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This dissertation summarizes my past work on hydrogenation of graphene, 

development of Al2O3 tunnel barrier, pressure effects on Cr2Ge2Te6 (CGT), and 

proximity effects in graphene/WSe2 heterostructures. There are three main parts. The first 

part is the study of hydrogenation of graphene and the development of atomically smooth 

Al2O3 tunnel barrier. Graphene device is coated with hydrogen silsesquioxane (HSQ) 

resist and exposed with electron beam. Graphene is hydrogenated by forming the 

covalently bonds to the hydrogen atoms and transforms from sp2
 to sp3 bonds. By 

breaking the inversion symmetry perpendicular to the graphene plane, Rashba spin orbit 

coupling (SOC) is enhanced. We characterized the hydrogenation effects by performing 

Raman spectroscopy measurements. A clear D and D’ peak grow abruptly with small 

hydrogenation dosage and keep growing with higher dosage, indicating the increased 

defects density in graphene. Electrical transport properties are characterized by 

measuring the gate voltage dependence at different hydrogenation percentages: mobility 
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decreases and graphene becomes more electron-doped upon hydrogenation. The 

hydrogenation process is reversible, which means the hydrogenation effects are almost 

gone after annealing. Nonlocal resistivity is 1 to 3 orders of magnitude larger than that of 

the pristine graphene, which cannot be accounted for by the ohmic contribution assuming 

uniform graphene channel. The problems of nonlocal measurement method are discussed. 

The rest of first part is focused on developing the atomically smooth Al2O3 tunnel barrier 

by sputtering a thin layer of aluminum first and oxidizing it in O2 atmosphere. 

The second part is about the pressure effects on the magnetic anisotropy of CGT. 

Magnetoresistance of CGT bulk crystal is measured under applied hydrostatic pressures 

up to 2 GPa. Upon the application of hydrostatic pressure, we observe an induced 

transition of easy axis from c axis to the ab plane of the crystal. Furthermore, we observe 

a reduction of the band gap of CGT by approximately 0.066 eV once the applied pressure 

reaches 2 GPa. We verify that the magnetoresistance (MR) change originates from 

anisotropic magnetoresistance (AMR) by measuring the temperature dependence of MR 

below and above Curie temperature (TC) under the different applied pressures. 

The last part is focused on the proximity effects in bilayer graphene/WSe2 

heterostructures and the pressure induced insulating behavior. The enhancement of spin- 

orbit coupling is verified by observing the weak-anti localization for the graphene region 

covered with WSe2 but the weak localization (WL) for the uncovered region. The Rashba 

SOC strength value extracted from the weak-antilocalization (WAL) fitting is about 1 

meV while the intrinsic SOC in graphene is about tens of µeV. It increases by more than 

two orders of magnitude. Graphene covered with WSe2 shows a strong insulating 
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behavior by applying pressure and the insulating behavior is stronger under higher 

pressure, which is a signature of a band gap opening. Two hypotheses to explain the 

insulating behavior are discussed. One is the strain induced work function difference in 

top layer and bottom layer; this difference causes the charge transfer and builds up an 

electric field, generating the band gap. The other hypothesis is the proximity induced 

intrinsic electric field built across the bilayer graphene/WSe2 heterostructure, resulting in 

the breaking of inversion symmetry.  
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Chapter 1 Introduction 

 Novel materials are in great demand for scientific research interests and future 

applications. Many two-dimensional (2D) materials exist in bulk form as stacks of 

strongly bonded layers in plane while with weak interlayer interaction, allowing for 

exfoliating into atomically thin layers.1 In the family of 2D atomically layered materials, 

graphene stands out because of its extraordinary high mobility,2 superb properties of 

conducting electron, heat3 and spin. However, pristine graphene lacks a band gap, 

meaning that it cannot be effectively switched off. In contrast, 2D transition metal 

dichalcogenides (TMDs) possess sizable band gaps around 1-2 eV4 and the tunability of 

selective photoexcitation of different carriers, which offers new opportunities in new 

field-effect transistors (FETs) and optoelectronic devices. Recent additions include Ising 

super conductors,5-7 possible Mott insulators,8 and topological semi-metals with edge 

transport.8 In particular, CGT has been demonstrated to have intrinsic long-range 

ferromagnetic order in the atomic layers down to monolayer,9 breaking the Mermin-

Wagner theorem10 due to magnetic anisotropy. This triggers a lot of interests in exploring 

layered 2D materials with intrinsic magnetism because it is another degree of freedom 

which can be utilized in magenetoelectronics.11  

 

1.1 Graphene 

      Graphene is a single layer of carbon atoms arranged in hexagonal honeycomb 

format. The band structure12 first calculated by P.R. Wallace in 1946 showed unusual 

semimetallic behavior. The unique electrical properties of graphene originate from its 
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special lattice structure. One s-orbital and two p-orbitals form the sp2 hybridization, 

which corresponds to the σ band and forms a deep valence band.  The σ band is 

responsible for the honeycomb lattice structure stability. The unaffected pz orbital 

perpendicular to the planar structure forms the π band and contributes to the electrical 

properties of graphene.13 

From the tight-binding model, the energy bands derived from Hamiltonian 

considering the nearest-neighbor hopping and next nearest-neighbor hopping can be 

written as13: 𝐸±(𝑘⃗ ) = ±𝑡√3 + 𝑓(𝑘⃗ ) − 𝑡′𝑓(𝑘⃗ )                        (Eq 1.1) 

with   𝑓(𝑘⃗ ) = 2 cos(√3𝑘𝑦𝑎) + 4cos⁡(
√3

2
𝑘𝑦𝑎)cos⁡(

√3

2
𝑘𝑥𝑎) 

where the plus sign denotes the upper (π*) band and the minus sign denotes the lower (π) 

band. If we don’t consider the next nearest hopping, that is t’= 0, then the band structure 

is symmetric around zero energy, as shown in Fig. 1.1. The linear dispersion can be 

obtained by expanding the full band structure near the Dirac point as 𝐸±(𝑘⃗ ) = ±ℎ𝜈𝐹|𝑘⃗ | 

with the Fermi velocity 𝜈𝐹 ~ 1× 106 m/s.13 Carriers in graphene behave as chiral massless 

particles: i.e., Dirac fermions, resulting in the striking difference from the massive charge 

carrier governing conduction in common semiconductor materials and the extremely high 

mobility. These unusual properties also lead to many novel physical phenomena, such as 

half integer quantum hall effect14,15 and Klein tunneling.16-20 
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Figure 1.1. Band structure of graphene. Left: Energy spectrum (in unit of t) for finite 
values of t and t’, with t = 2.7 eV and t’ = -0.2t. Right: Zoom in of the energy bands close 
to one of the Dirac points. [Castro Neto, et al. Rev Mod Phys 81, 109]]   

  

 Graphene has extremely small SOC with values about tens of µeV, this hinders 

the application for transistors. The method of hybridization with TMDs such as MoS2
21

, 

WS2
22,23, WSe2

21
 to increase the SOC in graphene via proximity effect has been proved. 

Another approach is placing graphene on magnetic insulator, through which graphene 

will acquire both the magnetic exchange field and Rashba SOC.24,25 With the presence of 

both effects, the anomalous Hall effect (AHE) has been experimentally observed.24 

Theoretical proposal of graphene/BiFeO3
25,137

 bilayer structure has shown that graphene 

opens a nontrivial gap at the Dirac point and forms a gapless topological edge states, 

enabling the realization of the quantized anomalous Hall effect (QAHE). 
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1.2 TMDs 

TMDs are a class of materials with the formula MX2, where M is a transition 

metal element from group IV (Ti, Zr, Hf and so on), group V (V, Nb, Ta), group VI (Mo, 

W), group VII (Mn, Tc, Re) or group X (Ni, Pd, Pt) and X is a chalcogen (S, Se or Te), as 

summarized in Fig. 1.2.26 These materials form layered structures in the form X-M-X 

with strong in-plane bonding and weak out-of-plane interactions allowing for exfoliating 

into atomically thin layers.27 The chalcogen atoms are in two hexagonal planes and 

separated by the metal atoms plane, as illustrated in Fig. 1.3. The electrical properties of 

TMDs vary in a broad range from metallic to semiconducting. There is a transition from 

an indirect band gap in the bulk to a direct gap in the monolayer, for example, the bulk 

indirect band gap of MoS2 is 1.3 eV and it increases to a direct band gap of 1.8 eV in the 

single layer form.  

 

Figure 1.2. Periodic table with transition metal atoms (M) and chalogen atoms (X). [Qu, 
Yuanju, Hui Pan, and Chi Tat Kwok. Scientific Reports 6 (2016).] 
 

Monolayer TMDs such as MoS2, MoSe2, WS2 and WSe2 lack inversion 

symmetry, which is different from graphene and bilayer MoS2 being centrosymmetric.28 

The lack of inversion symmetry, together with confinement of electron motion in plane 

and heavy elements in the MX2 lead to very strong SOC, with the valence-band splitting 
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ranging between 0.15 and 0.45 eV.29 The strong SOC makes them promising candidates 

for spintronics devices. The spin-valley coupling at the valence-band edges in the 

monolayer of MoS2 and other group-VI dichalcogenides suppresses spin and valley 

relaxation, which makes the selective photoexcitation of carriers with various 

combination of valley and spin indices realizable,30-32 as shown in Fig. 1.4.28 

 

 

Figure 1.3. Three-dimensional schematic representation of a typical MX2 structure. 

[Wang, Q. H., Kalantar-Zadeh, K., Kis, A., Coleman, J. N. & Strano, M. S. Nature 

Nanotechnology 7, (2012).] 
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Figure 1.4. Valley and spin optical transition selection rules. [Xiao, Di, et al. Physical 

Review Letters 108 (2012)] 

 

1.3 Ferromagnetic (FM) layered material 

Recently, there is great interest in exploring the layered ferromagnetic materials 

due to the promising development in the functional van der Waals heterostructures.33,34 If 

the layers composing of the crystal are held together by weak van der Waals (vdW) force, 

then they can be exfoliated into atomically thin layers by micromechanical cleavage 

using adhesive tape.1,35,36 Two examples of this kind of material: Cr2Si2Te6
37 with Curie 

temperature of 33K and Cr2Ge2Te6
38

 with Curie temperature 61K has been studied. The 

cleavage energy of these materials39 is calculated to be 0.35-0.38 J/m2, comparable to 

graphite (0.43 J/m2) and MoS2 (0.27 J/m2).40 Other similar layered ferromagnetic material 
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includes metallic Fe3GeTe2 with Tc = 220-230 K,41-43 CrSnTe3,
44ferromagnetic few-layer-

thick crystals of chromium tri-iodide45 with Tc = 61K,46 ferromagnetic CrBr3 with Tc = 

37 K,47 and antiferromagnetic CrCl3 with an ordering temperature near 17 K.48,49 

 The experimental progress in the device fabrication has enables exciting 

breakthroughs in the exploration of few-layers down to monolayer FM materials. The 

magneto-optic Kerr effect (MOKE) detection of magnetism in monolayer CGT50
 has been 

reported. Ferromagnetism has been experimentally confirmed in monolayer CrI3 using 

MOKE.45 The control of the spin and valley indices in monolayer WSe2 using ultrathin 

CrI3 has been demonstrated through a large exchange field effect.33 

All these layered materials (graphene, TMDs, layered FM) are stacked together 

by the weak van der Waals (vdW) force and can be exfoliated into atomically thin layers. 

The electronic structures of TMDs and graphene have been found to be very sensitive to 

applied pressure.86-88 Motivated by the same vdW nature of layered materials, it would be 

interesting to study the evolution of both the electronic and magnetic properties of CGT 

under an applied hydrostatic pressure. On the other hand, the proximity effects are very 

sensitive to the distance between the material and the adjacent materials or the substrate 

underneath. Hydrostatic pressure will be an efficient approach to decrease the interfacial 

distance and enhance the proximity effects in the graphene/TMDs heterostructure. In 

conclusion, pressure cell would serve as an effective tool to tune the interlayer distance of 

vdW materials and enhance the proximity effects in graphene heterostructures.  
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Chapter 2 Hydrogenation and Al2O3 tunnel barrier 

Graphene is the first theoretically predicted 2D quantum spin Hall insulator or 

topological insulator.51 But it requires very high mobility and extremely low temperature 

to overcome the impurity caused perturbation. The extremely small intrinsic SOC makes 

the realization of many interesting phenomena such as topological/quantum spin Hall 

states52,53 and the spin Hall effect (SHE) practically impossible. From the application 

consideration, lacking a band gap hinder the applications in the transistors (cannot be 

switched off). Much efforts have been put on increasing the SOC in graphene by 

hydrogenation,54,55 fluorination,56 introducing adatoms57,58 and coupling with TMDs21-23 

via proximity effect.  

Graphene is an ideal two-dimensional (2D) material with high mobility, large 

Young’s modulus59 and low bending rigidity.60 In graphene, the sp2 hybridization forms 

the σ band. The unhybridized p-orbital is perpendicular to the plane and forms the π-

band. The in-plane σ bond is very strong and this allows for large out-of-plane distortion. 

Due to this characteristic, hydrogenation of graphene is a promising approach to increase 

the SOC by converting from sp2 to sp3 bonds. The additional bonded hydrogen atom 

induces an electric field perpendicular to the planar structure and breaks the inversion 

symmetry. Here we present the work of increasing the SOC in graphene by controllable 

hydrogenation. Theoretically, hydrogenated graphene has been intensively studied 

because it offers valuable modifications of graphene properties depending on the 

coverage of graphene surface. In the high coverage regime, the insulating behavior was 

predicted61-64 and later confirmed experimentally54,65,66. In this chapter, we study the 
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reaction of graphene with hydrogen atoms generated during electron beam initiated cross-

linking of a HSQ (2%) film coated on graphene. 

 

2.1 Device fabrication 

The device fabrication starts with scotch-tape assisted exfoliation of graphene 

flakes on highly p doped 290-nm SiO2 substrates. The single layer, bilayer and multilayer 

are firstly identified by the color contrast using optical microscope and the number of 

layers is confirmed by the Raman spectroscopy. The optical image of graphene flake 

before etching is shown in Fig. 2.1. A layer of MMA is spin-coated at a speed of 3600 

rpm with a ramping rate of 5000 rpm/s followed by baking on a hot plate at 150 °C for 5 

minutes. Then a layer of PMMA is spin-coated with the same recipe but baked at 180 °C 

for 5 minutes. To precisely control the pattern position and shape, a set of alignment 

marks are written using the electron beam lithography system (Leo SUPRA 55) around 

the graphene flakes. The alignment marks are developed using the solution with the ratio 

of MIBK (Methyl isobutyl ketone) and IPA (isopropyl alcohol) to be 1: 3 for 65 s or the 

solution with ratio of DI water and IPA to be 1:3 for 10 minutes depending on the 

precision requirement of the pattern. The developing rate of the latter solution is slower 

and gives better control of developing fine patterns, especially when the distance of two 

electrodes is small. It significantly decreases the risk of connecting two electrodes due to 

over develop since the undercut developed by the MIBK/IPA solution is wide. Then the 

Cr/Au (5nm/50nm) alignment marks are deposited with electron beam evaporation 

system (Temescal BJD-1800). To lift off, the device sits in acetone on a hot plate at 
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65 °C for overnight. Then different magnifications of optical microscope images of the 

graphene area with alignment marks are taken for the next step of etching and electrodes 

pattern design. Usually, the flakes will be etched into hall bar shape. Then the gold 

electrodes (50nm to 80nm) are deposited on the device. A typical SEM image of etched 

device is shown in Fig. 2.2. 

 

 

 
Figure 2.1. Optical image of the graphene flake with magnification 500 before etching. It 
is micromechanically exfoliated on SiO2. 
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Figure 2.2. SEM image of graphene device. Graphene has been etched into hall bar with 
width 0.5 µm.  
 

 

To hydrogenate graphene, HSQ resist is spin-coated on the device with a ramping 

rate of 5000 rpm/s and speed 5000 rpm and for 60 s. The thickness of HSQ film is about 

32 nm after spin coating. Then the device is moved to a hot plate and the resist is baked at 

250 °C for 2 min. The hydrogenation process introduces small amount of covalently 

bonded hydrogen atoms to the graphene lattice by the dissociation of HSQ resist with e-

beam lithography. The electron beam breaks the Si-H bond in the HSQ resist and the 

released hydrogen atom rebind together with carbon atom, as shown in Fig. 2.3. After 

exposure with e-beam, the resist is developed with 2.3% TMAH (MF319) at RT for 70 s. 

HSQ is a negative resist, that is, the unexposed part will be developed away and exposed 

part will stay.  Finally, we gently rinse the device with flowing DI water for 30 s.  
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Figure 2.3. Schematic diagram to show the hydrogenation process. The released 
hydrogen atoms rebind together with carbon atoms and graphene structure transit from 
sp2 hybridization to sp3 hybridization. 

 

2.2 Raman spectra 

 

 
Figure 2.4. (a) Raman spectra of hydrogenated graphene. D-peak increases as the e-
beam dosage on HSQ increases, which indicates an increase in the hydrogenation 
coverage. [I. Childres, et al.  New developments in photon and materials research 1 
(2013)] (b) Zoom in of the Raman spectrum in the range of 1500-1700 cm-1. D’ peak 
grows with increasing dose and recovers to the pristine state after annealing. 
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Raman technique is sensitive to detect the impurities in graphene, reflecting in the 

D-peak and D’-peak in Raman spectrum. We first characterize the change with Raman 

measurement while increasing the hydrogenation dosage gradually. 

For the pristine graphene, there is negligible D-peak, indicating the absence of 

significant defects. At low dosage, there is a dramatically increase in the D-peak intensity, 

which means the impurities in graphene increases. This is an indicator that the 

hydrogenation has occurred. With increasing the dosage to medium and high, the D-peak 

keeps growing. After annealing, the D-peak decreases to a small value, which is just 

slightly stronger than that of the pristine state, as shown in Fig. 2.4 (a). In addition to the 

D-peak, there is a clear development of the D’-peak with increasing dose, which is shown 

in Fig. 2.4 (b). The D-peak and D’-peak are caused separately by intervalley and 

intravalley phonon and defect scattering, as illustrated in Fig. 2.5 (a), indicating the short-

range scattering in graphene increases. The ratio of the intensities of the D peak to G 

peak can be used to estimate the defect density of the graphene flake67 using the 

following equation: 

 𝑛𝐷(𝑐𝑚−2) =
(1.8±0.5)×1022

𝜆𝐿
4 (

𝐼𝐷

𝐼𝐺
)               (Equation 2.1) 

Here, 𝑛𝐷 is the defect density in graphene, 𝐼𝐷is the intensity of D peak, 𝐼𝐺  is the intensity 

of G peak and 𝜆𝐿  is the wavelength of the laser used in the Raman system (Horiba 

LabRam), which is 532 nm. The impurities density increases monotonically with 

increasing dose, as shown in Fig. 2.5 (b), indicating the successful hydrogenation. 
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Figure 2.5. (a) Different scattering processes responsible for D-peak and D’-peak in the 
Raman spectrum. (b) D/G peak intensity ratio and calculated impurity density. The effect 
of hydrogenation as indicated by the D/G peak ratio is reversible upon annealing. SOC is 
expected to change accordingly.  

 

2.3 Gate voltage dependence 

 

To better understand the changes in the electronic transport property, we 

measured the gate voltage dependence for every different dose. Resistivity versus carrier 

density is plotted, as shown in Fig 2.6 (a). From pristine, low dose, to medium dose, the 

resistivity monotonically increases, which is consistent with the Raman spectra that more 

impurities are introduced. From medium dose to high dose, the resistivity slightly 

increases. After annealing, the resistivity decreases but is still larger than the pristine 

graphene, especially in the high-density region. It is clearer to see the decrease in 

mobility if we plot conductivity versus gate voltages, as shown in Fig 2.6 (b). In 

conclusion, mobility decreases with increasing dosage and annealing does not completely 

restore the device: some of the hydrogenation effects remain.  
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Figure 2.6. Comparison between different doses. (a) Resistivity for different doses. 
Resistivity increases as e-beam dose increases. Annealing undoes some hydrogenation 
effect. (b) Conductivity for different doses. Mobility decreases with increasing doses. 
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2.4 SHE/ISHE 

 
 
Figure 2.7. Non-local resistance. (a) Schematic diagram of spin Hall effect [Sinova, 
Jairo, et al. "Spin hall effects." Reviews of Modern Physics 87 (2015)]. (b) Comparison of 
non-local resistivity (NLR) between the pristine and hydrogenated graphene. The NLR in 
hydrogenated graphene is 1 to 3 orders of magnitude larger than pristine graphene. 
  

To verify that the SOC in graphene is enhanced by hydrogenation, we conduct the 

non-local resistivity measurement: injecting current in one of the Hall pairs and detecting 

the non-local voltage signal in the adjacent Hall pair, as shown in Fig 2.2. SHE is the 

phenomenon that a flowing current in material with strong SOC will induce a transverse 

pure spin current on the lateral edge with spin polarization perpendicular to both the 

charge current and spin current, as shown in Fig. 2.7 (a). In the injection region, due to 

the SHE, a spin current flows along the graphene channel, while in the detection region, 

the propagating spin current converts to a charge current due to ISHE and the charge 

build up at the boundaries of the detection hall bar. The Non-local resistance (NLR) is 

defined as the voltage difference in the detection hall bar over the charge current in the 

injection region.55 After hydrogenation, the NLR is 1 to 3 orders larger than the pristine 

graphene, as shown in Fig. 2.7 (b), which cannot be accounted for ohmic contribution 

since it only depends on the aspect ratio and the graphene resistivity. The detailed 
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explanation is in the next section. The NLR signal due to SHE is 𝑅𝑁𝐿/𝜌 =

1

2
𝛾2 𝑤

𝜆𝑠
𝑒−𝐿/𝜆𝑠.68 Here 𝛾 is the spin Hall angle, w is the width of the graphene channel and 

𝜆𝑠 is the spin diffusion length. If  𝑅𝑁𝐿/𝜌 is plotted as a function of different lengths, as 

shown in Fig. 2.8, one can extract out the 𝜆𝑠 and 𝛾. There are only two data points, as 

shown in Fig 2.7, so it is not possible to do a good fitting.  From these two data points, 

we can get 𝜆𝑠 = 1.5⁡µ𝑚, which is a typical value for graphene devices. The calculated 𝛾⁡ 

is 0.45, which is anomalously large for graphene, suggesting that the hydrogenated 

graphene behaves differently from the pristine graphene. There are two artifacts in the 

NLR signal, one is ohmic contribution and the other one is spurious signal originating 

from the measurement setup, as discussed in the section 2.5 and 2.6. 

 

Figure 2.8. NLR as a function of length. There are only two data points, so it is not 

effective to do the fitting. 

 

2.5 Ohmic contribution 

 

The ohmic contribution68,69 for a perfectly uniform rectangularly shaped graphene 

channel with length L and width W can be expressed as the following equation: 𝑅𝑜ℎ𝑚𝑖𝑐 =
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𝜌𝑒−𝜋𝐿/𝑊, as shown in Fig. 2.9 (a). It decays exponentially with aspect ratio and the value 

is about 0.08 Ω when the aspect ratio increases to 3, as shown in Fig. 2.9 (b).  The 

calculated ohmic contribution is small with value less than 1 Ω while the measured NLR 

is about 45 Ω in this specific device. The ohmic contribution is negligible compared with 

NLR, as shown in Fig. 2.9 (c).  The above calculated ohmic contribution is only true for a 

perfectly uniform rectangularly shaped, there is possibility that the channel can be non-

uniform so that the equation is not applicable, inducing large spurious non-local signal. 

So, there are two possibilities: small ohmic and non-uniformity from the discussion here. 

 

 
 

Figure 2.9. Ohmic contribution. (a) Schematic diagram of the ohmic contribution. Its 
magnitude depends on the aspect ratio of the device. [Mihajlović, G., et al.  Physical review 
letters 103 (2009)] (b) Dependence of calculated ohmic contribution on the aspect ratio. 

(c) Comparison between NLR and ohmic contribution. NLR in hydrogenated graphene is 
1 to 3 orders of magnitude larger than ohmic contribution from perfectly uniform 
rectangular graphene channel, indicating the dominant role in hydrogenated graphene. 
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2.6 Spurious signal 

 

Measurement artifacts may appear when using typical lock-in amplifier (SR830) 

setup.70 For a typical nonlocal measurement, the spurious signal came from the common 

mode voltage VCM  at the current injection side of the Hall bar (marked by the red dot in 

Fig 2.10 (a)). The input impedance Rinput of lock-in amplifier is about 10 MΩ to the 

ground. Resistance difference at the two nonlocal leads could produce a spurious voltage 

difference at the input of lock-in amplifier: 𝑉𝑁𝐿
𝑠 =

𝑉𝐶𝑀𝑅𝐴

𝑅𝑖𝑛𝑝𝑢𝑡+𝑅𝐴
−

𝑉𝐶𝑀𝑅𝐵

𝑅𝑖𝑛𝑝𝑢𝑡+𝑅𝐵
≈⁡ (𝑅𝐴 −

𝑅𝐵)
𝑉𝐶𝑀

𝑅𝑖𝑛𝑝𝑢𝑡
. Here, RA and RB are the total resistance from the red dot in Fig 2.10 (a) to the 

input of the lock-in amplifier including graphene resistance, contact resistance at the 

nonlocal electrodes, and resistance of the voltage leads, which is on the order of 1 MΩ. 

Typically, VCM ~ 1 mV = 1 KΩ (graphene resistance) × 1µA (source current amplitude) 

and the difference between 𝑅𝐴⁡𝑎𝑛𝑑⁡𝑅𝐵 is ~ 10 KΩ, this will induce a spurious signal on 

the order of ~ 0.1 µV. This is very small compared with NLR signal, which is about 40 

µV in the device shown in Fig. 2.9.  The spurious signal cannot be the dominating one 

unless the contact resistance is very large, resulting the large value of (𝑅𝐴 − 𝑅𝐵). If the 

value of (𝑅𝐴 − 𝑅𝐵) goes up to 100 KΩ, then the spurious signal can go up to 1 µV. 

 The spurious voltage 𝑉𝑁𝐿
𝑠  can be eliminated by replacing the lock-in amplifier 

with large input impedance of the voltage meter such as Keithley 2182A nanovoltmeter 

(Rinput > 10 GΩ) as shown in Fig 2.10 (a). For the current source, the Keithley 6221 

precision current source operating in delta mode serves as a suitable candidate. 
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In addition, if the current polarity is flipped, the spurious voltage signal does not 

change sign. The sign is only determined by the sign of (𝑅𝐴 − 𝑅𝐵). However, the non-

local voltage signal caused by the SHE/ISHE changes sign as the current polarity is 

flipped, as shown in Fig 2.10 (d). This contrary response can be used as a criterion to 

distinguish the real NLR from the spurious signal, but it cannot be used to exclude ohmic 

contribution.    

 

 

 
 

 
Figure 2.10. Spurious signal. (a) Schematic diagram to show the origin of spurious signal 
caused by lock-in amplifier [M. Sui, et al. Nat. Phys. 11 (2015)].  (b) The voltage drop 

between the red dot and pin 3 can be understand as the voltage divider model. (c) The 
schematic diagram to show the opposite current polarity. (d) For opposite current 
polarity. The positive and negative currents give opposite sign of signal, which supports 
that the NLR signal originates from SHE. 
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2.7 Partially hydrogenated graphene 

 

The mobility decreases with increasing hydrogenation dose, which will shorten 

the spin lifetime and lowers the NLR signal. Since the SHE/ISHE only happen in the hall 

pair region and spin current propagates in the graphene channel, leaving the channel 

region as pristine state should in principle increase the NLR signal compared with fully 

hydrogenated as it increases the spin lifetime in the propagating process, as shown in Fig. 

2.11. 

 

 

Figure 2.11. SEM image of the graphene. The blue square region is the hydrogenated 
region while the channel region is preserved as pristine. 

 

 

2.7.1 Gate dependence of the pristine and partially hydrogenated graphene 

 

As shown in Fig. 2.12, after hydrogenation, there is an additional shoulder peak 

showing up by the main peak. The hydrogenation process is the reaction of covalently 
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bonding of hydrogen atoms with the carbon atoms, resulting in the n-doping of graphene. 

From Fig. 2.6, the resistance of graphene increases upon hydrogenation. Hence, the more 

n-doped and higher resistance peak around zero volt in Fig. 2.12 is the hydrogenated 

region while the less n doped and shoulder peak is the pristine region. 

 

 
Figure 2.12. Gate voltage dependence of pristine graphene and after hydrogenation. 
The main peak around zero is dominated by the hydrogenated graphene while the 
shoulder peak around 8V is dominated by the pristine graphene. 
 
 

2.7.2 MR of pristine and hydrogenated region 

Before hydrogenation, the graphene shows WL, which is typical in pristine 

graphene in the presence of strong intervalley and intravalley scattering. After 
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hydrogenated region turns into WAL, as shown in Fig. 2.13, indicating the enhanced 

SOC in graphene.  

 

Figure 2.13. MR comparison before and after hydrogenation. 

 

 

In conclusion, hydrogenation has been successfully demonstrated by Raman 

spectroscopy and NLR measurements. Raman D-peak is a clear indicator of increased 

defects in hydrogenated graphene. Hydrogenated graphene has much larger NLR 

compared with that of the pristine graphene. The enhanced NLR could arise from 

stronger SHE/ISHE given by strengthened SOC due to broken inversion symmetry or 

non-uniformity caused by defects. However, the anomalously large spin Hall angle is not 

expected from carbon-based materials. In addition, Kaverzin, A.A. et al reported that no 
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modulation of the NLR is observed when an in-plane magnetic field is applied and 

argued against the spin Hall model,134 leaving the huge NLR signal as an open question. 

 

2.8 Al2O3 tunnel barrier and graphene spin valve 

 

Electrical spin injection is a necessary condition for graphene spintronics.  For 

graphene spin valve device, a current source is injected between the electrodes E1 and 

E2,94 where E2 serves as the spin injector. After spin injection, the spin current will 

diffuse towards E3, then the spin is detected as the voltage difference between E3 and E4, 

as shown in Fig. 2.14. There are two types of junctions, the first type is the transparent 

junction, where the ferromagnetic electrodes are in direct contact with the graphene, but 

there is conductivity mismatch problem,71-73 causing the inefficiency of spin injection. 

The second type is the tunnel junction, where a thin insulating layer is inserted to solve 

the conductivity mismatch problem to produce a large spin valve effect. The quality of 

the inserted tunnel barrier material is critical for spin injection. It must be flat and 

homogeneous with a thickness in the 1 nm range.76 Growing on high quality ultra-thin 

dielectrics while preserving the high quality of graphene is challenging and previous 

attempts have severe wetting difficulties.135,136 Here we produce the atomically smooth 

Al2O3
74,75

 deposited by a sputtering system, which simplifies the process and have a 

satisfactory yield. The detailed device fabrication steps are as followings:  

Step 1: Sputter 0.6 nm Al on graphene with Ar flowing pressure 5.5 mTorre, power 5% 

for 13 s. 

Step 2: Oxidize at atmospheric pressure of O2 for 30 min. 

Step 3: Spin coat with ebeam resist. 
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Step 4: Define electrodes with ebeam lithography (EBL). 

Step 5: Deposit FM contacts with molecular beam epitaxy (MBE) system. 

 Al2O3 tunnel barrier is grown over the entire sample. It can therefore serve as both 

a tunnel barrier and a protective layer for the graphene. We first characterize the film 

surface with AFM. Fig. 2.15 shows an AFM image of 1 nm of Al2O3 on top of a single 

layer graphene. The rms roughness is about 0.117 nm and there are no observable 

pinholes at thickness 1 nm. This suggests that sputtered aluminum with post oxidation 

could be an excellent tunnel barrier candidate.  

 

Figure 2.14. Spin injection and transport in graphene spin valve device. [Han, W., 
Kawakami, R. K., Gmitra, M. & Fabian, J. Graphene spintronics. Nature Nanotechnology 
9 (2014).] 
 
 

To check for possible sputtering-induced defect formation, Raman spectroscopy is 

performed before and after Al2O3 deposition, as shown in Fig. 2.16. A relatively small D 

peak (~30% of G peak magnitude) appears, which indicates the presence of fewer 

sputtering-induced defects in graphene layer compared to previous studies76,77 because of 

the precise control of deposition rate and the oxidization in high purity of O2 for half an 

hour. 
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Figure 2.15. AFM image of 1 nm Al2O3 on graphene. The Al2O3 is smooth without 
observable pinholes. 
 

 
 
Figure 2.16. Raman spectra of graphene before (blue) and after (red) deposition of 1 nm 
Al2O3. There is a relatively small D peak appearing after deposition.  
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We characterized the electrical properties of the 1nm Al2O3 by measuring the gate 

dependence and three terminal differential contact resistance dV/dI. First, the 4-probe 

resistance is measured as a function of gate voltage to determine the charge neutrality 

point and field effect mobility of the graphene. The gate dependence as shown in Fig. 

2.17 (a) is a typical for graphene with a 1 nm Al2O3 tunnel barrier. The charge neutrality 

point is at VG = 15V with a relatively small hole doping. The calculated carrier density at 

zero gate voltage is 1.08×1012𝑐𝑚−2 (holes) using the capacitance model. The extracted 

mobility from the slope of the gate dependent conductivity σ is µe = 3005 𝑐𝑚2/𝑉𝑠 for 

electrons and µh = 948 𝑐𝑚2/𝑉𝑠 for holes. The tunneling property of the 1 nm Al2O3 is 

characterized by measuring the three terminal dV/dI at VG = 0V. The measurement is 

performed using lock-in with an AC current of 1 µA at 211 Hz injected between contacts 

E1 and E4 and measuring voltage between E2 and E3.  Fig. 2.17 (b) shows typical curves 

that exhibit a cusp-like behavior as a function of DC bias.  

 

 
 

 
Figure 2.17. Electrical properties. (a) Gate dependence of 4-probe resistance of a 
graphene spin valve. (b) Three terminal differential contact resistance dV/dI of 
Al2O3/graphene junction.  
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Finally, we characterize the quality of Al2O3 by investigating spin transport in 

graphene spin valve. An AC injection current of 1µA rms at 11 Hz is injected between 

electrodes E1 and E2 (injector), generating a non-local voltage VNL measured between 

electrodes E3 and E4. Spin transport measurements is performed by ramping an in-plane 

magnetic field to achieve parallel and antiparallel alignments of the injector and detector 

magnetizations. For Hanle spin precession measurements, an out of plane magnetic field 

is applied to have parallel and antiparallel alignments of the injector and detector 

magnetizations, as shown in Fig. 2.18. At room temperature, the size of the nonlocal 

magnetoresistance (△RNL) is ~ 25 Ω with average contact resistance RC of 58 kΩ. Hanle 

spin precession measurements with an out-of-plane magnetic field are performed to 

extract the spin lifetime and spin diffusion length. The spin lifetime is about 685 ps using 

the traditional model.78 

In conclusion, the atomically smooth tunnel barrier Al2O3 is developed with a 

simplified and efficient sputtering method. The Raman spectra and AFM image show 

good quality of the tunnel barriers and is confirmed by the electrical and spin transport 

measurements. 
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Figure 2.18. Spin transport properties. (a) Non-local MR of a graphene spin valve with 
Al2O3 tunnel barrier for in plane magnetic field swept upward(black) and downward(red). 
(b) Hanle spin precession of a graphene spin valve with Al2O3 tunnel barrier for parallel 
(red) and antiparallel (black) magnetizations of the injector and detector ferromagnets. 
(c) Fitting of parallel minus antiparallel Hanle curves using the traditional model which 
doesn’t explicitly take spin absorption into account and the spin absorption model.79-81 

[Amamou, Walid, et al. APL Materials 4 (2016)] 
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Chapter 3 Introduction of pressure cell and setup 

3.1 Introduction of pressure cell (Note: The following paragraphs and figures are 

used with permission from Almax easyLab.) 

The pressure cell used here is Almax easyLab Pcell 30. The easyLab Pcell 30 

module has been specifically engineered to enable end users to perform AC transport 

measurements under high-pressure up to 3 GPa, low temperatures down to 2 K and high 

magnetic fields up to 14 T assembled with Quantum Design Physical Properties 

Measurement System (PPMS). First part is the Pcell 30, as illustrated in Fig. 3.1. The 

way the cell is pressurized is by applying a known force on a series of tungsten carbide 

pistons. In turn, the PTFE cap, where the sample is sitting surrounded by the transmitting 

medium, has its volume reduced and hence the pressure increases. Safety is the first 

priority! Remember to read throughout the user’s manual and follow the safety 

procedures to protect yourself and the equipment. The second part is the Ppress hydraulic 

system, as shown in Fig. 3.2. It facilitates the applying pressure process and ensures the 

safety for the end users. The third part is the Pcell 30 components and mounting platform, 

including Pcell body, locking nuts, tungsten carbide pistons, liquid transmitting medium, 

anti-extrusion rings & disks, puck mounting sock, Pcell mounting puck, extraction tools 

and lubricating grease, as shown in Fig. 3.3. 
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Figure 3.1. 3D modeling view of the Pcell 30. 
 
 

 

Figure 3.2. EasyLab Ppress hydraulic press and its components. 
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Figure 3.3. Pcell 30 components and mounting platform. 

 

3.2 Brief steps of mounting process and applying pressure 

 These are highlighted and summarized important steps of mounting devices and 

applying pressure process. For full and detailed steps, please read throughout the user’s 

manual and contact easyLab for assistance. 

 

3.2.1 Setting up the lower part of the Pcell 30 

For the safety and the successful application of pressure, ensure that the channel 

of the Pcell 30 body is clean from dust or remaining debris from previous measurements. 

Check that the anti-extrusion disk and ring can slide through the channel of the pressure 

cell. Using the syringe and dispenser, inject the pressure-transmitting medium into the 

PTFE cap by starting with the tip of the dispenser at the bottom and gradually raising it as 

the liquid is injected. It is important to avoid trapped air bubbles inside the PTFE cap at 
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this stage. If some bubbles appear, a gentle stir with the tip of the needle should dissipate 

them. Pentane & iso-pentane is composed of a very volatile medium. You should pay 

attention that when you insert the sample holder the liquid is overflowing. Ensure that air 

has not been trapped in the PTFE cap. Push the feedthrough inside the pressure cell 

channel as far as possible. Particular attention must be paid not to damage the delicate 

wires whilst sliding them through the locking-nut. A guiding tube can be used to help 

guiding the wires. Insert the wiring outlet ring (M02005) and screw into place the cell 

mounting sock (M02004). Wrap the protective tubing of the wires around the mounting 

sock (you can use some PTFE or Kapton tape in order to keep the tube into position). 

Screw the electrical connection puck (A05000) onto the mounting sock and connect the 

sample leads onto the gold-plated pads of Channel 1 as per the ACT option. 

 

3.2.2 Setting up the upper part of the Pcell 30 

On the circumference of the anti-extrusion disk, put a thin layer of lubricating 

grease and slide it inside the channel. Repeat the operation with the 4 mm WC piston 

(M02010). The presence of lubricating grease is important to reduce the friction force in 

particular at very high pressures above 20 kbar, as in the case of the Pcell 30. Sit the steel 

pad (P00016) on the top of the 4 mm WC piston and close the upper part of the pressure 

cell by tightening by hand the upper locking-nut. The hand tightening will allow 

identifying possible leakages inside the pressure cell. More than 2 full turns is likely to 

indicate that the PTFE cap is not leak tight. To test the device, open top of the protection 
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shield, plug the connection lead to the measurement puck. Connect the Lemo plug onto 

the PPMS testing station and the testing leads to a digital multimeter accordingly. 

 

3.2.3 Applying pressure 

The way the cell is pressurized is by the application a known force on a series of 

tungsten carbide pistons. In turn, the PTFE cap, where the sample is sitting surrounded by 

the transmitting medium, has its volume reduced and hence the pressure increases. This 

process is shown in Fig. 3.4. 

Start by applying a small amount of force equivalent to 300 PSI of oil pressure, 

corresponding to a force of 0.3 ton. By using the 13 mm spanner (P00014), screw the 

upper locking nut through the opening of the interfacing sock whilst measuring the 

number of turns performed with the spanner (Note: There is no need to over-tighten the 

locking nut as this could damage the cell. In particular, at low pressures, you might run 

the risk of the cell turning inside its cradle). It is important to note the number of turns 

you are actually making in order to calculate the piston displacement inside the Pcell 30. 

The window opening has an angle enabling 1/6 (60 degrees) of a full rotation of the 

locking nut. Based on the geometry of this nut, one can calculate that one turn 

corresponds to an actual piston displacement of 0.166 mm. Increase the oil pressure by 

steps of 300 PSI and note the piston displacement by screwing the upper locknut for each 

applied force. Once the required applied force has been reached, tightly screw (without 

over tightening), the locking nut. Release the Ppress hydraulic press ram gradually down 

to 0 PSI. It is important to let the hydraulic ram release the pressure slowly to avoid any 
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undue mechanical stress during the release of the applied force onto the Pcell 30. It is 

recommended you leave the Pcell 30 for another 5 minutes on the Ppress to ensure that it 

has a good mechanical stability. 

 

Figure 3.4. Schematic diagram to show the applying pressure process. 

 

3.2.4 Decreasing the pressure 

To decrease the pressure in the cell, set-up the Ppress as before. Particular 

attention should be paid to the vertical positioning of the Pcell onto the interfacing sock. 

Indeed, if the Pcell is lowered too much, the 8 mm piston will not have room to lower its 

position and you will not be able to decrease the pressure. A suitable starting value is to 
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position the top face of the upper locking nut half way through the sock’s window. 

Increase smoothly and slowly the oil pressure and the applied force on the Pcell 30 until 

you reach the previous oil pressure. Then with the 13 mm spanner try to unscrew the 

upper locknut. If this cannot be done, then gradually increase the pressure until the upper 

locking nut has been freed. Once the upper locking nut has been freed, unscrew the 

locking nut by three to four complete turns. Then slowly release the hydraulic force until 

you have reached the target oil pressure. Re-tighten the upper locking nut (without over 

tightening). You can then slowly release the hydraulic ram as previously explained. Note: 

The exact control of the pressure is more difficult to achieve when releasing the pressure. 

This is largely due to the friction forces and associated backlashes, which may vary from 

set-up to set-up. 
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Chapter 4 Effects of pressure on the magnetic 

anisotropy of ferromagnetic insulator Cr2Ge2Te6  

 
 

Magnetoresistance of a Cr2Ge2Te6 bulk crystal is measured under applied 

hydrostatic pressures up to 2 GPa. Upon the application of hydrostatic pressure, we 

observe an induced transition of easy axis from c axis to ab plane. Furthermore, we see a 

reduction of the bandgap of Cr2Ge2Te6 by approximately 30% once the applied pressure 

reaches 2 GPa. We verify that the MR change originates from anisotropic 

magnetoresistance by measuring the temperature dependence of MR below and above 

Curie temperature under different applied pressures. The application of hydrostatic 

pressure on van der Waals layered materials is expected to serve as a unique and 

powerful technique to fine tune the interlayer spacing, which could strongly affect its 

magnetic and electronic properties.   

Layered ferromagnets are interesting materials among the van der Waals (vdW) 

material family. Recently, there has been great interest in exploring 2D crystals with 

intrinsic magnetism which break the Mermin-Wagner theorem82 due to its magnetic 

anisotropy. The intrinsic magnetism of CGT was shown in a recent report by Gong et al. 

to remain down to the monolayer limit, and Huang et al. demonstrated that monolayer 

chromium triiodide (CrI3) is an Ising ferromagnet with out-of-plane spin orientation.45,50 

These materials provide great opportunities for van der Waals engineering their novel 

interface phenomena and opens up new possibilities for applications such as ultra-

compact spintronics. Applying pressure on materials is a clean and efficient method to 
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study its physical properties without introducing impurities or other uncontrollable 

variables. The data can be collected in one sample by applying different pressures as 

opposed to doping and avoiding the possibility of variations between different samples. 

An applied pressure will induce a change in the distance between atoms, which alters the 

interactions between atoms, and thus change the macroscopic properties of the material. 

The lattice constant will reduce in proportion to the compressibility; hence the volume of 

the crystal can be varied. This is even more interesting in the case of vdW materials as 

the layers are weakly bonded to one another and thus pressure can have the effect of 

increasing the interlayer interaction of the material. The intrinsic parameters such as the 

Curie temperature Tc,83 the saturation magnetization Ms84 and the cubic 

magnetocrystalline constant K1
85 can be expressed as a function of the volume under an 

applied hydrostatic pressure on the investigated sample. The atomically-layered 2D 

ferromagnetic insulator CGT38 is an interesting material to investigate its physical 

properties which strongly depend on the interactions between atoms. The electronic 

structures of TMD and graphene have been found to be very sensitive to applied 

pressure,86-88 motivated by the same vdW nature of layered materials, so it would be 

interesting to study the evolution of both the electronic and magnetic properties of CGT 

under an applied hydrostatic pressure. 

4.1 Sample information and measurement setup 

We use single crystalline CGT, which is synthesized by the flux method.89,90 Our 

CGT sample is cleaved via scotch tape to a size of approximately 2 mm×1 mm×0.01 mm. 

Indium is applied to the ends of the CGT sample and then connected to gold wires to 
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perform the MR measurements. The gold wires are then connected to the feedthrough 

wires using indium. To avoid the electrical short problem between wires, the gold wire to 

feedthrough wire connection area is coated with epoxy (Permatex PermaPoxy) and left in 

ambient atmosphere for at least 24 h to be fully cured. The sample is then measured 

inside a high-pressure cell module (Almax easyLab Pcell 30) assembled with a physical 

property measurement system. The sample is immersed in the medium of pentane & iso-

pentane with mix ratio of 1:1. To protect the sample from reacting with the medium, one 

layer of PMMA is coated on the sample.  

Fig. 4.1 is an illustration of the crystal structure of CGT. The interlayer distance is 

about 7 Å and the in plane interatomic distances are as followings: Te-Te: 0.377 nm, Cr-

Te: 0.2749 nm, Cr-Cr: 0.39420(5) nm, Ge-Te: 0.3876(7) nm or 0.2578(4) nm and Ge-Ge: 

0.24592(6) nm. The bulk CGT has a relatively high Curie temperature of ~ 61 K and a 

band gap of ~ 0.2 eV.38 The magnetism is carried by the chromium (Cr) atoms with each 

atom carrying about 2.23 μB. This value is slightly lower than the theoretical value of 

high spin configuration state of Cr3+ (3 μB /Cr atom), which might be the results of some 

nonmagnetic impurities in the sample.  Due to its weak vdW attraction between layers, it 

can be exfoliated down to a few layers or even monolayer.  
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Figure 4.1. Crystal structure of CGT from side view. [Xing, Wenyu, et al. "Electric field 
effect in multilayer Cr2Ge2Te6: a ferromagnetic 2D material." 2D Materials 4.2 (2017).] 

 

Fig. 4.2 (a) is the magnetic-field-dependent magnetization measured at 5K when 

magnetic field is parallel to c-axis and along ab plane. The saturation field along c axis is 

smaller than along ab plane, indicating the easy axis is along c axis. From our 

measurements, we conclude that the saturation field 4𝜋Meff  is about 0.5 T. The lack of 

detectable remnant magnetization indicates the soft ferromagnetic nature in CGT.91 The 

MR of magnetic field along ab plane has a clear AMR feature while MR of magnetic 

field along c axis has no observable AMR feature, as shown in Fig. 4.2 (b). Since the 
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easy axis is along c axis, there is magnetic moment rotation from c axis to magnetic field 

in ab plane during the process of increasing magnetic field in plane, resulting in the AMR. 

For magnetic field along c axis, though there maybe magnetic moments flipping from 

antiparallel to parallel to magnetic field direction, the resistance doesn’t change, hence 

there is no observable AMR feature. This is another evidence that easy axis is along c 

axis. 

 

 

Figure 4.2. Magnetic properties at zero pressure. (a) Magnetic-field-dependent 
magnetization measured at 5K when magnetic field is parallel to c-axis and along ab 
plane. (b) MR when field is c axis and along ab plane. 
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4.2 Reduced band gap under pressure 

The electrical transport properties of CGT are characterized by measuring the 

temperature dependence of resistance under zero and 2 GPa pressure from 300 K to 100 

K, as shown in Fig. 4.3. At zero applied pressure, as the temperature decreases, the 

sample’s resistance increases monotonically, which is consistent with the semiconductor 

properties of CGT. At 100K, the resistance under zero pressure is about 20 times larger 

than the resistance under 2 GPa pressure. The difference becomes even larger as we 

lower the temperature: at 70K, the resistance under zero pressure is about 40 times larger 

than the resistance under 2 GPa pressure; at 15 K, this ratio goes up to 375. The 

resistance can be fitted with the thermal activation model with a constant energy band 

gap Eg, as described by 
0 exp( )

2

g

B

E
R R

k T
  , where kB is the Boltzmann constant and T is 

the temperature. The reason to fit in the 300 K to 100 K temperature range is that the lnR 

vs 1/T deviates from the linear behavior below 100 K. From the exponential fits, we 

obtain a band gap of 0.19 eV under zero pressure, which agrees with the theoretical value 

of about 0.2 eV.92  Under 2 GPa, the band gap is reduced by 0.066 eV, to 0.124 eV. This 

pressure induced decrease of band gap is similar to the previous report of hydrostatic 

pressure on black phosphorus,93 which is due to the fact that direct band gap is mainly 

determined by the out-of-plane pz-like orbital of phosphorus and further reduced by the 

interlayer coupling in the bulk crystal. Thus, the pressure-induced strengthen of interlayer 

coupling can reduce the direct band gap of black phosphorus.   
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Figure 4.3. Temperature dependence of resistance under zero pressure and 2 GPa. 
Inset is the linear fitting of lnR vs 1/T under zero pressure and 2 GPa. 
 
 
 

4.3 MR under different pressures 

In conducting ferromagnets, the electrical transport properties show anisotropy 

between the states of magnetization parallel to and perpendicular to the current direction. 

For the AMR measurement under different pressures, the external field is perpendicular 

to the sample plane. Fig. 4.4 summarizes the anisotropic magnetoresistance (AMR) at 

15K under zero pressure and 2 GPa pressure. At zero pressure, there is no observable 

AMR because the easy axis is along the c axis, and thus the external field along the c axis 

would not rotate the direction of magnetic moment. At zero pressure, the M vs. H data 

shows the net magnetic moment to be zero at H=0, suggesting the magnetic structure are 

multidomain structure. If we neglect the domain wall scattering, when the external field 
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is larger than the saturation field, all the domains will point in the same direction as the 

external field. But in this process, resistance is an even function of the direction of M 

parallel to H and M antiparallel to H states, so the resistance will not change. The MR 

signal at zero pressure is only magnetic field-dependent, and it does not saturate above 

Ms and continues to decrease with the applied magnetic field. At zero pressure, from the 

angle rotation data, we know ρ⊥ (M perpendicular to the current) is larger than the in-

plane resistance ρ// (M partially parallel to the current). As the pressure is increased up to 

2 GPa, there is a clear presence of AMR signal. This means at this pressure an increasing 

magnetic field will rotate the magnetization, indicating the easy axis of CGT changes 

from c axis to ab plane upon 2 GPa pressure applied.  There are two components in the 

MR data. The first part is magnetic-field dependent and it does not saturate above Ms. 

The second part is the AMR, which is related to the orientation of the magnetic moment, 

and saturates above Ms. There may be domains in-plane, and domains can point to 

several orientations along equivalent crystallographic directions. When the magnetic field 

is applied, the in plane spins begin to rotate to the direction of the applied magnetic field 

along c axis.  Similar behavior is also observed at 50 K, which is close to the Curie 

temperature. The difference is the saturation field at 50 K is much smaller than 15 K. 
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Figure 4.4. MR at different pressures. (a) Comparison of MR at 15 K under zero 
pressure, 1 GPa, 1.5 GPa and 2 GPa at 15 K. (b) Comparison of MR at 50 K under zero 
pressure, 1 GPa, 1.5 GPa and 2 GPa. (c) Comparison of MR at 80 K under zero 
pressure, 1 GPa, 1.5 GPa and 2 GPa. 
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4.4 Temperature dependence of MR 

Fig. 4.5 shows the temperature dependence of AMR under the pressure of 2 GPa. 

With temperature approaching Curie temperature, AMR decreases. However, at 50K, 

which is close to the Curie temperature, AMR is still very clear. While at 60K or above, 

the AMR cannot be observed. The signal at this temperature and higher temperature is 

only due to the magnetic field-dependent background MR, showing the MR is consistent 

with the AMR nature. 

In summary, we successfully employed the technique of applying large 

hydrostatic pressures up to 2 GPa to a bulk crystal of CGT and observed a reduction of its 

band gap and a transition of easy axis from c axis to ab plane by fine tuning its interlayer 

distance.  This opens up new possibilities for exploring new magnetism in the atomically 

layered material by applying pressure. From the heterostructure point of view, it will also 

benefit the proximity effect by bringing the material closer to the substrates such as in the 

graphene/magnetic insulator24 and graphene/TMD structures.22 
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Figure. 4.5. Temperature dependence of MR under zero pressure and 2 GPa. 
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Chapter 5 Pressure effects on graphene/WSe2 device 

Electrical spin injection.73,95,96 is a necessary condition for graphene spintronics.94 

Graphene has extraordinary high mobility and small SOC, which is favored in charge and 

spin transport efficiency.  But lacking a band gap hinders the applications in the 

transistors (cannot be switch off). For TMD, the breaking of inversion symmetry together 

with high intrinsic SOC originated from the d orbitals of the heavy metal atoms29 leads to 

the spin-valley coupling at the valence-band edges.28 As a result, their band structure97 

allows for a valley-resolved optical spin excitation by circularly polarized light.28,30,31 In 

addition, the Fermi level can be tuned by a transverse electric field perpendicular to the 

layered plane to cross the TMD’s conduction band, creating a system of coupled massless 

Dirac electrons and conventional 2D electron gas98 in graphene/TMD heterostructure. 

Combining the gate tunability and high mobility of graphene with the strong SOC and 

optical properties of 2D TMD provides a good platform to study interesting and unique 

physics and the potential application in optoelectronics.  

 

5.1 Introduction of WAL and WL in graphene 

5.1.1 The effects of scattering in graphene on MR 

The quantum correction to the conductivity of 2D systems due to electron 

interference has been studied for a long time. This phenomenon of WL has become a tool 

to determine the processes responsible for electron dephasing due to inelastic electron 

scattering or scattering by magnetic impurities.99 
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Figure 5.1. Phase coherence process. The trajectories of an electron scattered by 
impurities that give rise to a quantum correction to the conductance. [Tikhonenko, F. V., 
et al. "Transition between electron localization and antilocalization in 
graphene." Physical Review Letters 103 (2009).] 
 

Fig. 5.1 shows how an electron scattered by impurities can interfere on a closed 

trajectory when it is treated as a wave. To understand the concept of phase interference in 

graphene, let us start with the quantum corrections in conventional 2D systems. Two 

electron waves propagate in opposite direction around the trajectory and interfere at the 

point of intercept. If the two paths are identical, the phase of the two waves are the same 

and the interference is constructive, resulting in the increase of the probability for 

electrons to scatter back and the decrease in electrical conductance compared with its 

classical Drude model value. By applying a magnetic field perpendicular to the 2D 
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system, we add a phase difference to the two waves and destroy the interference. This 

results in an increase of the conductance compared with the conductance at zero magnetic 

field - positive magnetoconductance (MC). In graphene, the unique Berry’s phase π of 

the pseudospin adds a phase difference to the two interfering trajectories,100 so that they 

meet in anti-phase and destructive interference occurs. This should result in an increase 

of the conductance due to quantum interference compared with the Drude model value 

and a negative magnetoconductance.101 This WAL effect is very different from that 

observed before in 2D systems with strong SOC where the two waves meet in antiphase 

because of spin flips in scattering by impurities since the SOC in graphene is known to be 

weak due to the low mass of carbon atoms.102 

In graphene, WL does not follow the standard convention that it is only controlled 

by inelastic and spin-flip processes. The quantum correction depends not only on the 

dephasing time τφ but on elastic scattering times τi  and τ*.
103

 Charge in graphene are 

chiral, that is, they have an additional quantum number (pseudospin). Graphene’s band 

has two valleys, and quantum interference of electrons in one valley can be suppressed by 

scattering on the defects with the size of the lattice spacing, as well as dislocations and 

ripples. Such defects produce an effective random magnetic field which destroys the 

interference. The combined effect of this intravalley scattering is characterized by the 

time τ*. Elastic scattering that breaks the chirality, resulting in the suppression WAL. 

Another elastic scattering process called intervalley scattering will restore the suppressed 

interference. Intervalley scattering by sharp defects (such as the edges of the sample) that 

are able to scatter electrons between the two valleys is characterized by the time τi. As the 



 51 

two valleys have opposite chirality and warping, intervalley scattering is expected to 

negate the chirality breaking and warping effects by allowing interference of carriers 

from different valleys.100,101,103 So it restores the WL in graphene as the conventional WL 

in 2D system. While small τ* suppresses interference within a valley, small enough τi 

restores it by mixing the two valleys, which have opposite chirality. In graphene, the 

intervalley is strong and the intervalley scattering time is shorter than the dephasing time, 

the quantum correction to the conductivity has the WL sign. 

 The WL and WAL in single layer graphene can be expressed in following 

equation101:    ∆𝜎(𝐵) =
𝑒2

𝜋ℎ
[𝐹 (

𝐵

𝐵𝜑
) − 𝐹 (

𝐵

𝐵𝜑+2𝐵𝑖
) − 2𝐹 (

𝐵

𝐵𝜑+𝐵∗
)]                 Eq. (5.1) 

In bilayer graphene, the equation is as following equation:  

 

Eq. (5.2) 

Here 𝐹(𝑧) = ln(𝑧) + 𝜓 (
1

2
+

1

𝑧
),⁡𝜓⁡(𝑥) is the digamma function, 𝜏𝜑,𝑖,∗

−1 =
4𝐷𝑒

ℏ
𝐵𝜑,𝑖,∗,⁡𝜏𝜑

−1 is 

the dephasing rate and D is the diffusion coefficient. The theory assumes that the 

momentum scattering rate 𝜏𝑝
−1  is the highest in the system and comes from charged 

impurities, and does not affect the electron interference. In the absence of intravalley and 

intervalley scattering in a defect-free graphene layer, τi,* → ∞, △σ(B) is totally controlled 

by the third term. Negative MC corresponding to the weak antilocalization. In the 

opposite case of strong intravalley and intervalley scattering (small τi and τ*), both 

negative terms are suppressed and the first (positive) term dominates, which corresponds 

to WL.  

∆𝜎(𝐵) =
𝑒2

𝜋ℎ
[𝐹 (

𝐵

𝐵𝜑
) − 𝐹 (

𝐵

𝐵𝜑 + 2𝐵𝑖
) + 2𝐹 (

𝐵

𝐵𝜑 + 𝐵∗
)] 
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5.1.2 Temperature and carrier density dependence of MR 

 

Figure 5.2. Temperature and carrier density dependence of MR. (a), (b), (c) Evolution of 
MR with increasing temperature in three different carrier density regions. The density in 
I, II and III are about 2.5×1011

 cm-2, 1×1012
 cm-2 and 2.2×1012

 cm-2. [Tikhonenko, F. V., et 
al. "Transition between electron localization and antilocalization in graphene." Phys Rev 
Lett 103 (2009)] 
 

The width of the dip in small B is mainly controlled by τφ , while the bending of 

the curve at larger B is determined by τi and τ* . Elastic times τi and τ* are essentially 

temperature independent but inelastic time τφ strongly decreases with increasing 

temperature. The intervalley scattering is stronger at high carrier density. The favorable 
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conditions for the observation of negative MC (WAL) are small ratios τφ / τ* and τφ / τi . 

This can be realized by increasing the temperature (which decreases τφ) and by lowering 

the carrier density (which increases τi). There is a transition from WL to WAL at some 

temperature around 14~27K depending on the carrier density because dephasing time 

decreases and it becomes smaller than the intervalley scattering time. The WAL width 

continues to increase with increasing T, until at T ~ 200K the dependence becomes flat 

again when antilocalization disappears due to rapid dephasing of the electron trajectories. 

This temperature is much higher than the disappearance temperature of quantum 

correction in conventional 2D systems, which is due to intensive electron-phonon 

scattering.104 In graphene, however, electron-phonon scattering is expected to be 

weak.105,106 When approaching Dirac point, the electron-electron interaction is 

enhanced,103 resulting in the increase in the dephasing rate. Therefore, the WAL peaks 

simultaneously weaken and broaden before they finally flatten out when the dephasing 

rate exceeds the spin relaxation rate near the Dirac point. 

 

5.1.3 SOC effects on the WAL and WL in single layer and bilayer grapheme 

When the SOI is introduced, Eq. 5.1 is modified by replacing Bi,* with Rashba 

SOC term BR and total SOC term Bsoc assuming the SOC scattering rate is much stronger 

than the intervalley and intravalley scattering rate. 

∆𝜎(𝐵) = −
𝑒2

2𝜋ℎ
[𝐹 (

𝐵

𝐵𝜑
) − 𝐹 (

𝐵

𝐵𝜑+2𝐵𝑅
) − 2𝐹 (

𝐵

𝐵𝜑+𝐵𝑆𝑂𝐶
)],                  Eq. (5.3) 

𝐵𝜑,𝑅,𝑆𝑂𝐶 =⁡
ℏ

4𝐷𝑒
⁡𝜏𝜑,𝑅,𝑆𝑂𝐶

−1 , ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝜏𝑆𝑂𝐶
−1 =⁡ ⁡𝜏𝑅

−1 +⁡ ⁡𝜏𝐾𝑀
−1  
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The spin relaxation rates ⁡𝜏𝑅
−1 and 𝜏𝐾𝑀

−1  due to Rashba SOC and Kane Mele type SOC are 

related to the momentum scattering rate ⁡𝜏𝑝
−1 by ⁡𝜏𝑅

−1 = 2
𝜆𝑅
2

ℏ2 107and ⁡𝜏𝐾𝑀
−1 = 2

𝜆𝐼
2

ℏ2 𝜏𝑝.108 

If a strong Rashba SOC is introduced, graphene acquires an additional π phase in 

the wave-function, resulting in destructive interference and WAL to emerge.109  At the 

lowest temperatures, the SOC leads to WAL, as in the typical case, but only if graphene 

has broken z → -z symmetry, due to a substrate or deposits, which is the Rashba type 

SOC. In contrast, for a z → -z symmetric system, which is Kane Mele type SOC, SOC 

leads only to a saturation in the size of the WL correction rather than WAL. If Rashba 

SOC is present, it tends to induce WAL in both monolayer and bilayers - as in 

semiconductors and metals – but, if intrinsic SOC prevails, it results in a suppression of 

weak localization.  Bilayer has Berry’s phase 2π. The intrinsic term tends to suppress WL. 

As in the monolayer, when the Rashba term is neglected, the influence of the intrinsic 

SOC may be absorbed into a modified definition of the inelastic dephasing rate as τφ
-1 

→τφ
-1

 + τKM
-1, it suppresses WL, mimicking saturation of the dephasing time. Unlike 

monolayer graphene, however, chiral quasiparticles produce WL in bilayers, and no 

crossover to WAL is visible, even when the combined effective dephasing rate τφ
-1

 + τKM
-1

 

is relatively large. The Rashba term tends to drive WL towards WAL as in conventional 

materials and monolayer graphene.  In conclusion, in the absence of symmetry breaking, 

τφ << τ*, τi, the chirality of electrons in monolayer and bilayer graphene would be 

manifest as WAL and WL behavior, respectively.  

However, in typical graphene samples, sources of symmetry breaking including 

trigonal warping, random-bond disorder (due to bending of graphene sheet) and 
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dislocation/antidislocation pairs will tend to suppress WL (in the regime τ* <<τφ << τi), so 

that weak localization can only be observed in the presence of strong intervalley 

scattering, τi << τφ. At low temperature, WL in graphene may be sensitive to the presence 

and nature of SOC, resulting in WAL-as in semiconductors and metals-in both monolayer 

and bilayers if the SOC is of the Rashba type, τBR << τφ. This would be distinguishable 

from the presence of intrinsic SOC, which would lead to suppressed weak localization 

once τKM  << τφ. In conclusion, WL and WAL serve as sensitive probe to different kinds 

of scattering and SOC at low temperatures. 

 

5.2 Vdw heterostructures 

Building heterostructures of different 2D materials is an effective approach to 

incorporate exceptional properties due to proximity effects. For examples, it has been 

experimentally demonstrated that graphene on TMDs can serve as a new platform for 

optospintronics.98 Owing to the much smaller Fermi level fluctuations110 than single layer 

graphene, bilayer graphene allows a more precise (sub meV) control of chemical 

potential. 

There have been intensive efforts to enhance the SOC by decorating graphene 

with adatoms, which is predicted by Kane and Mele52 as a precursor of topological 

insulators.111-113 Though the approach is promising, vdW heterostructures provide more 

robust control in the view of technological reproducibility of devices. Graphene on WSe2 

is a special case due to the predicted band inversion that was proposed to lead to novel 

topological properties.114 
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5.3 Device fabrication process 

Step 1: A polydimethylsiloxane (PDMS) stamp is placed on a glass slide and treated with 

O2 plasma in an inductively coupled plasma (ICP) chamber with 200 W for 2 minutes. 

Then, the stamp is coated with 15% polypropylene carbonate (PCC) dissolved in anisole 

and baked on a hot plate at 90 °C for 5 minutes.  

Step 2: A flat piece of WSe2 which has been exfoliated on a p-Si/SiO2 wafer is first 

located via optical microscopy and then the wafer is placed on the adhesive surface of our 

material transfer stage. The glass slide with PDMS/PPC is placed, polymer side facing 

down, in a micromanipulator above the transfer stage. The micromanipulator is then 

lowered until the PCC comes into contact with the WSe2 flake. The temperature of the 

transfer stage is then raised to above 60 °C to soften the PPC film so that it anchors to the 

WSe2 flake. The stage is then cooled down, and, once the temperature is below 45 °C, the 

micromanipulator is raised quickly such that the PDMS/PCC layer is no longer in contact 

with the SiO2 substrate. The desired WSe2 flake will be picked up with the PCC in this 

step with a yield greater than 95%.   

Step 3: The p-Si/SiO2 wafer that contained the WSe2 flake is removed from the transfer 

stage and replaced with a p-Si/SiO2 wafer containing a previously mechanically 

exfoliated bi-layer graphene flake. We mainly employed optical contrast based on the 

pixel RGB value to index the number of layers in a flake46 and confirmed the number of 

layers by Raman. The glass slide with the PDMS/PPC/WSe2 stack is then positioned such 

that the WSe2 is directly above the graphene flake. The material transfer stage can then be 
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rotated until the graphene flake is in the desired position for transferring the WSe2 flake. 

The stage temperature is raised to above 110 °C and then the PDMS/PPC/WSe2 stack is 

lowered slowly until it is in complete contact with the graphene flake. The glass slide is 

then retracted. The PDMS/PPC comes up with the slide leaving behind the WSe2.   

Step 4: Once the desired WSe2/graphene heterostructure has been formed the device is 

etched with O2 in the ICP chamber to remove the parts that do not contain bi-layer 

graphene. The contacts to the device are then patterned with electron beam lithography 

and 50 nm of Au is deposited via electron beam evaporation to the exposed graphene.    

Step 5: To protect the WSe2 from degradation due to air exposure and the device from the 

pressure cell medium, a flake of h-BN is transferred on top of the device. For this step h-

BN is exfoliated onto a glass slide that has a strip of tape that is coated elevacite acrylic 

resin 2550 that is dissolved in methyl isobutyl ketone. The device on the p-Si/SiO2 wafer 

is put back onto the material transfer stage and the desired h-BN flake on the glass slide 

is positioned on the micromanipulator above the device. The glass slide is then lowered 

until the h-BN flake is brought into contact with the device. The stage is then heated to 

70 °C and then the glass slide is retracted. When the glass slide losses contact with the 

device, the h-BN flake along with the polymer layer is left behind. The device is then put 

into an acetone bath and rinsed with IPA to remove the polymer before measurement. 

 These procedures can be concluded in Fig. 5.3, the final heterostucture is 

BN/WSe2/BLG/SiO2 (from up to bottom). 
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Figure 5.3. Steps of building BN/WSe2/BLG/SiO2 heterostructures (from up to bottom). 

 

5.4 Mounting on the pressure cell 

For study of pressure effects on graphene devices, one big flake of BN is 

transferred on top to protect from reacting with medium. The medium used here is 

mixture of pentane and iso-pentane with ratio 1:1. It is composed of a very volatile 

medium. Particular attention is needed when you insert the sample holder, ensuring that 

the liquid is overflowing. Ensure that air has not been trapped in the PTFE cap. When the 

device is ready, it cutted into a small size because of the limited space of the PTFE cap 

with inner diameter of 2.9 mm and it will deform inwardly reducing its inner diameter by 

approximately 0.1 mm.  Therefore, it is recommended to have sample with a maximum 

section size of 1.5 mm to avoid any damage to it. Each feedthrough comes with twisted 

pair of 0.1 mm copper wires. Two manometers (room temperature-manganin and low 

temperature-tin) are mounted as standard in 4 wires configuration. The remaining two 
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pairs, are used for the sample connection. But we made some modifications of the 

feedthrough. Firstly, the manometers are removed to save space for more connections to 

the graphene devices. For four-terminal resistance measurement, we need at least six 

connections, four for resistance measurement, one more for hall measurement and the last 

one for gating of the device. Because of the difficulties of connection, we hope to have as 

more connections as possible. If one of them is not good, we don’t have to take out the 

device and remount it. Not only because it is very time consuming but also it is 

dangerous because that device could break down due to its fragility to the static charge. 

The most difficult part is the connections to the graphene device. The connections should 

be robust to the medium environment and pressure up to 2 GPa. The user-friendly wire 

bonder cannot be used here. The connections are done by hand with silver epoxy under 

microscope. Extreme patience and caution is needed to have good connections and avoid 

the shorts between two electrodes. Here thin insulating wires are used to prevent the 

shorting problem between wires. For the insulating wires, only the head of the wire is 

conducting while the body is coated with some insulating material. The challenge is how 

to make good connections between the insulating wire and the feedthrough wire with 

very small contact area. We have tried three materials, silver epoxy, silver paint and 

indium. Usually, silver epoxy is good conducting material but it needs baking. High 

power heat lamp is used to bake the silver epoxy. Silver paint is also an option but it is 

not stable in the medium and cannot tolerate high pressure. The best choice is indium, 

which is conducting and strong enough. After that, the insulating wire-to-feedthrough 



 60 

wire connection area will be coated with some epoxy or torr seal to enhance mechanical 

strength and for better insulation between wires. 

 

5.5   Graphene under high pressure  

5.5.1 Device structure 

Let us first look at the device schematic diagram to have a better understanding of 

the shifting of the Dirac point. Fig. 5.4 shows the device heterostructure 

BN/WSe2/bilayer graphene/SiO2 from bottom to up.  

 

Figure 5.4. Optical image of WSe2/graphene device on SiO2 substrate. The 
magnification is 200 and a large flake of BN will be transferred on the device to protect 
reaction with medium.  
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Figure 5.5. Device schematic diagram. 
 
 

 

5.5.2 Gate dependence at low temperatures 

Two-terminal resistance is measured between contacts 1 and 4, which is the sum 

of the covered and uncovered part. We monitor temperature dependence of resistance by 

measuring the gate dependence during cooling down, as shown in Fig. 5.6.  From the gate 

dependence, there is a clear main Dirac point around zero, which means graphene is 

slightly electron doped. This peak comes from the charge neutral point of the covered 

part since the channel length is about three times of the uncovered part. Hence, the 

resistance is dominated by the covered part. The gate dependence is not symmetric about 

the Dirac point, there is a ‘shoulder’ feature at the electron side around 21 V. Since we 

measure both the covered part and uncovered part, it is natural to assume the ‘shoulder’ is 

the second Dirac point from the uncovered part. There is convincing evidence to show 
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our assumption is right in the next section. The resistance at the Dirac point in the 

covered part increase monotonically while there is no significant increase in the 

uncovered part. From 25 K to 2 K, the covered part increases by 38% while the 

uncovered part only increases by 4%, as shown in Fig. 5.7. The value of the Dirac point 

of the covered region is only slightly negative, so we can cover it in the full temperature 

ranging from 2K to 300K, as shown in Fig. 5.8. The resistance increases by 250% from 

300K to 2K. 
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Figure 5.6. Gate voltage dependence at different temperatures under high pressure. 
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Figure 5.7. Temperature dependence of Resistance at Dirac point for the covered and 
uncovered part in the temperature range from 2K to 25K. 
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Figure 5.8. Temperature dependence of Resistance at Dirac point for the covered and 
uncovered part. The full temperature of the covered part ranges from 2K to 300K. 
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5.5.3 MR at 2K 

          At three different gate voltages Vg = -60V, 0V and 60V, which covers the full 

density ranging from -4.5×1012
 cm-2

 to 4.5×1012
 cm-2

 in the covered part and -3.0×1012
 

cm-2 to 6.0×1012
 cm-2 in the uncovered part, MR shows WL without detectable WAL 

signal, as shown in Fig. 5.9. This is contradictory to my colleague’s work22 and previous 

work.21 This doesn’t mean SOC is not enhanced in the cover region. It is immersed in the 

stronger WL signal because the total resistances of both regions are measured. The 

detailed explanation is in section 5.5.2.  

 

Figure 5.9. (a) MC at different gate voltages -60V, 0V and 60V at 2K. (b) Zoom in the low 
field range at Vg = 0V. 

 

5.6 Back to zero pressure 

When the device is released from pressure and demounted from the pressure cell, 

we have much more freedom to do the connections. There are six contact leads connected 

to the graphene device, allowing for four terminal resistance measurements without 
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contact resistance. Now the covered part and uncovered part are measured separately, as 

shown in Fig. 5.10. From the heavily hole doping of uncovered part graphene, which has 

contact with SiO2 and boron nitride (BN), we can tell that graphene has good contact with 

SiO2. But it is more hole doped compared to high pressure, which may be caused by the 

fact that BN bounces back after releasing pressure and has worse contact with graphene. 

As we know, BN is a flat and clean substrate for graphene and the position of charge 

neutral point of graphene on BN is usually close to 0 V. For the covered part, its doping 

still depends both on WSe2 and SiO2. WSe2 usually makes graphene electron doped, as 

shown in Fig. 5.11, where the structure is WSe2 underneath graphene and in opposite 

order with Fig 5.10. Hence, the doping of graphene is only determined by WSe2, resulting 

in slightly electron doped in graphene. The electron doping is the same with the covered 

part under high pressure, which pressure could decrease the distance between graphene 

and WSe2, enabling better contact and the doping of graphene is more affected by WSe2. 

After releasing pressure, the Dirac point of the covered part shifts from slightly n-doped 

to p-doped, indicating worse contact with WSe2. In conclusion, the position of the Dirac 

point serves as an indicator of pressure effects and the pressure effects could be 

mimicked as the ‘spring’ model. 
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Figure 5.10. Comparison of the gate dependence between the covered and uncovered part 

at high pressure and no pressure. The position of Dirac point of the covered part shifts 

from -2V to 31V, while the uncovered part shifts from 23V to 60V.  
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Figure 5.11. Gate dependence of graphene on WSe2 [Wang, Zhe, et al. "Origin and 
magnitude of ‘designer’ spin-orbit interaction in graphene on semiconducting transition 
metal dichalcogenides." Physical Review X 6 (2016)], the device structure is in opposite 
order with Fig 5.9, which is WSe2 on graphene. 

 

To estimate the mobility in the covered and uncovered parts, the conductivity 

versus gate is plotted, as shown in Fig 5.11. By fitting the slope value and using the 

capacitance model, the mobilities are estimated as µ = 1.02×104 cm2/V·s in the covered 

region and µ = 3.283×103 cm2/V·s in the uncovered region. The capacitance value of the 

290 nm SiO2 is estimated as C = 7.5×1010 cm2/V. 
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Figure 5.12. Gate voltage dependence of the conductivity. The aspect ratio of the 
covered part and uncovered are 1.2 and 0.5, separately. Mobility is extracted out by 
fitting the slope in the linear region. 

 

5.6.1 Separation of the contribution from the covered and uncovered parts 

We measure the gate dependence of the covered and the uncovered part separately 

and plot together with the sum of them. Simultaneously, the two-terminal resistance 

between 1, 4 is measured, as shown in Fig. 5.4.  The magenta one is the total two 

terminal resistance of the covered and uncovered part and again there is a ‘shoulder’, as 

shown in Fig. 5.13. The blue one is the sum of four terminal resistance of uncovered part 

and covered part. They match very well and the ‘shoulder’ position is right on the 

position of the charge neutral point of the uncovered part. This provides unambiguous 

evidence that the ‘shoulder’ feature is the Dirac point of the uncovered part under the 

high pressure. The contact resistance is estimated by subtracting the blue one from the 
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magenta one, which is very small about 40 Ω and keeps constant away from Dirac point, 

as shown in Fig. 5.14.  

 

Figure 5.13. Comparison between two-terminal and four-terminal measurements 

 

Figure 5.14. The gate voltage dependence of contact resistance. It is extracted out by 
subtracting four-terminal resistance from the two-terminal resistance. 
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5.6.2 Comparison of MR between the covered and uncovered parts 

 

Figure 5.15. MR comparison between the covered part and uncovered part at Vg=-60V. 
The WL signal is about eight times magnitude larger than the WAL signal. 
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Figure 5.16. MC comparison between the covered part and uncovered part. Covered 
part shows WAL while uncovered part shows WL. 
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For the MR measurement at 2K, the covered part shows clear WAL while the 

uncovered part shows WL, as indicated in Fig. 5.15. This is strong evidence that the spin 

orbit coupling in graphene is enhanced by proximity effects with WSe2, which is 

consistent with my colleague’s work with graphene/WS2 heterostructure.29 It worth 

noting that bilayer graphene has Berry’s phase 2π from psuedospin, which doesn’t lead to 

WAL. The occurrence of WAL in bilayer graphene provides unambiguous and more 

direct evidence of the interfacial induced SOC than monolayer graphene.21 If we add 

these two-opposite signs of signal around zero magnetic field, the sum still behaves as 

WL. This is because WL signal is about eight times of magnitude larger than the WAL 

signal, dominating the signal if we measure the sum of the covered and uncovered part, 

which is the case under high pressure as shown before. The fact that WAL is not 

observed under high pressure does not mean the absence of induced SOC in the covered 

part. It is immersed in the much larger WL signal from the uncovered region.  

 

5.6.3 Dephasing length difference in the covered and uncovered regions 

 To get better insight on the covered part and uncovered part, we do the WAL 

fitting in the covered region and WL fitting in the uncovered region. The MC equation 

for bilayer graphene with SOC is ∆𝜎(𝐵) = −
𝑒2

2𝜋ℎ
[𝐹 (

𝐵

𝐵𝜑
) − 𝐹 (

𝐵

𝐵𝜑+2𝐵𝐵𝑅
) −

2𝐹 (
𝐵

𝐵𝜑+𝐵𝑆𝑂𝐶
)] assuming that the intervalley and intravalley scattering is much larger than 

the SOC scattering strength, which is the same as in the single layers. Here BBR is the 

Rashba SOC term and 𝐵𝑆𝑂𝐶 = 𝐵𝐵𝑅 + 𝐵𝐾𝑀, which is the sum of Rashba SOC and KM 
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SOC.  The MC for bilayer graphene without SOC is ∆𝜎(𝐵) =
𝑒2

𝜋ℎ
[𝐹 (

𝐵

𝐵𝜑
) − 𝐹 (

𝐵

𝐵𝜑+2𝐵𝑖
) +

2𝐹 (
𝐵

𝐵𝜑+𝐵∗
)], which has the opposite sign in the third term compared with the single layer 

equation. The fitting works well and the extracted phase coherence lengths are 1.296 µm 

for the covered region and 0.755 µm for the uncovered region. These values are in a 

reasonable range and agree with the previous work.21 The phase coherence length in the 

covered part is longer than the uncovered part. Phase coherence length is related with 

diffusion constant and transport time as 𝐿 = √𝐷𝜏. Diffusion constant 𝐷 =
𝜇𝐸𝐹

2𝑒
.115 Here, 𝜇 

is mobility, 𝐸𝐹 is the Fermi level and e is the electron’s charge. In bilayer graphene, 𝐸𝐹 =

ℏν𝐹√𝜋𝑛 116and ν𝐹 =
√𝜋𝑛

0.033𝑚𝑒
.117 Hence, 𝐸𝐹 is proportional to carrier density. As a result, 𝐿 

is proportional to √𝜇𝑛𝜏 . Consequently, 
𝐿𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝐿𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑
= √

𝜇𝑐𝑜𝑣𝑒𝑟𝑒𝑑𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑𝜏𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝜇𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑𝑛𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑𝜏𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑
=

1.721. The Rashba SOC strength calculated from the fitted SOC scattering time is about 

1 meV and the KM SOC is negligible. The reason is that the out-of-plane inversion 

symmetry is broken, which is the Rashba type SOC.  

 

5.7 Pressure dependence of insulating behavior 

After releasing pressure, not only the positions of the Dirac point shift but also the 

insulating behavior in the covered region weakens a lot. To better understand the change 

in insulating behavior of the covered part, the temperature dependence of the covered and 

the uncovered part at zero pressure and high pressure is plotted together, as shown in Fig. 

5.18. For the covered part, under high pressure, there is clear insulating behavior in the 
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temperature dependence of resistance in the full temperature range from 300K to 2K, 

especially in the low temperature range from 50K to 2K. When the pressure is released, 

the steep slope disappears. While in the uncovered part, there is no such insulating trend 

and there is no significant difference under high pressure and no pressure. Comparison 

between the black and red one shows that only the covered with WSe2 region behaves 

insulating behavior. Comparison between the black one and blue one shows only under 

high pressure, the insulating behavior is significant. These two comparisons suggest the 

insulating behavior is an outcome of high pressure together with the proximity effects 

from WSe2. As we know, TMD could hybridize with graphene and increase the SOC in 

graphene up to a few meV.21,22 The MR for the covered part at zero pressure shows WAL 

because of the enhancement of SOC in graphene, which is consistent with previous 

reports.21,22 As we know, proximity effect is very sensitive to the distance between the 

material and the adjacent material.25 If graphene is pressurized to be closer to WSe2, the 

proximity induced SOC will increase. The strong SOC could open a gap and cause the 

peculiar insulting behavior in graphene. In principle, we should be able to observe 

stronger WAL in the covered part, but it is just immersed in the WL background when 

we measure the total channel of the covered and uncovered part together.  
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Figure 5.17. WAL fitting in the covered region and WL fitting in the uncovered region. 
The red square and black square points are experimental data and blue and magenta 
are the fitted curves.  The gate voltage is -60V.  

 

Figure 5.18. Temperature dependence of the covered and uncovered part at zero 
pressure and high pressure. 
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5.8 Pressure dependence of MR 

To study the pressure effects on the MR, MR at different carrier density under 

zero pressure and high pressure are measured, as shown in Fig. 5.19. Keep in mind that 

MR here contains the covered and uncovered region. However, it is dominated by the 

uncovered region since its MR magnitude is much larger than the covered region. There 

are two- opposite physical process: uncovered part shows WL (negative MR) while 

covered part shows WAL (positive MR), the WL is suppressed by the WAL. Under small 

pressure, the suppression of WL caused by the WAL from the covered part is not strong 

enough and the total MR behaves prominent WL. However, under high pressure, the WL 

is completely suppressed at Vg= ± 60 V. Only at Vg=0 V, which is close to Dirac point 

and WAL from the covered part is very small because of the stronger dephasing, the WL 

recovers. The significant suppression of WL under high pressure indicates the proximity 

effect between graphene and WSe2 is enhanced by pressure.  
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Figure 5.19. MR comparison under small pressure and high pressure. 
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We observed the unusual carrier density dependence: higher carrier density-weaker 

WL, which is opposite with the conventional trend for WL in graphene, as shown in Fig. 

5.20. From -60 V, -40V, -20V, -10V to 0V in the hole region, the WL gradually grows. In 

typical MR measurement in graphene, the WL and WAL at lower carrier densities are 

both weaker because of the stronger dephasing process due to the stronger electron-

electron interaction. 
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Figure 5.20. MR at different gate voltages. (a) MR at gate voltage -60V, -40V and -20V. 
(b) MR at gate voltage -20V, -10V and 0V. 

 

Remember the MR is the sum of the covered part and uncovered part. The 

explanation is as followings: The WAL has the same conventional trend: weaker at lower 

carrier density. When approaching the Dirac point, the suppression of WL caused by the 
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WAL from the cover region becomes weaker and so is the WL. But since covered part 

dominates in the resistance, the net effect is stronger WL. 

 

5.10 Remounting on the pressure cell 
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Figure 5.21. Gate voltage dependence for the covered part under different pressures at 

2K. 

To check if the pressure effects are reversible, we remount the device in the 

pressure cell and gradually increase the pressure to another two pressures: small value 

and medium value. We carefully redo the connections and have more working 

connections, enabling the four-terminal resistance measurement under small pressure and 

medium pressure.  To investigate the pressure effects, gate dependence for the covered 

part under different pressures are plotted together in Fig. 5.21. Graphene is very sensitive 

to the charge impurities in the substrates.118 If the effect of pressure on graphene is 

having better contact with the substrate or the neighboring TMD material, the doping of 
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graphene changes, resulting in the shifting of the position of the Dirac point. The covered 

part graphene becomes less p-doped with increasing pressure, which is consistent with 

the previous hypothesis that graphene becomes more n-doped by having better contact 

with WSe2.  

Graphene is p-doped at zero pressure, behaving as the typical doping type on SiO2 

substrate. For graphene covered with WSe2 part, one layer is in contact with SiO2 while 

the other layer is in contact with WSe2. Usually, the charge impurities and defects on 

SiO2 makes graphene p doped while WSe2 substrate makes graphene n doped.21 These 

two substrates have opposite doping on the graphene and the overall doping is 

determined by the dominating one. Under small pressure, there is clear shifting of the 

Dirac point from 46V to 21V at 2K, indicating better contact between graphene and 

WSe2 since WSe2 is an electron donor. When the pressure is increased to a medium value, 

the position of the Dirac point keeps shifting closer to zero from 21V to 15V, suggesting 

the distance between graphene and WSe2 is even smaller. However, graphene still 

behaves hole doped. Once the pressure is increased to a high value, there is clear shifting 

in position of the Dirac point from positive voltage 15V to slightly negative voltage -2V, 

which means the doping of graphene changes from hole doped to electron doped. Under 

high pressure, the doping of graphene is dominated by WSe2.  
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Figure 5.22. Gate voltage dependence for the uncovered part under different pressures 
at 2K. 

 

For the uncovered part, the gate dependence under different pressures is shown in 

Fig. 5.22. Under small pressure, graphene become less hole doped. We can understand 

the shifting this way. For bilayer graphene, one layer is in direct contact with SiO2 while 

the other layer is in contact with BN but not in direct contact because there are gold 

electrodes in between. Pressure will press BN downward to have better contact with 

graphene, hence, the charge neutral point moves closer to zero because BN is clean and 

flat substrate. From 1st pressure to 2nd pressure, there is no significant shifting of the 

Dirac point, which means graphene is already in good contact with both BN and SiO2. 

Only when the pressure is increased to a high value, graphene can have even better 
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contact with BN. Another indicator is the curvature of the gate dependence, the mobility 

in the hole side increases from zero pressure to small pressure, which is also the outcome 

of better contact between graphene and BN.  

 

5.11 Temperature dependence of two regions 

Under small and medium pressure, there is striking difference in the temperature 

dependence of resistance, as illustrated in Fig. 5.23. For the covered part, the resistance at 

Dirac point is increasing monotonically with decreasing temperature. However, in the 

uncovered part, there is no observable increase. That is, the covered part behaves 

insulating behavior while the uncovered part has no such trend. This is consistent with 

the previous measurement when the device is at high pressure and back to zero pressure, 

confirming that the insulating behavior of graphene is caused by pressure and WSe2. And 

we noticed the insulating behavior is not as strong as under high pressure, indicating the 

pressure-dependent nature, as it will be discussed more in the next session 5.11.  
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Figure 5.23. Gate dependence for covered and uncovered part at different temperatures. 
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5.12 Temperature dependence at Dirac point under different pressures 

To better study the origin of the insulating behavior, the temperature dependence 

of the resistance at Dirac point for the covered part under different pressures is plotted, as 

shown in Fig. 5.24. The insulating behavior becomes stronger with increasing pressure. 

While for the uncovered part, there is no clear insulating behavior under all pressures, as 

shown in Fig. 5.25, indicating that pressure and TMD are the prerequisites of the 

insulating behavior. 
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Figure 5.24. Temperature dependence of the covered part under different pressures. 
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Figure 5.25. Temperature dependence of the uncovered part under different pressures. 

 

5.13 Band gap value 

To extract the bandgap values, the linear fittings are done on the lnR vs 1/T 

curves at no pressure and high pressure separately. The fitted slope value is 
𝐸𝑔

2𝑘𝐵
, where 𝐸𝑔 

is the band gap value and 𝑘𝐵 is the Boltzmann constant. The band gap value increases 

from 13.48 meV to 29.85 meV once the high pressure is on, suggesting stronger 

proximity effects from WSe2. 
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Figure 5.26. lnR vs 1/T at zero pressure and high pressure. The band gap values are 
extracted out from the slope by linear fitting. The value under high pressure is more than 
double than the no pressure. 
 

 

5.14 Explanation for the insulating behavior (First hypothesis) 

It was proved that strain can open a band gap in a metallic carbon nanotubes (CNTs) 

and will dramatically change the electronic band structure of CNTs.119-121 The band gap 
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in a semiconducting CNT can be modified with about 100 meV per 1% stretch.119 It is 

reasonable to predict that the uniaxial strain can open a gap in graphene122 since the two 

carbon sublattices of graphene are inequivalent under  strain and it will  break sublattice 

symmetry.123-125 As an example, a band-gap opening is predicted for graphene growth on 

hexagonal boron nitride substrate due to the breaking of sublattice symmetry.123 The 

method of strain induced band-gap opening would be more efficient compared to other 

methods, such as electric field tuning on bilayer126 or molecule adsorption.124 It is 

possible that hydrostatic pressure could induce a strain in graphene plane, especially 

when the heterostructure is not flat along graphene plane. The uneven force on BN may 

act on the graphene and stretch out graphene in plane. The covered part with WSe2 will 

have more sublattice asymmetry because the heavy atoms W are distributed on the 

graphene and there is a lattice mismatch between graphene and WSe2. The elongation in 

one direction caused by strain will cause the shrinking on the perpendicular direction. It 

would help to have an estimation on the order of strain. The Young’s modulus for bilayer 

graphene is about 2.0 ± 0.5 TPa by Raman spectrum analysis127 and is in the same order 

of 1 TPa by simulation.128 The applied hydrostatic pressure is in the order of 1 GPa, 

resulting in the strain in the magnitude of ~ 
1⁡𝐺𝑃𝑎

1⁡𝑇𝑃𝑎
 = 0.1%. If each layer of bilayer 

graphene is subjected to different strengths of homogeneous strains, the perpendicular 

electric fields across the two layers can be generated without any external gate 

potential.129 The effect originates from the asymmetric generations of pseudoscalar 

potential in each layer of strained bilayer graphene, which alter their work functions 

significantly.130 Specifically, each layer in bilayer graphene experiences a different 
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magnitude of homogeneous strain because only the top layer is pinched by the metallic 

leads and WSe2. Consequently, the work function of the two asymmetric strained layers 

are different, generating a net charge transfer between these two layers. The strain-

induced electric fields will break the symmetry in the onsite energy of the top and bottom 

layer.131,132 We want to extract the band gap value by electronical transport measurement 

but it worth noting that the increase in resistance could be much smaller than the 

expected band gap value due to the extrinsic conduction through defects and carrier 

doping from charge impurities in the sample.133 That means the band gap value will be 

underestimated.  

 

5.15 Explanation for the insulating behavior (Second hypothesis) 

We found our experimental results can be explained by a very recent theoretical 

proposal. For the BLG on monolayer WSe2, it is found that the built-in electric field not 

only induces an orbital band gap of about 10 meV but also generates the proximity spin-

orbit splitting of the valence band at K about 2 meV. Fig. 5.27 (a) shows the atomic 

structure for graphene on WSe2. Fig. 5.28 (b) shows the fine structure in the low energy 

bands around K, the SOC of the valence band is about 2 meV, which is about two orders 

of magnitude greater than in the conduction band. The reason is the valence band is 

formed by the non-dimer B1 in the bottom layer adjacent to WSe2 while the conduction 

band is formed by the non-dimer A2 in the top layer, as shown in Fig 5.27 (b). Proximity 

effects are very sensitive to the distance, it is naturally weak for the top layer. The 

proximity effects will build up a transverse field pointing from WSe2 to BLG (we define 
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this direction as positive). The amplitude of the electric field and the induced band gap 

relies on the atomic distance between bottom layer graphene and WSe2. As calculated 

before, the band gap under high pressure is more than two times of the band gap under no 

pressure, suggesting the enhanced proximity effects.     

 

 

Figure 5.27. Schematic diagram to show the proximity effects. (a) Atomic structure of 
bilayer graphene on WSe2. (b) Orbitals on non-dimer atoms B1 and A2 form the low 
energy valence and conduction bands in the electronic structure of bilayer graphene. 
WSe2 layer is underneath the bottom layer so that B1 is closer to WSe2 and acquire 
much stronger proximity effects than A2. [Gmitra, Martin, and Jaroslav Fabian. 
"Proximity effects in bilayer graphene on monolayer WSe2: Field-effect spin-valley 
locking, spin-orbit valve, and spin transistor." arXiv preprint arXiv:1706.06149 (2017).] 
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Figure 5.28. Band structure of graphene on monolayer WSe2. (a) Calculated electronic 
band structure of bilayer graphene on WSe2 performed by Quantum ESPRESSO.  (b) 
Zoom in view of the fine structure of the low energy bands close to the Fermi level. The 
red is spin up and the blue is spin down. [Gmitra, Martin, and Jaroslav Fabian. "Proximity 
effects in bilayer graphene on monolayer WSe2: Field-effect spin-valley locking, spin-
orbit valve, and spin transistor." arXiv preprint arXiv:1706.06149 (2017).] 
 
 

In addition to the orbital effect, a spin splitting of in the order of 1 meV is induced 

in the valence band since B1 is responsible for the valence band. This value is in the same 

order with the Rashba SOC strength of 1 meV calculated from WAL fitting.  

In conclusion, WAL has been observed in the covered region with WSe2 and only 

WL is observed in pristine region. This is unambiguous evidence to show the interfacial 

induced SOI in graphene. Band gap is opened due to the inversion symmetry broken and 

graphene behaves insulating. The band gap is larger under hydrostatic pressure, 

suggesting the enhanced proximity effects. 
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