

of research interest such as valleytronics and valley Hall effect [9-11]. 

 

1.2 Introduction to spin- orbit coupling and related quantum states 

1.2.1 Spin-orbit coupling and spin Hall effect 

 The spin-orbit coupling (SOC), or spin-orbit interaction (SOI), is the origin of fine 

structure of atoms. It comes from the relativistic quantum mechanics and the associated 

Hamiltonian term can be simply expressed as ~𝛔 ∙ (𝑬 × 𝒑), where 𝛔 is the spin, 𝑬 is the 

electrical field and 𝒑 is the momentum. By substituting 𝑬 with 
𝒓

𝑟

𝑑𝑉

𝑑𝑟
, the above expression 

can be rewritten as ~𝛔 ⋅ 𝑳 where 𝑳 is the orbital angular momentum 𝒓 × 𝒑 of the electron. 

Under the Coulomb potential of a single atom, the SOC is proportional to the fourth order 

of its atomic number, i.e., ~𝑍4. 

SOC was discovered since the establishment of quantum mechanics, and well-studied 

to explain the anomalous Hall effect present in ferromagnetics [12]. In 1971, M.I. 



 5 

Dyakonov and V.I. Perel first proposed the idea of current-induced spin polarization in 

semiconductors [13], which is the preliminary prediction of the spin Hall effect (SHE). 

However, the manipulation of spin via SOC has not attracted much attention until J. E. 

Hirsh rediscovered the spin Hall effect in 1999 [14]. 

In the ordinary Hall effect, QHE, and AHE, the time-reversal-symmetry (TRS) is 

broken due to either applied external magnetic field or spontaneous magnetization, so 

charges are deflected, and an electrical potential is built up along the direction 

perpendicular to the applied electrical field. In contrast, the SHE does not require broken 

TRS and the spin potential is built up only via the applied electrical field. A naïve 

interpretation of the SHE can be pictured via the above expression, 𝐻σ~𝝈 ∙ (𝑬 × 𝒑). 

Along the direction perpendicular to the applied electrical field, spin-up electrons can see 

an effective magnetic field 𝐻σ and thus deflected and tend to accumulate to one edge (in 

the case of 2D materials), which also holds true for the spin-down electrons except the 

effective magnetic field 𝐻σ  has opposite sign and therefore drives the spin-down 

electrons to accumulate to the other edge, as shown in Fig. 1-3. 

The SHE was experimentally discovered by Y. K. Kato et al. in 2004 [15] in GaAs 

and InGaAs and together with its reciprocal effect, the inverse spin Hall effect (ISHE, 

which stands for the generation of charge current via spin current) are shown to exist in a 

variety of materials including semiconductors, metals [16], and topological insulators 

[17]. Furthermore, beyond the electrical field, spin current can also be generated through 

heat via the spin Seebeck effect [18-19] as well as photo current via the opto-valley-spin 

Hall effect [9-10]. 
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FIG. 1-3. Ordinary Hall effect: a charge current along the x direction will generate a 

charge current along y direction and result in a voltage drop. Spin Hall effect: a charge 

current along the x direction will generate spin current along the y direction and thus 

build different spin potential on the edges with opposite sign for spin-up and spin-down 

electrons. Adapted from J. E. Hirsch, Phys. Rev. Lett. 83, 1834 (1999). 

 

1.2.2 Spin-orbit coupling in graphene 

 Due to the light weight of carbon atoms, graphene only has a small SOC intrinsically. 

In 2005, C. L. Kane and E. J. Mele proposed a quantum spin Hall effect (QSHE) model 

[20] based on graphene and discussed the source of two types of SOC under time reversal 

symmetry and inversion symmetry. The corrected Hamiltonian can be described by: 

𝐻𝑒𝑓𝑓 = Δ𝑆𝑂𝝈𝒛𝝉𝒛𝒔𝒛  +  𝜆𝑅(𝝈𝒙𝝉𝒛𝒔𝒚 − 𝝈𝒚𝒔𝒙)                                  (2) 

where σ𝑧 describes the electron states on A and B sublattices, τ𝑧 describes the states of 

the valley on K and K’ points and 𝑠𝑧 describes the states of the spin. Δ𝑆𝑂 is the so-called 

Kane-Mele (or intrinsic) SOC term which originates from next-nearest-neighbor hopping 
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of electrons on carbon atoms and λ𝑅 is the Rashba SOC that originates from the mirror 

symmetry breaking in the z direction perpendicular to the graphene plane, e.g., a 

supporting substrate like SiO2 or an applied electrical field in the z direction. 

Kane and Mele pointed out that the QSHE exists when a gap is opened at the Dirac 

point under the condition Δ𝑆𝑂 > λ𝑅 . They estimated the Δ𝑆𝑂 ≈ 0.2 𝑚𝑒𝑉 ≈ 2.4 𝐾  and 

λ𝑅 ≈ 0.04 μ𝑒𝑉 ≈ 0.5𝑚𝐾  and therefore QSHE theoretically exists in graphene if the 

temperature is below 2K. 

Nevertheless, QSHE has not been realized until now and H. Min et al. in 2006 

recalculated the SOCs in graphene and found the Kane-Mele SOC is much smaller than 

their initial estimation, i.e., ~ 1 𝜇𝑒𝑉 ~ 0.01𝐾, and the Rashba SOC is much larger than 

their initial estimation, i.e., ~ 10 𝜇𝑒𝑉 ~ 0.1𝐾 , both under an external electrical field 

through SiO2 wafer ~ 50 𝑉/300 𝑛𝑚. This prediction dramatically restricts the condition 

of the observation of QSHE in graphene and explains why it hasn’t been experimentally 

established yet. However, the theoretical prediction of the QSHE pioneered the prediction 

and discovery of topological insulators and greatly stimulates the development of 

topological physics. 

 

1.2.3 Quantum anomalous Hall effect in graphene 

Unlike the QSHE that requires Rashba SOC to be much smaller than the Kane-Mele 

SOC and the time reversal symmetry to be preserved, the realization of quantum 

anomalous Hall effect (QAHE) is proposed by Z. Qiao et al. in graphene with the 
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presence of both strong Rashba SOC and exchange magnetic field [21-22]. The perturbed 

Hamiltonian at low energy can be expressed as: 

𝐻𝑒𝑓𝑓 = 𝑀1σ𝑠𝑧  +  𝜆𝑅(𝝈𝒙𝝉𝒛𝒔𝒚 − 𝝈𝒚𝒔𝒙)                                        (3) 

The first term M in the above equation describes the exchange coupling of the π 

electrons and 1σ represents the identity matrix in σ space. The second is just the same 

Rashba SOC as in equation (2). The band structure near Dirac point can be seen in Fig. 1-

4. 

Though graphene itself is not a ferromagnetic material, i.e., there is no intrinsic 

exchange coupling in graphene, the exchange term can be acquired via several 

approaches. For example, by lightly doping graphene with hydrogen atoms, graphene can 

be magnetized through long range interaction between hydrogen atoms [23-25]. 

Additionally, exchange coupling can also be introduced into graphene by proximity 

coupling graphene to ferromagnetic insulator substrates like yttrium iron garnet (YIG) 

[26] and antiferromagnetic substrates like BiFeO3 [22]. 

QAHE can also be achieved in other materials like chromium doped topological 

insulators [27]; however, due to the outstanding electronic and mechanical properties of 

graphene, the realization of QAHE in graphene is attracting massive research interest. 
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FIG. 1-4. Evolution of the band structure of graphene at low energy with QAHE. (a) Spin 

is degenerate in pristine graphene without exchange coupling and negligible Rashba SOC. 

(b) When exchange coupling is present, spin degeneracy is lifted and electrons with spin-

up and spin-down are split. (c) When Rashba SOC is present, spin degeneracy is also lift, 

but spin-up and spin-down states are not the eigenstates and mixed at the Dirac points. (d) 

When both exchange coupling and Rashba SOC are present, a nontrivial gap is opened, 

and the Berry curvature will yield a nonzero Chern number which characterize the 

quantized Hall conductance. Adapted from Qiao et al., Phys. Rev. B 82, 161414(R) 

(2010). 

 

1.3 Methods of introducing spin-orbit coupling into graphene 

The negligibly small SOC in pristine graphene is like a double-edged sword. On one 

hand, it makes graphene an ideal candidate to carry and transport spin signals; on the 

other hand, it hinders the realization of novel topological quantum states mentioned 

above. Engineering graphene with strong SOC has attracted great attention ever since the 
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prediction of QSHE as mentioned above, and researchers have come up with several 

different approaches to enhance the SOC of graphene. 

A. H. Castro Neto and F. Guinea proposed that hybridizing graphene with adatoms 

like hydrogen atoms can change the sp2 hybridization of the carbon-carbon bonds to sp3 

hybridization of carbon-hydrogen bonds [2]. Consequently, the mirror symmetry in the 

out-of-plane direction is broken and Rashba SOC is introduced into graphene, as shown 

in Fig. 1-5. J. Balakrishnan et al. doped graphene with hydrogen atoms and claimed 

colossal enhancement of SOC (2.5 meV) in graphene by performing non-local 

measurements via ISHE effect [28]. The advantages of the hydrogen approach are that 

the doping process is simple, quantifiable and reversible, but the disadvantages are that 

the process unavoidably introduces atomic defects into graphene and greatly decreases its 

mobility. Moreover, the hydrogenation of the graphene is unstable, and the result can 

hardly repeated.  

Another approach that is similar to the above idea of introducing adatoms but makes 

use of heavy metal atoms is brought up by C. Weeks et al. in 2011 [29]. Instead of 

putting light adatoms like hydrogen onto carbon atoms, they proposed depositing heavy 

metal adatoms onto the hollow center of the honey comb lattice. Due to the strong atomic 

SOC of heavy metals and the hopping mechanisms through the adatom, the Kane-Mele 

type SOC can be enhanced up to 21 meV and can open a huge QSHE gap (close to 300 K 

or room temperature) at the Dirac point. Though the idea is innovative, in practice, the 

heavy metal adatoms tend to gather to form a cluster rather than filling onto the hollow 

positions, which makes it extremely hard for establishing the experiments. 
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FIG. 1-5. Dilute doping of adatoms onto graphene sheet. (a) Distorted sp3 hybridization at 

a carbon atom with adatom on top. (b) Original sp2 hybridization at a normal carbon atom. 

Adapted from A. H. Castro Neto and F. Guinea, Phys. Rev. Lett. 103, 026804 (2009). 

 

The third approach, which has been gaining more and more experimental success and 

theoretical interests is via proximity coupling. The basic idea of proximity coupling, as 

shortly mentioned in the last section, is to integrate the target material, e.g., graphene, 

with the target substrate, e.g., YIG (for most of the time, it is just to stack the materials 

and substrates vertically). Because of proximity effect, the target material can inherit the 

exotic properties like strong SOC or ferromagnetic moment from the substrate.  
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Compared to the approaches mentioned above, the proximity effect is a global effect 

while the adatom doping is more likely a local effect, i.e., the strength of the proximity 

effect cannot be controlled by doping; therefore, the strength of the acquired exotic 

properties are hardly controllable and mostly depends on the relaxed ground state of the 

interfacial mixed states, e.g., whether the coupled materials are mutually repulsive or 

attractive. However, at the cost of controllability, proximity coupling has great 

advantages over the above-mentioned other approaches.  

First, as a global effect, the system has better uniformity and higher symmetry, which 

benefits the theoretical prediction and experimental interpretation; secondly, unlike 

doping which inevitably introduces impurities into the target material and distort its 

atomic structure, the proximity coupling preserves the lattice structure of the target 

material, therefore doesn’t sacrifice its quality and properties such as the high mobility in 

graphene; and last but not least, due to the van der Waals nature of many 2D materials. It 

is possible to stack a wide variety of different 2D materials in literally any desired order 

so we can achieve a versatile combination of different proximity effect [30], as shown in 

Fig. 1-6. 
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FIG. 1-6. Stacking different 2D materials into a van der Waals heterostructure. Each layer 

can acquire the properties form its neighboring layers via proximity effect. Adapted by 

permission from Macmillan Publishers Ltd: [Nature] (A. K. Geim and I. V. Grigorieva, 

Nature 499, 419–425), copyright (2013). 

 

The proximity effect of ferromagnetism has been demonstrated successfully in many 

experimental works. Wang et al. transferred graphene onto YIG and observed AHE in 

graphene [26]. Jiang et al. reported that it is possible to introduce magnetic moment into 

topological insulators via depositing BiSbTe onto YIG [17] and demonstrated the 

topological spin Seebeck effect [19] by the same structure. Tang et al. deposited BiSbTe 

onto Tm3Fe5O12 and found robust ferromagnetic phase above 400 K [31]. In addition, M. 

Gmitra et al. calculated the band structure of graphene when it is placed on transition 

metal dichalcogenides and found a Rashba SOC close to 0.5 meV in graphene/WSe2 [32]. 
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Wang et al. experimentally demonstrated the existence of Rashba SOC in graphene/WS2 

by observing a small negative magneto-conductance near zero magnetic field [33]. 

Given the benefits of proximity effect discussed above, in this thesis, we will focus on 

the proximity effect induced SOC in graphene. 

 

1.4 Weak localization and universal conductance fluctuation 

Before moving to the next section, we briefly introduce the concepts about weak 

localization (WL) and universal conductance fluctuation (UCF). 

The WL is a mesoscopic concept that describes the backscattering events of 2D 

electrons under quantum interference. As illustrated in Fig. 1-7, when an electron is 

scattered by impurities and forms a closed trajectory, its wave function can acquire a 

phase 𝜓; meanwhile, for the same trajectory but with opposite direction, due to TRS, its 

wave function can acquire the same phase. Consequently, the wave functions of these 

two trajectories interfere constructively at the intercept point and increases the probability 

of the electrons being backscattered. This adds a small correction to the resistivity 

described by Drude model.  

The WL can be detected by applying a magnetic field perpendicular to the 2D system. 

The magnetic field breaks the TRS, i.e., it adds an additional phase (i.e., the quantum 

flux) 𝜓′ ~ 𝑩 ∙ 𝑺 (𝑩 is the magnetic field and 𝑺 is the manifold surface enclosed by the 

trajectory) to the wave functions, but with opposite sign for the two trajectories. 

Therefore, the phases for the two trajectories ( 𝜓 + 𝜓′ and 𝜓 − 𝜓′) are no longer the 
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same and the probability of backscattering is reduced. As a result, a negative magneto-

resistance (MR) or a positive magneto-conductance (MC) can be observed. 

The UCF is conceptually close to WL, but the interfered paths for UCF do not form 

closed trajectories, therefore, their wave functions do not share the same phase and the 

interference (phase difference between the two paths) is random. Applying magnetic field 

only adds an additional phase to the original phase difference. Since both the original 

phase and the additional phase depend on the random paths, the overall magnetic field 

dependence of the conductance averaged over many different paths is random or just like 

fluctuations. One property that is common between WL and UCF is that they are all 

symmetric about zero magnetic field. 

 

FIG. 1-7. Illustrations of the scattering events responsible for WL (left) and UCF (right). 

 

1.5 Weak antilocalization and Rashba SOC in graphene 

There exist several ways to observe and quantify the acquired SOC in graphene. One 

indirect approach is to leverage the ISHE and measure the non-local resistance of the 
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tailored graphene device. However, the non-local measurements can face some technical 

difficulties due to contact resistance mismatch [34] and result in fake signals. To 

overcome the shortcoming of the non-local measurement, a different approach is 

preferred to directly capture the features of SOC, namely, the weak antilocalization 

(WAL) effect. 

Unlike traditional semiconductors, graphene is expected to show WAL intrinsically 

due to the its chirality or Berry phase of π [35]. However, due to the presence of strong 

intravalley scattering (e.g., the intravalley scattering length 𝐿∗~0.1 μm is much shorter 

than the dephasing length 𝐿∗~0.6 μm [36]) caused by lattice size defects and ripples [37-

38] within K or K’ valleys, either the chirality is destroyed, or the intravalley interference 

is strongly suppressed, and the WAL is absent in most graphene devices. On the other 

hand, the strong intervalley scattering (intervalley scattering length 𝐿𝑖~0.3 μm [36]) 

caused by sharp defects allows the intervalley interference by mixing the two valleys 

[39]and result in WL, and the MC can be described by the following equation [37]: 

Δ𝐺 =
𝑒2

𝜋ℎ
[𝐹 (

𝐵

𝐵𝜑
) − 𝐹 (

𝐵

𝐵𝜑+2𝐵𝑖
) − 2𝐹 (

𝐵

𝐵𝜑+𝐵∗
)],                                (4) 

𝐹(𝑧) = ln(𝑧) + 𝜓 (
1

2
+

1

𝑧
) ,   𝐵𝜑,∗,𝑖 =  

ħ

4𝐷𝑒
 𝜏𝜑,∗,𝑖

−1 . 

Here 𝜓 is the digamma function, 𝐷 is the diffusion constant, and 𝜏𝜑,∗,𝑖
−1  are the dephasing 

rate, intravalley scattering rate and intervalley scattering rate respectively. The MC will 

be negative (WAL) if both 𝐵𝑖 and 𝐵∗ are zero, close to zero if 𝐵𝑖 is zero and 𝐵∗ is large 

and positive (WL) if both 𝐵𝑖 and 𝐵∗ are large. 
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When Rashba SOC in introduced into graphene, the spin degree of freedom will add 

another π  phase to the quantum interference and restore the WAL [40]. One key 

difference between the WAL resulted from chirality and the WAL resulted from Rashba 

SOC is that the former can only be observed at a temperature above 50 K [39], as the 

dephasing rate surpasses the intervalley scattering rate and thus rules out any intervalley 

related interference. While in the latter case, the WAL is only observable at low 

temperature as the dephasing rate decreases below the spin relaxation rate and thus any 

SOC related interference will emerge. On the other hand, when Kane-Mele SOC is 

present, it acts like a dephasing term and will suppress the WL in graphene, as described 

by the following equation: 

Δ𝐺 = −
𝑒2

2𝜋ℎ
[𝐹 (

𝐵

𝐵𝜑
) − 𝐹 (

𝐵

𝐵𝜑+𝐵𝑎𝑠𝑦
) − 2𝐹 (

𝐵

𝐵𝜑+𝐵𝑆𝑂
)]                         (5) 

𝐵𝑆𝑂 =  𝐵𝑎𝑠𝑦 +   𝐵𝑠𝑦𝑚,   𝐵𝑎𝑠𝑦,𝑠𝑦𝑚 =  
ℏ

4𝐷𝑒
 𝜏𝑎𝑠𝑦,𝑠𝑦𝑚

−1  

Here 𝜏𝑎𝑠𝑦,𝑠𝑦𝑚
−1  are the spin relaxation rates due to z-asymmetric (e.g., Rashba) and z-

symmetric (e.g., Kane-Mele) SOC respectively. 

Therefore, by fitting the MC data with the theoretical model (5), one can extract the 

dephasing rate as well as the spin relaxation rates, and estimate the corresponding SOCs 

respectively through the Elliott-Yafet [41] or Dyakonov-Perel [42] spin relaxation 

mechanisms. 
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FIG. 1-8. Evolution of MC under the presence of the SOC. Dashed curve: typical WL 

when strong intravalley and intervalley scatterings are present in graphene. Left solid 

curves: suppressed WL due to z-symmetric SOC. Right solid curves:  WAL due to 

Rashba SOC. ϵ𝑧 is the Zeeman energy and its effect on SOC is not discussed in this thesis. 

Adapted from Edward McCann and Vladimir I. Fal’ko, Phys. Rev. Lett. 108, 166606 

(2012). 
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Chapter 2 Fabrication and characterization of van der Waals heterostructure 

2.1 Micro-manipulation of two dimensional materials 

For most two-dimensional (2D) layered materials like graphene and transition metal 

dichalcogenides (TMDs), the interlayer interaction is through Van der Waals bonding. 

On one hand, the Van der Waals force is weak enough to enable the isolation of 

monolayer 2D materials by just mechanical exfoliation with simple Scotch tape [1]. On 

the other hand, fortunately, it is strong enough to pick up a thin flake of 2D materials by 

another 2D material when they are in touch and therefore offers versatile heterostructures 

by manipulating the sequence of stack building [2]. In general, the assembling of Van der 

Waals heterostructure starts with grabbing a flake of the initial 2D materials like 

hexagonal boron nitride (h-BN) and followed by a series of stamping new layered 2D 

materials with the last layer, as shown in Fig. 2-1. 

      

FIG. 2-1. Basic procedures of building Van der Waals heterostructure. h-BN is first 

grabbed by a top supporting film (generally polydimethylsiloxane/Polypropylene 

carbonate, or PDMS/PPC, on a glass slide), and is used to stamp the following layers like 

WSe2 and graphene. 
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Due to the typical small size of 2D materials ( ~10 μm , through mechanical 

exfoliation), the manipulation and the alignment of the target materials becomes the most 

demanding procedure in building the Van der Waals heterostructure. The approach we 

chose is to customize a transfer stage with micro-manipulators equipped with high 

resolution long working distance objective, as shown in Fig. 2-2. 

 

FIG. 2-2. Components of a transfer stage. Parts 1: XY direction translational stage. Parts 

2: Z direction vertical stage. Parts 3: Tilt stage. Parts 4: Rotational stage. Parts 5: Bottom 

substrate stage. Parts 6: Top supporting glass. Parts 7: Infinity corrected 50X long 

working distance objective, connected to a modern camera via a lens tube (not shown). 

 

However, since the target samples are located either on the substrate stage or the 

supporting glass, all observations are inevitably through the 1 mm thick glass slide, 
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which introduces additional refraction and thus chromatic as well as spherical aberrations, 

as illustrated in Fig. 2-3. Therefore, it is extremely difficult to identify monolayer 

graphene. 

 

FIG. 2-3. Aberration caused by a glass slide with refractive index 𝑛 > 1 in the optical 

path. Here t is the thickness of the glass slide, θ is the incident angle and d is the virtual 

image shift corresponding to that angle. The glass slide tends to converge the light rays 

but not doesn’t converge them onto the same point. Through simple geometric 

calculation, one can show the horizontal virtual image shift of a point depends on the 

incident angle θ of the light ray as: 𝑑 = 𝑡(1 − √1 − 𝑠𝑖𝑛2 θ /√𝑛2 − 𝑠𝑖𝑛2 θ), where t is 

the thickness and n is the refractive index of the glass slide. 

 

Modern objectives can be designed to compensate the cover slip (0.15 mm thick) in 

the optical path but is expensive and not suitable for such a thick glass slide. However, an 

easy solution is to open a hole on the glass slide where the sample resides. They key point 

is to make the hole small enough so that the glass slide doesn’t easily break due to its 

brittleness. Thankfully, the target samples we aim to transfer are small enough 

(10~100 μ𝑚), a tiny hole ~1 mm can serve the purpose quite well. Furthermore, the lack 
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of a rigid substrate at the hole area also makes the supporting films less likely to deform 

randomly when the glass slide is in contact with the bottom substrate like SiO2 chip, and 

greatly improves the alignment accuracy and transfer efficiency. 

 

FIG. 2-4. Left: Image of a BN flake without glass slide in the optical path. Middle: Image 

of the same flake with glass slide and PDMS/PPC film in the optical path. Right: Image 

of the flake with only PDMS/PPC film in the optical path, the image is weakly blurred 

because the PMDS/PPC film acts like glass slide but with a much thinner thickness and 

thus much less aberration. 

 

The detailed procedures of building Van der Waals heterostructures, e.g., 

graphene/WSe2/h-BN, can be summarized as below: 

(1) First, drill a 1 mm hole in the center of a glass slide with a diamond drill bit, then 

place a soft PDMS stamp onto the hole. 

(2) PPC dissolved in Anisole is spin coated onto the PDMS stamp, then the prepared 

assembly is lowered by a micromanipulator to be in contact with a pre-exfoliated 

h-BN flake on a SiO2 substrate. The PPC film will soften and anchor the h-BN 

flake when the SiO2 substrate is heated up to 60 °C, and, once it cools down to 

below 45 °C, the h-BN flake can be easily picked up when we lift the PDMS/PPC 

assembly. 
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(3) The assembly with h-BN flake can be once more lowered and aligned with the 

exfoliated or chemical vapor deposition (CVD) synthesized TMD flakes. 

(4) After baking at 110 °C, PPC film melts and leaves the h-BN flake on the TMD 

film. A similar procedure is shown in Fig. 2-5. After cooling down, the TMD/h-

BN heterostructure can be picked up together by the PDMS/PPC assembly again 

with the same procedure described in step 2. 

(5) Finally, the TMD/h-BN flake can be aligned onto a pre-exfoliated graphene flake 

on a new SiO2 substrate, and released from PPC with the same procedure in step 

4. 

This all dry transfer technique protects the target materials from exposure to any 

chemical solutions used in a traditional wet transfer technique and ensures intimate 

contact between each layer of the heterostructure, therefore offers the best platform to 

realize proximity effect.  

Additionally, we find the same procedure also works to pick up CVD synthesized 

continuous film. Though the size of the picked-up CVD film is limited by the seeding h-

BN flake, considering the original size of the CVD film (~cm), the alignment in step (3) 

becomes trivial and the transfer procedure is therefore greatly simplified. In other words, 

the combination of Van der Waals stamping and large size CVD films might release the 

potential of mass production of these complex heterostructures. 
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FIG. 2-5. Process of releasing h-BN flakes. (a) A graphene flake resides on a SiO2 chip. 

Scale bar is 20 μ𝑚. (b) PDMS/PPC film is being brought in touch with the SiO2 chip. 

The shallow shadow is the h-BN on PPC but still not in contact with graphene. (c, d) h-

BN is in fully contact with graphene. (e) PDMS/PPC film is retracted from the SiO2 chip 

but the h-BN is left. (f) Finish of h-BN release. 

 

2.2 Raman and photoluminescence spectroscopy 

Raman spectroscopy has been used to investigate the number of layers in graphene 

and TMDs. In 2006, A. C. Ferrari et al. studied the Raman scattering in mono and multi-

layer graphene and found monolayer graphene has a single component (single gaussian) 

2D peak while the 2D peaks of bilayer and multi-layer graphene has several components 

[3]. They explained that the 2D peak comes from strong double resonance (DR) that 

couples phonon wave vectors to electronic band structure and satisfies the phono 

momentum conservation 𝑞 =  0 and showed Raman spectroscopy can be used as an easy, 



 28 

reliable and non-destructive technique to identify the number of layers in graphene up to 

4. 

 

FIG. 2-6. Raman spectrum of monolayer graphene. G peak comes from the 𝐸2𝑔 mode and 

2D peak comes from DR. Note in single layer graphene, 2D peak is even stronger than 

the G peak, which can be used as an empirical method to tell whether the graphene is 

monolayer or multilayer. A more accurate way is to fit 2D peak with multi-gaussian fit 

and check if there are any sub-components. 

 

The Raman spectroscopy can be also used to distinguish the monolayer TMDs from 

multilayer TMDs. For example, the existence of small sub-peak located around 

308 𝑐𝑚−1  can tell whether the WSe2 flake has multilayers or not [4]. If the peak is 

absent, it is a signature that the WSe2 flake is monolayer, as shown in Fig. 2-7. 
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FIG. 2-7. Raman spectrum of a WSe2 flake. The absence of a sub peak at ~ 308 𝑐𝑚−1 

indicates it is monolayer. 

 

On the other hand, since monolayer TMDs have direct band gaps while multi-layer 

TMDs have indirect band gaps [5], photoluminescence (PL) can be used as a direct 

technique to identify whether the TMD flake is monolayer or not, as the indirect band gap 

requires the electron to exchange momentum with the lattice due to momentum 

conservation and therefore greatly reduces the PL intensity, as shown in Fig. 2-8. 
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FIG. 2-8. PL of monolayer and multilayer WSe2 flakes. Intensities are normalized to 100 

scale. 

 

2.3 Edge contacts fabrication 

Though the all dry transfer technique has great advantages as described in section 2.1, 

it has a critical drawback, i.e., the graphene flake is fully covered by the h-BN flake and 

there is no exposed area to deposit metal contacts with a traditional recipe. A 

breakthrough happened in 2013 when L. Wang et al. came up with the method of one-

dimensional (1D) edge contacts [6]. The basic idea behind is to etch the heterostructure 

with O2 and CHF3 plasma generated from reactive ion etching (RIE) or inductively 

coupled plasma (ICP). Due to the isotropic chemical etching, an inclined edge rather than 

a vertical edge is formed, and the edge of the graphene can be exposed to react with 

chemically reactive metals like chromium or titanium via oxygen atoms.  
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The recipe we developed is similar to the one described above but with some 

significant modifications, as listed below: 

(1) The heterostructure is spin coated with two layers of poly methyl methacrylate 

(PMMA) as a protection film and the desired etching area is exposed with 

electron beam lithography (EBL). The PMMA on the exposed area can be 

developed with a mixture of deionized water and Isopropyl alcohol (IPA) stored 

at -4 °C. 

(2) The sample is loaded into an ICP chamber and etched with SF6 plasma at a 

pressure of 15 mTorr with a rate of 50 standard cubic centimeters per minute or 

sccm. The ICP chamber can either operate with a radio frequency (RF) power of 

30 W and an ICP power of 300 W, or solely with a RF power of 40 W for roughly 

10 seconds (depending on the thickness of the stack). 

(3) Then the PMMA is removed in acetone, re-spin coated, and exposed with EBL to 

define the electrodes pattern. 

(4) After the development of the PMMA, the sample is once more reloaded into the 

ICP chamber and exposed to O2 plasma at a pressure of 15 mTorr with a rate of 

50 sccm. This step is critical to the oxidation of the graphene edge and its reaction 

with deposited metals. 

(5) Finally, 5 nm chromium is deposited onto the sample with a rate less than 2 Å/𝑠, 

followed by 50 nm gold deposited with a rate of 2 Å/𝑠. 

An example of fabricated device is shown below. 
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FIG. 2-9. Left: a typical nano-device fabricated from van der Waals heterostructure. 

Scale bar is 10 μm. Right: cross-section of the device. Adapted from B. Yang et al., Phys. 

Rev. B 96, 041409(R) (2017). 
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Chapter 3 Tunable spin–orbit coupling and symmetry-protected edge states in 

graphene/WS2 

3.1 Background and motivation 

As is briefly discussed in Chapter 1, the electron pseudospin σ in graphene represents 

the quantum states of being on A or B sublattice, and its associated chirality yield 

remarkable transport consequences including the half-integer quantum Hall effect [1] and 

intrinsic weak anti-localization (WAL) [2]. Physical spin 𝑠, by contrast, is often largely a 

spectator that couples weakly to momentum due to carbon's low mass, leading to much 

longer spin diffusion lengths (> 1 𝜇𝑚  at room temperature) than normal conductors 

[3, 4]. Graphene's extremely weak spin–orbit coupling (SOC) clearly has merits, yet 

greatly hinders the observation of important spin-dependent phenomena including the 

quantum spin Hall effect [5] and quantum anomalous Hall effect [6].  

Fortunately, the open two-dimensional honeycomb structure allows tailoring the SOC 

strength by coupling to foreign atoms or materials [7–13]. Several experiments have 

pursued approaches of graphene hydrogenation [14, 15] or fluorination [16] as well as 

heavy-adatom decoration [17, 18]; these methods tend to decrease the transport quality, 

and moreover the induced SOC appears either difficult to reproduce [14, 15] or to detect 

[16–18]. A different approach has recently been employed by several groups: placing 

graphene on target substrates featuring heavy atoms. Proximity to the substrates not only 

provides desirable properties such as ferromagnetic ordering and large SOC, but also 

reduces adverse effects on the target materials [19–22].  
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Though the strong enhancement of SOC can be evidenced by either large non-local 

resistance [21] or the emergence of WAL [22] in graphene, it is still hard to quantify the 

strength of the SOC. More specifically, the signal and magnitude of the non-local 

resistance can be strongly affected by the contact resistance when the measurement is 

carried out by lock-in amplifier like Stanford SR830 [37], on the other hand, the WAL, as 

suggested by its name “weak”, is a minor change in conductance with a magnitude less 

than 𝑒2/ℎ even under low temperature, and it can be easily overwhelmed by the universal 

conductance fluctuations (UCF). Indeed, Z. Wang et al. could only see a clear WAL after 

conducting an ensemble average over 25 gate voltages to smear the UCF [22]. 

Furthermore, the coexistence of both Kane-Mele and Rashba SOC makes it hard to 

accurately isolate their corresponding spin relaxation rates, and therefore hinders the 

understanding of the origin of the enhanced SOC as well as the estimation of its strength. 

 

3.2 Introduction 

In this work we employ magneto-conductance (MC) measurements to demonstrate 

enhanced SOC in monolayer and bilayer graphene proximity-coupled to multilayer WS2. 

We observe clear WAL in WS2-covered graphene over a wide range of carrier densities 

on both electron and hole sides, without any ensemble averaging by utilizing large 

graphene flakes to suppress the UCF. We isolate and quantify the spin-relaxation rate 

caused by Rashba SOC by fitting to WAL data at a high carrier density, and further show 

that the Rashba strength is tunable via transverse electric fields.  
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Guided by first-principles calculations, we also predict that WS2-covered graphene 

additionally features a prominent 'valley-Zeeman' SOC that mimics a Zeeman field with 

opposite signs for the two valleys. The interplay between these two SOC terms opens a 

non-topological gap at the Dirac point that supports symmetry-protected sub-gap edge 

states along certain boundaries. Though the gap is too small to be detected in our 

experiments, theory suggests that graphene/WS2 may provide a simple model system for 

studying such an unusual gapped phase. 

 

3.3 Experimental setup 

Fig. 3-1 sketches the dual-gated graphene devices used in our study. Both single-layer 

graphene and multilayer WS2 flakes were first exfoliated from their respective bulk 

materials and subsequently placed onto a p-Si/SiO2 (280 nm) wafer. Since multilayer 

WS2 flakes can be much thicker and stiffer, we chose to transfer the WS2 flake instead of 

graphene to avoid trapped bubbles in between, thereby yielding a larger effective overlap 

area.  

Fig. 3-2 shows an optical image of the device prior to top-gate fabrication. Notice that 

only part of the graphene channel directly contacts with WS2; the left uncovered channel 

serves as a control sample that allows direct comparison with the right part under 

WS2 (dark blue). 
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FIG. 3-1. Device geometry. Bottom to top: SiO2, graphene, WS2, h-BN, and Au top-gate. 

h-BN serves as the dielectric for the top gate, and is transferred onto graphene/WS2 after 

deposition of Au contacts. 

 

 

FIG. 3-2. Optical image of graphene/WS2 before h-BN transfer. Two parallel graphene 

devices share the same WS2 flake (dark blue) and each has WS2-covered and uncovered 

channels that can be probed independently. All single-layer-graphene data shown in this 

chapter were taken from the lower device. 

 

Transport measurements were performed at 2K (unless specified otherwise) using a 

Quantum Design's Physical Property Measurement System. Fig. 3-3, top, shows the 

conductivity of graphene versus the back gate voltage. Interestingly, for both top and 

back gate sweeps, the device does not show the conductivity saturation (up to ±60𝑉 with 

back gate) reported recently by other groups [21, 22]. Conductivity saturation in the latter 
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studies was attributed to saturation in carrier density from either the large density of 

states associated with sulfide defects [21] or screening by electrons in the 

WS2/SiO2 interface [22].  

In our WS2-covered device, the lack of conductivity saturation on either side suggests 

that the Fermi level resides within the band gap of WS2, consistent with our density-

functional theory (DFT) calculations (see below). The absence of the carrier density 

saturation in graphene is verified by Shubnikov-de Haas oscillations of the WS2-covered 

graphene as a function of the gate voltage in a 10 T magnetic field; see Fig. 3-3, bottom. 

On both sides, the Landau Levels are evenly spaced up to the 4th level, indicating that the 

carrier density is proportional to the gate voltage. This property allows us to access the 

high-density regions, which is important for understanding the origin of enhanced SOC 

and accurately determining its strength.  

The field effect mobility, calculated from capacitance of the SiO2 [23] layer, is higher 

in the uncovered graphene ( ~7000 𝑐𝑚2𝑠−2𝑉−1 ) than the WS2-covered graphene 

(~4000 𝑐𝑚2𝑠−2𝑉−1  on the hole side, and ~2000 𝑐𝑚2𝑠−2𝑉−1 on the electron side). 

Despite the relatively low mobility, our devices manifest clear low-field MC over a much 

larger carrier-density range than in previous studies [21, 22]. 
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FIG. 3-3. Top: conductivity of uncovered (red) and WS2-covered (blue) graphene devices. 

Bottom: Shubnikov-de Haas oscillations of WS2-covered graphene measured at 2 

K and 10 T. The evenly spaced peaks up to the 4th order on both sides confirm the 

absence of carrier-density saturation. 

 

3.4 Rashba SOC signature 

Due to its unusual chirality, graphene with smooth disorder is predicted to exhibit 

WAL [2]. However, strong inter-valley scattering, which typically arises in ordinary-

quality samples, suppresses the chirality-related WAL and generates weak localization 

(WL) [24, 25]. Introducing strong Rashba SOC allows the spin relaxation rate τ𝑅
−1  to 

exceed the inelastic dephasing rate τϕ
−1. In this case, before quantum dephasing occurs 
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the electron spin precesses around the effective magnetic field and acquires an 

additional π phase in the interference [26]—reviving WAL due to spin. Intrinsic (Kane-

Mele) and valley-Zeeman SOC terms, by contrast, break a pseudo time reversal 

symmetry and thus place the system in the unitary class (suppressed WL) [26]. 

Fig. 3-4 contrasts the low-temperature MC, ΔG = 𝐺 − 𝐺(𝐵 = 0) for uncovered and 

WS2-covered devices at approximately the same carrier density, 𝑛 = −5 × 1012𝑐𝑚−2 

(corresponding to the black dashed lines in Fig. 3-5). The uncovered graphene shows WL 

as expected given the modest mobility. More interestingly, in WS2-covered graphene the 

MC clearly exhibits the hallmark WAL feature at low fields. In both cases this behavior 

persists over a broad range of gate voltages as shown in Fig. 3-5.  

The robust WAL feature appearing only in the WS2-covered graphene—despite its 

lower mobility which naively further promotes WL—provides robust evidence of Rashba 

SOC acquired from WS2 on both electron and hole sides. This result differs qualitatively 

from the strongly asymmetric characteristic reported in [21]; there the induced SOC was 

only observed on the electron side, which was attributed to the asymmetric density-of-

states due to sulfur vacancies. 

To further confirm the proximity-induced SOC, we fabricated a WS2-covered bilayer-

graphene device. Unlike in single-layer graphene, WL is expected independent of inter-

valley scattering strength in bilayer graphene due to its associated 2π Berry phase [27]. 

Consequently, the emergence of WAL in a bilayer graphene—which we indeed detect—

gives direct evidence of Rashba SOC inherited from WS2 (i.e., the competing pseudospin 

interpretation disappears here).  
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FIG. 3-4. MC comparison between WS2-covered (blue circles) and uncovered (red 

squares) graphene channels at carrier density 𝑛 = −5 × 1012𝑐𝑚−2 (dotted lines in Fig. 3-

5). Solid blue and red curves represent fits using equation (1) and [24], respectively. 

 

 

FIG. 3-5. Gate-voltage dependence of MC WS2-covered (left) and uncovered (right) 

devices. The narrow white vertical region near B = 0 (left) represents the WAL peak in 

WS2-covered graphene, whereas a WL dip near B = 0 appears for all gate voltages in 

uncovered graphene (right). 

 

Fig. 3-6 shows the observed WAL feature in a bilayer graphene device at different 

temperatures. Note that we only measure a clear WAL signature when the carrier density 

exceeds 𝑛 = 8 × 1012𝑐𝑚−2 , suggesting that the dominant dephasing mechanism in 
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bilayer graphene is electron-electron interaction. In this scenario, increasing the carrier 

density suppresses dephasing, and WAL appears once the dephasing rate drops below the 

spin relaxation rate. The WAL feature also disappears on raising temperature, due 

naturally to thermally enhanced dephasing. 

 

FIG. 3-6. Temperature dependence of the WAL in a bilayer graphene device, with carrier 

density 𝑛 = 8 × 1012𝑐𝑚−2. 

 

It is worth mentioning that the MC data shown in Fig. 3-4,5,6 are from single field-

sweep measurements, as opposed to an ensemble average [22, 28] over many curves 

taken over a gate-voltage range corresponding to the Thouless energy. Our device length 



 43 

(~20 μm × 2 μm) greatly exceeds the coherence length (~1 𝜇𝑚); hence the conductivity 

self-averages resulting in suppressed UCFs [29]. 

 

3.5 Quantitative analysis 

When inter- and intra-valley scattering rates are much larger than the dephasing and 

spin relaxation rates (here you should argue you satisfy these requirements), MC in 

graphene is well-described at low magnetic fields by the following expression from 

diagrammatic perturbation theory [26]: 

Δ𝐺 = −
𝑒2

2𝜋ℎ
[𝐹 (

𝐵

𝐵𝜑
) − 𝐹 (

𝐵

𝐵𝜑+𝐵𝑎𝑠𝑦
) − 2𝐹 (

𝐵

𝐵𝜑+𝐵𝑆𝑂
)]                         (1) 

𝐵𝑆𝑂 =  𝐵𝑎𝑠𝑦 +   𝐵𝑠𝑦𝑚,   𝐵𝑎𝑠𝑦,𝑠𝑦𝑚 =  
ℏ

4𝐷𝑒
 𝜏𝑎𝑠𝑦,𝑠𝑦𝑚

−1  

Here 𝐹(𝑧) = 𝑙𝑛(𝑧) + Ψ (
1

2
+

1

𝑧
)  ( Ψ  is the digamma function), and  𝐷 is the diffusion 

constant. The spin relaxation rate  𝜏𝑎𝑠𝑦
−1  is determined by the 𝑧 → −𝑧 asymmetric Rashba 

SOC λ𝑅  , i.e.,  𝜏𝑎𝑠𝑦
−1 = τ𝑅

−1 , while  𝜏𝑠𝑦𝑚
−1  follows from those 𝑧 → −𝑧  symmetric SOCs 

including the Kane-Mele or intrinsic SOC λ𝐼, and valley-Zeeman SOC λ𝑉𝑍. (Additional 

SOC terms that may be present due to the system's low symmetry are assumed to be 

negligible for simplicity). 

The intrinsic SOC relaxation rate τ𝐼
−1  obeys the Elliott-Yafet mechanism [30–

32]: τ𝐼
−1 = τ𝑒

−1(λ𝐼
2/𝐸𝐹

2), where τ𝑒
−1 is the momentum relaxation rate and 𝐸𝐹 is the Fermi 

energy. This rate is thus negligibly small compared to the typical dephasing rate in 

graphene when λ𝐼
2/𝐸𝐹

2 ≪ 1. Here we deliberately focus on the high-carrier-density region 

(𝑛 > 4 × 1012𝑐𝑚−2 and 𝐸𝐹 > 0.2 𝑒𝑉) where we can reasonably approximate τ𝑠𝑦𝑚
−1 ≈ 0. 
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The λ𝑉𝑍 coupling meanwhile is inherited from WS2 due to sublattice symmetry breaking 

[33]. Since this term imposes an opposite Zeeman field for the two valleys, it 

generates non-degenerate, spin-polarized momentum eigenstates whose spin orientations 

do not relax (except due to the interplay with other SOCs). Thus, the valley-Zeeman SOC 

relaxation rate is also negligible. With these assumptions only τϕ
−1  and τ𝑅

−1  remain in 

equation (1), and both can be extracted by fitting to the experimental data (see, e.g., blue 

curve in Fig. 3-4). 

Fig. 3-7 (a) shows the resulting 𝜏𝑅
−1 for WS2-covered graphene as a function of the 

momentum scattering rate 𝜏𝑒
−1 calculated from the device mobility [34]. As 𝜏𝑒

−1 increases, 

the Rashba SOC relaxation rate decreases almost monotonically, indicating that the spin 

relaxation is dominated by the Dyakonov-Perel mechanism [35], i.e., 𝜏𝑅
−1 = 2𝜏𝑒(𝜆𝑅/ℏ)2.  

This behavior stands in marked contrast to standalone graphene, in which the Elliot-

Yafet mechanism dominates spin relaxation over a broad range of carrier density [4, 14]. 

Furthermore, the spin relaxation rate of WS2-covered graphene (𝜏𝑅
−1 ≈ 0.2𝑝𝑠−1) exceeds 

that for standalone graphene (e.g., ~3 × 10−3𝑝𝑠−1[4]) by two orders of magnitude—

indicating strong SOC introduced by the proximity coupling with WS2. 

Fig. 3-7 (b) displays the density dependence of the characteristic relaxation rates. All 

data correspond to WS2-covered graphene except the inter-valley scattering rate τ𝑖
−1. The 

latter is extracted by fitting our WL data for uncovered graphene with the theory of [24] 

instead of equation (1); as an example, see the red curve in Fig. 3-4. (Equation (1) can 

also provide a good fit for our low-field WL measurements in the absence of any SOC 

terms, but does not reveal 𝜏𝑖
−1.) We assume that 𝜏𝑖

−1 inferred from uncovered graphene 
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sets a lower bound for the corresponding rate in WS2-covered graphene, which is quite 

natural given its lower mobility. From Fig. 3-7 (b) we then see that τ𝑖
−1 ≫ τ𝑅

−1  — a 

prerequisite for equation (1) — is indeed satisfied for WS2/graphene.  

Moreover, the dephasing rate τϕ
−1 can be extracted independently from the WAL, or 

the UCF by the autocorrelation function [36] (see discussion below for more details), and 

both methods agree quite well. These facts support the applicability of equation (1) and 

suggest that the spin relaxation rates we extracted from the high-carrier density region are 

reliable. 

Our dual-gated graphene device allows us to study the influence of an applied normal 

electric field by the gate voltage on the Rashba SOC. In particular, the dual gate enables 

independent control of the carrier density (thus the momentum scattering rate) and the 

transverse electric field [37]. Fig. 3-7 (c) shows the spin relaxation rate τ𝑅
−1 extracted at 

fixed τ𝑒
−1 = 12𝑝𝑠−1  but at different transverse electric fields 𝐸𝑎  (for 𝐸𝑎 > 0  the field 

points from WS2 to graphene). Interestingly, 𝜏𝑅
−1  increases monotonically with the 

applied field, changing by 18% over the range −60 V/300 nm to 60 V/300 nm.  

This increase can be interpreted as an enhancement of the Rashba SOC: the positive 

electric field lifts the graphene Dirac bands towards the WS2 conduction bands [38]; 

hence graphene's π orbitals acquire a stronger hybridization with the tungsten d orbitals, 

substantially strengthening Rashba SOC. 
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FIG. 3-7. (a) Rashba SOC relaxation rates as a function of the momentum scattering rates 

at carrier density 𝑛 = 6.8 × 1012𝑐𝑚−2 . Error bar indicate the fitting uncertainty. (b) 

Characteristic rates in WS2-covered graphene as a function of the carrier density, except 

inter-valley scattering rates (stars) which are extracted from uncovered graphene. Squares 

denote the momentum scattering rates, circles are the Rashba spin relaxation rates, and 

open (filled) triangles are the inelastic dephasing rates extracted from WAL (UCF). (c) 

Rashba SOC spin relaxation rates extracted at different transverse electric fields. Dashed 

line is a guide to the eyes. 

 

3.6 Origin and implications of SOC 

To explain these experimental findings, we performed DFT calculations using a large 

supercell in the lateral plane (9 × 9 graphene on 7 × 7 WS2) that minimizes the lattice 

mismatch (0.35%) between these two materials. With the van der Waals correction, the 

optimized interlayer distance is 3.34 Å, and a small buckling (< 0.08 Å) is found in the 

graphene layer. The Dirac cones in Fig. 3-8 still center around the Fermi level, indicating 

negligible charge transfer between WS2 and graphene as seen experimentally (in all our 

devices the graphene is slightly p-doped with 𝑛 = 0 − 1.5 × 1012𝑐𝑚−2 , as generally 

observed for SiO2 substrates).  
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The zoom-in of the band structure reveals a sizable spin splitting and a gap at the 

Dirac point due to SOC and the loss of sublattice symmetry. To diagnose the origin of the 

SOC terms, we adjust the SOC strength of each element selectively; see rightmost panels 

of Fig. 3-8. When SOC of carbon is excluded, the band structure remains essentially 

unchanged. However, eliminating the SOC of tungsten removes the spin splitting and 

yields a trivial mass gap, unrelated to SOC, that simply reflects the staggered sublattice 

potential induced by WS2. Enhanced SOC of graphene is thus primarily induced by 

hybridization with tungsten atoms. 

We analytically model our DFT results with the low-energy Hamiltonian: 

𝐻𝑒𝑓𝑓 = ℏν𝐹(τ𝑧σ𝑥𝑝𝑥 − σ𝑦𝑝𝑦) + 𝑀σ𝑧 + 

λ𝐼τ𝑧σ𝑧𝑠𝑧 + λ𝑅(τ𝑧σ𝑥𝑠𝑦 − σ𝑦𝑠𝑥) + λ𝑉𝑍τ𝑧𝑠𝑧                  (2) 

The first line represents the standard Dirac theory supplemented by a staggered 

sublattice potential M, while the second encodes symmetry-allowed SOC terms (Note 

that inter-valley terms are excluded here even though the system is a 3𝑛 ×

3𝑛  superlattice; the material in discussion below provides evidence that they are 

unimportant in this case.). DFT bands near the Dirac point for the optimized structure can 

be well-fit using equation (2) with the following parameters: 𝑀 = 0.79 𝑚𝑒𝑉 , λ𝑅 =

0.03 𝑚𝑒𝑉, λ𝑉𝑍 = 0.96 𝑚𝑒𝑉 and λ𝐼 ≈ 0 𝑚𝑒𝑉. 
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FIG. 3-8. Calculated band structure for graphene/WS2 heterostructure (left panel), and 

zoom-ins near the Dirac point (right panel) with SOC selectively included for different 

atoms. The leftmost zoom-in includes SOC for all atoms, while the middle and right 

exclude SOC for carbon and tungsten, respectively. 

 

The fitted SOC strengths do, however, depend sensitively on the interlayer distance in 

the DFT simulations. Fig. 3-9 presents the interlayer-distance dependence of the two 

dominant SOCs, λ𝑅  and λ𝑉𝑍 . The Rashba spin relaxation rates shown are calculated 

through 𝜏𝑅
−1 = 2𝜏𝑒(𝜆𝑅/ℏ)2 , with a value τ𝑒

−1 = 12𝑝𝑠−1 , comparable to that extracted 

from experiment. We find that DFT for the optimized structure underestimates the 

Rashba coupling λ𝑅  seen experimentally, but this difference can be mitigated by 

using ~5% smaller interlayer distances. This “correction” is not unreasonable given 

imperfections in our samples.  

The reduced distance also increases λ𝑉𝑍  in DFT; its effect, however, is likely 

artificially enhanced by the use of a parallelogram supercell that breaks sublattice 

symmetry, which is arguably restored in an average sense by the incommensuration of 
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real samples. On the contrary, we expect that incommensuration more weakly impacts λ𝑅, 

which only requires 𝑧 → −𝑧 asymmetry. 

 

FIG. 3-9. Upper panel: calculated Rashba SOC and its associated spin relaxation rate 

versus interlayer distance. Green dashed line indicates the value of the experimentally 

extracted spin relaxation rate. Lower panel: interlayer distance dependence of valley-

Zeeman SOC. 

 

Together, these two SOCs open a gap at the neutrality point — λ𝑉𝑍  lifts spin 

degeneracy while λ𝑅  gaps the remaining carriers via spin-flip processes. This gapped 
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state is not a topological insulator (contrary to the reports of previous DFT studies 

[22, 39]), as can be verified by the existence of an even number of counter-propagating 

edge states and explicit calculations of the topological invariant in a lattice model. Fig. 3-

10 shows the tight-binding band structure for a strip with zigzag (top) and armchair 

(bottom) edges, including both 𝜆𝑅 and 𝜆𝑉𝑍 SOCs. In the zigzag case two copies of edge 

states appear at K, K’ points due to band inversion, as observed in [39], but two more 

edge states also appear at the M-point. These edge states are protected by time reversal 

and crystalline symmetries, but do not have a topological origin. For an armchair 

geometry, no edge states appear. 

This gapped phase, while topologically trivial, exhibits edge-state properties that 

differ markedly from those of the valley Hall effect driven by an ordinary mass gap 

[37, 40]. Both exhibit edge states along zigzag boundaries, but with very different spin 

polarizations. For the SOC gap, the M-point edge states exhibit out-of-plane spin 

polarization while those at K and K’ exhibit in-plane polarization. In contrast, valley-

Hall-effect edge modes are spin degenerate and thus do not naturally support spin 

currents. The nontrivial spin structure for the edge modes in our problem, combined with 

the prospect of electrically tuning Rashba coupling and hence the band gap, underlie 

tantalizing applications for spintronics that warrant further pursuit. 
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FIG. 3-10. Energy bands for a graphene strip with zigzag edges (top) and armchair edges 

(bottom) using λ𝑉𝑍/𝑡 = 0.3 and 𝜆𝑅/𝑡 = 0.1 (t is the nearest-neighbor hopping strength 

for carbon). 

 

3.7 Summary 

We have demonstrated a dramatic and tunable enhancement of Rashba SOC in graphene 

by coupling to WS2. In the high carrier-density region, we determined the Rashba 

coupling strength by analyzing the low-field MC. First-principles calculations indicate 

that the induced SOC originates from the band hybridization between graphene π orbitals 

and tungsten states. The combination of Rashba and a theoretically predicted valley-

Zeeman SOC creates novel edge states that are interesting to pursue further by 
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engineering heterostructures with different substrates as well as improving the device 

mobilities. In addition, we show that Rashba SOC induced by substrate proximity can be 

tuned with a transverse electric field; this method could be applied on magnetic insulating 

substrates [41, 42] to enhance both the exchange field and SOC needed to reveal the 

quantum anomalous Hall effect. 

 

3.8 Discussion 

3.8.1 Method and experimental setup 

The target WS2 flake was identified with an optical microscope and then transferred 

to cover part of the long graphene channel. To promote adhesion, the wafer was annealed 

in O2 at 300 °C for 3 hours. Standard electron-beam lithography and electron-beam 

evaporation were used to connect the graphene with multiple 80nm thick Au electrodes. 

The electrodes allow independent four-terminal resistivity measurements in the covered 

and uncovered areas. After fabrication of electrodes, an h-BN flake was transferred to 

cover the whole device to serve as a top gate dielectric, followed by the top Au gate metal 

fabrication with similar electron-beam lithography procedures. No additional annealing 

was performed thereafter. 

 

3.8.2 Reproducible WAL in another monolayer graphene on WS2 device 

Here we present a second device that has the similar characteristics as the first one 

shown in the main text. Instead of transferring WS2 onto graphene, in this second sample 
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we transferred graphene onto WS2, to show that the absence of density saturation is 

independent of the transfer sequence and robustness of WAL exists.  

Fig. 3-11 shows the conductivity of the graphene as a function of the gate voltage. 

This device exhibits almost the same properties as the device in the main text, despite that 

it has a lower mobility (~ 3000 𝑐𝑚2𝑠−1𝑉−1  on the hole side, and ~ 2000 𝑐𝑚2𝑠−1𝑉−1 

on the electron side), which is mainly due to the bubbles in the device. As clearly seen in 

the inset, bubbles (small black dots) appear across the graphene flake. We intentionally 

did not choose a bubble-free area in order to minimize the UCFs.  

Fig. 3-12 (left) shows the WAL features observed in this device at different gate 

voltages. Compared to the first sample, MC is smaller here. We symmetrize the data to 

show clearer temperature dependence, as is shown in Fig. 3-13 (right). Just as in the first 

device, WAL is present on both hole and electron sides and disappears quickly as 

temperature increases. 

 

FIG. 3-11. Conductivity versus gate voltage. Inset: SEM image of graphene on WS2 

before electrode fabrication. Bubbles are visible after graphene is transferred onto WS2. 
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FIG. 3-12. MC and its dependence on the gate (left) and temperature (right) at the trace 

corresponding to the black dotted line in (left). 

 

3.8.3 Temperature dependence of MC 

Fig. 3-13 shows the temperature dependence of the MC data of the WS2-covered 

graphene. Compared with the spin relaxation rate, the inelastic dephasing rate 𝜏𝜙
−1  is 

much more sensitive to temperature at low temperatures; thus, the dramatic decrease of 

the WAL signal can be primarily attributed to the significantly increased inelastic 

dephasing rate. The extracted dephasing rate 𝜏𝜙
−1 as a function of temperature appears in 

Fig. 3-14. We find that 𝜏𝜙
−1 obeys approximately a linear temperature dependence, which 

can be explained by the electron-electron scattering in the diffusive regime, 

τϕ
−1 = α

𝑘𝐵𝑇

2𝐸𝐹τ𝑒
𝑙𝑛 (

𝐸𝐹τ𝑒

ℏ
)                                                (3) 

where α is a correction coefficient equal to 2.4. If the graphene mobility is extremely 

high, the sample will reach the ballistic regime (𝑘𝐵𝑇τ𝑒/ℏ ≫ 1) and the temperature 
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dependence of 𝜏𝜙
−1 will turn parabolic. Under this circumstance, equation (3) will also be 

rendered invalid since it is developed for the diffusive regime. However, since our device 

has a moderate mobility of ~4000 𝑐𝑚2𝑠−1𝑉−1 , it is well in the diffusive transport 

regime (𝑘𝐵𝑇𝜏𝑒/ℏ ≪ 1); therefore equation (3) is applicable. At low temperatures, the 

dephasing rate 𝜏𝜙
−1 appears to start deviating from the straight line. In principle, at low 

temperatures the electron-electron scattering may not be the dominant inelastic scattering 

mechanism, as compared with electron-phonon interactions, the spin-flip scattering of 

electrons from localized spins, etc. 

 

FIG. 3-13. Temperature dependence of MC for WS2-covered graphene at carrier density 

𝑛 = 5 × 1012𝑐𝑚−2. Solid lines are fits assuming a temperature-independent SOC rate. 
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FIG. 3-14. The dephasing rate extracted from the fitting in FIG. 3-13. The temperature 

dependence of the dephasing rate (black dots) is approximately linear. The red dotted line 

is the dephasing rate calculated from equation (3) with α = 2.4. 

 

3.8.4 Universal conductance fluctuations 

Universal conductance fluctuations can be extracted by removing the WAL 

background in the MC, as shown in Fig. 3-15. The WAL curve is fitted by equation (1) 

and describes the experimental data quite well up to 50 mT. In addition to the 

reproducibility of the MC curves, the nearly symmetric fluctuations in conductance as a 

function of magnetic field provides further evidence that for UCF. 

To calculate the phase coherence length 𝑙ϕ  from the UCF, we utilized the 

autocorrelation function 𝐹(Δ𝐵) = ⟨δσ(𝐵 + Δ𝐵)δσ(𝐵)⟩  to find the characteristic 

magnetic field 𝐵ϕ(𝐵ϕ𝑙ϕ
2 = ℎ/2𝑒), which is determined by 𝐹(𝐵ϕ) =

1

2
𝐹(0). Fig. 3-16 

shows the normalized autocorrelation function at different gate voltages. When the device 
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approaches a higher carrier density, the characteristic field 𝐵ϕ  clearly decreases, 

indicating an increase in the phase coherence length 𝑙ϕ  due to the weaker electron-

electron interaction than the Dirac region.  

The 𝑙ϕ
′  extracted from UCF agree reasonably well with those extracted from WAL, as 

shown in Fig. 3-17, suggesting the validity of equation (1) and thus the extracted spin-

orbit scattering rates. 

 

FIG. 3-15. UCF extracted from MC by removing the WAL background. 
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FIG. 3-16. Normalized autocorrelation functions at different gate voltages. Normalized 

autocorrelation functions at different gate voltages. 𝐹(𝐵ϕ)/𝐹(0) = 1/2  gives the 

characteristic magnetic field 𝐵ϕ. 

 

 

FIG. 3-17. Phase coherence length extracted from UCF and WAL. 

 



 59 

References 

[1] Yuanbo Zhang, Yan-Wen Tan, Horst L. Stormer & Philip Kim, Nature 438, 201 

(2005) 

 

[2] T. Ando, T. Nakanishi and R. Saito, J. Phys. Soc. Japan 67, 2857 (1998) 

 

[3] Nikolaos Tombros, Csaba Jozsa, Mihaita Popinciuc, Harry T. Jonkman & Bart J. van 

Wees, Nature 448, 571 (2007) 

 

[4] Wei Han and R. K. Kawakami, Phys. Rev. Lett. 107, 047207 (2011) 

 

[5] C. L. Kane and E. J. Mele, Phys.Rev.Lett. 95, 226801 (2005) 

 

[6] Z. H. Qiao, S. A. Yang, W. Feng, W. K. Tse, J. Ding, Y. Yao, J. Wang, and Q. Niu, 

Phys.Rev.B 82, 161414(R)(2010); Chao-Xing Liu, Shou-Cheng Zhang, and Xiao-Liang 

Qi, Annu. Rev. Condens. MatterPhys. 7, 301 (2016); Yafei Ren, Zhenhua Qiao and Qian 

Niu, Rep. Prog. Phys. 79, 066501 (2016); Hongming Weng, Rui Yu, Xiao Hu, Xi Dai 

and Zhong Fang, Adv. Phys. 64, 227 (2015) 

 

[7] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim, Rev. 

Mod. Phys. 81, 109 (2009) 

 

[8] Conan Weeks, Jun Hu, Jason Alicea, Marcel Franz, and Ruqian Wu, Phys. Rev. X 1, 

021001 (2011) 

 

[9] Jun Ding, Zhenhua Qiao, Wanxiang Feng, Yugui Yao, and Qian Niu, Phys. Rev. B 

84, 195444 (2011) 

 

[10] Jun Hu, Jason Alicea, Ruqian Wu, and Marcel Franz, Phys. Rev. Lett. 109, 266801 

(2012) 

 

[11] Dongwei Ma, Zhongyao Li, and Zhongqin Yang, Carbon 50, 297 (2012) 

 

[12] Kyung-Hwan Jin and Seung-Hoon Jhi, Phys. Rev. B 87, 075442 (2013) 

 

[13] Aires Ferreira, Tatiana G. Rappoport, Miguel A. Cazalilla, and A. H. Castro Neto, 

Phys. Rev. Lett. 112, 066601 (2014) 

 

[14] A. A. Kaverzin and B. J. van Wees, Phys. Rev. B 91, 165412 (2015) 

 

[15] Jayakumar Balakrishnan, Gavin Kok Wai Koon, Manu Jaiswal, A. H. Castro Neto 

and Barbaros Özyilmaz, Nature Physics 9, 284 (2013) 

 



 60 

[16] X. Hong, S.-H. Cheng, C. Herding, and J. Zhu, Phys. Rev. B 83, 085410 (2011) 

 

[17] Zhenzhao Jia, Baoming Yan, Jingjing Niu, Qi Han, Rui Zhu, Dapeng Yu, and 

Xiaosong Wu, Phys. Rev. B 91, 085411 (2015) 

 

[18] U. Chandni, Erik A. Henriksen, and J. P. Eisenstein, Phys. Rev. B 91, 245402 (2015) 

 

[19] Z. Wang, C. Tang, R. Sachs, Y. Barlas, and J. Shi, Phys. Rev. Lett. 114, 016603 

(2015) 

 

[20] Zilong Jiang, Cui-Zu Chang, Chi Tang, Peng Wei, Jagadeesh S. Moodera, and Jing 

Shi, Nano Lett. 15 (9), 5835 (2015) 

 

[21] A. Avsar, J. Y. Tan, T. Taychatanapat, J. Balakrishnan, G.K.W. Koon, Y. Yeo, J. 

Lahiri, A. Carvalho, A. S. Rodin, E.C.T. O’Farrell, G. Eda, A. H. Castro Neto and B. 

Özyilmaz,  

NatCommun. 5, 4875 (2014) 

 

[22] Z. Wang, D. K. Ki, H. Chen, H. Berger, A. H. MacDonald, and A. F. Morpurgo, 

Nat. Commun. 6, 8339 (2015) 

 

[23] J.-H. Chen, C. Jang, S. Adam, M. S. Fuhrer, E. D. Williams and M. Ishigami, Nature 

Physics 4, 377 (2008) 

 

[24] E. McCann, K. Kechedzhi, Vladimir I. Fal’ko, H. Suzuura, T. Ando, and B. L. 

Altshuler, Phys. Rev. Lett. 97, 146805 (2006) 

 

[25] F. V. Tikhonenko, D. W. Horsell, R. V. Gorbachev, and A. K. Savchenko, Phys. 

Rev. Lett. 100, 056802 (2008) 

 

[26] E. McCann and V. I. Fal’ko, Phys.Rev.Lett. 108, 166606 (2012); K.-I. Imura, Y. 

Kuramoto and K. Nomura, Europhys. Lett. 89, 17009 (2010) 

 

[27] R. V. Gorbachev, F. V. Tikhonenko, A. S. Mayorov, D. W. Horsell, and A. K. 

Savchenko, Phys. Rev. Lett. 98, 176805 (2007) 

 

[28] F. V. Tikhonenko, A. A. Kozikov, A. K. Savchenko, and R. V. Gorbachev, 

Phys.Rev.Lett. 103, 226801 (2009) 

 

[29] S. Datta Electronic Transportin Mesoscopic Systems 3rd edn (Cambridge : 

Cambridge University Press, 1995) 

 

[30] P. G. Elliott, Phys. Rev. 96, 266 (1954) 

 



 61 

[31] Y. Yafet, Solid State Physics (Academic, New York, 1963) 

 

[32] H. Ochoa, A. H. Castro Neto, and F. Guinea, Phys. Rev. Lett. 108, 206808 (2012) 

 

[33] D. Xiao, G. B. Liu, W. Feng, X. Xu, and W. Yao, Phys. Rev. Lett. 108, 196802 

(2012) 

 

[34] R. Rengela and M. J. Martín, J. Appl. Phys. 114 143702 (2013) 

 

[35] M. I. D’yakonov and V. I. Perel’, Sov. Phys. Solid State 13, 3023 (1972) 

 

[36] P. A. Lee, A. Douglas Stone, and H. Fukuyama, Phys. Rev. B 35, 1039 (1987) 

 

[37] Mengqiao Sui, Guorui Chen, Liguo Ma, Wen-Yu Shan, Dai Tian, Kenji Watanabe, 

Takashi Taniguchi, Xiaofeng Jin, Wang Yao, Di Xiao and Yuanbo Zhang, Nature 

Physics 11, 1027 (2015) 

 

[38] Young-Jun Yu, Yue Zhao, Sunmin Ryu, Louis E. Brus, Kwang S. Kim and Philip 

Kim, Nano Lett. 9, 3430 (2009) 

 

[39] Martin Gmitra, Denis Kochan, Petra Högl, and Jaroslav Fabian, Phys. Rev. B 93, 

155104 (2016) 

 

[40] Di Xiao, Wang Yao, and Qian Niu, Phys. Rev. Lett. 99, 236809 (2007) 

 

[41] Zhenhua Qiao, Wei Ren, Hua Chen, L. Bellaiche, Zhenyu Zhang, A. H. MacDonald, 

and Qian Niu, Phys. Rev. Lett. 112, 116404 (2014) 

 

[42] Jiayong Zhang, Bao Zhao, Yugui Yao and Zhongqin Yang, Sci. Rep. 5, 10629 

(2015) 

 

 

 

 

 

 



 62 

Chapter 4 Strong electron-hole symmetric Rashba spin-orbit coupling in 

graphene/monolayer transition metal dichalcogenide heterostructures 

4.1 Background and motivation 

Since successful isolation of monolayer graphene [1], a wide variety of two-

dimensional (2D) atomically layered materials have been investigated. These materials 

form a complete family ranging from insulators like hexagonal boron nitride (h-BN), 

semiconductors (MoS2, WSe2, etc.), semimetals (WTe2, MoTe2, TaAs [2-4], etc.), to 

superconductors (NiSe2 [5]) and ferromagnetic materials (Cr2Ge2Te6, CrI3). 

In the 2D materials family, as is briefly discussed in previous chapters, graphene 

stands out for its extraordinarily high mobility, chemical inertness, and ultra-small spin-

orbit coupling (SOC), offering efficient transport of both electron charges and spins, even 

in ambient environment. However, the gapless band of graphene hinders applications 

such as transistors and photovoltaics, and the negligible SOC prevents novel quantum 

states from emerging at practically accessible temperatures such as the quantum spin Hall 

insulator [6], as well as the quantum anomalous Hall state [7].  

On the other hand, owing to the large band gaps (1.5 – 2.0 eV [8]), strong intrinsic 

SOC and spin-valley coupling [9, 10], and the valley Hall effect [11], transition metal 

dichalcogenides (TMDs), especially monolayer TMDs such as MoS2 and WSe2 generate 

great research interest for potential opto-electronic and spintronic device applications . 

However, TMDs have relatively low mobility and high contact resistance which are 

unfavorable for all-electrical device applications, especially those based on quantum 
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transport properties. Furthermore, most 2D materials, including TMDs, are not stable in 

the air, which limits their potential in both academic research and industrial applications. 

A natural way to take advantage of the complementary attributes of graphene and 

TMDs is to fabricate van der Waals heterostructures incorporating both. For example, 

when graphene is placed on WS2, it acquires SOC via proximity coupling that leads to a 

weak-antilocalization (WAL) effect absent in standalone graphene [12-14]. In last 

chapter, we showed that a sub-linear relation holds between spin relaxation rate and 

momentum scattering time at relatively high carrier densities (5 × 1012 𝑐𝑚−2 on the hole 

side), suggesting that the Rashba SOC dominates the spin relaxation via the Dyakonov-

Perel (DP) mechanism. We also estimated the Rashba SOC strength to be approximately 

0.5 meV, which is at least one order of magnitude greater than the strength of the intrinsic 

SOC of graphene [15].  

To realize the quantum anomalous Hall effect at high temperatures, even larger 

Rashba SOC is needed in addition to the exchange interaction [16]. Therefore, other 

TMD materials with larger atomic SOC such as WSe2 are preferred [17]. In addition, by 

tuning the Fermi level towards the conduction band of TMD, the hybridization between 

graphene’s 𝜋-band and TMD’s 𝑑-band becomes stronger, and the SOC is expected to be 

stronger based on the current understanding [18]. Furthermore, several recent studies [19, 

20] suggest that the interaction between graphene and MoS2 is greatly enhanced when 

MoS2 is “turned on”, which can also lead to an enhancement of SOC in graphene. In this 

work, we choose chemical vapor deposition (CVD) grown monolayer hole-doped WSe2 
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and electron-doped MoS2 to examine these effects. In graphene/MoS2, MoS2 can indeed 

be “turned on” above a certain positive gate voltage. 

 

4.2 Introduction 

Here we demonstrate strong induced Rashba SOC in graphene that is proximity 

coupled to a monolayer TMD film, MoS2 or WSe2, grown by CVD with drastically 

different Fermi level positions. Graphene/TMD heterostructures are fabricated with a 

pickup-transfer technique utilizing h-BN, which serves as a flat template to promote 

intimate contact and therefore a strong interfacial interaction between TMD and graphene 

as evidenced by quenching of the TMD photoluminescence (PL).  

We observe strong induced graphene SOC that manifests itself in a pronounced weak 

anti-localization (WAL) effect in the graphene magnetoconductance. The spin relaxation 

rate extracted from the WAL analysis varies linearly with the momentum scattering time 

and is independent of the carrier type. This indicates a dominantly Dyakonov-Perel spin 

relaxation mechanism caused by the induced Rashba SOC. Our analysis yields a Rashba 

SOC energy of ~1.5 meV in graphene/WSe2 and ~0.9 meV in graphene/MoS2, 

respectively, which is increased by at least a factor of two compared to the work 

demonstrated in last chapter. The nearly electron-hole symmetric nature of the induced 

Rashba SOC provides a clue to possible underlying SOC mechanisms. 

 

 

 



 65 

4.3 Advantages of CVD TMDs in device fabrication 

In general, monolayer TMDs have better gate tunability as well as larger on-off ratio 

than multilayer TMD due to smaller density-of-states [21]. However, unlike graphene, 

monolayer TMD sheets have a low yield in isolation by mechanical exfoliation, and the 

resulting small flakes also make the alignment with graphene target flakes difficult. On 

the other hand, CVD grown TMDs do not have these shortcomings. Moreover, 

monolayer TMD films can be intentionally doped [22], and easily scaled up to centimeter 

size, which not only drastically simplifies the heterostructure fabrication process, but also 

suits better for device applications. Several techniques [23, 24] have been developed in 

previous studies which used polymers to transfer TMD sheets to various insulating 

substrates. These techniques worked well for picking up centimeter-scale TMD films, but 

the polymer films in touch with graphene are possible contamination sources due to 

baking and dissolving which is needed during transfer.  

To avoid using these polymers, we replace them with h-BN for the first time to 

directly pick up continuous multi-grain TMD films by leveraging the van der Waals 

interaction (more details in Chapter 2). The h-BN flake used for this pickup-transfer 

technique can not only ensure a high yield (80%) of heterostructure fabrication, but also 

serve both as an encapsulating layer to prevent the TMD from degrading in ambient 

condition and as a robust dielectric medium for top gating. Therefore, with this dry 

transfer technique, the TMD films are protected from any exposure to polymers or 

solvent solutions. Additionally, the accurate stamping process gives us flexibility of 
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identifying and picking up defect-free areas under an optical microscope, which results in 

better cohesion of TMD films with graphene. 

 

4.4 Raman and photoluminescence characterization of device 

Fig. 4-1 shows an optical image of a graphene/WSe2/h-BN heterostructure. The white 

dashed line highlights the boundary between a graphene/WSe2/h-BN stack on the left and 

a graphene-free WSe2/h-BN stack on the right. Also visible is a gold electrode used for 

top gating.  

 

FIG. 4-1. Optical image of graphene/WSe2/h-BN (from bottom to top) heterostructure. 

The Si/SiO2 background surrounding the heterostructure is removed for clarity. White 

dotted line delineates the boundary between areas with (left) and without graphene 

(right). The scale bar is 10 𝜇𝑚. 

 

The Raman spectra shown in Fig. 4-2 and its inset clearly reveal the characteristic 

modes of WSe2, h-BN, and graphene respectively. The absence of the ~ 308 𝑐𝑚−1 peak 



 67 

indicates that the WSe2 film is a monolayer [26]. Since monolayer WSe2 on a dielectric 

has a direct band gap [8] which gives rise to a strong PL response, PL mapping can be 

used to locate the monolayer.  

 

FIG. 4-2. Raman spectra of the right area in FIG. 4-1. Inset: characteristic Raman peaks 

of h-BN and graphene. 

 

The red region in Fig. 4-3 maps out the area with a strong PL peak located at 1.65 eV. 

It coincides with the monolayer WSe2 area absent of graphene underneath. In the blue 

region where WSe2 is in contact with graphene, the PL intensity is greatly suppressed (by 

a factor of ~ 20). It is known that the PL quenching occurs if graphene Dirac bands are 

aligned with the band gap of WSe2 [27] (as shown in Fig. 4-4 inset) and electrons can 

freely move between the two layers. Therefore, the quenched PL is indicative of strong 

proximity coupling between graphene and WSe2.  
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FIG. 4-3. PL mapping of the sample shown in FIG. 4-1. White dashed rectangle indicates 

the area covered by the gold pad. 

 

 

FIG. 4-4. PL spectra taken in blue and red regions in FIG. 4-3. Note the PL intensity from 

the left with graphene underneath is magnified by 10 times for comparison. Inset: 

graphene Dirac bands present in the gap of WSe2. 

 

We have also examined the topography of the heterostructures with atomic force 

microscopy (AFM) (see discussion section below) and found bubbles (with a height of ~ 
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10 nm) formed between graphene and WSe2/h-BN, as revealed by the lighter spots on the 

left side of Fig. 4-1(a) and the corresponding red dots in Fig. 4-1(c). This indicates that 

under these bubbles graphene is detached from WSe2 so that the PL is restored. The 

presence of the bubbles reduces the overall proximity coupling which could result in an 

underestimation of the SOC strength extracted from WAL as will be discussed later. 

 

4.5 Carrier density saturation in MoS2/graphene 

The heterostructure is then patterned into Hall bars with standard e-beam lithography 

and inductively coupled plasma etching. Cr/Au is deposited by e-beam evaporation to the 

contact areas containing the edges of the etched Hall bars to form one-dimensional edge 

contacts [28]. The mobility of completed devices ranges from 7, 000 to  12, 000 

𝑐𝑚2𝑉−1𝑠−1, limited by the Coulomb scattering [29] from SiO2 substrate.  

Fig. 4-5 and 4-6 show the top gate voltage dependence of the conductance G and the 

carrier density n (inset) in SiO2/graphene/WSe2 and SiO2/graphene/MoS2 respectively. In 

Fig. 4-6 and its inset, the carrier density reaches the saturation value of 3 × 1012 𝑐𝑚−2 as 

the top gate voltage approaches ~ 8 V. At this gate voltage, the conductance starts to 

deviate from the linear trend. The saturation occurs on the positive gate voltage side 

because similar to exfoliated MoS2 monolayer CVD MoS2 is naturally electron-doped 

[30] (also see discussion section below) and the Fermi level in graphene/MoS2 is close to 

the conduction band minimum of MoS2.  

Due to the strong coupling, electrons loaded to graphene escape to MoS2 which 

results in the graphene electron density saturation. In contrast, the CVD WSe2 is naturally 
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hole-doped [31]. Within the applied gate voltage range there is no sign of carrier density 

saturation, indicating that the Fermi level of graphene/WSe2 is above the valence band 

maximum of WSe2. As recently reported, the conductance state of MoS2 has a significant 

effect on spin transport in graphene channel [19, 20]. The widely different Fermi level 

position in these two TMDs allows us to directly compare this effect on acquired SOC. 

 

FIG. 4-5. Conductance G and carrier density n (inset) of graphene/WSe2 sample 1 as a 

function of top gate voltage. Bottom left inset: optical image of the device. Scale bar is 

10 𝜇𝑚 . Inset in the carrier density plot draws the relative Fermi level positions in 

graphene/WSe2. 

 



 71 

 

FIG. 4-6. Conductance G and carrier density n (inset) of graphene/MoS2 as a function of 

top gate voltage. Inset in the carrier density plot draws the relative Fermi level position in 

graphene/MoS2. 

 

4.6 WAL in WSe2/graphene and MoS2/graphene 

Magnetoconductance (MC) measurements are carried out using a closed-cycle 

refrigerator system with temperature down to 4 K. Due to the unique Berry phase π of the 

graphene pseudo-spin, in the absence of other significant decoherence processes, 

intravalley coherence alone should in principle give rise to negative MC, i.e., the WAL 

effect [32]. However, due to relatively strong intravalley decoherence and intervalley 

scattering, weak localization (WL) is usually observed at low temperatures in standalone 

graphene devices [33, 34]. In contrast, if a strong Rashba SOC is introduced, graphene 

acquires an additional  phase in the wave-function, allowing WAL to emerge [12-14, 

35]. Therefore, the WAL feature serves as a direct indicator of induced Rashba SOC.  
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Fig. 4-7 (a) and (b) show the MC data observed at several representative gate 

voltages/carrier densities in graphene/WSe2 (hole side) and graphene/MoS2 (electron 

side) respectively. The universal conductance fluctuation (UCF) in these devices is 

strongly suppressed owing to the large size of the devices made of large-area CVD TMD 

films. Following reference [33], we further reduce the effect of UCF by averaging the 

MC curves taken within a narrow moving window of carrier density ~ 1.5 × 1011 𝑐𝑚−2. 

Additionally, the MC curves are symmetrized with respect to zero magnetic field to 

eliminate any mixed antisymmetric (e.g., Hall) signals.  

The presence of low-field peaks (negative MC) clearly reveals the WAL effect, 

indicating that graphene in both devices acquires significant Rashba SOC from the 

monolayer TMD. As the carrier density approaches zero, the dephasing rate increases 

because of enhanced electron-electron interaction [34]. Consequently, the WAL peaks 

simultaneously weaken and broaden before vanishing when the dephasing rate exceeds 

the spin relaxation rate near the Dirac point. 

Fig. 4-7 (c) and (d) show the systematic gate voltage dependence of the MC data 

observed in graphene/WSe2 and graphene/MoS2, respectively. The ridges in the middle of 

the two-dimensional plot (vertical white line around zero magnetic field) represent the 

WAL peaks shown in Fig. 4-7 (a) and (b), and the red regions indicate the WL effect that 

was also observed in pristine graphene [33]. In these devices, the carrier density threshold 

below which the WAL disappears is significantly lowered by a factor of five compared to 

our previous work, i.e. from  1.5 × 1012 𝑐𝑚−2  to 3 × 1011 𝑐𝑚−2 , suggesting a larger 

spin relaxation rate relative to the dephasing rate in the present device.  
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FIG. 4-7. MC curves, G vs. B, taken at different back gate voltages for graphene/WSe2 

sample 2 (a) and graphene/MoS2 (b). MC curves in (b) are shifted vertically for clarity. 

Dash lines are the fittings. (c) and (d) are plots over a wide range of back gate voltages 

and magnetic fields from -10 to 10 mT corresponding to samples used in (a) and (b), 

respectively. Charge neutrality points are indicated by the black dotted dash lines.  

 

Previous studies reported either absent spin Hall effect [36] or no systematic WAL 

data [13] on the hole side. Here, no matter whether the carrier density saturates on the 

electron side or not, a common feature in both Fig. 4-7 (c) and (d) is that the WAL effect 

is nearly electron-hole symmetric. Note that in the graphene/MoS2 device the Dirac point 

of graphene is in the vicinity of the conduction band minimum or the defect states [36] of 

MoS2. As a result, the band hybridization on the electron side is expected to be enhanced. 

This effect would result in highly asymmetric density-of-states (i.e. electron density 
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saturation) as well as strong SOC, i.e. stronger WAL [18]. Although this picture is 

consistent with the observed electron density saturation in graphene/MoS2, it fails to 

explain the absence of any clear WAL enhancement over the same gate voltage range. 

Hence, the electron-hole symmetric nature of the observed WAL defies expectations 

based on earlier works and calls for a better understanding of the phenomenon.  

 

4.7 Quantitative analysis 

Now we quantitatively analyze the MC results. The spin relaxation rate  𝜏𝑆𝑂𝐶
−1   can be 

extracted by fitting the WAL data with the diamgrammtic perturbation theory developed 

for the diffusive transport regime [35]. In our devices, the mean-free-path is less than 0.2 

mm and the theory is perfectly applicable. Here in monolayer TMD, spins are oriented 

perpendicular to the layer. Due to strong coupling between graphene and monolayer 

TMD, spins in graphene also adopt the same orientation. Therefore, two spin relaxation 

processes occur to the perpendicular spins, i.e., precession due to the in-plane Rashba 

field via the Dyakonov-Perel (DP) mechanism and spin-flip due to the out-of-plane Kane-

Mele field via the Elliott-Yafet (EY) mechanism.  

Hence, the spin relaxation rates 𝜏𝑅
−1 and 𝜏𝐾𝑀

−1  due to Rashba SOC and KM SOC are 

related to the momentum scattering rate 𝜏𝑝
−1 by 𝜏𝑅

−1 = 2
𝜆𝑅

2

ℏ2 𝜏𝑝 [37] and 𝜏𝐾𝑀
−1 =

𝜆𝐼
2

𝜖𝑓
2 𝜏𝑝

−1 [38, 

39], respectively, where λ𝑅 and λ𝐼 are the strength of Rashba SOC and Kane-Mele SOC, 

respectively. The additional valley-Zeeman coupling term, as was discussed in our 

previous work [12], does not relax the spin orientation by momentum scattering, thus the 
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total spin relaxation rate 𝜏𝑆𝑂𝐶
−1  is just a sum of  𝜏𝑅

−1 and 𝜏𝐾𝑀
−1 . The WAL fitting also allows 

us to obtain 𝜏𝜑
−1. 

Fig. 4-8 shows 𝜏𝑆𝑂𝐶
−1  and 𝜏𝜑

−1  extracted from graphene/WSe2 as a function of the 

carrier density. Below 𝑛 ~ 3 × 1011 𝑐𝑚−2, 𝜏𝜑
−1 exceeds 𝜏𝑆𝑂𝐶

−1  and the WAL feature is no 

longer observable as discussed earlier. In graphene, since 𝜏𝑝 ∝ √𝑛 , the DP and EY 

mechanism obey opposite density dependences, i.e.,  𝜏𝑅
−1 (𝜏𝐾𝑀

−1 ) dominates at high (low) 

densities. Note that even at the lowest densities, 𝜏𝑆𝑂𝐶
−1  still follows the monotonic 

downward trend, suggesting that the dominant spin relaxation is governed by the DP 

mechanism. The slight asymmetry of 𝜏𝑆𝑂𝐶
−1  between hole and electron sides is due to the 

mobility difference: ~10,000 𝑐𝑚2𝑉−1𝑠−1 for holes and ~6,500 𝑐𝑚2𝑉−1𝑠−1 for electrons.  

Fig. 4-9 plots the 𝜏𝑆𝑂𝐶
−1  as a function of 𝜏𝑝  in graphene/WSe2 and graphene/MoS2 

samples for both electron and hole sides. In contrast to reference [14] where 𝜏𝑆𝑂𝐶
−1  does 

not have explicit dependence on 𝜏𝑝, our result shows a clear linear relation between 𝜏𝑆𝑂𝐶
−1  

and 𝜏𝑝  over a wider range of carrier densities, i.e., from 3 × 1011 𝑐𝑚−2  to 5 ×

1012 𝑐𝑚−2 [12], unveiling dominance of the DP mechanism by the Rashba SOC over the 

entire range. More strikingly, the slopes of the linear fits are approximately the same for 

electrons and holes, reflecting near-symmetry in the SOC strength in both devices. It 

should be emphasized that the symmetry holds regardless of whether carrier density 

reaches saturation or not. This is in stark contrast to the results of previous studies [36], 

and therefore argues against the sulfur-vacancy related hybridization mechanism.  
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FIG. 4-8. Spin relaxation rate 𝜏𝑆𝑂𝐶
−1  (squares) and dephasing rate 𝜏𝜑

−1 (triangles) as a 

function of carrier density n. These rates are extracted from graphene/WSe2 sample 2. 

Half filled (open) symbols stand for hole (electron) side. 

 

From the linear fits, we extract the Rashba SOC strength to be 1.4 – 1.6 meV in 

graphene/WSe2, and 0.8 – 0.9 meV in graphene/MoS2, increased by a factor of 2 – 3 from 

our previous study. Since molybdenum has weaker atomic SOC than tungsten, it is not 

surprising that the SOC in graphene/MoS2 is weaker compared to graphene/WSe2. The 

highly symmetric Rashba SOC strength suggests that the hybridized band structure plays 

a less important role, at least in graphene/MoS2. It is worth pointing out that the Rashba 

SOC strength obtained here is still impacted by the presence of bubbles trapped between 

graphene and TMD which unavoidably dilutes the WAL response in the MC. Indeed, in a 

bubble-free graphene/WSe2 device we have observed a stronger Rashba SOC (more 
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details in discussion section below [25]). Further improvement in device fabrication to 

reduce bubbles will certainly lead to an even greater Rashba SOC from entire strongly 

coupled graphene/TMD devices.   

 

FIG. 4-9. 𝜏𝑆𝑂𝐶
−1  as a function of 𝜏𝑝 in three different samples: circles for graphene/WSe2 

sample 1, squares for graphene/WSe2 sample 2, and triangles for graphene/MoS2. Open 

and half-filled symbols denote the electron and hole side, respectively. Solid lines are 

guidelines to the eye. 

 

4.8 Summary 

In summary, we have studied the WAL of graphene closer to the charge neutrality 

point when it is proximity coupled to CVD grown monolayers of WSe2 or MoS2. We 

have found that the spin relaxation is governed by the DP mechanism based on 

significant acquired Rashba SOC (0.8 – 1.5 meV). This SOC strength has strong electron-
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hole symmetry in both systems despite the widely different positions of their Fermi 

levels. The greatly enhanced Rashba SOC and the clear electron-hole symmetry are both 

important for better understanding the physical origin of the proximity induced SOC. 

 

4.9 Discussion 

4.9.1 Surface topography of the heterostructures 

Bubbles generally form when the TMD/h-BN is brought in contact with graphene. 

Fig. 4-10 shows the surface topography reviewed by AFM of the same sample in Fig. 4-

1. Bubbles are randomly located in the area where WSe2/h-BN is in contact with 

graphene, with a maximum width of ~ 1 μm, and a maximum height of ~ 10 nm. The 

same bubbles can be easily traced by the corresponding red dots in the PL mapping in 

Fig. 4-11 which are surrounded by blue areas where the PL is greatly suppressed. Since 

quenched PL only occurs when graphene is bought into intimate contact with TMD, the 

PL mapping indicates strong graphene/WSe2 coupling in the bubble free area. In last 

chapter we showed by first-principles calculations that the SOC graphene acquired from 

TMD is sensitive to the distance between them. Hence, the strong interfacial interaction 

between graphene and TMD in the bubble free area can result in strongly enhanced 

Rashba SOC we observed in our experiments. 
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FIG. 4-10. AFM topography of the area indicated by the black dotted square in the PL 

mapping below in FIG. 4-11. 

 

 

FIG. 4-11. The black dashed lines shown in FIG. 4-10 and FIG. 4-11 enclose the same 

areas and connect the same bubbles. 

 

Though transport measures the entire device, the areas with bubbles do not contribute 

to the WAL signal. Therefore, the existence of the bubbles dilutes the WAL signal from 
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the bubble-free areas and results in an underestimation of the spin relaxation rates 

extracted from the MC.  In principle, the presence of bubbles can be greatly suppressed 

or eliminated by carefully controlling the tilted angle as well as the merging time 

(bubbles have more chance to escape from the interface with a longer wait time) between 

the TMD/h-BN flake and the graphene flake.  

Fig. 4-12 shows an optically bubble-free sample we successfully assembled. Limited 

by the resolution of the manually-operated micro-manipulator, the rate of obtaining such 

a bubble-free sample is low (less than 10%). Replacing it with a motorized manipulator 

may help improve the success rate.  

 

FIG. 4-12. Bubble-free WSe2/graphene/h-BN sample. “G” stands for graphene. 
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4.9.2 “Turned-on” of MoS2 

Similar to exfoliated MoS2 flakes, the CVD MoS2 used in this study is naturally 

electron-doped due to the existence of sulfur vacancies. To study the transport properties 

of MoS2, we fabricated several exfoliated MoS2 devices on Si/SiO2. To reduce contact 

resistance, we used multilayer graphene [3] as the contact to the MoS2 flake. Fig. 4-13 

shows the back-gate voltage dependence of the two-terminal current through the device 

under a bias voltage 𝑉𝑑𝑠 = 0.2 V. The current rises drastically after a 25 V back gate 

voltage is applied, indicating the Fermi level is tuned into the conduction band of MoS2. 

In the graphene/MoS2/h-BN heterostructure device shown in Fig. 4-6, the gate voltage is 

applied by a top gate via h-BN. The top gate configuration has a capacitance roughly 3 

times of that of the SiO2 back gate. In comparison, the MoS2 “turn-on” voltage from the 

back gate corresponds to that from the top-gate, both of which produce approximately the 

same carrier density. In the heterostructure device, after MoS2 is “turned on”, the carrier 

density in the graphene sheet starts to approach saturation. 
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FIG. 4-13. Back gate voltage dependence of two-terminal current of MoS2 device. The 

bias (source-drain) voltage is 0.2 V. 

 

4.9.3 Comparison between WSe2-covered and pristine graphene devices 

To confirm that the WAL originates from the Rashba SOC rather than the intrinsic 

Berry phase of pristine graphene, we fabricated a device similar to that used in last 

chapter, with a graphene flake containing both WSe2 covered part and pristine part so that 

we could have a direct side by side comparison. Fig. 4-14 shows the WAL (WL) we 

observed in the WSe2 covered graphene (pristine graphene) respectively. While the WSe2 

covered graphene clearly manifests WAL (negative Δ𝐺), pristine graphene only exhibits 

the WL (positive Δ𝐺). This sharp contrast from the same graphene flake is substantial 

evidence that the WAL is a result of the Rashba SOC that graphene acquires from the 

WSe2. 
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FIG. 4-14. WAL present in WSe2 covered part (left) and WL in pristine part (right) of the 

same graphene flake. The overall slight asymmetry about zero magnetic field of the WAL 

in (a) is due to the mixing of a small Hall signal. 

 

4.9.4 Stronger WAL effect and Rashba SOC in graphene/mechanically-exfoliated WSe2 

We also fabricated a graphene/WSe2 device with mechanically exfoliated multilayer 

WSe2 instead of CVD grown monolayer WSe2. In Fig. 4-15, a stronger WAL presents as 

compared to the CVD grown WSe2 devices. The spin relaxation rate we extracted from it 

is 1 ~ 2 𝑝𝑠−1  and the Rashba SOC we estimated is 2.5 ~ 3.0 𝑚𝑒𝑉 , while the spin 

relaxation rates in graphene/CVD grown WSe2 are 0.5 ~ 0.6 𝑝𝑠−1, with Rashba SOCs 

about 1.4 − 1.6 𝑚𝑒𝑉. The difference can be attributed to the generally less structural 

defects in mechanically exfoliated WSe2, in addition to the fact that the rigidness of 

multilayer TMDs can result in a better cohesion to graphene as bubbles are harder to 

form. 
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FIG. 4-15. WAL from a graphene/mechanically-exfoliated WSe2 device at a hole density 

𝑛 =  2 × 1012 𝑐𝑚−2 . Open circles represent the experimental data and solid line 

represents the fitting.The experimental data is symmetrized about zero magnetic field.  

 

 

 

 

 

 

 

 

 

 

 

 



 85 

References 

 

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. 

V. Grigorieva, and A. A. Firsov, Science 306, 666 (2004) 

 

[2] T. A. Empante, Y. Zhou, V. Klee, A. E. Nguyen, I. H. Lu, M. D. Valentin, S. A. 

Naghibi Alvillar, E. Preciado, A. J. Berges, C. S. Merida, M. Gomez, S. Bobek, M. 

Isarraraz, E. J. Reed, and L. Bartels, ACS Nano, 11, 900 (2017) 

 

[3] B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao, J. Ma, P. Richard, X. C. 

Huang, L. X. Zhao, G. F. Chen, Z. Fang, X. Dai, T. Qian, and H. Ding, Phys. Rev. X 5, 

031013 (2015) 

 

[4] S. Y. Xu, C. Liu, S. K. Kushwaha, R. Sankar, J. W. Krizan, I. Belopolski, M. 

Neupane, G. Bian, N. Alidoust, T. R. Chang, H. T. Jeng, C. Y. Huang, W. F. Tsai, H. 

Lin, P. P. Shibayev, F. C. Chou, R. J. Cava, and M. Z. Hasan, Science 347, 294 (2015) 

 

[5] Y. Cao, A. Mishchenko, G. L. Yu, E. Khestanova, A. P. Rooney, E. Prestat, A. V. 

Kretinin, P. Blake, M. B. Shalom, C. Woods, J. Chapman, G. Balakrishnan, I. V. 

Grigorieva, K. S. Novoselov, B. A. Piot, M. Potemski, K. Watanabe, T. Taniguchi, S. J. 

Haigh, A. K. Geim, and R. V. Gorbachev, Nano Lett. 15, 4914 (2015) 

 

[6] C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 226801 (2005) 

 

[7] Z. H. Qiao, S. A. Yang, W. Feng, W. K. Tse, J. Ding, Y. Yao, J. Wang, and Q. Niu, 

Phys. Rev. B 82, 161414(R) (2010) 

 

[8] Z. Y. Zhu, Y. C. Cheng, and U. Schwingenschlögl, Phys. Rev. B 84, 153402 (2011) 

 

[9] D. Xiao, W. Yao, and Q. Niu, Phys. Rev. Lett. 99, 236809 (2007) 

 

[10] D. Xiao, G. Liu, W. Feng, X. Xu, and W. Yao, Phys. Rev. Lett. 108, 196802 (2012) 

 

[11] K. F. Mak, K. L. Mcgill, J. Park, P. L. Mceuen, Science 344, 1489 (2014) 

 

[12] B. W. Yang, M. F. Tu, J. Kim, Y. Wu, H. Wang, J. Alicea, R. Wu, M. Bockrath, and 

J. Shi, 2D Mater. 3, 031012 (2016) 

 

[13] Z. Wang, D. K. Ki, H. Chen, H. Berger, A. H. MacDonald, and A. F. Morpurgo, 

Nat. Commun. 6, 8339 (2015) 

 

[14] Z. Wang, D. K. Ki, J. Y. Khoo, D. Mauro, H. Berger, L. S. Levitov, and A. F. 

Morpurgo, Phys. Rev. X 6, 041020 (2016) 

 



 86 

[15] H. Min, J. E. Hill, N. A. Sinitsyn, B. R. Sahu, L. Kleinman, and A. H. MacDonald, 

Phys. Rev. B 74, 165310 (2006) 

 

[16] Z. Wang, C. Tang, R. Sachs, Y. Barlas, and J. Shi, Phys. Rev. Lett. 114, 016603 

(2015) 

 

[17] M. Gmitra, D. Kochan, P. Högl, and J. Fabian, Phys. Rev. B 93, 155104 (2016) 

 

[18] M. Gmitra and J. Fabian, Phys. Rev. B 92, 155403 (2015) 

 

[19] W. Yan, O. Txoperena, R. Llopis, H. Dery, L. E. Hueso, and F. Casanova, Nat. 

Commun. 7, 13372 (2016) 

 

[20] A. Dankert, and S. P. Dash, Nature Commun. 8, 16093 (2017) 

 

[21] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis, Nat. 

Nanotechnol. 6, 147 (2011) 

 

[22] J. Suh, T. E. Park, D. Y. Lin, D. Fu, J. Park, H. J. Jung, Y. Chen, C. Ko, C. Jang, Y. 

Sun, R. Sinclair, J. Chang, S. Tongay, and J. Wu, Nano Lett. 14, 6976 (2014) 

 

[23] A. L. Elı´as, N. Perea-López, A. Castro-Beltrán, A. Berkdemir, R. Lv, S. Feng, A. D. 

Long, T. Hayashi, Y. A. Kim, M. Endo, H. R. Gutiérrez, N. R. Pradhan, L. Balicas, T. E. 

Mallouk, F. López-Urias, H. Terrones, and M. Terrones, ACS Nano 7, 5235 (2013) 

 

[24] A. Gurarslan, Y. Yu, L. Su, Y. Yu, F. Suarez, S. Yao, Y. Zhu, M. Ozturk, Y. Zhang, 

and L. Cao, ACS Nano 8, 11522 (2014) 

 

[25] See Discussion section for details of the transfer process and surface topography of 

our heterostructures, the electron-doped nature of MoS2, and a comparison between 

graphene heterostructures with single layer CVD WSe2 and multilayer exfoliated WSe2.   

 

[26] H. Li, G. Lu, Y. Wang, Z. Yin, C. Cong, Q. He, L. Wang, F. Ding, T. Yu, and H. 

Zhang, Small 9, 1974 (2013) 

 

[27] C. J. Shih, Q. H. Wang, Y. Son, Z. Jin, D. Blankschtein, and M. S. Strano, ACS 

Nano 8, 5790 (2014) 

 

[28] L. Wang, I. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran, T. Taniguchi, K. 

Watanabe, L. M. Campos, D. A. Muller, J. Guo, P. Kim, J. Hone, K. L. Shepard, and C. 

R. Dean, Science 342, 614 (2013) 

 

[29] J.-H. Chen, C. Jang, S. Adam, M. S. Fuhrer, E. D. Williams, and M. Ishigami, Nat. 

Phys. 4, 377 (2008) 



 87 

 

[30] E. Preciado, F. J. R. Schülein, A. E. Nguyen, D. Barroso, M. Isarraraz, G. von Son, 

I. H. Lu, W. Michailow, B. Möller, V. Klee, J. Mann, A. Wixforth, L. Bartels, and H. J. 

Krenner, Nat. Commun. 6, 8593 (2015) 

 

[31] B. L. Liu, M. Fathi, L. Chen, A. Abbas, Y. Ma, and C. Zhou, ACS Nano 9, 6119 

(2015) 

 

[32] T. Ando and T. Nakanishi, J. Phys. Soc. Jpn. 67, 1704 (1998) 

 

[33] F. V. Tikhonenko, D. W. Horsell, R. V. Gorbachev, and A. K. Savchenko, Phys. 

Rev. Lett. 100, 056802 (2008) 

 

[34] F. V. Tikhonenko, A. A. Kozikov, A. K. Savchenko, and R. V. Gorbachev, Phys. 

Rev. Lett. 103, 226801 (2009) 

 

[35] E. McCann and V. I. Fal’ko, Phys. Rev. Lett. 108, 166606 (2012) 

 

[36] A. Avsar J. Y. Tan, T. Taychatanapat, J. Balakrishnan, G. K. W. Koon, Y. Yeo, A. 

Carvalho, A. S. Rodin, E. C. T. O’Farrell, G. Eda, A. H. Castro Neto, and B. Özyilmaz, 

Nat. Commun. 5, 4875 (2014) 

 

[37] M. I. Dyakonov and V. I. Perel, Sov. Phys. Solid State 13, 3023 (1971) 

 

[38] P. G. Elliott, Phys. Rev. 96, 266 (1954) 

 

[39] Y. Yafet, Solid State Physics (Academic, New York, 1963) 

 

 

 

 

 

 

 

 

 

 



 88 

Chapter 5 Photoluminescence quenching and spin-orbit coupling in graphene/WSe2 

heterostructure 

5.1 Background and motivation 

Transition metal dichalcogenides (TMDs) such as MoS2 have attracted a great deal of 

attention in the two-dimensional (2D) materials community. Due to the presence of a 

direct band gap, monolayer TMDs are uniquely suited for optical exploration of the 

valley degree of freedom including the optical selection rules [1, 2] and valley Hall effect 

(VHE) [3, 4]. In the meantime, the research of graphene, an older member of the 2D 

material family, has achieved significant breakthroughs since its discovery [5]. For 

example, graphene grown by chemical vapor deposition (CVD) has been shown to have 

mobility up to 3 × 106𝑐𝑚2𝑠−1𝑉−1 [6] and spin life time up to 12 ns [7]. 

Recently, TMD/graphene heterostructures that take advantage of unique properties of 

both have gained considerable research interest. Unlike conventional thin film 

heterostructures, TMD/graphene is formed with atomically thin layers stacking on each 

other via the van der Waals (vdW) interaction. The atomic flatness of these thin layers 

promotes strong proximity effect that modifies material properties or gives rise to novel 

interfacial phenomena. The semi-metallic nature of graphene reduces or eliminates the 

notorious Schottky barrier between direct TMD/metal contacts, which is desired for 

probing electrical properties of TMD [8]. Conversely, the strong spin-orbit coupling 

(SOC) and associated spin-valley coupling in TMDs allow manipulation of spin degree of 

freedom on the graphene side. Indeed, a series of recent studies has shown that TMD can 

introduce strong SOC into graphene [9-13]. MoS2/graphene can act as a logic spin valve 
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which can be switched on or off by tuning the Fermi level positions [14, 15]. Spin 

polarization in graphene can be generated by optically pumping the neighboring MoS2 

[16, 17]. 

Although most of those works focus on the effects arising from the TMD-graphene 

interface, a third layer, e.g., the hexagonal boron nitride (h-BN), is often adopted in the 

heterostructures for various purposes. For example, when the h-BN is adjacent to 

graphene, it does not introduce much Coulomb scattering [18] as SiO2 does so that the 

mobility of graphene is greatly enhanced [19]. As a capping layer, h-BN prevents TMDs 

such as WSe2 from degrading in ambient conditions. In addition, h-BN functions as a 

highly efficient dielectric medium, which is proven critical to dual-gating bilayer 

graphene to demonstrate the valley Hall effect (VHE) [20], and is important to newly 

proposed bilayer graphene based spin valve [21]. In spite of many obvious benefits that 

h-BN brings to TMD/graphene heterostructures, the relatively strong vdW interaction 

between h-BN and graphene can adversely affect the interaction between TMD and 

graphene. For example, a recent work [13] reported that the stacking order of the layers is 

important, as weak antilocalization (WAL) can be only observed in SiO2/graphene/WSe2 

but not in SiO2/WSe2/graphene/h-BN. The absence of WAL in the latter structure was 

attributed to the quasi-ballistic transport since WAL only occurs in the diffusive regime. 

However, this assumption fails to explain why WAL appears in a SiO2/WSe2/graphene 

device with similar mobility and even smaller size [10]. The discrepancy suggests that the 

h-BN layer may affect the interaction between TMD and graphene. 
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To ensure strong acquired SOC in graphene devices, characterizing the interlayer 

interaction between TMD and graphene is clearly very important, especially before the 

full nanofabrication. In a recent work, we demonstrated that the photoluminescence (PL) 

produced by monolayer TMD is quenched due to strong interaction between TMD and 

graphene. Here, we utilize the PL quenching as an indicator of the interaction strength to 

study the effect of the h-BN. We find that the presence of the h-BN layer can effectively 

pull graphene away from TMD layers and consequently cause reduced SOC. 

 

5.2 Introduction 

Spin-orbit coupling (SOC) in graphene can be greatly enhanced by proximity 

coupling it to transition metal dichalcogenides (TMDs) such as WSe2. We find that the 

strength of the acquired SOC in graphene depends on the stacking order of the 

heterostructures when using hexagonal boron nitride (h-BN) as the capping layer, i.e., 

SiO2/graphene/WSe2/h-BN exhibiting stronger SOC than SiO2/WSe2/graphene/h-BN. We 

utilize photoluminescence (PL) as an indicator to characterize the interaction between 

graphene and monolayer WSe2 grown by chemical vapor deposition. We observe much 

stronger PL quenching in the SiO2/graphene/WSe2/h-BN stack than in the 

SiO2/WSe2/graphene/h-BN stack, and correspondingly a larger weak antilocalization 

(WAL) effect in the former but a small or vanished WAL in the latter. We attribute these 

two effects to the interlayer distance between graphene and WSe2, which depends on 

whether h-BN is in immediate contact with graphene. Our observations and hypothesis 

are further supported by first-principles calculations which reveal a clear difference in the 
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interlayer distance between graphene and WSe2 in these two stacks (and therefore the 

resulting SOC strength). 

 

5.3 Introduction to photoluminescence quenching 

PL in monolayer TMD is much stronger than from multilayer TMDs due to the direct 

band gap in the former [22]. However, when monolayer TMD is in intimate contact with 

graphene, the PL response is nearly quenched [23-25], as illustrated in Fig. 5-1. Due to 

the charge transfer between TMD and graphene, the excited electron-hole pairs in TMD 

quickly recombine through the non-radiative decay due to graphene’s semi-metallic Dirac 

bands [25]. As a result, the radiative recombination of the electron-hole pairs, namely the 

PL, is greatly suppressed. On the contrary, when TMD is not in intimate contact with 

graphene, as illustrated in Figure 1b, the charge transfer is significantly blocked owing to 

the much-increased interlayer distance between TMD and graphene which results in a 

much reduced tunneling probability. In other words, graphene just acts as a transparent 

layer and the PL in TMD is largely unaffected. Therefore, PL quenching can be used as 

an indicator of the interlayer distance between TMD and graphene. 
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FIG. 5-1. Left: PL quenching occurs when monolayer TMDs such as WSe2 is in intimate 

contact with graphene and photo-excited carriers can freely move from WSe2 to 

graphene. Right: Ordinary PL process in monolayer WSe2 when graphene is far away 

from WSe2 or absent. 

 

5.4 Strong photoluminescence quenching in graphene/WSe2/h-BN stack 

Fig. 5-2 (b) shows the PL mapping of a SiO2/graphene/WSe2/h-BN stack. The WSe2 

is picked up by h-BN from a continuous monolayer WSe2 sheet grown by chemical vapor 

deposition (CVD) [12] and transferred onto a large monolayer graphene flake that is pre-

exfoliated on a SiO2 substrate. The h-BN flake (in blue) is left on the stack after the 

transfer is completed. The randomly scattered yellowish speckles in Fig. 5-2 (a) are 

bubbles formed between graphene and WSe2 at the interface. Strong PL is observed in 

the region without graphene, i.e., the SiO2/WSe2/h-BN region above the dotted line in 

Fig. 5-2 (b). In contrast, in the SiO2/graphene/WSe2/h-BN region below the dotted line, 

the PL is nearly quenched except in the areas with bubbles where graphene is detached 

from WSe2. 

To show a quantitative comparison between the PL data from the bubbled and flat 

regions in the same SiO2/graphene/WSe2/h-BN heterostructure, we display both in Fig. 5-
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2 (c). The solid curve is the PL spectrum averaged over the bubbled region shown in red 

in Fig. 5-2 (d), and the dashed curve is the PL spectrum averaged over the flat region 

shown in blue in Fig. 5-2 (d), the intensity of which differs by a factor of 40. Since the 

graphene under the bubbles is separated from WSe2 by roughly ~10 nm [12], we can 

regard the strong PL coming from the SiO2/WSe2/h-BN. However, the PL from the flat 

region is greatly reduced. This stark contrast reveals that it is the intimate contact and the 

resulting strong interlayer interaction in the flat region of the SiO2/graphene/WSe2/h-BN 

stack that lead to the strong PL quenching effect. Therefore, the PL quenching in 

monolayer TMD can serve as a method to probe the interlayer interaction strength and 

correlate with the strength of induced SOC in graphene. 
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FIG. 5-2. (a) Optical image of a SiO2/graphene/WSe2/h-BN stack. Graphene is only 

present below the white dotted line. WSe2 picked up by h-BN (light blue flake) is located 

at the area circled by the black dashed line. Scale bar is 5 𝜇𝑚. (b) PL mapping of (a). The 

area that contains the WSe2 in (a) is circled by white dot-dashed line. Dotted lines in both 

(a) and (b) represent the boundary separating SiO2/WSe2/h-BN (upper half) from 

SiO2/graphene/WSe2/h-BN (lower half). Note the PL intensity is normalized to 100.  (c) 

Red solid curve: PL spectrum averaged over the bubbled region (area inside dashed line 

in (d)). Blue dashed curve: PL spectrum averaged over the flat region (area outside 

dashed line in (d)). Note that the dashed curve is magnified by 20 times. (d) Enlarged PL 

mapping of the boxed region in (b). 

 

5.5 Weak photoluminescence quenching in SiO2/WSe2/graphene/h-BN stack 

The same pickup technique can be used to fabricate TMD/graphene heterostructures 

with the reversed stacking order, i.e., SiO2/WSe2/graphene/h-BN, in which graphene is 
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sandwiched between WSe2 and h-BN. Since graphene is not in direct contact with SiO2, it 

is expected to have better transport properties. Fig. 5-3 (a) shows such a sample 

assembled by first picking up graphene with an h-BN flake and then transferring them 

onto a monolayer WSe2 island grown on SiO2 by CVD. Fig. 5-3 (b) shows the PL 

mapping from the regions containing graphene (below the dot-dashed line), no graphene 

(above the dot-dashed line), and a multilayer WSe2 seed (blue).  

First, although still faintly visible, the PL contrast between SiO2/WSe2/h-BN and 

SiO2/WSe2/graphene/h-BN regions, i.e., across the dot-dashed line, is much lower 

compared with that in Figure 1d. In addition, the multilayer seeding area (blue) clearly 

distinguishes from the monolayer area, due to the direct vs. indirect band gap of WSe2. 

The greatly suppressed PL from this multilayer area can serve as a low intensity 

reference. Therefore, the relatively low contrast between WSe2/h-BN and 

WSe2/graphene/h-BN regions is not caused by any overall reduction of the PL, e.g., the 

opacity of the graphene and h-BN flakes. We conclude that the PL quenching is indeed 

much weaker in the WSe2/graphene/h-BN stack.  
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FIG. 5-3. (a) Optical image of a SiO2/WSe2/graphene/h-BN stack. The h-BN flake 

(blueish background) occupies most of the field of view. The hexagonal-like area in the 

middle is the WSe2 island. The graphene flake is traced by the yellow dot-dashed line. 

The small whitish area is a small h-BN flake on top of the large h-BN flake. A multilayer 

WSe2 seeding area (not visible due to weak contrast but circled by the blue dotted line) 

lies in the middle of the monolayer WSe2 island. Scale bar is 5 𝜇m. (b) PL mapping of 

the area boxed in (a). The dot-dashed line separates the WSe2/h-BN (dark red, upper left) 

and the WSe2/graphene/h-BN (light red, lower right).  

 

The relatively low contrast between the two regions is more clearly visualized in Fig. 

5-4 (a-c). The same data are plotted with three intensity ranges: (80, 100], (40, 80] and (0, 

40]. These plots clearly delineate three segmented regions that belong to WSe2/h-BN, 

WSe2/graphene/h-BN, and multilayer WSe2, respectively. By comparing these plots, we 

find that the PL quenching still occurs in the WSe2/graphene/h-BN reverse stack, but with 

a much lesser degree. Fig. 5-4 (d) shows the PL spectrum averaged over the colored 

regions in Fig. 5-4 (a) and Fig. 5-4 (b). The PL intensity from WSe2/graphene/h-BN is 

only reduced by 20% from that in WSe2/h-BN, which stands in a sharp contrast with the 

graphene/WSe2/h-BN stack discussed above. 
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FIG. 5-4. (a-c) PL patterns plotted with the intensity falling in a particular range, i.e., (a) 

(80, 100] from the WSe2/h-BN area; (b) (40, 80] from the WSe2/graphene/h-BN area; and 

(c) (0, 40] from the multilayer WSe2 area. Note the full scale for the original PL intensity 

is set to 100 and there are no data points in the grey background. (d) The PL spectrum 

averaged over the colored region in (a) (solid red curve) and (b) (dashed blue curve). 

Note that the dashed curve is not magnified. 

 

5.6 Reduced WAL and SOC 

A natural explanation of the much-reduced PL quenching in the WSe2/graphene/h-BN 

is that the interlayer interaction between WSe2 and graphene is much weaker than that in 

the graphene/WSe2/h-BN stack due to an increased interlayer distance, as illustrated in 

Fig. 5-1 (left). To confirm this finding, we investigate the magneto-conductance (MC) 
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effect in WSe2/graphene/h-BN, which should be very sensitive to the interlayer 

interaction [11]. We have fabricated similar devices with this reverse stacking order and 

conducted the measurements under the same conditions as in the previous work [12].  

Fig. 5-5 shows the MC data taken on the device carved from the lower-left region 

(WSe2/graphene/h-BN) of the sample shown in Fig. 5-3 at different hole densities. The 

WAL signal is very small compared with the universal conductance fluctuation (UCF) 

and random noises. To enhance the WAL signal, the ensemble averaging within a small 

carrier density range [26] and symmetrization about the zero magnetic are carried out. 

The WAL signal is still discernable (the narrow blue region in the middle) after the 

procedure is completed. Moreover, the carrier density dependence of the WAL feature 

shows a similar trend to that found in previous studies [11, 12], i.e., the height of the 

central peak decreases as the carrier density approaches zero, accompanied by peak 

broadening. However, the absolute magnitude of the WAL feature is much smaller 

( ~0.05 𝑒2/ℎ ) compared to SiO2/graphene/WSe2/h-BN stacks ( ~0.2 𝑒2/ℎ  [12]), 

suggesting that the induced SOC in graphene is indeed small and the interlayer 

interaction between graphene and WSe2 is relatively weak. 
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FIG. 5-5. MC measured in the WSe2/graphene/h-BN stack on the hole side of the 

graphene. The blue region in the middle represents the negative MC or the WAL and the 

surrounding red region represents the positive MC or the weak localization (WL) 

Background. Note the color bar scale is different between the positive and negative 

values. 

 

Several representative WAL curves for different carrier densities are shown in Fig. 5-

6. We fit the curve at the carrier density of 𝑛 ≈ 4.0 × 1012𝑐𝑚−2  according to the 

reference [27] and extract the spin relaxation rate τ𝑆𝑂
−1 ≈ 0.2 𝑝𝑠−1 and the dephasing rate 

𝜏𝜑
−1 ≈ 0.1 𝑝𝑠−1 . The mobility (~12,000 𝑐𝑚2𝑠−1𝑉−1 ) and the dephasing rate of this 

device are approximately the same as those shown in previous work [12], but the spin 

relaxation rate is at least 4 times smaller at the same carrier density. The induced SOC 

strength in graphene calculated through the Dyakonov-Perel mechanism [28] is 
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approximately 0.6 𝑚𝑒𝑉, at least two times smaller than that in the graphene/WSe2/h-BN 

stack. 

 

FIG. 5-6. WAL curves (scattered) taken at three representative carrier densities. From 

bottom to up: 𝑛 ≈ 4 × 1012𝑐𝑚−2, 3 × 1012𝑐𝑚−2 and 2 × 1012𝑐𝑚−2. The solid line is 

the best fitting to the WAL data. Due to the extremely small magnitude of the WAL at 

the other two carrier densities, we are unable to fit them reasonably. 

 

5.7 First principles calculation of the two different stacks 

The PL quenching and induced SOC clearly confirm that the TMD/graphene 

interlayer interaction in the two stacks with different orders is different. Since the 

physical distance between TMD/graphene is critical to the magnitude of both PL and 

SOC [11], we assume that the stronger vdW interaction between graphene and h-BN 
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causes the graphene to be “pulled” away from the WSe2 and therefore increases their 

interlayer distance. Here we investigate the interlayer distance between WSe2 and 

graphene in these two stacks by first-principles calculations. 

To clarify the correlation between the stacking sequence and the interlayer distance, 

density functional theory calculations (DFT) are performed for three different stacks: 

WSe2/graphene (WG), h-BN/WSe2/graphene (BWG), and WSe2/graphene/h-BN (WGB).  

Those stacks are modeled with supercells consisting of 4 × 4 graphene (h-BN) and 3 × 3 

WSe2 expanded in the lateral plane, which are chosen to minimize the lattice mismatch 

(0.52 %). The interlayer distance between graphene and WSe2, d, is determined using the 

atomic relaxation including vdW correction, as shown in Fig. 5-7 (a). d is found to be 

very close (different by ~0.9 %) between the WG and BWG stacks. However, in the 

WGB stack, d significantly increases (by ~3.5 %). Therefore, the calculations confirm 

that graphene is indeed “pulled” away from WSe2 due to the presence of adjacent h-BN. 

Fig. 5-7 (b) shows calculated band structures. WG and BWG have W-shaped inverted 

band gaps caused by the interplay of the Rashba SOC and the valley-Zeeman coupling 

SOC [11]. In contrast, the low energy state of WGB at the K point is noticeably different 

from the former two because the commensuration (AB stacking) between graphene and 

h-BN introduces a large mass gap (13.3 meV compared to 0.4-0.5 meV of the former 

two) by breaking the AB sub-lattice symmetry. The Rashba SOC can be extracted by 

fitting the band structures (red dashed lines in (b)) to the modeled Hamiltonian (black 

solid lines in (b)) in [11], and the coefficients are found to be 0.37 meV, 0.37 meV and 

0.16 meV for WG, BWG and WGB, respectively. Although the calculated values are 
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smaller than the experimentally estimated values, these results clearly capture the 

variation of the distance between graphene and WSe2 when h-BN is placed on 

WSe2/graphene. Namely, the Rashba SOC is reduced by nearly two times depending on 

the position of h-BN. 

The reduced Rashba SOC is closely related to the increased d in the WGB stack. The 

calculated Rashba SOC vs. d trend (red triangles) is well matched to the Rashba SOC 

(blue circles) evaluated from the optimized structure of WG and WGB stacks. We find 

that the Rashba SOC and the interlayer distance follows an inverse relation, and hence 

the reduced Rashba SOC (or the WAL) observed in the SiO2/WSe2/graphene/h-BN stack 

can indeed be attributed to the increased interlayer distance between graphene and WSe2. 

 

5.9 Summary 

In summary, we have studied the interlayer interactions between TMDs and graphene 

in two different vdW heterostructure, graphene/WSe2/h-BN and WSe2/ graphene/h-BN, 

by PL mapping and MC measurement. We find strong PL quenching exists in the former 

stack while the PL only quenches weakly in the latter stack. We attribute this difference 

to the increased interlayer distance between WSe2 and graphene caused by the h-BN in 

the latter stack, and this is evidenced by the much-reduced WAL (or SOC) and the first 

principles calculation. Our study calls the attention to the possible negative effect brought 

by the capping layers like h-BN, when designing vdW heterostructures. We also show 

that the PL quenching can be utilized as a convenient tool to infer the proximity effect 

between graphene and monolayer TMDs. 
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FIG. 5-7. (a) Calculated interlayer distances between (from left to right) WSe2/graphene, 

h-BN/WSe2/graphene and WSe2/graphene/h-BN stacks, respectively. (b) Calculated band 

structures of the above stacks. (c) Red triangles: Dependence of the Rashba SOC on the 

interlayer distance between graphene and WSe2 in the WSe2/graphene stack. Blue circles: 

Rashba SOC extracted from relaxed WSe2/graphene (left) and WSe2/graphene/h-BN 

(right). 
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5.9 Discussion 

5.9.1 Reproducibility of the PL quenching in another WSe2/graphene/h-BN 

We perform the PL mapping on another three WSe2/graphene/h-BN stacks and they 

produce the similar weak quenching as shown in Fig. 5-3. Fig. 5-7 shows the PL mapping 

from one of these three samples. 

 

Fig. 5-8. PL mapping on another WSe2/graphene/h-BN. (a) The WSe2/h-BN flake is 

circled out by the triangular solid line. A small graphene piece is sandwiched between 

WSe2 an h-BN in the right bottom corner of the triangle. (b) The PL mapping of the 

boxed area in (a). Red area stands for the WSe2/h-BN, and whitish area stands for the 

WSe2/graphene/h-BN. (c) PL spectrum averaged over the WSe2/h-BN region (d, left), 

and WSe2/graphene/h-BN (d, right). (d) Segmented PL mappings according to the 

divided PL range. 
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5.9.2 Weak PL quenching in WS2/graphene/h-BN 

We also investigate the PL in a WS2/graphene/h-BN stack, as shown in Fig. 5-8. 

Despite the worse uniformity in the PL mapping (which originates from the worse 

uniformity in the CVD growth of the WS2 island), it shows a similar behavior as those in 

the WSe2/graphene/h-BN stacks, but with a slightly stronger quenching. This indicates 

the pulling effect of the h-BN is general present when it is in contact with 

TMDs/graphene stack. 

 

FIG. 5-9. PL mapping on a WS2/graphene/h-BN stack. (a) graphene is everywhere under 

the h-BN and is partially in contact with a WS2 island, as circled out by dash line. (b) PL 

mapping of (a). Dash line circles out the same WS2/graphene/h-BN region in (a). (c) PL 

spectrum averaged over the WS2 region (d, left), and WS2/graphene/h-BN (d, right). (d) 

Segmented PL mappings according to the divided PL range. 
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5.9.3 Strong PL quenching in WS2/graphene 

For a control experiment, we also perform the PL mapping for a WS2/graphene stack. 

Note the h-BN is not present here and graphene simply sits on top of a WS2 island, as 

shown in Fig. 5-9. As expected, without the h-BN, the strong PL quenching is restored 

and can be comparable to those in the graphene/WSe2/h-BN stacks. This confirms the 

weak PL quenching in WS2/graphene is indeed due to the additional h-BN layer in 

contact with graphene.  

 

FIG. 5-10. PL mapping on a WS2 /graphene stack. (a) graphene (darker region) on top of 

a WS2 island (background). (b) PL mapping of the sample in (a). (c) PL spectrum 

averaged over the WS2 region (d, left), and WS2/graphene (d, right). Note the magnitude 

of the WS2/graphene curve is magnified by 20 times for clarity. (d) Segmented PL 

mappings according to the divided PL range. 
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5.9.4 Vanishing WAL in another WSe2/graphene/h-BN 

We measure the MC in another WSe2/graphene/h-BN device but didn’t observe any 

WAL, though the magnitude of the WL is small (it might reflect the existence of a small 

induced SOC, but the resulted spin relaxation rate is not large enough to surpass the 

dephasing rate and therefore doesn’t manifest any WAL). 

 

FIG. 5-11. MC measured from another WSe2/graphene/h-BN device. Only WL is 

observed. This device is top-gated via h-BN. 
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