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ABSTRACT 

 

Optical Probing of Spin Transports in 

Topological Materials 

 

by 

Jekwan Lee 

 

Doctor of Philosophy in Physics 

Department of Physics and Astronomy 

Graduate School, Seoul National University, Seoul, Korea 

Thesis supervisor: Professor Hyunyong Choi 

 

The discovery of the topological phase of matter opened a new paradigm 

in the condensed matter band theory. Significant progress has been achieved 

in both theoretical understanding and experimental demonstrations, of which 

the recent advances in device fabrication and measurement methodology 

played a key role in the accomplishments in the field of experimentation. 

Among the various experimental approaches to topological phenomena, this 

thesis focuses on optically probing the spin polarization of electrons. Van der 
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Waals heterostructure devices had designed to distinguish the spin degree-

of-freedom transport from other trivial effects that are expected in optical 

measurements. 

First, I studied the valley Hall effect in MoS2 without the involvement of 

exciton dynamics. Such a non-excitonic valley Hall effect was induced by 

injecting the spin-polarized electrons from the quantum spin Hall states in 

the monolayer WTe2. Without the Maialle-Silva-Sham exchange interaction 

that limits valley coherence lifetime, the valley polarization lasting more than 

4 ns was observed while valley Hall mobility exceeds 4.49ⅹ103 cm2/Vs. In 

addition to the exceptional valley Hall transport characteristics, the spatially 

resolved ultrafast Kerr-rotation microscopy revealed the independence of 

valley Hall mobility on the valley transport lifetime. This suggests that the 

observed valley Hall transport is irrelevant to the scattering-induced extrinsic 

valley Hall contribution, and further comparison with the theoretically 

computed intrinsic valley Hall contribution verified the dominant role of the 

intrinsic valley Hall effect, which is determined only by the Berry curvature 

distribution. 

Utilizing the concept of spin-polarized electron injection used in the study 

of non-excitonic VHE, I investigated the spinful characteristics of the 

recently proposed higher-order topological insulator. Numerous theoretical 

studies have been accompanied by rising interest in this new topological 
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phase of matter, while the experimental study on the practical higher-order 

topological insulators, especially their spin degree-of-freedom 

characteristics, have been limited. In this regard, I designed a WTe2-graphene 

heterostructure device and observed the spatially resolved Kerr rotation to 

reveal the topologically protected spinful 1D hinge states embedded in the 

multilayer WTe2. In this study, I could successfully characterize the spinful 

state localized at the hinge of multilayer WTe2 by measuring the spatially 

resolved Kerr rotation. Any possible origins of localized spin polarization 

other than the topological hinge state were excluded through the control 

experiments performed with a heterostructure device with the modified 

design. Furthermore, the external magnetic field-dependent experiment 

proved that the observed spinful states in multilayer WTe2 are time-reversal 

invariant. 
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LIST OF FIGURES 

 

Figure 2.1 Topology and quantum Hall effect. a. A ball and a doughnut have a 

distinct topology that is characterized by the number of “holes” g. Here, g can 

be computed by integrating the Gaussian curvature over the surface. b. A 

quantum Hall insulator and its interface with the ordinary insulator. The 

skipping motion of electrons along the boundary of the quantum Hall insulator 

forms a chiral 1D conducting channel. c. A schematic band structure of an 

ordinary insulator with a finite bandgap. d. In the quantum Hall insulator, the 

chiral boundary states appear as a gapless in-gap mode. 

 

Figure 2.2 Bulk-boundary correspondence of the QHE. a. A chiral edge state 

in a semi-infinite plane. b. The interface between an ordinary insulator and QHI 

is associated with the sign change of y-dependent mass m(y). The y-direction 

plane wave solution gives the edge-localized state. c. Haldane’s model 

describes the connection of conduction and valence band at distinct valleys by 

the chiral edge state of the semi-infinite QHI. d. The changed Hamiltonian 

makes the detail of the edge state change. However, the difference between 
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right-moving (right-up red lines) and left-moving (right-down red lines) modes 

remains unchanged. 

 

Figure 2.3 Haldane’s model for QSHI and Kramers’ degeneracy. a. The helical 

edge states are localized at the interface between a QSHI and an ordinary 

insulator. The intrinsic SOC is responsible for such spin-momentum-locked 

edge modes. b. Two Kramers degenerate points (empty circles) at the TRIM 

are connected pairwise with each other. The spin-split states between the TRIM 

intersect Fermi level EF even number of times. c. When the degenerate points 

are connected, as shown in c, the spin-split states intersect EF odd number of 

times and cannot be eliminated. In b and c, only half of BZ is shown since the 

time-reversal symmetry guarantees the identity of the time-reversal pair in 

−𝝅/𝒂 < 𝒌 < 𝟎. 

 

Figure 2.4 Schematic diagrams describing the Hall effect family. From the 

discovery of the Hall effect based on classical electromagnetism, Hall effects 

with time-reversal symmetry, spin-degree of freedom, and band-topology-

related phenomena were discovered. The figures are adopted from Ref. 36 

 

Figure 2.5 Schematic diagram describing the intrinsic contribution of AHE. 

The Berry curvature distribution of the system decides the carrier transport 
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transverse to the external electric field while the time-reversal symmetry is 

conserved. The figure is adapted from Ref. 5 

 

Figure 2.6 Schematic diagram describing the skew scattering (a) and side 

jump (b) contribution of AHE. The figure is adapted from Ref. 5 

 

Figure 2.7 Schematic diagram explaining the intrinsic contribution of SHE. 

The figure is adapted from Ref. 41. 

 

Figure 2.8 Electrical measurement of the SHE induced in graphene/MoS2 van 

der Waals heterostructure. The figure is adapted from Ref. 48. 

 

Figure 2.9 Three distinct configurations of the magneto-optical Kerr effect; a. 

Polar Kerr effect, b. longitudinal Kerr effect, and c. Transverse Kerr effect. The 

orientation of magnetization is normal to the reflecting surface in the polar Kerr 

effect regime (a). The orientation of magnetization is in both the reflecting 

surface plane and the plane of incidence in the longitudinal Kerr effect regime 

(b). The orientation of magnetization is in the reflecting surface but normal to 

the plane of incidence in the transverse Kerr effect regime (c). 

 



 

x 

Figure 2.10 Schematic diagram of a basic experimental system for Kerr 

rotation measurement. The polarizer and /2 waveplate can be replaced with a 

single polarizer in some cases. 

 

Figure 2.11 A schematic describing the Ti:Sapphire regenerative amplifier. 

 

Figure 2.12 Schematic diagram of the home-built multi-role microscopy 

system. All possible variations of the setup are shown at once. 

 

Figure 2.13 Schematic diagrams showing the van der Waals sample transfer. 

 

 

Figure 3.1 The non-excitonic valley Hall effect a. The schematic diagram of 

the heterobilayer device and the remote optical measurements are shown. 

Under the longitudinal electrical bias 𝑬𝒚
⃗⃗ ⃗⃗   between Pd electrodes (dark blue), 

the spin-polarized electrons are selectively excited by the circularly polarized 

(+
 in the figure) 50 fs 1.55 eV short pulse (red beam), and the VHE (black 

arrow) is observed by another laser (green beam). b. An optical microscope 

image of the heterobilayer device (device #1) is shown. The monolayer MoS2 

and WTe2 are marked with the black and the white line, respectively. The 

dashed black line shows the spatial region where the 2D scanning experiments 



 

xi 

were performed. The longitudinal field is applied by the bias voltage Vx. The 

scale bar (white) is 10 m. c. A schematic energy diagram of the MoS2 (blue) / 

WTe2 (orange) heterobilayer. The short-pulse light excitation with energy 1 

(red) below the bandgap of MoS2 () selectively excites the spin-polarized 

electrons in WTe2 (black dots). Another light excitation with energy 2 (green) 

is applied to observe the effect of the injected electrons. d. The excitonic VHE 

involves both the unbound (left) and the bound (right) electron-hole pairs. The 

non-excitonic VHE is unipolar – without exciton formation or dissociation. All 

measurements were performed at a liquid nitrogen temperature of 78 K. 

 

Figure 3.2 Transport characteristics of the complete device. a. Current-voltage 

output curve along the source and drain. b. Current along the source and drain 

with varying bottom gate voltage. 

 

Figure 3.3 A schematic diagram of the spatially resolved differential PL 

measurement. While the PL is induced by the 532 nm (2.33 eV) pump that scans 

the MoS2 area, a change in the PL signal driven by the chopped 1.55 eV remote 

pump is recorded. The PL signal is observed by a photodetector combined with 

the monochromator, and the change in PL according to the existence of the 

pump is obtained by the lock-in amplifier synchronized with the mechanical 

chopper. 
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Figure 3.4 Spatially resolved differential PL across the MoS2/WTe2 edge 

boundary. The A exciton PL signal of MoS2 is suppressed by the electron 

transfer from WTe2. a. The spatially resolved 2D PL intensity of the MoS2 A 

exciton (VG = 2 V) is shown for the remote pump with 
+
 polarization (left 

panel) and 
-
 polarization (right panel). The center of the remote pump 

excitation with the 2 m waist is fixed at (0, -0.2) m. The edge of the WTe2 

monolayer is located at the solid black line (y = 0 m), and the longitudinal 

electrical bias 𝑬𝒚
⃗⃗ ⃗⃗   is applied in the direction of the black arrow. b. PL spectrum 

at (0.25, 0.1) m, with (red) and without (black) the pump pulse is shown. T 

and A stand for the resonant energies for the trion and the A exciton of MoS2, 

respectively. 

 

Figure 3.5 a. The VG-dependent PL of the monolayer MoS2. The black line 

represents the total PL signal while the red and blue lines denote the exciton 

and trion components extracted by the Lorentzian fitting, respectively b. The 

spatially resolved differential PL when VG = 2 V (same figure as Fig. 3.4a). The 

x-directional deflection of the PL suppression reveals the spin-polarized 

electron injection and the associated transversal valley Hall transport. c. PL 

spectra when VG = 2 V, VG = 3 V without remote pump, and VG = 2 V with 

remote pump excitation. d. Helicity-resolved PL spectra when VG = 2 V. 
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Compared to the PL spectrum without the remote pump (black), the injection 

of spin-polarized electrons change + component of the PL (red) while the - 

component of the PL (blue) is unaffected. 

 

Figure 3.6 Additional data for the spatially resolved differential PL, taken from 

device #1. The data are shown when V
G
 is -5 V (a) and 6 V(b). a. When the 

Fermi level is sufficiently below the conduction band edge (VG = -5 V), the 1.55 

eV pump excitation in MoS2 has not enough energy to generate any electrons 

or holes that would be injected into MoS2. b. When V
G
 = 6 V, the degenerated 

electron doping of the MoS2 makes the direct excitation possible by the 1.55 

eV pump. c. Spatially resolved differential PL (taken from device #1, VG = 2 V) 

is presented when the remote pump is linearly polarized. In the absence of the 

applied longitudinal electrical field, a signature of the valley Hall transport is 

still observed. The data were taken from device #1 when the polarization of the 

remote pump is + (d) and - (e). 

 

Figure 3.7 Experiment data from the TRKR microscopy a. 2D snapshot of 

spatially resolved Kerr rotation angle show the spatial shift of the valley-

polarized electron wave packets over time delay t at V
G
 = 2 V. The center of 

the remote pump was injected at a fixed position of (0, 0) and the probe scanned 

the designated area at each t. The dashed line denotes the y-position for the 
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following line-cut plot. b. The one-dimensional line-cut plot of the Kerr 

rotation angle is displayed for several ts. c. The time-domain plot of the 

transient Kerr rotation angle (black dots) shows fast emerging, and slow 

relaxation of K. Solid red line shows a fitting curve for the rising and decaying 

of K signal. Inset: the time-resolved measurement in Fig. 3.7c is done when VG 

= 2 V, with the center of the remote pump at (0, 0) m and the center of the 

probe at (-0.5, 0.5) m as denoted by a black dot and white dot on the inset 

contour plot, respectively. 

 

Figure 3.8 Gate-dependent Kerr rotation dynamics. a. Time-resolved Kerr 

rotation dynamics are shown with increasing V
G
 from -1.5 V to 4 V. Dots are 

the measured data, and the solid lines are the fitting curves. b. The VG 

dependence of the rising time constant acquired from fittings in a (black dot 

with error bar). The obtained time constant is compared with the theoretical 

expectation (red line, not a fitting curve) computed from the valley Hall 

conductivity (Eq. (3.6)). Inset: the schematic energy diagram when the VG = 1.5 

~ 4 V (shaded area), and VG = 6 V (dashed line). c. The VG dependence of the 

long decay time constant given by the fitting in a. The error bars indicate 

standard error. 
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Figure 3.9 Schematic diagram describing the effect of the longitudinal field 

(�⃗⃗� 𝒚) on the electron distribution. K point of the momentum space is expressed 

as a red dashed line, and the bottom of the conduction band near the Fermi 

surface EF is marked as a black dashed line. As VG increases, the increased 

amount of electron injection and the higher Fermi surface lead to the change of 

electron distribution after thermalization from (i) to (ii). Note that Berry 

curvature is concentrated near at K point. More electrons experience a larger 

Berry curvature in case (ii) compared to case (i). 

 

 

Figure 4.1 Crystal structure of multilayer Td-WTe2 and experimental design. a. 

The Td structural phase of multilayer WTe2 is non-centrosymmetric and has an 

in-plane mirror plane Ma (red dashed line). b. Schematic diagram of the 

experimental design for detecting the spin-polarized electronic states in WTe2. 

The electrical bias voltage makes electrons flow through WTe2, while the spin 

polarization of the electrons is optically recorded as the Kerr rotation K 

induced in the linearly polarized pump (980 nm, 1,415 W/cm2). The pump laser 

sweeps through a 6 m ⅹ 10 m region at graphene near the edge of WTe2 

to obtain the spatially resolved K data. 
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Figure 4.2 Schematic diagram explaining how the WTe2-graphene 

heterostructure device works in this study. a. The heterostructure can be 

modeled as a circuit with two finite resistance connected in a parallel way. The 

bias voltage applied between two contacts induces a current both through the 

WTe2 and the graphene. Electrons injected into graphene from WTe2 (blue 

arrow) are optically investigated to determine the spinful characteristics of the 

electronic states in WTe2. b. Top view schematic diagram of the device 

explaining the region of the spatially resolved MOKE measurement. The 

dashed box indicates the range of spatial scanning while the longitudinal 

electric field is applied to the –x direction. Arrows denote the injection of 

electrons from WTe2 to graphene. The localized K was expected to appear in 

the region marked with black circles. 

 

Figure 4.3 Device geometry and electrical characteristics. a. An optical 

microscope image of device #1 with the number index for each metal contact. 

AFM scan was taken along the yellow line. b. The AFM data indicates the 

thickness of the multilayer WTe2 flake is ~ 4 nm which corresponds to 5 atomic 

layers of WTe2. The thickness of the metal contact shown in the data (30 nm) 

matches well with the targeted deposition thickness. c. The light polarization-

dependent SHG was measured at the center of the multilayer WTe2 in device 

#1. An 800 nm short pulse with an average intensity of 2,830 W/cm2 was used 
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as a pump. Anisotropic SHG reveals the crystal axes of the multilayer WTe2. d. 

Current-voltage output curve of device #1 for each pair of source-drain contacts. 

All contacts are revealed to form Ohmic junctions. Numbers in the legend 

indicate the contact combinations used in each measurement. e,f. VG-dependent 

transfer curve. 0.5 V of drain voltage was applied. g. The magnetoresistance of 

the multilayer WTe2 was measured in a separate Hall measurement device 

shown in the inset. The applied gate voltage was 0.9 V, which is close to the 

charge neutral point. The magnetoresistance does not saturate within |Bz| ≤ 9 T. 

 

Figure 4.4 The full dataset of spatially resolved VG-dependent K measured 

in device #1 is shown as 2D contour plots. The bias voltage of 0.5 V was applied 

to generate a longitudinal electric field in the +x direction, and no external 

magnetic field was applied. The applied VG is indicated at the top left side of 

each panel. The black rectangle indicates the location of the left end part of the 

multilayer WTe2. When VG is between 0 and 1 V, a large K is visible at the y 

position of the hinges, as well as a sign flip of K. 

 

Figure 4.5 Line-cut plots of K at x = 0.75 m. The VG-dependent K in the 

top panel (0 V≤VG ≤ 1 V) shows the localized K near y = ±1.85 m; these 

y positions correspond to the position of the WTe2 hinge (black dashed lines). 
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The VG-dependent Ks for VG = -1.5, -1, 2, 3 V are displayed in the bottom 

panel. 

 

Figure 4.6 Bz-dependent K measurement and gap opening of the multilayer 

WTe2 due to broken time-reversal symmetry. a-c. The line-cut plots show K 

at x = 0.75 m with varying VG under Bz = 0.5 T (a), 1 T (b), and 2 T (c) are 

shown. K is featureless at VG = 1 V when Bz = 0.5 T, while it is flat when the 

applied VG is 0.8 V ≤ VG ≤ 1.2 V under Bz = 1 T. Note that no localized K 

behavior is seen at any VG when Bz = 2 T. Dashed lines in a-c at y = ±1.85 m 

indicate the y position of the WTe2 hinges in the real space. d. Schematic 

diagrams explaining the band structures show the effect of Bz on the spin-

polarized hinge states (black lines) and spin-split bulk bands (colored lines). 

Because Bz breaks the time-reversal symmetry, Dirac fermions at the 

topological hinge states gain an effective mass. This opens a finite energy gap, 

which is proportional to the magnitude of Bz. The gap opening appears as a flat 

K along y since the Fermi level falls within the gap. The dashed lines in the 

diagram indicate the Fermi levels when VG is 0, 1, and 1.5 V. For the case when 

Bz = 2 T (d), the schematic represents one possibility that the hinge states are 

merged into the bulk band due to the induced gap in the hinge states. 
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Figure 4.7 Additional experiment proposed to isolate the hinge characteristics 

(device #4). a. An optical microscopy image of device #4 is shown. Two 

monolayer graphene flakes are separated by a 1.5 m gap. The graphene layer 

for the electron transport measurement is located below WTe2. b, c. Schematic 

representation for the expected K distribution when the spin-polarized 

electrons in graphene originate from the WTe2 hinge states (b) and bulk (c). 

Dashed rectangles are the spatial windows where the MOKE measurements 

were performed. The black arrows represent electron transport. 

 

Figure 4.8 The full dataset of spatially resolved VG-dependent K 

measurement (device #4). 2D contour plots of the VG-dependent K from 

device #4 when Bz = 0 (a) and Bz = 1 T (b). Dashed lines indicate the edge of 

graphene flakes with the 1.5 m gap between them. The black rectangle 

indicates the location of the top-end part of the multilayer WTe2. If the spin 

Hall contribution is the dominant origin of the observed K, additional peaks 

and deeps should appear near the dashed line, as described in Fig. 4a. However, 

the distribution and VG dependence of K is not affected by the existence of a 

graphene gap. 

 

Figure 4.9 Line-cut plot from the spatially resolved VG-dependent K 

measurement in device #4. The line-cut plots are obtained from the 2D contour 
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plots of K at x = 0.3 m with varying VG under Bz = 0 T (a) and 1 T (b), which 

corresponds to Fig. 4.8a and Fig. 4.8b, respectively. Dashed lines indicate the 

x position of the WTe2 hinges in real space. Similar to the result from device 

#1 (Fig. 4.6), suppression of K near the hinge due to the mass gap opening 

occurs when VG = 0.8, 1 V. 

 

Figure 4.10 The temperature-dependent spatially resolved K when VG = 0 V 

(a) and VG = 2 V (b). No magnetic field was applied. Solid rectangles indicate 

the location of the left end part of the multilayer WTe2. Dashed rectangles 

indicate the area where |K| was obtained for each case. The exact positions of 

the marked area are 0 m < x < 1.24 m, 1.7 m < y < 2.3 m for a, and 0 m 

< x < 1.25 m, |y| < 0.6 m for b. 

 

Figure 4.11 Temperature-dependent |K|avg obtained from the spatially 

resolved K measurement shown in Fig. 4.10. The error bars indicate the 

standard variation of the |K|avg for each case. 

 

Figure 4.12 Spatially resolved VG-dependent K with the bias voltage of 0.5 

V along the b-axis. Black rectangles indicate the top-end part of the WTe2 flake. 

No magnetic field was applied. 
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Table 3.1 Comparison of valley Hall mobility and longitudinal mobility. 
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CHAPTER 1 - INTRODUCTION 

 

 

The observation of the quantum Hall effect in the late 20th century led to 

the suggestion of the topological order as a new paradigm for condensed 

matter classification1-4. Over the next few decades, the topological phase of 

matter has become one of the most notable topics in the field of condensed 

matter physics. Today, we can now systematically predict the topological 

phase of materials and their peculiar properties through solid theoretical 

bases. Along with the advances in theoretical understanding of topological 

materials, the experimental research method has made great progress based 

on the development of technology. The optimization of material growth 

methods helped explore the intrinsic properties of topological materials5, 

advanced device fabrication processes led to more precise electronic 

transport experiments using exquisite electronic devices6-8, and state-of-art 

methods such as angle-resolved photoemission spectroscopy (ARPES) made 

the explicit investigation of the electronic band possible9-11. Above all, the 

optical study on the band topology of the condensed matter system is one of 

the fields that has grown rapidly in line with the advance in laser optics. 
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Optical studies on topologically non-trivial states have been conducted12-14, 

and the plasmonic characteristics of the surface states have also been 

studied15,16. Moreover, the introduction of ultrashort pulse laser opened a new 

chapter throughout condensed matter physics as well as the research of 

topological materials17-19.  

 

 

1.1 Motivation 

 

Observing optical properties and analyzing the light-matter interaction in 

a condensed matter system has merits in understanding quantum mechanical 

phenomena in condensed matter systems; one can always choose optical 

excitation with spatial, temporal, and spectral conditions suitable for the 

investigation. Furthermore, spin angular momentum conservation during the 

optical transition and magnetization-dependent electric permittivity of a 

material guarantee spin-sensitive excitation and detection in optical 

experiments. Therefore, with properly designed devices, optical 

methodologies can be used as powerful tools to analyze and visualize the 

intrinsic properties of a material when the material has peculiarities in the 

spin degree of freedom or the geometric phase of the electron, as in 

topological materials. 
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Making optoelectronic devices happened to be something that I have 

learned since the beginning of my graduate studies. Hence, as soon as I came 

across the concept of band topology, I was fascinated by the possibility of 

exploring spin- and topology-related phenomena using optoelectronic 

devices. In particular, I tried to look for the answers to the questions that 

were still remaining for practical reasons, such as valley Hall dynamics of 

free electrons in MoS2 or spin characteristics of the highly confined one-

dimensional (1D) state in 3D crystal, by overcoming the limitations of the 

traditional optical experiments through devising new methodology based on 

well-established experiments. 

 

 

1.2 Thesis highlights 

In this dissertation, I will present my work on revealing spinful phenomena 

that are derived from the band topology of 2D materials. There are five 

chapters, including this introduction.  

In Chapter 2, the theoretical background and details of the device and 

experiments are described. First of all, the basic concept and brief history of 

the topological insulators (TIs) and anomalous Hall effect (AHE) are 

introduced. Secondly, the magneto-optic Kerr effect (MOKE) is explained 

as observing the polar Kerr effect was the key method for detecting electron 
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spin polarization in my studies. Lastly, the experiment setup I constructed 

for the experiments and details of the device fabrication process is discussed. 

In Chapter 3, the “non-excitonic” valley Hall effect (VHE) in MoS2 and 

its dynamic properties are demonstrated. Employing the non-excitonic VHE 

which was achieved by injecting spin-polarized electrons from the 

monolayer WTe2, I observed a long valley polarization lifetime of more than 

4 ns and valley Hall mobility exceeding 4.49ⅹ103 cm2/Vs. These valley 

transport properties are orders of magnitude larger than the exciton-involved 

VHE, which is constrained by the fast valley depolarization of exciton due 

to the Maialle-Silva-Sham exchange process. The origin of the non-excitonic 

VHE is also investigated in this study. From the spatially resolved ultrafast 

Kerr-rotation microscopy, it is confirmed that the intrinsic VHE contribution 

caused by the Berry curvature distribution is dominant over the scattering-

dependent extrinsic contribution. 

In Chapter 4, I show the experimental evidence supporting the spinful 

hinge state protected by the time-reversal symmetry in the multilayer WTe2. 

Based on the theoretical prediction that the multilayer Td-WTe2 may be a 

higher-order topological insulator (HOTI), few recent studies have shown 

there are 1D conducting channels confined at the hinges of the multilayer 

WTe2. For further investigation, I designed a WTe2-graphene heterostructure 

device and observed the spatially resolved Kerr rotation to reveal the spin 

configuration of the hinge states. The external magnetic field dependence of 
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spatially resolved differential Kerr rotation evidenced that the multilayer 

WTe2 hosts helical, spinful, and time-reversal invariant hinge states. In this 

study, the alternative origins of the differential Kerr rotation, such as AHE, 

are ruled out through the control experiments to ensure the existence of 

spinful hinge states.   
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CHAPTER 2 –  

THEORETICAL FOUNDATIONS 

AND KEY METHODS 

 

 

2.1 Topological insulators 

2.1.1 Introduction 

An atomic insulator and semiconductor can be regarded as having the 

same phase in a broad sense. They both have an energy band gap that 

separates the empty conduction band from the occupied valence band. 

Although the size of the energy gap is different for each material, one can 

continuously transform the Hamiltonian of a system to the Hamiltonian of 

another without closing the energy gap in general. However, the discovery 

of the integer quantum Hall effect (QHE) revealed a new insulating phase 

that cannot be continuously deformed into an ordinary insulator while 

conserving the energy gap. The quantum Hall insulating phase arises when 

an external magnetic field is applied to 2D electron gas20. The strong 
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magnetic field induces cyclotron motion of electrons that forms quantized 

Landau levels, and when the given system is a 2D crystal, the periodic 

potential leads to the gapped Landau band structure which is identical to the 

gapped band structure of an ordinary insulator. In spite of the similarity of 

band structure, the quantum Hall insulating phase has a quantized Hall 

conductivity 

𝜎𝑥𝑦 =
𝑁𝑒2

ℎ
. (2.1) 

The distinction between an ordinary insulator and a quantum Hall insulator 

(QHI) can be explained by the “topology” of their band structure. 

 

 

2.1.2 Topological band theory: quantum Hall insulator 

 

The Bloch Hamiltonian describing the gapped band structures can be 

distinguished into the equivalence classes of Bloch Hamiltonians that can be 

adiabatically transformed into one another without closing the energy gap. 

These classes can be characterized by a topological invariant that is 

associated with the Berry phase of the Bloch wave function1. In 1982, 

Thouless, Kohmoto, Nightingale, and den Nijs (TKNN) proposed a 

topological invariant 𝑛 ∈ ℤ  which is now known as Chern number or 

TKNN invariant, 
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𝑛𝑖 =
1

2𝜋
∫𝑑2𝐤ℱ𝑖, (2.2) 

where ℱ𝑖 = ∇𝑘 × 𝑖⟨𝑢𝑚|∇𝑘|𝑢𝑚⟩ is the Berry curvature of the band, while 

𝑢𝑖 is the Bloch wave function and i is an index for a band. 

 

Figure 2.1 Topology and quantum Hall effect. a. A ball and a doughnut have a distinct 

topology that is characterized by the number of “holes” g. Here, g can be computed by 

integrating the Gaussian curvature over the surface. b. A quantum Hall insulator and 

its interface with the ordinary insulator. The skipping motion of electrons along the 

boundary of the quantum Hall insulator forms a chiral 1D conducting channel. c. A 

schematic band structure of an ordinary insulator with a finite bandgap. d. In the 

quantum Hall insulator, the chiral boundary states appear as a gapless in-gap mode. 

 

Note that Chern number ni denotes the total Berry curvature in the Brillouin 

zone (BZ) and cannot be changed by the smooth variation of the Hamiltonian 

as a topological invariant analogous to the genus of a 3D object in topology 

(Fig. 2.1a). In the perspective of physical interpretation, the Chern number 
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denotes the electric polarization difference induced by the adiabatic 

threading of a magnetic flux quantum through the cylinder, as described by 

Laughlin’s argument2. As a topological invariant, ni classifies bands into 

equivalent classes while the physical realization of it is directly related to the 

quantum Hall conductivity xy; the Kubo formula expression of xy in Eq. 

(2.1) 

𝜎𝑥𝑦 =
𝑁𝑒2

ℎ
=

𝑒2

2𝜋ℎ
∫𝑑2𝒌ℱ𝑖, (2.3) 

shows that N is identical to ni in Eq. (2.2). This suggests that the quantization 

and quantized value of xy is robust against any perturbation that alters the 

Hamiltonian smoothly. 

From the practical point of view, the fundamental of quantized xy can be 

understood by the “skipping” motion of electrons near the edge of a QHI (Fig. 

2.1b). Due to the presence of an edge, the cyclotron motion of electrons 

cannot be completed, forming the chiral edge state of one-directional 

propagation along the interface between the QHI and an ordinary insulator. 

Regarding the chiral edge state as a product of forced cyclotron motion, it is 

clear that the backscattering of electrons from any non-magnetic disorder is 

forbidden. Such a robust chiral transport is the background of the strict 

quantization of xy. 

Graphene under a periodic magnetic field provides a compact model for 

the understanding of QHE in terms of the topological band theory. Starting 
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from the 2×2 Bloch Hamiltonian for graphene 𝐻(𝐪) = ℏ𝑣𝐹𝐪 ∙ 𝜎  where 

relative momentum 𝐪 ≡ 𝐤 − 𝐊 is defined by the corner of BZ K (and 𝐊′ =

−𝐊) and vF is Fermi velocity, the inversion and time-reversal symmetry make 

𝐻(𝐪) a 2D massless Dirac Hamiltonian with the degenerate Dirac point 

protected by the combination of both symmetries. Here, the violation of 

inversion symmetry makes the Dirac Hamiltonian massive and leads the 

system to become an ordinary insulator with the dispersion 𝐸(𝐪) =

±√(ℏ𝑣𝐹𝐪)2 + 𝑚2 that has a 2|𝑚| of the energy gap. On the other hand, 

breaking time-reversal symmetry by the periodic magnetic field that follows 

the symmetries of honeycomb lattice makes K and K′ have masses with 

opposite signs21. In this system setup which is called the Haldane model, the 

gapped state has 𝜎𝑥𝑦 = 𝑒2/ℎ as a QHI. 

 

 

2.1.3 Bulk-boundary correspondence 
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Figure 2.2 Bulk-boundary correspondence of the QHE. a. A chiral edge state in a semi-

infinite plane. b. The interface between an ordinary insulator and QHI is associated 

with the sign change of y-dependent mass m(y). The y-direction plane wave solution 

gives the edge-localized state. c. Haldane’s model describes the connection of 

conduction and valence band at distinct valleys by the chiral edge state of the semi-

infinite QHI. d. The changed Hamiltonian makes the detail of the edge state change. 

However, the difference between right-moving (right-up red lines) and left-moving 

(right-down red lines) modes remains unchanged. 

 

The gapless conducting edge state is a representative feature of the system 

with topologically non-trivial bands. The origin of such a peculiar state relies 

on the topological classification of the bulk bands. The explicit way of 

showing the effect of bulk topology on the edge mode is to apply the Jackiw 

Rebbi model22. Consider the y-dependent mass m(y) changes its sign at the 

Dirac point so that the 2D system has an insulating state with m(𝑦) > 0 and 

quantum Hall state with m(𝑦) < 0  ( m′(𝑦) = −m(𝑦) > 0 ) while the 

system has translation symmetry along the x axis, as shown in Fig. 2.2a. By 

assuming the plane wave solution of the Dirac Hamiltonian 𝜓𝑞𝑥
(𝑥, 𝑦) =
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𝑒i𝑞𝑥𝑥𝜑(𝑦) , the given 2D system of the interface between topologically 

distinct states can be simplified into a 1D Jackiw Rebbi problem that gives  

𝜓𝑞𝑥
(𝑥, 𝑦) ∝ 𝑒i𝑞𝑥𝑥 exp(−∫ 𝑑𝑦′𝑚(𝑦′)𝑑𝑦′/𝑣𝐹

𝑦

0
) (

1
1
) (2.4) 

with the linear band dispersion 𝐸(𝑞𝑥) = ℏ𝑣𝐹𝑞𝑥 which represents the chiral 

edge state23. Likewise, the Haldane model explanation of the infinite strip of 

QHI suggests a single chiral edge state connecting the valence band and 

conduction band at K′ and K point, respectively (Fig. 2.2c). In Fig. 2.2c and 

d, the effect of smooth variation in the Hamiltonian is clearly visualized. 

While the chiral edge has only positive group velocity 𝑑𝐸/𝑑𝑞𝑥 = ℏ𝑣𝐹 

(right-moving mode) in the case shown in Fig. 2.2c, the changed Hamiltonian 

gives two right-moving edge modes (NR = 2) and one left-moving edge mode 

(NL = 1) at the intersection with the Fermi energy as shown in Fig. 2.2d. 

However, the difference ∆𝑛 = 𝑁𝑅 − 𝑁𝐿 = 1 is conserved regardless of the 

detailed structure of the edge state. Here, ∆𝑛  is identical to the Chern 

number difference across the interface between two states, and bulk-

boundary correspondence stands for the role of bulk topology, which 

determines ∆𝑛 and thus shapes the fundamental of the edge state. 

 

 

2.1.4 Z2 topological insulators 
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One essential assumption for the QHE is the violation of time-reversal 

symmetry that breaks the degeneracy at the Dirac point due to any kind of 

magnetic order. In contrast, the quantum spin Hall effect (QSHE) appears 

under the time-reversal symmetric condition in the system of spin 1/2 

particles. The origin of QSHE can be summarized by the new mass term in 

the Dirac Hamiltonian related to the spin degree of freedom that leads to a 

band gap opening proportional to the spin-orbit coupling (SOC)24. The 

generalized Haldane model that includes spin-dependent hopping terms to 

consider the effect of SOC also can describe the QSHE. The resultant edge 

state of the quantum spin Hall insulator (QSHI) consists of a pair of two 

counter-propagating modes that is coupled with up and down spins. 

 

 

Figure 2.3 Haldane’s model for QSHI and Kramers’ degeneracy. a. The helical edge 

states are localized at the interface between a QSHI and an ordinary insulator. The 

intrinsic SOC is responsible for such spin-momentum-locked edge modes. b. Two 

Kramers degenerate points (empty circles) at the TRIM are connected pairwise with 

each other. The spin-split states between the TRIM intersect Fermi level EF even 

number of times. c. When the degenerate points are connected, as shown in c, the spin-
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split states intersect EF odd number of times and cannot be eliminated. In b and c, only 

half of BZ is shown since the time-reversal symmetry guarantees the identity of the 

time-reversal pair in −𝝅/𝒂 < 𝒌 < 𝟎. 

 

Figure 2.3a shows the real space spinful edge modes and Haldane model 

expression of a semi-infinite graphene strip that is a QSHI. The time-reversal 

pair of chiral modes form a helical edge state in QSHI. Thus a finite QSHI 

channel can have conducting channels at both edges so that the total 

conductivity is quantized with the unit conductivity of 𝜎 = 2𝑒2/ℎ. Note that 

the QSHE is not reported in actual graphene due to the lack of SOC that 

generates a mass gap at the corner points of the BZ. 

It is most important to understand how time-reversal symmetry works on 

the spin 1/2 particle to explain the band topology and corresponding bulk-

boundary correspondence of the QSHI. The time-reversal symmetry can be 

expressed as a form of an anti-unitary operator acting on a Hilbert space 

Θ = 𝑒−i𝜋𝑆𝑦𝐾, (2.5) 

where Sy is a spin operator and K is complex conjugation. Assume there is a 

time-reversal invariant Hamiltonian that has a non-degenerate state |𝜒⟩, so 

that 

Θ|𝜒⟩ = 𝑐|𝜒⟩ (2.6) 

for some constant c. Here, there is no solution for electron since Eq. (2.6) 

means 
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Θ2|𝜒⟩ = |𝑐|2|𝜒⟩, (2.7) 

while Θ2 = (−1)2𝑆 = −1 for electron, a spin S = 1/2 particle, but |𝑐|2 ≠

−1 for any c. Therefore, any time-reversal symmetric system with S = 1/2 

should have a time-reversal invariant Hamiltonian that is at least twofold 

degenerate. This constraint is called Kramers’ degeneracy theorem. For a 

system with the Hamiltonian, which has in-gap edge states, the in-gap states 

should be twofold degenerated at the time-reversal invariant momenta 

(TRIM) for the spin up and down state. Regarding the spin-orbit interaction 

that splits the degeneracy at the momentum away from TRIMs, the 

degenerated state at TRIMs can be connected in two ways, as shown in Fig. 

2.3b and c. In the case of a pairwise connection (Fig. 2.3b) where the edge 

modes intersect Fermi level EF even number of times, the in-gap edge states 

can be removed by the smooth modulation of Hamiltonian through pushing 

the edge states out of the gap. On the contrary, the in-gap edge states cannot 

be removed by the similar modulation of Hamiltonian in the case shown in 

Fig. 2.3c, where the edge modes intersect EF odd number of times. The 

difference between these two cases is characterized by the number of time-

reversal pairs of intersections in total BZ NK (note Fig. 2.3b,c shows only 

half of the BZ). Here, NK is determined by the change in the topological 

invariant , which is called Z2 invariant, across the interface between two 

bulk bands as 
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𝑁K = ∆𝜈 mod 2, (2.8) 

defining the bulk-boundary correspondence for QSHI.  

There are various ways to calculate the Z2 invariant according to the 

symmetry of the given system, while it can be generally computed from the 

occupied Bloch functions. For example, the Z2 invariant of a 2D system with 

conserved perpendicular spin Sz can be considered to have an independent 

Chern number for each of the up and down spin modes so that the quantized 

spin Hall conductivity is defined by the difference in the number of counter-

propagating spin-up and -down modes as 

𝜈 =
|𝑛↑−𝑛↓|

2
 mod 2, (2.9) 

while the time-reversal symmetry requires 𝑛↑ + 𝑛↓ = 0. When the crystal 

has inversion symmetry,  can be computed even simpler by obtaining the 

parity eigenvalue at the special points in the BZ. 

The Z2 topology found in condensed matter systems is often represented 

by the strong SOC of the given system and topologically non-trivial band 

inversion, which induces negative Dirac mass. The inversion of the 

conduction and valence band was first achieved by manipulating the 

thickness of the HgTe/CdTe quantum well25, and over the following decade, 

numerous 2D and 3D TIs derived from HgTe quantum well25, narrow gap 

semiconductors26, and p orbital related Bi2Se3 family27. 
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2.1.5 Higher-order topological insulators 

The boundary states of QHI or QSHI host peculiar characteristics that are 

protected by the bulk band topology through the bulk-boundary 

correspondence. Further from the 2D problems discussed earlier, the concept 

of topologically protected boundary states can also be applied to general d-

dimensional systems. There, the topological distinction between two d-

dimensional bulk states requires (d-1)-dimensional boundary to be gapless 

and its degeneracy protected by the bulk-boundary correspondence. Beyond 

this paradigm, Benalcazar, Bernevig, and Hughes suggested the 

generalization of bulk-boundary correspondence that supports (d-n)-

dimensional gapless boundary mode that is protected by the topology of the 

d-dimensional bulk of the nth-order TI28,29. Starting from the four-band 

model with an anti-unitary term for combined symmetry, chiral and helical 

HOTIs were predicted, and the new topological classifications, e.g., ZⅹZ, 

Z2ⅹZ2, and Z4, are proposed based on various combinations of symmetries. 

Compared to the topological band gap inversion found in the Z2 TIs, the 

phenomenological origin of the higher-order topology can be represented by 

the strong SOC and doubly band inversion associated with four low energy 

bands. So far, the band structure and corresponding topological features of 

HOTIs have been predicted by well-established methods such as a multi-

orbital tight-binding model, first principle calculation, and Wilson loop 
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calculation28-31. So far, only a few materials e.g., bismuth32,33, SnTe28,34, and 

twisted bilayer graphene35 were predicted to have higher-order band 

topology,  

 

 

2.2 Anomalous Hall effect 

2.2.1 Introduction 

 

The Hall effect describes the charge carrier transport transverse to the bias 

electric field that is caused by the Lorentz force from the external magnetic 

field. The anomalous Hall effect (AHE) was first reported not long after the 

discovery of the Hall effect as an abnormal increase of transversal current in 

ferromagnetic metals. While the Hall effect could be explained by classical 

electromagnetics, the description of AHE remained unresolved until the 

concept of geometric phase and band topology was formalized recently. 
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Figure 2.4 Schematic diagrams describing the Hall effect family. From the discovery 

of the Hall effect based on classical electromagnetism, Hall effects with time-reversal 

symmetry, spin-degree of freedom, and band-topology-related phenomena were 

discovered. The figures are adopted from Ref. 36 

 

The AHE is now explained as a combination of intrinsic Hall conduction 

generated by the SOC under broken time-reversal symmetry and scattering-

involved extrinsic conduction based on the quantum mechanical transport 

theory. Moreover, the spin Hall effect (SHE), a generation of spin currents 

in a direction transverse to electrical currents, is explicated by similar 

mechanisms as a spinful form of AHE. With the augmented understanding 

of the topological aspect in Hall transport regimes, we now have a complete 

family of Hall effects shown in Fig. 2.4 that includes the topologically 

protected quantum-version of Hall effects36.  
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2.2.2 Intrinsic contribution 

 

 

Figure 2.5 Schematic diagram describing the intrinsic contribution of AHE. The Berry 

curvature distribution of the system decides the carrier transport transverse to the 

external electric field while the time-reversal symmetry is conserved. The figure is 

adapted from Ref. 5 

 

The intrinsic component of AHE is decided by the band structure of the 

crystal only, as its name suggests. This contribution 𝜎𝑖𝑗
𝑖𝑛𝑡 can be explicitly 

calculated from the Kubo formula for given Bloch Hamiltonian H with the 

eigenstates |𝑛, 𝑘⟩ and corresponding eigenvalues 휀𝑛(𝑘) as 

𝜎𝑖𝑗
𝑖𝑛𝑡 = 𝑒2ℏ∑ ∫

𝑑𝒌

(2𝜋)𝑑
[𝑓(휀𝑛(𝒌)) − 𝑓(휀𝑛′(𝒌))] ×𝑛≠𝑛′

Im
⟨𝑛, 𝒌|𝑣𝑖(𝒌)|𝑛′, 𝒌⟩⟨𝑛′, 𝒌|𝑣𝑗(𝒌)|𝑛, 𝒌⟩

[𝜀𝑛(𝒌)−𝜀𝑛′(𝒌)]
2 , (2.8) 

where the velocity operator 𝑣(𝒌) =
1

𝑖ℏ
[𝑟, 𝐻(𝒌)] =

1

ℏ
∇𝒌𝐻(𝒌)  relates 

𝜎𝑖𝑗
𝑖𝑛𝑡with the band topology. Such a relationship can be derived from 
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⟨𝑛, 𝒌|∇𝒌|𝑛
′, 𝒌⟩ =

⟨𝑛, 𝒌|∇𝒌𝐻(𝒌)|𝑛′, 𝒌⟩

𝜀𝑛′(𝒌)−𝜀𝑛(𝒌)
, (2.9) 

thus Eq. (2.8) can be reduced to 

𝜎𝑖𝑗
𝑖𝑛𝑡 = −휀𝑖𝑗𝑙

𝑒2

ℏ
∑ ∫

𝑑𝒌

(2𝜋)𝑑
𝑓(휀𝑛(𝒌))Ω𝑛

𝑙 (𝒌)𝑛  (2.10) 

where Ω𝑛
𝑙 (𝑘)  is the Berry curvature Ω𝑛

𝑙 (𝑘) = ∇𝑘 × 𝐴𝑛(𝑘)  defined by 

Berry potential 𝐴𝑛(𝑘) = 𝑖⟨𝑛, 𝑘|∇𝑘|𝑛, 𝑘⟩  and 휀𝑖𝑗𝑙  is the antisymmetric 

tensor. Note that the semi-classical transport theory based on the equation of 

motion of Bloch state wave packets can draw the same transport 

contribution37.  

 

 

2.2.3 Skew-scattering and side-jump contribution 

 

 

Figure 2.6 Schematic diagram describing the skew scattering (a) and side jump (b) 

contribution of AHE. The figure is adapted from Ref. 5 

 

The most distinctive feature of the skew-scattering contribution compared 

to other contributions is its dependence on transport lifetime . The origin of 

skew-scattering can be summarized as a chiral scattering from the disorder 
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affected by SOC. The transition due to the perturbation V is represented by 

the transition probability 𝑊𝑛→𝑛′ using Fermi’s golden-rule as 

𝑊𝑛→𝑛′ =
2𝜋

ℏ
|⟨𝑛|𝑉|𝑛′⟩|2𝛿(𝐸𝑛 − 𝐸𝑛′). (2.11) 

Generally, the transition probability 𝑊𝑛→𝑛′ is considered to be identical to 

𝑊𝑛′→𝑛. However, in the presence of SOC, asymmetric chiral perturbations 

appear on the third-order term of the scattering rate in the power of the 

disorder strength38. The effect of chiral perturbation can be modeled with the 

asymmetric part of the transition probability 

𝑊𝑘𝑘′
𝐴 = −𝜏𝐴

−1𝒌 × 𝒌′ ∙ 𝑴𝑠 (2.12) 

that differentiates 𝑊𝑛→𝑛′ from 𝑊𝑛′→𝑛. In other words, disorder scattering 

in a spin-orbit coupled and magnetized environment is biased to the left or 

right side according to the magnetization and spin of the carrier. Therefore, 

the skew-scattering contribution to the anomalous Hall conductivity is 

approximately proportional to the transport lifetime. 

The side-jump contribution to AHE is generated by the transverse 

displacement of a wave packet during the scattering from the impurity that 

has SOC. This can be modeled as a Gaussian wave packet scattered by a 

spherical potential well, while the SOC term 𝐻SO =

(1 2𝑚2𝑐2⁄ )(𝑟−1 𝜕𝑉 𝜕𝑟⁄ )𝑆𝑧𝐿𝑧 is in presence. The resultant displacement is 

∆𝑦 =
1

6
𝑘𝜆𝑐

2  to the direction transverse to the wave vector k with 𝜆𝑐 =

ℏ 𝑚𝑐⁄  is the Compton wavelength39. With this argument rely on semi-
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classical Boltzmann transport theory, the side-jump contribution is described 

to be independent of , similar to the intrinsic contribution. Note that this 

model deals with the non-SOC part of the wave packet scattering in a weak 

SOC limit. In crystals with strong SOC, the contribution from the SOC part 

of the wave packet scattered by the scalar potential without SOC should be 

considered40. However, this so-called “intrinsic” side-jump contribution is 

also independent of , sharing the generic characteristics of the “extrinsic” 

side-jump contribution. Therefore, the side-jump contribution is often 

estimated by calculating -independent component remaining after 

excluding the intrinsic and skew-scattering contribution since the latter two 

contributions are relatively easy to identify based on the theoretical 

computation and  -dependence, respectively. 

 

 

2.2.4 Spin Hall effect 

The SHE stems from the concept of AHE, while the spin current 

t0ransverse to the charge current is induced in the non-magnetic material by 

SHE. Similar to the AHE, the microscopic origin of SHE is characterized by 

three conductivity contributions; intrinsic, skew-scattering, and side-jump.  
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Figure 2.7 Schematic diagram explaining the intrinsic contribution of SHE. The figure 

is adapted from Ref. 41. 

 

The intrinsic contribution can be illustrated semi-classically using the 

Kubo formula, as intrinsic AHE was described by the identical formula 

earlier in Sec. 2.2.2. In terms of physical meaning, the intrinsic contribution 

is derived by the spin precession of the Bloch electrons under the 

momentum-dependent magnetic field induced in the perfect crystal while 

they are accelerated by the external electric field41 (Fig. 2.7). The skew-

scattering and side-jump contribution are valid for the SHE, in both weak 

and strong SOC regime with slightly different microscopic mechanism 

considering the amplitude of spin-dependent splitting of the bands42. 

Because the pure spin current does not necessarily involve the carrier 

transport alongside the spin transport, spin-sensitive detection methods such 

as optical probing of spin polarization or electrical probing using 

ferromagnetic contacts should be used to observe the SHE experimentally. 
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One of the earlier studies used the magneto-optical Faraday or Kerr effect to 

detect the SHE-induced spin accumulation at the side edge of the 

semiconductor channel43. The inverse SHE, the generation of charge current 

derived by the spin current in a spin-orbit coupled system, was adopted for 

the electrical detection of both optically and electrically induced SHE44,45. In 

addition, the direct detection of spin using the non-local spin valve device 

made of ferromagnetic metal contact is widely used based on the Hanle spin 

precession46-48.  

 

 

Figure 2.8 Electrical measurement of the SHE induced in graphene/MoS2 van der 

Waals heterostructure. The figure is adapted from Ref. 48. 

 

Recently, the surge of interest in 2D materials such as graphene and 

transition metal dichalcogenides (TMDs) influenced the study of AHE and 

SHE. Especially in TMDs, the presence of valley pseudospin suggests the 

Hall effect related to the valley degree-of-freedom, namely the valley Hall 

effect (VHE) that will be discussed in Section 3. 
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2.3 Magneto-optical Kerr effect 

 

 

Figure 2.9 Three distinct configurations of the magneto-optical Kerr effect; a. Polar 

Kerr effect, b. longitudinal Kerr effect, and c. Transverse Kerr effect. The orientation 

of magnetization is normal to the reflecting surface in the polar Kerr effect regime (a). 

The orientation of magnetization is in both the reflecting surface plane and the plane of 

incidence in the longitudinal Kerr effect regime (b). The orientation of magnetization 

is in the reflecting surface but normal to the plane of incidence in the transverse Kerr 

effect regime (c). 

 

The magneto-optical Kerr effect (MOKE) is one of the light-matter 

interactions caused by the magneto-optical characteristics of the material. 

When the linearly polarized light is injected into a target material with the 

magnetization M0, the reflected light polarization gains ellipticity K and 

rotates by the Kerr rotation angle K. The MOKE can be classified into three 

distinct configurations; polar Kerr effect, longitudinal Kerr effect, and 
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transverse Kerr effect, with respect to the relative orientation of M0 and the 

plane of incidence (Fig. 2.9). All three regimes can be expressed in terms of 

2ⅹ2 reflection coefficient tensor for TE and TM polarizations, while the off-

diagonal components are proportional to the first-order effect of M0 and their 

phases are different from those of diagonal components. In this dissertation, 

only the polar MOKE will be discussed since it can be modeled more simply 

and used in optical experiments. 

An electromagnetic wave propagating in the –z-direction with the 

polarization of the x-direction can be expressed as 

𝐸𝑖(𝑧, 𝑡) = 𝑥ℇ exp(−i𝑘𝑧 − i𝜔𝑡) =
ℇ

√2
(�̂�+ + �̂�−) exp(−i𝑘𝑧 − i𝜔𝑡), (2.13) 

by using normal modes �̂�± =
1

√2
(𝑥 ± i�̂�) that are complex eigenvectors 

denoting left- and right-circularly polarized unit vectors. Here, both 

eigenvectors have propagation constant k. The reflection of normal modes is 

expressed by distinct and independent reflection coefficients 𝑟± =

(1 − 𝑛±) (1 + 𝑛±)⁄  for �̂�±. The refraction indices 𝑛± are defined as 

𝑛± = √𝑛⊥
2 ∓ 𝜉, (2.14) 

while 𝜉 is the parameter for the first-order effect of magnetization (𝜉 ∝ 𝑀0) 

and 𝑛⊥
2  is one of the parameters for the second-order effect on the dielectric 

permittivity tensor ( 𝑛⊥
2 ∝ 𝑀0

2 )(Appendix A). After the reflection, the 

reflected wave is described by 
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𝐸𝑟(𝑧, 𝑡) = �̂�+𝑟+ℇ+ exp(i𝑘𝑧 − i𝜔𝑡) + �̂�−𝑟−ℇ− exp(i𝑘𝑧 − i𝜔𝑡) 

=
ℇ

√2
(�̂�+𝑟+ + �̂�−𝑟−) exp(i𝑘𝑧 − i𝜔𝑡) 

=
ℇ

2
[𝑥(𝑟+ + 𝑟−) + i�̂�(𝑟+ − 𝑟−)] exp(i𝑘𝑧 − i𝜔𝑡) 

(2.15) 

with the modified polarization 

tan𝐴𝑒i𝜑 = i
𝑟+−𝑟−

𝑟++𝑟−
. (2.16) 

In general, |𝑟+ − 𝑟−| ≪ |𝑟+ + 𝑟−| for practical magnetic materials, thus the 

polarization can be approximated as 

tan𝐴𝑒i𝜑 ≈ 𝐴𝑒i𝜑 ≈ 𝜃𝐾 + i𝜖𝐾, (2.17) 

while 𝜃𝐾  is the Kerr rotation angle and 𝜖𝐾  is the Kerr ellipticity. As a 

result, 𝜃𝐾 and 𝜖𝐾 are given by 

𝜃K = Im[
𝜉

𝑛⊥(𝑛⊥
2−1)

],   𝜖K = −Re [
𝜉

𝑛⊥(𝑛⊥
2−1)

], (2.18) 

respectively. To summarize, the polarization of the linearly polarized light 

rotates during the reflection from a magnetic material, and the magnetic 

circular dichroism is responsible for such rotation (Kerr rotation, 𝜃K). In 

some cases, the magnetic birefringence also induces the elliptic component 

(Kerr ellipticity, 𝜖K). 

The MOKE is a useful tool for the observation of the intrinsic 

magnetization and the magnetic moment induced in the target material. One 

practical application is Kerr microscopy, which can resolve the magnetic 
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domains and their magnetization in the magnetic material. Another valuable 

way of using MOKE is to measure the spin polarization induced in non-

magnetic materials. Compared to the method of analyzing the polarization of 

photoluminescence, MOKE measurement has the advantage that it can be 

applied to experiments on gapless materials or materials with an indirect 

band gap. Moreover, since MOKE is an instantaneous phenomenon, it can 

also be used to observe the dynamic characteristics of the sample when 

combined with ultrafast pulse lasers. This so-called time-resolved Kerr 

rotation measurement is widely used in studies on spin-valley dynamics in 

TMDs and spin dynamics in topological states49-51. The generic design of the 

optical system for Kerr rotation measurement is shown in Fig. 2.10.  

 

 

Figure 2.10 Schematic diagram of a basic experimental system for Kerr rotation 

measurement. The polarizer and /2 waveplate can be replaced with a single polarizer 

in some cases. 

 

First, the initial linear polarization of the incident light is set by a linear 

polarizer and optional waveplate. The rotation of light polarization is then 
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obtained by using a Wollaston prism and balanced detector, which separates 

and measures the s and p polarization components of the reflected light. Here, 

note there is a /2 waveplate between the sample and Wollaston prism. This 

waveplate is used for the zeroing of the balanced detector before placing the 

beam spot at the sample. The spatially and temporally resolved Kerr rotation 

measurement system I built, introduced in the next section, also includes this 

configuration. 

 

 

2.4 Experimental setup and device fabrication 

 

2.4.1 Ultrafast pulse laser system 

An ultrafast pulse laser system based on Ti:Sapphire crystal was used for 

the time-resolved experiments introduced in this dissertation. The system is 

composed of three major parts; an oscillator, an amplifier, and a pulse 

duration modulator. In the oscillator (Micra/Verdi, Coherent), Nd:YVO4 

diode laser generates a continuous-wave (CW) 532 nm pump that seeds Z-

cavity that has a Ti:Sapphire as a gain medium. Here, weak pulses with a 

center wavelength of 800 nm and a repetition rate of 80 MHz are generated 

by using the Kerr lens mode locking technique. Then the pulse duration is 

extended by the stretcher grating in the pulse duration modulator 
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(stretcher/compressor, Coherent) to prevent unintentional nonlinear effects 

or damage of optics during the amplification. After the stretching, the initial 

pulse goes through regenerative Ti:Sapphire amplification pumped by a 532 

nm CW laser in the amplifier (Reg A, Coherent). The Q-switching and cavity 

dumping methods are used to make high-power pulses with a center 

wavelength of 800 nm and a repetition rate of 250 kHz. Finally, the pulse 

duration is compressed by the compressor grating in the pulse duration 

modulator to form a 50-fs pulse that would be used for the ultrafast time-

resolved experiments. 

 

 

Figure 2.11 A schematic describing the Ti:Sapphire regenerative amplifier. 

 

There are several techniques that can be used to modulate the wavelength 

of the ultrafast pulse for optical experiments on a wider range of target 

systems. The second harmonic generation (SHG) and white-light generation 

(WLG) are typical examples of this modulation technique that can easily 



 

32 

obtain frequency-doubled pulse and broadband continuum pulse, 

respectively. A nonlinear crystal such as beta-barium borate (-Ba(Bo2)2, 

BBO) is generally used to generate photons with doubled energy from the 

incident photons. The WLG, however, is rather a general phenomenon that 

appears in various types of materials (crystals, gases, liquids etc.) due to the 

self-phase modulation with self-steepening by the self-focusing of short, 

intense pulse laser. The spectral broadening is achieved by the combination 

of these nonlinear optical effects while the pulse duration is not conserved. 

For the WLG used in the experiments covered in this dissertation, a 

compressed 50-fs, 800-nm pulse was focused at a 2-mm-thick sapphire disk 

to generate the stable super-continuum. More advanced ways of wavelength 

modulation, such as optical parametric amplification and differential 

frequency generation, are also available but will not be discussed in detail in 

this dissertation. 

 

 

2.4.2 Multi-role microscopy system 

The majority of spatially and temporally resolved optical experiments 

discussed in this dissertation was performed under stable cryogenic condition. 

An optical cryostat with a microscope imaging system that is coupled with 

the multiple pulse laser alignment is essential for such experiments, and the 
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electrical access to the sample device is also vital for the electrical 

measurements. In order to design a single experimental setup that is 

compatible with all the optical experiments that need to be performed over 

one sample, I built a multi-role microscopy system based on the 

manufactured optical microscope frame (BX51WI Olympus). 

 

 

Figure 2.12 Schematic diagram of the home-built multi-role microscopy system. All 

possible variations of the setup are shown at once. 

 

Two input laser beams can be used simultaneously, and the motorized 

delay stage (M-IMS300PP, Newport) controlled by a motion controller 

(ESP301, Newport) is placed on one of the input paths for the ultrafast time-
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resolved experiments. All available light sources, including CW 

supercontinuum, diode lasers, and wavelength-modulated pulse lasers from 

Ti:Sapphire amplifier, were compatible with both input beam paths. 

Scanning mirrors (GVS012/M, Thorlabs) and 4f-lens pairs were placed for 

proper 2D scanning of the incident beam at the sample position. The 

polarization optics suitable for each experiment were placed after the 

scanning mirror and lens pairs to manipulate the light polarization. Here, 

both manual (RSP1/M, Thorlabs) and motorized (PR50CC, Newport) 

rotation mounts were used for precise polarization control. The two input 

beam paths were combined with the beamsplitter outside the microscope and 

delivered to the objective lens by a beamsplitter inside the microscope, while 

all the beamsplitters can easily be replaced by dichroic filters or mirrors as 

occasion demands. The delivered beams were focused on the sample inside 

the cryostat by the objective lens, and the same objective lens collected the 

light reflected or radiated from the sample and delivered them to the optical 

detection part of the setup.  

The light containing the signal from the device was separated by the 

beamsplitter or dichroic filter inside the microscope. Then, depending on the 

type of experiment, the signal was put into the monochromator (MonoRa320i, 

Dongwoo Optron) for spectroscopy or put directly into the detectors. The 

monochromator was used with a charge-coupled device (CCD) to take the 

snapshot of the spectrum (iKon-M934, Andor) and an avalanche 



 

35 

photodetector (APD, APD410A/M, Thorlabs) for spectral scanning of the 

signal. Wollaston prism (WP10, Thorlabs) and balanced detector 

(NIRvana2008 and NIRvana2018, Newport) were used for the Kerr rotation 

measurements. The data were acquired by a lock-in amplifier (SR850, 

Stanford Instruments) connected to the detectors. For the lock-in amplifier 

technique, the probe beam was modulated by the mechanical chopper which 

is coupled to the lock-in amplifier through the chopper controller (310CD, 

Scitec Instruments). As a result, the photoluminescence (PL) spectroscopy, 

reflection (absorption) spectroscopy, SHG measurement, MOKE 

measurement, and the time-resolved variant of those experiments can be 

performed with a spatial resolution of ~ 1 m using the single microscopy 

system. 

In addition to the optical measurements, the electrical characteristics of the 

sample device can also be measured by using the electrical access embedded 

in the optical cryostat (Microstat Hires, Oxford). I designed a printed circuit 

board for the connection between the embedded electric output port and the 

device using the In wire. The electrical output port of the cryostat is 

connected to the shielded breakout box with switches for each channel. 

Electrical characteristics were measured by source measure unit (2450, 

Keithley) and data acquisition system (DAQ, National Instruments), while 

the electrical circuit for the measurement is designed to maintain closed and 
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have floating ground to prevent catastrophic external influence. All the 

chassis and shell ground is connected to the external ground to provide 

proper electromagnetic shielding. Photocurrent measurements are also 

available by using a current preamplifier (SR560, Stanford Instruments) and 

the lock-in amplifier coupled with the optical chopper controller. 

 

 

2.4.3 Van der Waals heterostructure device fabrication 

The devices used in experiments were composed of van der Waals 

stacking of 2D materials. The single crystals of all TMD, TI, and hexagonal 

boron nitride (hBN) were stored and handled in the glovebox (N2-filled, O2 

and H2O less than 0.5 ppm) to avoid degradation. 2D flakes were 

mechanically exfoliated from the source crystal to diced and cleaned Si/SiO2 

wafer. 2D flakes were picked up and transferred onto the pre-patterned metal 

electrodes, including the gate electrode, to make a heterostructure device 

with electrical contacts according to the following procedure. 
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Figure 2.13 Schematic diagrams showing the van der Waals sample transfer. 

 

1. The gate electrode is deposited on Si/SiO2 wafer using the electron 

beam lithography and thermal evaporation of the metal. 

2. The gate insulator hBN flake is transferred onto the gate electrode 

using polydimethylsiloxane (PDMS) viscoelastic stamping. 

3. Metal contacts are deposited using electron beam lithography and 

thermal evaporation. 

4. Put a piece of PDMS on a slide glass and cover it with Poly(bisphenol 

A carbonate) (PC) film. 

5. Pick up an hBN flake with PC/PDMS while heating to 343 K (0.5 K/s). 

6. Pick up a 2D flake to transfer with the hBN on PC/PDMS. 

7. Repeat procedure 6 to pick up additional 2D flakes. 
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8. Put picked-up flakes on the pre-patterned electrodes and heat to 455 

K (0.5 K/s). 

9. Wait until the PC attached to the wafer is heated and melted. 

10. Remove the PDMS slowly. 

11. Dissolve the PC remaining on the wafer. 

 

The device fabricated through these procedures is encapsulated by top 

hBN, and the sample 2D flake is not contaminated by any chemical so that 

the quality of the complete device is well preserved. Note that chemical 

cleaning (H2O, acetone, isopropanol) and thermal annealing (10 hours at 473 

K in Ar flow of 200 ccm and H2 flow of 50 ccm) proceeded after the metal 

deposition and bottom hBN transfer to clean the exposed surface. 

For the precise sample transfer inside the glovebox, I built a motorized 

transfer system equipped with a hot chuck, a motorized rotation stage 

(PRMTZ8/M, Thorlabs), a piezo-electric stage (MAX311D/M, Thorlabs), 

and a motorized stage (PLS-XY, Thorlabs). 
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CHAPTER 3 – NON-EXCITONIC 

VALLEY HALL EFFECT  

 

 

3.1 Introduction 

Monolayer TMDs have valley-contrasting Berry curvature due to the 

broken inversion symmetry. Along with the strong spin-orbit coupling, the 

non-zero Berry curvature at the valleys generates a valley pseudospin current 

transverse to the external electric field37,52,53. This phenomenon, called the 

valley Hall effect (VHE), was first predicted in the graphene with broken 

inversion symmetry54 and was observed in monolayer MoS2
55, gapped56, and 

bilayer graphene57. Experimentally, the finite orbital moment readily 

facilitates optical means to activate the VHE by using circularly-polarized 

photons (+ or -) near the TMD bandgap55,58-60. As such, direct optical 

excitation has been one routine and yet convenient way of accessing the VHE 

and the associated transport phenomena. 
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However, the optically generated valley-polarized excitons are short-

lasting, typically in tens of picoseconds (ps), posing great challenges in 

valleytronic applications. Microscopically, the intervalley exciton exchange 

process (Maialle-Silva-Sham exchange) significantly subdues the valley 

polarization lifetime61,62. Recent works proposed the use of type II van der 

Waals heterostructures in which non-excitonic unipolar carriers to overcome 

the issue caused by excitonic interaction, i.e., either electrons or holes, were 

used63,64. By suppressing the Maialle-Silva-Sham exchange pathway, the 

valley pseudospin is observed to have a much longer lifetime. Besides, the 

electrically-driven VHE without light excitation was also demonstrated65, but 

further understanding of the origin of the VHE or dynamic property of valley 

Hall transport has not been clearly explained. 

Here, an optical demonstration of non-excitonic VHE for time-resolved 

investigation using the van der Waals heterostructure is reported. The 

approach used in this study is to inject the spin-polarized electrons in a 

partially stacked vertical heterobilayer that consists of MoS2 and WTe2 

monolayers. The VHE is solely driven by electrons, thereby long-lived VHE 

lasts a few nanoseconds, and the 20-fold increase of valley Hall mobility 

compared to the exciton-based VHE was observed by performing the 

temporally and spatially resolved PL and Kerr rotation microscopy55,59,63. 

Furthermore, we show that the non-excitonic VHE is deeply rooted in the 

Berry curvature of the occupied conduction electrons, whereby we obtained 
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a good agreement on the gate-dependent depolarization time between the 

theoretical estimation of intrinsic VHE contribution and the ultrafast Kerr 

rotation data. 

 

 

3.2 Experiments 

 

Figure 3.1 The non-excitonic valley Hall effect a. The schematic diagram of the 

heterobilayer device and the remote optical measurements are shown. Under the 

longitudinal electrical bias 𝑬𝒚
⃗⃗ ⃗⃗   between Pd electrodes (dark blue), the spin-polarized 

electrons are selectively excited by the circularly polarized (+
 in the figure) 50 fs 1.55 

eV short pulse (red beam), and the VHE (black arrow) is observed by another laser 

(green beam). b. An optical microscope image of the heterobilayer device (device #1) 

is shown. The monolayer MoS2 and WTe2 are marked with the black and the white line, 

respectively. The dashed black line shows the spatial region where the 2D scanning 

experiments were performed. The longitudinal field is applied by the bias voltage Vx. 

The scale bar (white) is 10 m. c. A schematic energy diagram of the MoS2 (blue) / 

WTe2 (orange) heterobilayer. The short-pulse light excitation with energy 1 (red) 

below the bandgap of MoS2 () selectively excites the spin-polarized electrons in WTe2 
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(black dots). Another light excitation with energy 2 (green) is applied to observe the 

effect of the injected electrons. d. The excitonic VHE involves both the unbound (left) 

and the bound (right) electron-hole pairs. The non-excitonic VHE is unipolar – without 

exciton formation or dissociation. All measurements were performed at a liquid 

nitrogen temperature of 78 K. 

 

Figure 3.1 describes the schematics of our experiment and an optical 

microscope image of a device. The energy band diagram is shown in Fig. 

3.1c. Because the 1D edge states in 2D TI have out-of-plane spin 

orientation66,67, the monolayer 1T′-WTe2 acts as a source of the spin-

polarized electrons. Therefore, by injecting circularly polarized 50-fs pulses 

with photon energy 1 of 1.55 eV, electrons with a specific spin orientation 

were prepared at the junction between MoS2 and the edge of WTe2. Then, 

the transverse valley transport of VHE was generated by applying a 

longitudinal electric field across MoS2. The Fermi level is tuned to be located 

within the MoS2 bandgap () such that the optical excitation by the ultra-

short pump pulse takes place only in WTe2, not in MoS2, i.e.,  < 1 < ; 

since the short-pulse pump excitation (remote pump) is spatially separated 

from the valley Hall transport region.  

Figure 3.1d explains the difference between excitonic and non-excitonic 

VHE. Compared to the excitonic VHE, which involves the generation, 

dissociation, intervalley exchange of excitons55, and the transverse transport 

of exciton itself68, the non-excitonic VHE is based on the unipolar charge 
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transport (thus termed non-excitonic), and the transverse valley Hall occurs 

in the MoS2 layer with electrons (or holes) only. The non-excitonic VHE in 

MoS2 was investigated by two independent measurements. First, the 

transverse VHE was confirmed by spatially resolved PL measurements. 

Second, the time-resolved Kerr rotation (TRKR) microscopy was performed 

with varying the Fermi level of the heterobilayer. While the former provides 

the conventional transverse Hall characteristics in a static limit59-64, the latter 

enables to probe the dynamic features that were previously uninvestigated. 

 

 

3.2.1 Sample preparation 

The single crystals of MoS2 and WTe2 (HQ grapheneTM) and the high-

quality hexagonal boron nitride (hBN) were used to obtain the atomically 

thin MoS2, WTe2, and hBN films by mechanical exfoliation, respectively. 

The hBN crystals were directly imported from the National Institute of 

Materials Science (NIMS), Japan. The thin hBN flake exfoliated from the 

single crystal was used to encapsulate the whole device. The MoS2 and WTe2 

monolayer flakes were isolated from the bulk crystal on 

polydimethylsiloxane (PDMS) by using thermal released tape. The 

exfoliated monolayer flakes were then transferred onto the substrate with 

pre-patterned electrodes.  
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The Au bottom gate is used to induce a large electrostatic potential in the 

MoS2-WTe2 channel. For the device fabrication, the bottom gate electrode is 

patterned on a Si/SiO2 substrate by the standard electron beam lithography, 

followed by the thermal evaporation of Ti (5nm) and Au (110nm). A thin 

hBN (15 nm) flake was used as a gate insulator, which was transferred using 

the PDMS stamping method. The 5 nm thick Pd electrodes were then 

deposited onto the gate insulator to apply the electrical bias along the 

longitudinal direction. Using a thin film of polycarbonate (PC, Sigma 

Aldrich, 6% dissolved in 1.0% ethanol stabilized chloroform, Sigma Aldrich), 

we sequentially picked up the hBN layer (20 nm), monolayer MoS2, and 

monolayer WTe2. The stacked heterostructure was transferred onto the pre-

patterned electrodes. During the ‘pick up and transfer’ process, a stepping 

piezo-electric stage was used to stack layers with a speed of 50 nm/s. The 

fabrication process was performed in an inert atmosphere provided by a 

nitrogen-filled glove box to prevent the degradation of WTe2 from the 

oxygen and the water vapor. 

Finally, the completed device was sent to the post-annealing process (200 ℃ 

for 10 hours under an Ar flow of 200 ccm and H2 flow of 50 ccm) to eliminate 

any organic residues and to achieve sufficiently good interfacial contact. The 

electrical characteristics of the complete device are shown in Fig. 3.2. 
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Figure 3.2 Transport characteristics of the complete device. a. Current-voltage output 

curve along the source and drain. b. Current along the source and drain with varying 

bottom gate voltage. 

 

 

3.2.2 Spatially-resolved differential photoluminescence 

 

Figure 3.3 A schematic diagram of the spatially resolved differential PL measurement. 

While the PL is induced by the 532 nm (2.33 eV) pump that scans the MoS2 area, a 

change in the PL signal driven by the chopped 1.55 eV remote pump is recorded. The 

PL signal is observed by a photodetector combined with the monochromator, and the 

change in PL according to the existence of the pump is obtained by the lock-in amplifier 

synchronized with the mechanical chopper. 
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Figure 3.3 shows the schematics of the spatially resolved differential PL 

measurements. The differential PL (the PL intensity difference with/without 

the remote pump excitation) was used to detect the spin-polarized electrons 

injected from WTe2 to MoS2. The charge injection was verified in the 

following way. First, the remote pump was positioned at the edge of the 

WTe2 layer; the photon energy (1.55 eV) is well below the bandgap of the 

MoS2 monolayer, i.e., 1.88 eV (660 nm). Then, the remote pump was 

modulated by a mechanical chopper with a chopping frequency of 700 Hz, 

and the synchronized difference in PL signal was obtained while spatially 

scanning the 532 nm (2.33 eV) laser. The intensity of the circularly polarized 

remote pump was 278 W/cm2, and that of the circularly polarized (same 

helicity as the remote pump) 532 nm CW scanning laser was 39.8 W/cm2. In 

this way, the suppression of PL synchronized to the existence of the remote 

pump could be detected if the spin-polarized electrons generated by the 

remote pump are injected into the MoS2 and affects the electron excitation 

and exciton formation by the scanning 532 nm pump by occupying the MoS2 

conduction band. 

The 2D map of the differential PL signals was obtained by combining the 

position information from the scanning mirror and the PL of the MoS2 A 

exciton. The PL spectrum was measured by dispersing the luminescence 

signal through a monochromator (MonoRa320i, Dongwoo OptronTM). 
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3.2.3 Time-resolved Kerr rotation microscopy 

The pump-induced Kerr rotation angle (K) was measured in the following 

two ways. First, the 2D distribution of the Kerr rotation angle in the MoS2 

layer was measured at each pump-probe delay t with the gate voltage VG of 

2 V. The collected data provide the spatially resolved information at a given 

t. Second, with the chosen target position, e.g., an area exhibiting the largest 

Kerr rotation changes, we performed detailed studies of the TRKR with 

varying VG. In both cases, the pump is far away from the MoS2 layer. The 

circularly polarized pump (1.55 eV) with an intensity of 278 W/cm2 was 

mechanically chopped with a chopping frequency of 700 Hz. The linearly 

polarized probe (1.88 eV) with the intensity of 10 W/cm2 was obtained after 

a portion of the white-light continuum was spectrally filtered. The Kerr 

rotation was measured using a combination of a Wollaston prism and 

balanced detectors. 

 

 

3.3 Result and discussion 

 

3.3.1 Spatially-resolved differential photoluminescence 
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Figure 3.4 Spatially resolved differential PL across the MoS2/WTe2 edge boundary. 

The A exciton PL signal of MoS2 is suppressed by the electron transfer from WTe2. a. 

The spatially resolved 2D PL intensity of the MoS2 A exciton (VG = 2 V) is shown for 

the remote pump with 
+
 polarization (left panel) and 

-
 polarization (right panel). The 

center of the remote pump excitation with the 2 m waist is fixed at (0, -0.2) m. The 

edge of the WTe2 monolayer is located at the solid black line (y = 0 m), and the 

longitudinal electrical bias 𝑬𝒚
⃗⃗ ⃗⃗   is applied in the direction of the black arrow. b. PL 

spectrum at (0.25, 0.1) m, with (red) and without (black) the pump pulse is shown. T 

and A stand for the resonant energies for the trion and the A exciton of MoS2, 

respectively. 

 

Figure 3.4a shows the spatially resolved differential PL measured at the A 

exciton resonance (~ 1.9 eV) of MoS2 when the 1.55 eV “remote pump” 

pulse (left panel: +, right panel: -) excites at a position (x, y) of (0, -0.2) 

m. The remote pump at WTe2 with energy 1 exclusively excites the spin-

polarized electrons in WTe2, and the electrons are easily transferred to MoS2 

by the band alignment and external electric field (Fig. 3.1c). The transferred 

electrons then contribute to the differential changes of PL in the MoS2 layer, 

which are measured by the local laser excitation using the 2.33 eV diode. 
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Figure 3.4a clearly shows that the PL signal is spatially bent in an opposite 

transverse direction when the light helicity of the remote pump is reversed. 

As displayed in Fig. 3.4b, the PL spectrum shows that the A exciton peak is 

reduced upon the remote pump excitation; the PL spectra are measured at 

(0.25, 0.1) m, which is away from the heterojunction with the remote pump. 

Intuitively, if no electrons are supplied from the photoexcited MoS2/WTe2 

edge, the PL spectrum in the MoS2 region should be featureless irrespective 

of the remote pump excitation. Therefore, the significantly reshaped PL 

spectrum with a reduced intensity near 1.9 eV (A exciton energy of MoS2) 

shown in Fig. 3.4b evidences the transfer of electrons as expected. Note that 

although the area of excitation is much larger in the interior (i.e., bulk state) 

of WTe2 than the 1D edge, the majority of spin-polarized electrons would 

originate from the edge while the interior contribution rather appears as a 

small background because the bulk is lack of distinct helical states, and the 

density of states of the edge is significantly larger than the bulk69,70. The 

detailed mechanism for the suppression of A exciton PL intensity is 

investigated by further VG-dependent PL measurements. 

 

It is well known that PL from a monolayer TMD is sensitive to the carrier 

density49,50,71. For instance, when the gate voltage is applied to make the 

monolayer TMD n-doped, the increased electron density results in forming 
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a greater negative trion (or attractive polaron) concentration71. As a result, 

the n doping of the monolayer TMD leads to a drastic decrease in exciton 

resonance peak while the increment of trion resonance peak is negligible in 

general, regarding the weak oscillator strength of trions72. 

 

Figure 3.5 a. The VG-dependent PL of the monolayer MoS2. The black line represents 

the total PL signal while the red and blue lines denote the exciton and trion components 

extracted by the Lorentzian fitting, respectively b. The spatially resolved differential 

PL when VG = 2 V (same figure as Fig. 3.4a). The x-directional deflection of the PL 

suppression reveals the spin-polarized electron injection and the associated transversal 

valley Hall transport. c. PL spectra when VG = 2 V, VG = 3 V without remote pump, and 

VG = 2 V with remote pump excitation. d. Helicity-resolved PL spectra when VG = 2 V. 

Compared to the PL spectrum without the remote pump (black), the injection of spin-

polarized electrons change + component of the PL (red) while the - component of the 

PL (blue) is unaffected. 
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Figure 3.5a shows the VG-dependent PL. The total PL from the monolayer 

MoS2 (black line) is decomposed into A exciton (red) and trion (blue) 

Lorentzian contributions. Significantly distinct VG dependence of A exciton 

and trion was observed; the PL from the exciton decreases drastically as VG 

increases while trion PL remains unchanged. 

Based on the VG-dependent PL of monolayer MoS2, the effective injection 

of spin-polarized electrons is evidenced by comparing the PL spectrum 

measured at the suppressed region ((0.25, 0.1) of Fig. 3.5b, right panel) with 

and without the remote pump, as shown in Fig. 3.5c. The resultant PL spectra 

indicate that the electron injection is equivalent to the increase of VG from 2 

V to ~2.5 V qualitatively (Fig. 3.5c). In Fig. 3.5d, the normalized plot of 

helicity-resolved PL spectra when + remote pump is injected in WTe2 are 

shown; note that the black line represents the MoS2 PL without the remote 

pump. When the + remote pump injects the spin-polarized electron, the 

decreased exciton PL appears only in the + component of PL (red line), 

while the - component of PL (blue line) is identical to the PL without the 

remote pump. 

The quantitative estimation of how many electrons were transferred from 

WTe2 to MoS2 with conserving its spin polarization can be computed from 

the VG-dependent PL and conductance data. Assuming that the PL data when 
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VG is 2 V without the remote pump corresponds to 0 % injection efficiency 

because the PL with the remote pump is measured when VG = 2 V, the ratio 

between the current I2V and I3V when VG = 2 V and 3 V corresponds to the 

upper bound of the injection efficiency. According to Fig. 3.2, I2V = 0.695 

nA and I3V = 0.761 nA so the upper bound of efficiency (I3V-I2V)/I2V is 11.2 %.  

 

As discussed above, the PL change is induced by the interlayer charge 

transfer (electron population transfer from WTe2 to MoS2) due to the remote 

pump excitation in WTe2. The injected electrons are spin-polarized such that 

the electrons would fill the conduction band in MoS2 whose valley index is 

matched with the associated electron spin, i.e., spin-valley locking. Here, if 

the electron spin experiences rapid decoherence within the interlayer charge 

transfer time, the PL changes in MoS2 should not exhibit a noticeable 

difference between the  + and - PL in MoS2. In fact, the experiment result 

shows that this is not the case. 
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Figure 3.6 Additional data for the spatially resolved differential PL, taken from device 

#1. The data are shown when V
G
 is -5 V (a) and 6 V(b). a. When the Fermi level is 

sufficiently below the conduction band edge (VG = -5 V), the 1.55 eV pump excitation 

in MoS2 has not enough energy to generate any electrons or holes that would be injected 

into MoS2. b. When V
G
 = 6 V, the degenerated electron doping of the MoS2 makes the 

direct excitation possible by the 1.55 eV pump. c. Spatially resolved differential PL 

(taken from device #1, VG = 2 V) is presented when the remote pump is linearly 

polarized. In the absence of the applied longitudinal electrical field, a signature of the 

valley Hall transport is still observed. The data were taken from device #1 when the 

polarization of the remote pump is + (d) and - (e). 

 

In Fig. 3.6, the additional data of spatially resolved differential PL taken 

from device #1 are shown to support our assumptions for the injection of 

spin-polarized electrons and the origin of the differential PL. When VG = -5 

V (Fig. 3.6a), the 1.55 eV pump excitation in WTe2 cannot induce the 

electron that would be injected into MoS2 because the Fermi level is 
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sufficiently below the conduction band edge. Therefore, due to the type-I 

heterojunction between MoS2 and WTe2, the suppression of PL is not 

induced, as shown in Fig. 3.6a. On the contrary, when VG = 6 V, the 

degenerated electron doping of the MoS2 makes the direct excitation by the 

1.55 eV pump possible. The effect of the electron injection from MoS2 

becomes negligible, and thus, the differential PL vanishes, as shown in Fig. 

3.6b. Figure 3.6c shows the spatially resolved PL data with a 1.55 eV linearly 

polarized remote pump excitation. We have observed that the suppressed 

exciton PL is distributed uniformly along the edge with no noticeable valley 

Hall deflection. This implies the spatial distribution of K and K′ valley 

polarization is equally spread due to the balanced up and down spin-

polarized electrons. For the zero longitudinal bias voltage, we note that 

although the VHE is not expected to appear in the spatially resolved 

differential PL, our data (Figs. 3.6d, e) show that such differential PL is not 

completely absent. Instead, we see a signature of the VHE, though the 

magnitude is very weak (about 20 % of differential PL when the bias voltage 

is applied). The transverse spatial displacement of the VHE is quite short (~ 

0.2 m) compared to the non-zero bias voltage (~ 0.4 m). Although there is 

no longitudinal bias voltage, the possible scenario may include the thermal 

gradient and thermoelectric photocurrent, which may give rise to the 

effective potential gradient. Of course, the small magnitude of valley 
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polarization is because the spin-polarized injection should strongly depend 

on the longitudinal field strength. 

 

 

3.3.2 Time-resolved Kerr rotation microscopy 

 

Figure 3.7 Experiment data from the TRKR microscopy a. 2D snapshot of spatially 

resolved Kerr rotation angle show the spatial shift of the valley-polarized electron wave 

packets over time delay t at V
G
 = 2 V. The center of the remote pump was injected at 

a fixed position of (0, 0) and the probe scanned the designated area at each t. The 

dashed line denotes the y-position for the following line-cut plot. b. The one-

dimensional line-cut plot of the Kerr rotation angle is displayed for several ts. c. The 

time-domain plot of the transient Kerr rotation angle (black dots) shows fast emerging 

and slow relaxation of K. Solid red line shows a fitting curve for the rising and 

decaying of K signal. Inset: the time-resolved measurement in Fig. 3.7c is done when 
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VG = 2 V, with the center of the remote pump at (0, 0) m and the center of the probe 

at (-0.5, 0.5) m as denoted by a black dot and white dot on the inset contour plot, 

respectively. 

 

For the further understanding of VHE arising from the injected spin-

polarized electrons, the temporally and spatially resolved Kerr rotation was 

investigated. Figure 3.7 shows the spatially resolved TRKR data in the MoS2 

layer to visualize the transient shift of K after ultra-short remote 

photoexcitation in the WTe2 edge. The 2D maps of K at different temporal 

delay t between the remote pump and the Kerr rotation probe pulse. Figure 

3.7a shows the 2D maps of K when VG = 2 V and the helicity of the remote 

pump is +. In Fig. 3.7b, the line-cut plots of K at different t obtained at y 

= 0.7 m are shown. Here, the time-dependent spatial shift of the K 

corresponds to the transverse Hall transport of spin-polarized electrons. 

 Assuming that the thermal gradient, as well as the electric field of the 

remote pump, can be approximated as a Gaussian profile, the valley hall 

velocity vH and corresponding Hall mobility H can be obtained by regarding 

the emergence of K as the spatial overlap of the valley-polarized electron 

wave packet and the probe beam over time. Supposing the two components 

exhibit a Gaussian distribution, the K at a fixed point can be expressed as 

𝜃K(𝑟) ∝ 𝑛e ∙ 𝐼 = 𝑛e,0𝐼0 [𝑒−
2𝑟2

𝑅 ], (3.1) 
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where ne is the charge concentration of the valley-polarized electron wave 

packet, I is the probe beam profile, and R is the size (radius) of the Gaussian 

functions. The probe beam spot is measured to be ~ 2 m. Here, the two 

Gaussian distributions and the transport speed of the valley-polarized 

electron wave packet is assumed to be unchanged. The transport velocity is 

computed by dividing R by the rising time, while the rising time is a temporal 

waist obtained from the exponential fitting of transient K that would be 

discussed below (Fig. 3.7c). The resultant vH was 1.87ⅹ103 m/s and with the 

corresponding H = 4.49ⅹ103 cm2/Vs. Such transverse transport 

characteristics are by far larger than the best known longitudinal Hall 

mobility l of 1,020 cm2/Vs with 1D graphene edge contact73. 

 

The dynamic details of the non-excitonic VHE were investigated at a fixed 

probe position of (-0.5, 0.5) m in MoS2. After acquiring the valley Hall 

transport properties. A representative example is shown in Fig. 3.7c for VG = 

2 V. After the TRKR signal increases with a rising time constant of about 37 

ps, the signal reaches a peak at ~ 100 ps. Then much slow decaying dynamics 

were observed with a time constant of about 4 ns. Before explaining the 

subsequent TRKR experiments and discussing the non-excitonic valley Hall 

dynamics, there are some dynamic factors involving intralayer and interlayer 
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excitons for the long decaying transient that should be addressed and 

excluded. 

. First, prior local TRKR investigations in monolayer WSe2 revealed that 

the depolarization rate of intralayer exciton valley polarization is around 0.5 

ps-1 74-76. In addition, ultrafast four-wave-mixing 61 and pump-probe 77 

spectroscopy have evidenced that the intervalley electron-hole exchange 

interaction is the origin of the rapid valley depolarization that occurs within 

1 ps. No such rapid valley depolarization was observed in TRKR 

experiments. Thus, the valley-polarized exciton dynamics can be ruled out. 

Second, the interlayer exciton dynamics38,78-80 cannot contribute to our 

TRKR signal considering the spatially separated pump and probe, the energy 

band alignment of gapped MoS2 and metallic WTe2, and the existence of the 

bias voltage. Lastly, the relatively long spin-flip transition can also be 

excluded simply because no sign change was observed in our long-lasting 

TRKR trace. Given that electrons dominate the valley Hall transients 

observed in the experiments, such an ns-long valley lifetime can be thought 

of as the characteristics of the conduction band split by the spin-orbit 

coupling (SOC), similar to the long-lived valley holes in the type-II 

heterostructures64. The small contribution of the electron-hole exchange 

interaction, as well as the suppressed intervalley spin-flip and the momentum 

transfer of electrons, are the key contributors to our long-lasting valley 

polarization. 
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Figure 3.8 Gate-dependent Kerr rotation dynamics. a. Time-resolved Kerr rotation 

dynamics are shown with increasing V
G
 from -1.5 V to 4 V. Dots are the measured data, 

and the solid lines are the fitting curves. b. The VG dependence of the rising time 

constant acquired from fittings in a (black dot with error bar). The obtained time 

constant is compared with the theoretical expectation (red line, not a fitting curve) 

computed from the valley Hall conductivity (Eq. (3.6)). Inset: the schematic energy 

diagram when the VG = 1.5 ~ 4 V (shaded area), and VG = 6 V (dashed line). c. The VG 

dependence of the long decay time constant given by the fitting in a. The error bars 

indicate standard error. 

 

Based on the above rationales, the VG-dependent TRKR measurements 

were performed to understand the non-excitonic VHE. Figure 3.8 presents 

the TRKR results measured at VG from -1.5 V to 4 V. The emerging transients 
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can be understood as the valley-polarized electron wave packet approaching 

the probe position due to the onset of the VHE. Therefore, the valley Hall 

transport velocity can be obtained from the rising time. Figure 3.8b shows 

that the rising time becomes faster. Thus, the Hall conductivity is larger with 

increasing VG. Using such interpretation, the experimental data are compared 

with the theoretical estimation of the valley Hall conductivity VH. The 

monolayer MoS2 has a C3h symmetry with a strong spin-orbit coupling (SOC). 

The corresponding Hamiltonian is 

�̂� = 𝑎𝑡(𝑣𝑘𝑥�̂�𝑥 + 𝑘𝑦�̂�𝑦) +
𝛥

2
�̂�𝑧 − 𝜆𝑣

�̂�𝑧−1

2
�̂�𝑧 , (3.3) 

where a is the lattice constant, t is the effective hopping integral, 𝑣 = ±1 is 

the valley index, �̂� is the Pauli matrix, and  is the bandgap. The last term 

represents SOC, where 2 and �̂�𝑧 denote the spin splitting of the valence 

band and the Pauli spin matrix, respectively. Using the cell periodic Bloch 

function u(k), the Berry curvature is defined as 

Ω𝑛(𝐤) ≡ �̂� ∙ ∇𝑘 × ⟨𝑢𝑛|𝑖∇𝑘|𝑢𝑛(𝐤)⟩, (3.4) 

and the Berry curvature in the conduction band is 52 

ΩC(𝑘) = −𝑣
2𝑎2𝑡2𝛥′

[𝛥′2+4𝑎2𝑡2𝑘2]
3
2

 , (3.5) 

where 𝛥′ = 𝛥 − 𝑣𝑠𝑧𝜆. Because the Berry curvature is an intrinsic property, 

one can isolate the intrinsic contribution from various extrinsic effects. The 
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valley Hall velocity 𝑣VH can be expressed as Eq. (3.2) using the electric 

field and the Berry curvature37  

𝒗VH =
1

ℏ
Ω(𝐤) × 𝑒𝐄 . (3.2) 

Besides, we used the approach of calculating valley Hall conductivity VH 

to estimate the valley Hall mobility. 

𝜎VH = −𝜉
𝑒2

ℏ
∑

𝑑𝐤

(2𝜋)2
𝑓(휀𝑛(𝐤))ΩC(𝐤)𝑛 , (3.6) 

where ξ is the antisymmetric tensor, n is the band index in the 2D limit, 

𝑓(휀𝑛(𝐤))  is Fermi-Dirac distribution, and C(k) is the Berry curvature 

derived in Eqs. (3.4) and (3.5). Based on the Berry curvature and known 

parameters of the monolayer MoS2
52, the intrinsic contribution can be 

calculated. Then, the valley Hall transport mobility VH is derived as a 

function of  for the comparison with the experimental results. The 

agreement is excellent for VG = 1.5 ~ 4 V (Fig. 5b). In this gate sweep regime, 

the Fermi level lies below the conduction band edge of MoS2; the anomaly 

seen at VG = 6 V may arise from the intraband electron excitation in the 

degenerately doped MoS2. Note that Eq. (3.2) does not contain any extrinsic 

contributions of the VHE, such as skew-scattering and side-jump 

mechanisms81. This implies that the non-excitonic unipolar VHE is 

dominated by the intrinsic contribution, which depends only on the Berry 

curvature landscape of the crystal. For the quantitative comparison, we have 
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listed the valley Hall mobility H and longitudinal mobility l in Table 3.1. 

Indeed, our measurement is exceptionally larger than the exciton-based VHE. 

 

Table 3.1 Comparison of valley Hall mobility and longitudinal mobility. 

Mobility 

(cm2/Vs) 
Reference 

4,490 This work 

6.86ⅹ10-3 Science 344, 1489-1492 (2014) (H)55 

160 Science 360, 893-896 (2018) (H)63 

1012 Nat. Nanotechnol. 10, 534-540 (2015) (l)68 

~1000 Nat. Commun. 10, 611 (2019) (l, 2 K)82 

 

The slow decay of K with a time constant of about a few nanoseconds 

represents the slow valley depolarization after the emerging dynamics from 

the valley-polarized electron wave packets. There are two possible dynamic 

processes associated with the corresponding origins: valley depolarization 

without losing the electron population and with losing through inelastic 

electron scattering. Under the unipolar carrier regime of the experiments in 

this study, the effect of electron-hole annihilation through either intravalley 

or intervalley exciton recombination may not significantly reduce the valley-

depolarization lifetime. As discussed, the efficient intervalley electron-hole 

exchange interaction cannot cause the observed long valley-depolarization 

lifetime 60,83. Figure 3.8c summarizes the TRKR decaying time constants. 
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Compared to Fig. 3.8b, while the valley Hall velocity follows 𝑣VH ∝ 𝑒−𝑉G , 

the ns-long decaying time monotonically increases, which is independent of 

the velocity of electron wave packets. It substantiates that the intrinsic 

mechanism is indeed the dominant origin in our case. 

 

 

Figure 3.9 Schematic diagram describing the effect of the longitudinal field (�⃗⃗� 𝒚) on 

the electron distribution. K point of the momentum space is expressed as a red dashed 

line, and the bottom of the conduction band near the Fermi surface EF is marked as a 

black dashed line. As VG increases, the increased amount of electron injection and the 

higher Fermi surface lead to the change of electron distribution after thermalization 

from (i) to (ii). Note that Berry curvature is concentrated near at K point. More electrons 

experience a larger Berry curvature in case (ii) compared to case (i). 

 

Although both emerging and decaying dynamics of the non-excitonic 

VHE evidenced the dominance of the intrinsic contribution, the relationship 

between the VG and VH observed in the experiment (Figure 3.8b) should be 

discussed since the Berry curvature is irrelevant to the change in VG. The 
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intrinsic valley Hall velocity vVH depends only on the Berry curvature and 

the electric field E applied to the electron in the band as expressed in Eq. 

(3.2)37,84. Note the Berry curvature is an intrinsic character determined by the 

lattice symmetry of crystal solids. According to this expression, the 

transverse valley Hall velocity would not be changed as long as the 

longitudinal electric field is constant, which for most of the cases is done by 

applying DC source-drain potential gradient55,59,82. In other words, the 

proportional relationship between VH and VG shown in Fig. 3.8 is not explicit. 

Instead, changing VG, i.e., increase or decrease of the total electron 

population, leads to valley Hall mobility changes by rendering more or fewer 

electrons to be affected by a larger or smaller Berry curvature distribution in 

the momentum space. 

In the experiments using the monolayer MoS2, changing the electron 

density by VG controls the electron distribution in the MoS2 conduction band. 

The applied longitudinal electric field �⃗� 𝑦 makes the Fermi surface tilted in 

momentum space, as schematically shown in Fig. 3.9. After the 

thermalization and cooling are finished, the injected group of electrons fills 

the conduction band from the point marked as a black dashed line in Fig. 3.9. 

When VG increases, the electron population at the K (or K′) point increases, 

whose effect is explained as the band filling from (i) to (ii). This appears as 

a faster rising dynamic component in our TRKR because the non-zero Berry 
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curvature is concentrated at the K and K′ point of the band extrema in the 

momentum space, i.e., the tilted Fermi surface makes the injected electrons 

away from the K or K′ point. 

 

In fact, the intrinsic SHE of injected spin-polarized electrons can lead to 

the deflection of K in the x-direction, similar to what was observed in the 

experiments. Moreover, the spin splitting of the monolayer MoS2 conduction 

band is much smaller than the valence band. Thus, the spin polarization of 

the injected electrons may not lead directly to effective valley polarization. 

If the valley polarization is not originated from the injection of spin-polarized 

electrons due to the small spin splitting, the experimental results can purely 

arise from the spin-polarized electron regardless of the valley degree of 

freedom. However, the transverse Hall transport observed in our experiments 

is a strong signature of the VHE rather than the SHE due to the following 

reasons. First, the K signal exhibit ns-long decaying transients, denoting a 

far slower dynamic process when compared with the spin lifetime of the 

MoS2 conduction band at 77 K because of the highly efficient Elliot-Yafet 

spin relaxation of the small spin splitting. Therefore, the long-lasting Kerr 

rotation signal represents the valley polarization. Secondly, the anomalous 

Hall conductivity calculated from the experiment results matches very well 

with the valley Hall conductivity. For an electron-doped system (such as our 
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case), the spin Hall conductivity is about / of the valley Hall effect, where 

2 is valance band spin splitting and  is the bandgap52. Considering an 

order-of-magnitude difference between  and  of the monolayer MoS2, the 

valley Hall effect overwhelms the spin Hall effect in the total anomalous Hall 

transport. 

 

 

3.4 Conclusion and outlook 

In conclusion, the non-excitonic VHE was demonstrated and explored 

using a MoS2/WTe2 heterobilayer structure in this study. The 2D time-

resolved Kerr rotation microscopy strongly suggests that the transversal Hall 

dynamics is governed by the Berry curvature distribution through the 

intrinsic contribution of VHE. The valley Hall transport dynamics were 

investigated by analyzing the transient shifting of K, and the results were 

compared with the theoretical estimation based on quantum mechanical 

transport theory. From a quantitative perspective, exceptional transport 

properties represented by vH = 1.87ⅹ103 and H = 4.49ⅹ103 cm2/Vs were 

achieved by the non-excitonic regime. 

Although this establishes the understanding of non-excitonic and purely 

intrinsic VHE, it reserves much room to improve for the practical 
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‘valleytronics’. For example, the use of large SOC-coupled valence bands 

shall increase the valley-polarized lifetime by a few orders of magnitude. 

Such a perspective potential, together with the unique TMD/TI heterobilayer 

characteristics, can pave the way toward a new 2D platform for realizing 

valley-based information processing. 
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CHAPTER 4 – SPINFUL HELICAL 

HINGE STATES IN THE HIGHER-

ORDER TOPOLOGICAL 

INSULATOR  

 

 

4.1 Introduction 

Beyond the previous understanding of band topology, a new class of 

topological phase, namely a higher-order topological insulator (HOTI), is 

proposed recently on the basis of the generalized bulk-boundary 

correspondence. This extended concept of bulk-boundary correspondence 

covers d-2 or lower-dimensional topological boundaries in d-dimensional 

systems28,29,85. For instance, a 3D HOTI may host gapless 1D “hinge” states, 

where the gapped 2D surfaces are facing each other with a reversed sign of 

the mass. Such a phenomenon can be understood based on the fact that the 

bulk bands form doubly inverted structures under the presence of strong 



 

69 

SOC28,30,31,86. With these physical grounds, the band structure and the 

corresponding topological features of condensed matter HOTIs have been 

predicted by firm theoretical methods such as a multi-orbital tight-binding 

model, first principle calculation, and Wilson loop calculation28-31,85,86. As a 

result, a few condensed matter systems such as bismuth32,33, topological 

crystalline insulator SnTe28,30,34, twisted bilayer graphene35,87,88, and some 

artificial lattices89,90 are predicted to be HOTIs to date. 

Among such candidates, WTe2 has recently attracted much interest for its 

band topology and Berry curvature91,92. With an orthorhombic 3D crystal, it 

was first known as a type-II Weyl semimetal with electron and hole pockets 

around the Weyl points31,93,94. However, resolving the Weyl points remains 

challenging because the momentum space separation of the Weyl point of 

WTe2 is far smaller than the resolution of angle-resolved photoemission 

spectroscopy (ARPES)95,96. In a monolayer limit, the thickness-dependent 

first-principle calculations and transport experiments revealed the quantum 

spin Hall insulating phase of 1T′-WTe2 crystals66,67. After recent proposals 

on the higher-order topology, the large arc-like surface states of the bulk 

WTe2, which were initially considered as characteristic Fermi arcs of the 

Weyl semimetal or the topologically trivial states, are started to be 

understood as the signature of gapped fourfold Dirac surface states30. For the 

practical demonstration, superconducting current analysis of a Josephson 
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junction made of WTe2 was then used to identify the hinge states as a clue 

for the higher-order topology32, and subsequent experiments have reported 

anisotropic confinement of 1D conducting hinge channels in few-layer Td-

WTe2
97,98. However, experimental evidence for the symmetry-protected 

topological nature of the observed 1D hinge state and investigation on any 

spin-related phenomenon is still lacking. Moreover, in a broader sense, a 

time-reversal invariant spinful feature of the helical HOTI in a practical 

solid-state system has not been investigated99. 

In this study, the experimental evidence for the time-reversal invariant 

HOTI phase with spinful and helical hinge states in atomically thin Td-WTe2 

is provided. Particularly designed WTe2-graphene heterostructure devices 

were used to investigate the spin orientation of hinge states through the 

spatially resolved polar MOKE measurements. The experimental results 

match the previous reports on possible gapless spin-polarized states in the 

multilayer WTe2 and further showed that those spinful states are protected 

by the time-reversal symmetry100,101. The bulk- (or gapped surface-) and 

hinge-originated spin polarization was distinguished by the Fermi level 

dependence of the Kerr rotation signals in the experiments. Furthermore, the 

time-reversal invariance of the spinful hinge states was examined by 

confirming the mass gap opening under the external magnetic field. 
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4.2 Experiments 

Figure 4.1a shows the crystal structure of the multilayer orthorhombic Td-

WTe2, which is a non-centrosymmetric structure belonging to the SG 31 

(Pmn21) point group with two perpendicular axes (a- and b-axis) and one 

mirror line along the b-axis. These spatial symmetries and the time-reversal 

symmetry satisfies the necessary prerequisites to support the non-trivial spin-

polarized helical hinges in HOTI100,102. In the heterostructure device used in 

experiments, multilayer WTe2 is placed on monolayer graphene to detect the 

spinful 1D hinge state by observing the spin polarization of electrons in 

graphene that is injected from WTe2. 

 

 

Figure 4.1 Crystal structure of multilayer Td-WTe2 and experimental design. a. The Td 

structural phase of multilayer WTe2 is non-centrosymmetric and has an in-plane mirror 

plane Ma (red dashed line). b. Schematic diagram of the experimental design for 

detecting the spin-polarized electronic states in WTe2. The electrical bias voltage makes 

electrons flow through WTe2, while the spin polarization of the electrons is optically 

recorded as the Kerr rotation K induced in the linearly polarized pump (980 nm, 1,415 
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W/cm2). The pump laser sweeps through a 6 m ⅹ 10 m region at graphene near the 

edge of WTe2 to obtain the spatially resolved K data. 

 

 

4.2.1 Experiment design 

The experiment schematic illustrated in Fig. 4.1b summarizes the key 

concept of spatially resolved experiments to detect the spinful hinge states. 

The spatially resolved differential Kerr rotation (K) measurement using a 

WTe2-graphene heterostructure device is designed for the detection of spin-

polarized electrons in graphene that is injected from the multilayer WTe2. 

The electrodes are directly contacted with graphene only. Thus the 

heterostructure can be modeled as a resistive circuit with two resistors 

connected in a parallel way (Fig. 4.2). When the bias voltage is applied to 

graphene, the current is induced in WTe2 as well as in graphene because there 

is a finite resistance both for WTe2 and graphene channels. As a result, a 

portion of electrons in graphene flows through WTe2, and those electrons are 

injected back into graphene during the conduction, as shown in Fig. 4.2. 

Therefore, the signature of the spin-polarized states in WTe2 can be detected 

by optically inspecting the spin-polarized carriers in graphene. To cancel out 

any effect of unintentional background factors, such as defects in graphene 

or chemical residues during the device fabrication process, the spatially 

resolved K was measured with and without the bias voltage (Vbias = 0.5 V) 
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and the difference between two measurement K was used for the further 

analysis. 

 

Figure 4.2 Schematic diagram explaining how the WTe2-graphene heterostructure 

device works in this study. a. The heterostructure can be modeled as a circuit with two 

finite resistance connected in a parallel way. The bias voltage applied between two 

contacts induces a current both through the WTe2 and the graphene. Electrons injected 

into graphene from WTe2 (blue arrow) are optically investigated to determine the 

spinful characteristics of the electronic states in WTe2. b. Top view schematic diagram 

of the device explaining the region of the spatially resolved MOKE measurement. The 

dashed box indicates the range of spatial scanning while the longitudinal electric field 

is applied to the –x direction. Arrows denote the injection of electrons from WTe2 to 

graphene. The localized K was expected to appear in the region marked with black 

circles. 
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There are the following reasons why graphene was used to detect the 

signature of the hinge states instead of direct optical probing at the hinges. 

First, the spatial length scale of the hinge states, which is only a few 

nanometers wide88,89, accounts for only a small fraction of the spot size of 

the incident laser beam (diameter ~1.5 m). This means that any meaningful 

optical responses originating from the hinge state would be extremely weak 

compared to the optical responses of the bulk, surface, and any other 

background signal generated within the beam spot. Therefore, the scaling 

problem limits the signal-to-noise ratio and hinders the direct detection of 

the hinge state if K were to be measured on the laser-excited hinges. 

Secondly, because the hinge, by definition, is a junction between two 

surfaces orienting in distinct directions, an incident laser introduces both the 

in-plane and the out-of-plane excitation at the two surfaces facing the hinge. 

In this case, the electrons excited according to the optical selection rule can 

have complex spin polarization configurations. Lastly, while the edge of the 

2D surface is excited by the pump, the 1D hinge may induce an anisotropic 

polarization-dependent reflection of light that affects the light polarization 

after the reflection and hinders the isolation of actual K from the spin-

polarized state. 

To prevent the geometric artifact expected to rise during the direct optical 

excitation at the hinge, graphene layer was used to elicit the spin polarization 
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of electrons in the hinge states. Graphene is known to exhibit a long spin 

diffusion length of up to 30 m due to weak spin-orbit coupling and high 

carrier mobility90,91. In the heterostructure device used in the experiments, 

the electric potential gradient generates the longitudinal electron transport 

that injects electrons from WTe2 to graphene, and the spin polarization of the 

injected electrons can survive long enough to be detected by MOKE 

measurements owing to the long spin diffusion length of the graphene. As a 

result, K is distributed into the graphene rather than the localized WTe2 

hinges. Thus a line cut at x = 0.75 m obtained from the spatially resolved 

measurement was used to analyze K while keeping a certain distance from 

the edge of the WTe2 crystal, which is responsible for the aforementioned 

artifacts. 

 

 

4.2.2 Device characteristics 
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Figure 4.3 Device geometry and electrical characteristics. a. An optical microscope 

image of device #1 with the number index for each metal contact. AFM scan was taken 

along the yellow line. b. The AFM data indicates the thickness of the multilayer WTe2 

flake is ~ 4 nm which corresponds to 5 atomic layers of WTe2. The thickness of the 

metal contact shown in the data (30 nm) matches well with the targeted deposition 

thickness. c. The light polarization-dependent SHG was measured at the center of the 

multilayer WTe2 in device #1. An 800 nm short pulse with an average intensity of 2,830 

W/cm2 was used as a pump. Anisotropic SHG reveals the crystal axes of the multilayer 

WTe2. d. Current-voltage output curve of device #1 for each pair of source-drain 

contacts. All contacts are revealed to form Ohmic junctions. Numbers in the legend 

indicate the contact combinations used in each measurement. e,f. VG-dependent transfer 

curve. 0.5 V of drain voltage was applied. g. The magnetoresistance of the multilayer 

WTe2 was measured in a separate Hall measurement device shown in the inset. The 

applied gate voltage was 0.9 V, which is close to the charge neutral point. The 

magnetoresistance does not saturate within |Bz| ≤ 9 T. 
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Figure 4.3a shows the optical microscopy image of a complete 

heterostructure device with electrodes (device #1). The thickness of 

multilayer WTe2 was confirmed by atomic force microscopy (AFM), as 

shown in Fig. 4.3b. The light polarization-dependent SHG using a 30-fs, 800-

nm short pulse (Mira 900, Coherent) is shown in Fig. 4.3c. The significant 

amount of SHG shows the lack of inversion symmetry in the multilayer 

WTe2. In addition, the anisotropic SHG reveals the axis orientation of the 

multilayer WTe2 crystal in the device. The orientation is consistent with the 

result of the polarization-dependent absorption measurement103. 

The two-terminal I-V curves and VG-dependent transfer curves (at the bias 

voltage of 0.5 V) measured with device #1 are shown in Figs. 4.3d, e. All 

contacts formed Ohmic junctions (linear I-V curves), and the transport 

characteristics between the combinations of contacts were found to be 

uniform (resistance ~600 )104,105. The transfer curves in Figs. 4.3e, f shows 

the effect of electrostatic doping on the current flow in our heterostructure. 

A charge neutral point of graphene and WTe2 were observed when the 

current was measured between contact 1, 3, and 2, 4, as marked as blue and 

green arrows in Fig. 4.3e, respectively. This corroborates the validity of the 

current flow model described in Fig. 4.2. 
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For the further potential-dependent experiments, the Fermi-level change 

EF with respect to the applied bottom gate voltage VG was estimated first, 

where ΔEF is a differential change of EF compared to VG = 0 V. Here, a simple 

electrostatic calculation of 𝑄2D = 𝐶i𝑉i
106 was used, where 𝑄2D =

𝑒𝐴∫
2|𝐸|

𝜋ℏ2𝑣𝐹
2 𝑑𝐸

𝐸𝐹

0
 is the total charges accumulated in graphene with area A 

due to the gate voltage, 𝐶𝑖 = 휀
𝐴

𝑑
 is the capacitance of the graphene-hBN-

electrode capacitor, and Vi is the gate voltage applied across the gate insulator 

hBN. Following parameters were used for the numerical computation of the 

Fermi-level change ΔEF: the Fermi velocity of graphene near Dirac point vF 

~ 1ⅹ106 m/s107, the permittivity of hBN  = 3.750
108, and the thickness of 

hBN d = 25 nm. With these parameters, the ΔEF induced by the gate voltage 

VG was estimated. For example, VG of -1 and 2 V corresponds to -10 and 20 

meV, respectively.  

Figure 4.3g shows the magnetoresistance of the multilayer WTe2 

measured in a separately made device fabricated in Hall bar geometry. The 

maximum magnetic field applied during the measurement (attoDRY 2100, 

Attocube systems) was 9 T. The non-saturating magnetoresistance up to 9 T 

can be attributed to the compensated electron and hole density109, proving the 

high quality of the WTe2 single crystal used in this study. 
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4.2.3 Spatially resolved differential Kerr rotation measurement 

The Kerr rotation measurements were performed at a temperature of 1.62 

K in a closed-cycle cryostat system (attoDRY 2100, Attocube systems) 

combined with an objective lens (LT-APO/NIR/0.81, Attocube systems) 

focusing the pump laser at the sample position with the spot size of 1.5 m. 

The position of the sample was adjusted by piezo stages, and the position of 

the pump laser was controlled by a pair of scanning mirrors (GVS012/M, 

Thorlabs). The 980 nm pump laser was obtained by using a 980 nm centered 

bandpass filter (FB980-10, Thorlabs) and the supercontinuum light source 

(SuperK COMPACT, NKT Photonics). The pump power at the sample 

position was set to 25 W, and the light polarization was tuned by a polarizer 

(GL10-B, Thorlabs) and a /2 wave plate (AHWP05M-980) mounted on a 

motorized rotation stage (PR50PP, Newport). The pump laser was modulated 

by an optical chopper with a frequency of 1.7 kHz. The Kerr rotation angle 

K was measured using a Wollaston prism (WP10, Thorlabs) and balanced 

detectors along with a lock-in amplifier (SR850, Stanford Research Systems). 

The bias voltage and gate voltage was controlled by the electrical data 

acquisition system (BNC-2110 and DAQ, National Instruments). The 

longitudinal bias voltage applied to the device during the experiment was set 

to 0.5 V. 
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4.3 Result and discussion 

 

4.3.1 Spatially-resolved differential Kerr rotation measurement 

The VG-dependent Kerr-rotation signals were first investigated to find the 

spinful characteristics of the anisotropic WTe2 hinge states. Figure 4.3e 

shows the transfer curve between contact 1 and 3, i.e., parallel to the a-axis 

referring to Fig. 4.3a. The conductance deeps observed at VG = 0.5 and 0.95 

V correspond to the charge neutrality point of the graphene and the 

multilayer WTe2, respectively, as illustrated in the inset of Fig. 4.3e. 2D 

contour plots in Fig. 4.4 present the spatially resolved K near the WTe2 

edge with different VGs in the absence of the external magnetic field. At VG 

= 0 and 1 V, a substantial amount of the spin-polarized electrons is 

concentrated near y = ±1.85 m, while K is evenly distributed throughout 

|y| ≤ 1.85 m at VG < -1 and VG > 2 V. Considering the VG-tuned Fermi level 

described in Fig. 4.3e and the spatial distribution of K in Fig. 4.4, the 

observed K distributions at VG = 0 and 1 V match with the spin-polarized 

in-gap states localized in the hinge, while those of VG = -1 and 2 V represent 

the electrons from the spin-split bulk bands. The K near the two parallel 
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hinges has opposite signs, indicating the spinful and helical nature of the 

localized electron states.  

 

Figure 4.4 The full dataset of spatially resolved VG-dependent K measured in device 

#1 is shown as 2D contour plots. The bias voltage of 0.5 V was applied to generate a 

longitudinal electric field in the +x direction, and no external magnetic field was applied. 

The applied VG is indicated at the top left side of each panel. The black rectangle 
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indicates the location of the left end part of the multilayer WTe2. When VG is between 

0 and 1 V, a large K is visible at the y position of the hinges, as well as a sign flip of 

K. 

To elucidate the bulk- and hinge-originated K in detail, the line-cut plots 

of y-dependent K measured at different VG were obtained from the 2D 

contour plot as shown in Fig. 4.5. In the bulk-insulating range of VG (Fig. 4.5, 

top panel), |K| localized at |y| = 1.85 m decreases monotonically with 

increasing VG, and K changes the sign abruptly when VG reaches 1 V, 

where the Fermi level passes the charge neutral point at VG = 0.95 V (Fig. 

4.3e). In contrast, when WTe2 is degenerately doped, i.e., VG ≥ 2 V or VG 

≤ -1 V (Fig. 4.5, bottom panel), K evenly spreads across |y| ≤ 1.85 m 

and no sign change of K across the y position was observed. Note that the 

sign of K implies the orientation of spin-polarized electrons, and |K| 

reflects the concentration of the conducting electrons (or the density of state 

at the Fermi level, equivalently) with the corresponding spin polarization. 

These results strongly suggest that although the spin configuration of helical 

hinge states of the bottom surface of multilayer WTe2 resembles that of the 

spin-momentum-locked helical edge states of the 2D quantum spin Hall 

insulator, while the multilayer WTe2 is not simply a stack of weak 2D 

topological insulator layers as proven previously97. 
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Figure 4.5 Line-cut plots of K at x = 0.75 m. The VG-dependent K in the top panel 

(0 V≤VG ≤ 1 V) shows the localized K near y = ±1.85 m; these y positions 

correspond to the position of the WTe2 hinge (black dashed lines). The VG-dependent 

Ks for VG = -1.5, -1, 2, 3 V are displayed in the bottom panel. 

 

 

4.3.2 Magnetic field dependence 
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Figure 4.6 Bz-dependent K measurement and gap opening of the multilayer WTe2 

due to broken time-reversal symmetry. a-c. The line-cut plots show K at x = 0.75 m 

with varying VG under Bz = 0.5 T (a), 1 T (b), and 2 T (c) are shown. K is featureless 

at VG = 1 V when Bz = 0.5 T, while it is flat when the applied VG is 0.8 V ≤ VG ≤ 1.2 V 

under Bz = 1 T. Note that no localized K behavior is seen at any VG when Bz = 2 T. 

Dashed lines in a-c at y = ±1.85 m indicate the y position of the WTe2 hinges in the 

real space. d. Schematic diagrams explaining the band structures show the effect of Bz 

on the spin-polarized hinge states (black lines) and spin-split bulk bands (colored lines). 

Because Bz breaks the time-reversal symmetry, Dirac fermions at the topological hinge 

states gain an effective mass. This opens a finite energy gap, which is proportional to 

the magnitude of Bz. The gap opening appears as a flat K along y since the Fermi 

level falls within the gap. The dashed lines in the diagram indicate the Fermi levels 

when VG is 0, 1, and 1.5 V. For the case when Bz = 2 T (d), the schematic represents 

one possibility that the hinge states are merged into the bulk band due to the induced 

gap in the hinge states. 
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As for the HOTI characteristics, the band topology of the multilayer WTe2 

is protected by the time-reversal symmetry. In other words, the degeneracy 

of hinge states should be lifted without time-reversal symmetry. One method 

to examine such topological protection using the same experimental regime 

of the MOKE measurement is to perform the magnetic-field dependent K 

measurements, which can detect the gap opening at the Dirac point due to 

the broken time-reversal symmetry. Figures 4.6a-c show the line-cut plots of 

the VG-dependent K along the transversal direction under external 

magnetic field Bz of 0.5, 1, and 2 T. The Bz was applied perpendicular to the 

device xy plane. In Fig. 4.6a, where Bz is 0.5 T, the K signal localized near 

the hinges vanishes as VG approaches the charge neutrality. With the 

increased Bz to 1 T (Fig. 4.6b), the K signals near the hinge are more 

suppressed compared to the case of Bz of 0.5 T, yet the localized K survives 

only when VG is pushed further below (0 V) and above (1.5 V) the charge 

neutrality point. When Bz is sufficiently large, Fig. 4.6c shows the vanishing 

K signals, which imply that no spin-polarized electron concentration at any 

specific location is present. This can be readily understood as the mass gap 

opening due to the broken time-reversal symmetry110,111. The schematic 

diagrams in Fig. 4.6d show how Bz is expected to affect the gapless 

dispersion of the helical hinge states with the degenerated Dirac point. When 

Bz = 0 T, the hinge states remain gapless because the Dirac point is protected 
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by the time-reversal symmetry. In the case of relatively weak Bz (= 0.5, 1 T), 

the bandgap is created in the hinge states while preserving its spin texture 

(Figs. 4.6a, b). When a relatively strong Bz of 2 T is applied (Fig. 4.6c), the 

trace of the hinge disappears. Such disappearance of K characteristics 

when Bz = 2 T may originate from either the merging of hinge states into the 

bulk band while maintaining the HOTI phase (Fig. 4.6d)112 or WTe2 exhibits 

no HOTI phases with increasing external magnetic fields. A further 

theoretical and experimental investigation is necessary to elucidate the 

correlation between the spin texture and the band configuration under strong 

Bz. 

 

 

4.3.3 Exclusion of spin Hall effect contribution 

 

The existence of Bz might affect spin-polarized electron transport in 

alternative ways other than the mass gap opening while exhibiting the same 

K results. First, one plausible explanation would be the QHE induced in 

WTe2 accompanied by the chiral boundary. However, Bz used in our 

experiment is insufficient to generate such an effect94,113, and the observed 

VG-dependent K revealed counter-propagating hinge modes that are not 

consistent with the chiral state characteristics. Second, the effect of Bz on the 
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graphene channel may cause a similar VG dependence of K, such as 

opening a gap at the Dirac point of graphene or causing transverse spin (or 

valley) flow in graphene. Nevertheless, the Bz used in this study is far smaller 

than the lower boundary for Bz (~10 T) to observe such effects according to 

the existing studies114-116. Lastly, the recent theoretical study proposed that 

the broken time-reversal symmetry can be associated with the spatial split of 

the hinge modes rather than the bandgap opening111. While the proposal 

assumes the specific condition of out-of-plane magnetic flux for the mixture 

of Zeeman field and boundary states, the Bz applied to the multilayer WTe2 

in this study is perpendicular and parallel to the surfaces interfacing each 

other at the hinge, respectively. Therefore, considering the non-zero mass 

and Zeeman contribution to the position away from the hinge, such spatially 

shifted hinge modes cannot occur between the two surface states. 
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Figure 4.7 Additional experiment proposed to isolate the hinge characteristics (device 

#4). a. An optical microscopy image of device #4 is shown. Two monolayer graphene 

flakes are separated by a 1.5 m gap. The graphene layer for the electron transport 

measurement is located below WTe2. b, c. Schematic representation for the expected 

K distribution when the spin-polarized electrons in graphene originate from the WTe2 

hinge states (b) and bulk (c). Dashed rectangles are the spatial windows where the 

MOKE measurements were performed. The black arrows represent electron transport. 

 

The transverse spin accumulation induced in the WTe2 bulk, e.g., by the 

SHE, might be a plausible alternative to explain the K observed in the 

experiments. To further substantiate that observed K features arise from 

the spinful hinge state exclusively, a device with the modified structure 

(device #4) was made for the spatially resolved K measurement. Figure 

4.7a shows the optical microscopy image of device #4. The graphene layer 

below the multilayer WTe2 has a 1.5 m wide gap along the a-axis of the 

multilayer WTe2. The localized K should arise only near the WTe2 hinge 

if K originates from the hinge states as it was expected at first (Fig. 4.7b). 
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On the other hand, if the observed K originates from the bulk spin transport 

in WTe2, the spin-polarized electrons in WTe2 will go through the spin Hall 

transport and be injected into each graphene (Fig. 4.7c). As a result, the 

presence of a gap in graphene would collect the accumulated spin-polarized 

electrons at the edge of graphene on both sides of the gap (Fig. 4.7c). 
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Figure 4.8 The full dataset of spatially resolved VG-dependent K measurement 

(device #4). 2D contour plots of the VG-dependent K from device #4 when Bz = 0 (a) 

and Bz = 1 T (b). Dashed lines indicate the edge of graphene flakes with the 1.5 m gap 
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between them. The black rectangle indicates the location of the top-end part of the 

multilayer WTe2. If the spin Hall contribution is the dominant origin of the observed 

K, additional peaks and deeps should appear near the dashed line, as described in Fig. 

4a. However, the distribution and VG dependence of K is not affected by the existence 

of a graphene gap. 

 

The VG-dependent spatially resolved K measured in device #4 are shown 

in Figs. 4.8. The measurements were performed at different VG with (Fig. 

4.8b, Bz = 1 T) and without an external magnetic field (Fig. 4.8a). The first 

thing to notice is that no accumulation of the spin-polarized electrons was 

seen on either side of the graphene gap regardless of VG, and K appears 

only in line with the WTe2 hinges. A clear sign flip of K was observed 

when EF is swept across the Dirac point of the hinge states, as in the results 

from device #1. In addition, K under the magnetic field shows the gap 

opening of the hinge states. Under the external magnetic field Bz of 1 T, the 

localized K at the y-position of the hinges disappears when the Fermi level 

is close to the Dirac point (i.e., VG near 0.88 V in the case of device #4), 

demonstrating the degeneracy lifting of hinge eigenstates at the Dirac point 

due to the time-reversal symmetry violation. To summarize, the VG- and Bz-

dependent K distribution in device #4 is essentially identical to the devices 

without the graphene gap (device #1~3). These data provide concrete 

evidence that SHE in the bulk of multilayer WTe2 is not likely the origin of 

our observation. 
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Figure 4.9 Line-cut plot from the spatially resolved VG-dependent K measurement 

in device #4. The line-cut plots are obtained from the 2D contour plots of K at x = 

0.3 m with varying VG under Bz = 0 T (a) and 1 T (b), which corresponds to Fig. 4.8a 

and Fig. 4.8b, respectively. Dashed lines indicate the x position of the WTe2 hinges in 

real space. Similar to the result from device #1 (Fig. 4.6), suppression of K near the 

hinge due to the mass gap opening occurs when VG = 0.8, 1 V. 

 

 

4.3.4 Supplementary experiments 

 

To supplement the evidences obtained by the VG- and Bz-dependent K 

measurements, further experiments with new variables were conducted. In 

the first supplementary experiment using device #1, the temperature 

dependence of the spin polarization from the hinge and the bulk state was 

examined to verify the distinction between the two states. 
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Figure 4.10 The temperature-dependent spatially resolved K when VG = 0 V (a) and 

VG = 2 V (b). No magnetic field was applied. Solid rectangles indicate the location of 

the left end part of the multilayer WTe2. Dashed rectangles indicate the area where |K| 

was obtained for each case. The exact positions of the marked area are 0 m < x < 1.24 

m, 1.7 m < y < 2.3 m for a, and 0 m < x < 1.25 m, |y| < 0.6 m for b. 
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Figure 4.11 Temperature-dependent |K|avg obtained from the spatially resolved K 

measurement shown in Fig. 4.10. The error bars indicate the standard variation of the 

|K|avg for each case. 

 

Figure 4.10 shows the temperature-dependent K when VG = 0 (a) and 2 

V (b), while each corresponds to the case of bulk-insulating and n-doping, 

respectively. Therefore, K in Fig. 4.10a represents the hinge-originating 

spin polarization, while the spin polarization expressed as K in Fig. 4.10b 

originates from the bulk states. As shown in Fig. 4.10, the spatial localization 

of K for each case is consistent with the origin, and K in both cases 

decreases as the sample temperature rises. For further comparison between 

the hinge and bulk contribution, the averaged K magnitude |K|avg in the 

specific area was calculated (dashed rectangles in Fig. 4.10). Fig. 4.11 shows 

the summarized temperature dependence of |K|avg. |K|avg of the hinge 

decreases drastically below the noise level and becomes negligible as the 
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sample temperature rises, while |K|avg of the bulk is relatively irrelevant to 

the temperature change. Such a distinction of the temperature dependence 

reveals that the observed hinge state is not a simple confinement of the trivial 

spin-split bulk state or 2D electron gas at the geometric boundary117,118.  

 

 

Figure 4.12 Spatially resolved VG-dependent K with the bias voltage of 0.5 V along 

the b-axis. Black rectangles indicate the top-end part of the WTe2 flake. No magnetic 

field was applied. 

 

The hinges along the b-axis of multilayer WTe2 were also examined to 

check the consistency with the previous studies that reported the anisotropic 

hinge state. Using contact 2 and 4 in device #1, the 0.5 V of bias voltage was 
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applied along the b-axis, and K was measured at the graphene near the 

upper edge of multilayer WTe2. Figure 4.12 shows the VG-dependent 

spatially resolved K. Unlike Fig. 4.4, which showed localized K near the 

hinge, the localized K at the x-position of the hinge was not observed in 

the case when the longitudinal field was applied along the b-axis. Instead, 

only bulk-originating K was observed at the VGs corresponding to the 

degenerated n- and p-doping of the multilayer WTe2. The absence of spin-

polarized states localized at the hinges suggests the anisotropic nature of the 

topological hinge state, as argued in prior investigations97,98. Moreover, the 

absence of K localized at the x-position of hinges also provides the clue 

that the transverse spin current induced in the graphene by the SOC 

proximity effect from the multilayer WTe2 can be excluded from the possible 

origin of the observed K. 

 

 

4.4 Conclusion and outlook 

 

In conclusion, experimental evidence for the time-reversal invariant 

helical HOTI phase in the multilayer Td-WTe2 was demonstrated through 

optical measurements on the WTe2-graphene heterostructure device. The 
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spin polarization of electrons originating from the 1D hinge state of the 

multilayer WTe2 was investigated by the spatially resolved MOKE 

measurement in the heterostructure device. The VG- and Bz-dependent data 

provide solid evidence that the helical spin-polarized states are within the 

bulk bandgap while they are localized at the geometric hinge of the 

multilayer WTe2, whose energy degeneracy is protected by the time-reversal 

symmetry. Because the topologically protected spinful mode is highly 

confined in the 1D channel, the hinge state of the HOTI may open up a new 

arena to study the strong correlation and topology in other higher-order 

topological materials. 
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CHAPTER 5 – SUMMARY 

 

 

The optical properties of a condensed matter system often provide 

valuable information on the interesting quantum mechanics of the material. 

The optical approach to complex band-related physics has been one of the 

most challenging subjects, and the technological advancements in laser and 

material synthesis even accelerated the study of the newly discovered phases 

of condensed matter. 

This thesis describes experimental research focused on the spinful features 

of the condensed matter systems that host the topological spin transport 

phenomena. The optical measurements were used as a major tool to 

investigate the quantum mechanical phenomena, and in particular, the polar 

MOKE was measured to look into the electron spin polarization under 

experimental conditions. In addition, peculiarly designed van der Waals 

heterostructure devices also played a key role in the experiments to overcome 

the practical limitations of the optical experiment. 

Chapter 3 reports the observation of non-excitonic VHE that is induced by 

the injection of the spin-polarized electron. The VHE in 2D van der Waals 
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crystals is a promising approach to studying the valley pseudospin. Most 

experiments so far have used bound excitons through local photoexcitation. 

However, the valley depolarization of such excitons is fast, so several 

challenges remain to be resolved. We address this issue by exploiting a 

unipolar VHE using a heterobilayer made of monolayer MoS2/WTe2 to 

exhibit a long valley-polarized lifetime due to the absence of electron-hole 

exchange interaction. The unipolar VHE is manifested by reduced 

photoluminescence at the MoS2 A exciton energy. Furthermore, we provide 

quantitative information on the time-dependent valley Hall dynamics by 

performing the spatially-resolved ultrafast Kerr-rotation microscopy; we find 

that the valley-polarized electrons persist for more than 4 nanoseconds and 

the valley Hall mobility exceeds 4.49ⅹ103 cm2/Vs, which is orders of 

magnitude larger than previous reports. 

In Chapter 4, we discussed the spinful nature of the hinge states in the 

multilayer Td-WTe2, a HOTI. Higher-order topological insulators are 

recently discovered quantum materials exhibiting distinct topological phases 

with generalized bulk-boundary correspondence. Td-WTe2, a non-

centrosymmetric type-II Weyl semimetal, is a promising candidate to reveal 

topological hinge excitation in an atomically thin regime. However, with 

initial theories and experiments focusing on localized one-dimensional 

conductance only, no experimental reports exist on how the spin orientations 
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are distributed over the helical hinges—this is critical, yet one missing puzzle. 

Here, we employ the magneto-optic Kerr effect to visualize the spinful 

characteristics of the hinge states in a few-layer Td-WTe2. By examining the 

spin polarization of electrons injected from WTe2 to graphene under external 

electric and magnetic fields, we conclude that WTe2 hosts a spinful and 

helical topological hinge state protected by the time-reversal symmetry. Our 

experiment provides a fertile diagnosis to investigate the topologically 

protected gapless hinge states and may call for new theoretical studies to 

extend the previous spinless model. 

To summarize, optical measurements on van der Waals heterostructure 

devices consisting of topological materials revealed the spin dynamics and 

existence of the topologically protected spinful states hidden by the trivial 

phenomena. A comprehensive optical experiment system was built for 

consistent and precise measurements. Besides, detailed procedures and 

hardware for optimal device manufacturing were also built. Based on these 

efforts, the MOKE observation under carrier injection regime realized by a 

specially designed heterostructure device was used in both studies of VHE 

and HOTI. As a result, the exciton-free VHE and spinful hinge states of the 

multilayer WTe2 were successfully characterized. In addition to a better 

understanding of topological spin transport, I was able to achieve 

methodological development in optically detecting the spinful effects 

covered in trivial backgrounds.  
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APPENDIX A -  

DIELECTRIC PERMITTIVITY 

TENSOR 

 

 

In Chapter 2, the theoretical background of MOKE was explained based 

on the magnetic circular dichroism. There, refraction indices 𝑛±  was 

expressed in terms of the first- and second-order effects of magnetization 

(𝜉 ∝ 𝑀0  and 𝑛⊥
2 ∝ 𝑀0

2 , respectively) for the circularly polarized normal 

modes were used to explain the magnetic circular dichroism in magnetic 

materials. Such a magneto-optical effect is derived from the time-reversal 

operation on the dielectric permittivity tensor. In the magnetically non-

ordered lossless materials, the dielectric permittivity tensor is Hermitian 

𝜖𝑖𝑗(𝜔,𝐻0) = 𝜖𝑗𝑖
∗ (𝜔,−𝐻0) and the time-reversal transformation yields 

𝜖𝑖𝑗(𝜔0, 𝐻0) = 𝜖𝑗𝑖(𝜔0, −𝐻0) (A1) 

when the external magnetic field H0 is applied to the material. Note that the 

real and imaginary parts of permittivity follow the same time-reversal 
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operation relation in Eq. A1. Therefore, the general expression of dielectric 

permittivity as a function of H0 can be written as 

𝜖𝑖𝑗(𝐻0) = 𝜖𝑖𝑗 + ∆𝜖𝑖𝑗(𝐻0) = 𝜖𝑖𝑗 +

𝑖𝜖0 ∑ 𝑓𝑖𝑗𝑘𝐻0𝑘 +𝑘 𝜖0 ∑ 𝑐𝑖𝑗𝑘𝑙𝐻0𝑘𝐻0𝑙 +𝑘,𝑙 ⋯, (A2) 

where fijk and cijkl are real parameters that 𝑓𝑖𝑗𝑘 = −𝑓𝑗𝑖𝑘 and 𝑐𝑖𝑗𝑘𝑙 = 𝑐𝑗𝑖𝑘𝑙 =

𝑐𝑖𝑗𝑙𝑘 = 𝑐𝑗𝑖𝑙𝑘. If the material is isotropic and three-dimensional, the matrix 

expression of the dielectric permittivity under the magnetic field 𝑯0 = 𝐻0𝑧�̂� 

yields 

𝝐(𝑯0) = 𝜖0 [

𝑛o
2 + 𝑐1133𝐻0𝑧

2 𝑖𝑓𝐻0𝑧 0

−𝑖𝑓𝐻0𝑧 𝑛o
2 + 𝑐2233𝐻0𝑧

2 0

0 0 𝑛𝑒
2 + 𝑐3333𝐻0𝑧

2

]. (A3) 

where no and ne are refractive index orthogonal and parallel to the external 

field.  

In magnetic materials that have magnetization M0, M0 replaces the role of 

H0 in the magneto-optical effects. For 𝑴0 = 𝑀0𝑧�̂�, 𝝐(𝑴0) is expressed as 

𝝐(𝑴0) = 𝜖0 [

𝑛⊥
2 𝑖𝜉 0

−𝑖𝜉 𝑛⊥
2 0

0 0 𝑛∥
2

], (A4) 

having 𝜉  as a first-order effect of M0 and 𝑛⊥
2 , 𝑛∥

2  as second-order 

components. Here, the antisymmetric off-diagonal components related to the 

first-order parameter are responsible for the magnetic circular dichroism 

explained in Chapter 2, eventually causing the magneto-optical Kerr effect. 
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APPENDIX B -  

SUPPLEMENTARY DATA FOR 

CHAPTER 3 

 

 

B.1 Extended dataset - spatially resolved Kerr 

rotation 

 

Figure B1. Full set of spatially resolved Kerr rotation data at t = 1, 2, 5, 10, 20, 40, 

70, and 100 ps. 
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In Fig. 3.7, the snapshot contour plots of spatially resolved Kerr rotation 

for a few representative t were presented (t = 5, 20, 100 ps). The extended 

dataset shown in Fig. B1 includes the spatially resolved Kerr rotation at t = 

1, 2, 10, 40, and 70 ps when VG = 2 V and the helicity of the remote pump is 

+. The transversal transport of the valley polarization over time is expressed 

as the shift of the Kerr rotation peak in each panel. At t = 1 ps, the negative 

Kerr rotation is observed near the remote pump. Such a short-lasing negative 

peak was observed in transient K measurements, showing the possibility that 

the indirect excitation of MoS2 or rapid charge transfer between MoS2 and 

WTe2 induces temporal valley-polarized hole concentration localized at the 

region near the remote pump, considering that the K by valley-polarized 

holes has opposite sign compared to the K by valley-polarized electrons. 

 

Figure B2. Spatially resolved Kerr rotation at t = 1, 20, 100 ps when the helicity of 

the remote pump is - (contrary to the case shown in Fig. B1).  
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As a control experiment, the spatially resolved K with the remote pump 

of - helicity was also measured. Figure B2 shows the resultant 2D contour 

plots of spatially resolved K when t = 1, 20, and 100 ps. The experimental 

conditions other than the helicity of the remote pump, i.e., VG, Ex, remained 

unchanged. The transversal shift of the K over time has an opposite direction 

compared to Fig. B1, and the sign of K also changes as the injected electrons 

have an opposite spin polarization and go through the valley Hall transport 

toward an opposite direction compared to the case when the remote pump 

has + helicity.  

 

 

B.2 Electronic probing of valley Hall transport 

In Chapter 3, the spatially resolved differential PL and PL spectroscopy 

were used to argue that the spin-polarized electron generated by the remote 

pump in the monolayer WTe2 is effectively converted into valley polarization 

in the monolayer MoS2. To supplement this, conventional electronic 

transport measurement was also performed using the heterostructure device 

with similar geometry. 
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Figure B3. a. Optical microscopy image of the device used in the electrical probing of 

valley Hall transport. The green dot denotes the position of the CW pump (2 m of spot 

size). The pump helicity-dependent voltage measured between contacts 3 and 4 shows 

a significant change of the voltage with respect to the helicity of the 1.55 eV pump, 

while there is no direct photoexcitation in MoS2.  

 

Figure B3a shows the optical microscope image of the device. Under the 

presence of a longitudinal electric field between contacts 1, 2, and 3, 4, the 

voltage difference induced in contact 3 and 4 was measured to detect the 

transversal valley Hall transport. The pump helicity-dependent voltage 

shown in Fig. B3b reveals there is a transversal transport corresponding to 

the helicity of the circularly-polarized pump. Note that the SHE induced in 

the monolayer MoS2 also can derive the identical helicity-dependent photo-

voltage. However, the magnitude of spin Hall conductance is negligible 

compared to the valley Hall conductance, as discussed in Chapter 3, thus, the 

observed helicity dependence supports the effective injection of a spin-valley 

polarized electron in the MoS2/WTe2 heterostructure device.  
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APPENDIX C -  

SUPPLEMENTARY DATA FOR 

CHAPTER 4 

 

 

C.1 Extended dataset – Bz-dependent spatially 

resolved K 

In Chapter 4, the line-cut plots of VG-dependent spatially resolved K 

under Bz were presented to show the connection between the localized K 

and the time-reversal symmetry. Here, the full 2D plots of K are shown. 
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Figure C1. The full 2D contour plots of the VG-dependent K measured in device #1 

when Bz = 0.5 T was applied. The bias voltage of 0.5 V was applied to generate a 

longitudinal electric field in +x direction. 

 

When the external magnetic field of Bz = 0.5 T was applied, the K 

localized at the y-position of hinges diminished at the VGs near the charge 

neutral point of WTe2 (Fig. C1). This indicates the mass gap opening of hinge 

states due to the breaking of time-reversal symmetry, as discussed in Chapter 

4. 
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Figure C2. The full 2D contour plots of the VG-dependent K measured in device #1 

when Bz = 1 T was applied. The bias voltage of 0.5 V was applied to generate a 

longitudinal electric field in +x direction. 

 

As the Bz increased to 1 T, the range of VG that has suppressed K at the 

y-position of hinges got broadened, as shown in Fig. C2. 
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Figure C3. The full 2D contour plots of the VG-dependent K measured in device #1 

when Bz = 2 T was applied. The bias voltage of 0.5 V was applied to generate a 

longitudinal electric field in +x direction. 

 

The VG-dependent K measured when 2 T of Bz has applied shows no 

clue of the spinful hinge states. Such a disappearance can be achieved by the 

merging of gapped hinge states with the bulk conduction/valance bands or 

complete topological phase transition of the multilayer WTe2. 

 

 

C.2 Spatially resolved K from the additional 

devices 

Two additional devices were made to check the consistency of spatially 

resolved K measurement and confirm that the spinful hinge state is a 

general phenomenon that appears on the multilayer WTe2 crystals of various 

thicknesses. The optical microscope images of all devices used in the study, 
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including devices #1 and #4 which were mentioned in Chapter 5, are shown 

in Fig. C4. Figure C5 shows the thickness of WTe2 in each device checked 

by the AFM measurements and the corresponding number of atomic layers 

are marked in the figure. Figure C6 shows the VG-dependent electrical 

characteristics of the devices. The characteristics and parameters of each 

device are organized in Table C1.  

 

 

Figure C4. Optical microscope images of devices #1~4. Device #4 has a 1.5 m wide 

gap in the middle of the graphene. The contact indices are marked with the numbers 

1~4 in each image. The black arrows in each picture show the crystal axes orientation 

of multilayer WTe2.  
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Figure C5. AFM data shows the thickness of multilayer WTe2 crystal in each device. 

The thickness of metal contact (Ti 5 nm, Au 25 nm) was measured for reference 
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Figure C6. VG-dependent current characteristics measured in devices #1~4 are shown. 

The current between contact 1, 3 (2, 4) corresponds to the current along the a- (b-) axis 

of multilayer WTe2 in each device. 

 

Table C1. Thickness and VCNP of each device used in the experiments. VCNP is the VG 

that corresponds to the charge neutral point (i.e., Dirac point) of the multilayer WTe2. 

Device WTe2 thickness (nm) 
Number of 

layers 
VCNP (V) 

Device #1 4 5 0.95 

Device #2 16 ~ 20 1 

Device #3 3 4 0.92 

Device #4 5 7 0.88 
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The VG-dependent spatially resolved K observed in the supplementary 

devices (devices #2 and #3) are shown in Fig. C7. All the measurements were 

performed under the same conditions, i.e., cryogenic condition, data 

acquisition setting, and bias voltage. The resultant K distributions 

observed in devices #2 and #3 are identical to the result obtained from device 

#1; it is localized at y-positions of the WTe2 hinges and flips its sign as VG 

passes across VCNP, showing that the spinful states are localized at the hinges 

of multilayer WTe2  
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Figure C7. VG-dependent spatially resolved K from devices #2 (a) and #3 (b). 
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ABSTRACT (KOREAN) 

 

위상 물질에서의 스핀 수송에 대한 광학적 

연구 

 

물질의 위상학적 상태라는 개념의 발견은 고체 밴드 이론의 

새로운 장을 열었다. 많은 연구들을 통해 위상학적 밴드 특성에 

대해 이해할 수 있게 되었고, 최근의 소자 제작 및 측정 방법론에 

있어서의 발전에 힘입어 실험을 통한 실증의 방면에서도 큰 

진보가 있었다. 위상학적 현상을 연구하기 위해서 고안된 여러 

실험 방법 중, 본 학위논문은 광학적 측정을 통해 전자 스핀을 

관찰하는 것에 초점을 맞춘 연구들을 다룬다. 특히, 물질의 

광학적 특성을 직접 측정하는 기존의 방식에서 벗어나 광학 

실험이 가지는 한계점을 극복하기 위해 특별히 고안된 

반데르발스 이종접합 소자를 제작하였으며 이를 이용해 전자 

수송의 스핀 자유도와 관련된 특성을 구별해내는 연구가 

수행되었다. 
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시간- 및 공간-분해 광학 측정을 이용한 위상학적 스핀 수송에 

대한 첫 번째 연구에서는 잘 알려진 전이금속 디칼코게나이드 

MoS2 에서의 밸리 홀 효과를 관찰하였다. 기존의 밸리 홀 효과 

연구들이 직접적인 광 여기를 통해 밸리 분극을 형성하거나 

전기적 측정을 통해 평형상태에서의 밸리 홀 효과를 관찰했던 

것에서 더 나아가, 이차원 위상절연체인 단일층 WTe2 와의 접합을 

통해 광-여기 스핀 정렬 전자를 주입하고 이로써 생성된 밸리 

분극을 MoS2 에서 광학적으로 검출하는 방식을 사용함으로써 

엑시톤에 의해 밸리 분극 수명이 제한되는 것을 피할 수 있었다. 

그 결과 엑시톤 형성시 나타나는 Maialle-Silva-Sham 교환 반응이 

억제되었고 4 ns 이상의 밸리 분극 수명과 4.49ⅹ103 cm2/Vs 이 

넘는 밸리 홀 전자이동도를 관찰할 수 있었다. 더 나아가 공간-

분해 초고속 커 회전 측정을 통해 밸리 홀 효과의 알려진 원인들 

중 실험결과를 잘 설명하는 성분을 찾아냄으로써 앞서 

관찰되었던 MoS2 의 비-엑시톤 밸리 홀 효과가 어떠한 원리로 

형성되는지도 규명하고자 하였고, 밸리 홀 전도도와 밸리 홀 수송 

수명의 비교와 이론 계산을 통해 밴드의 특성인 베리 곡률에 

의해서 발생하는 내재적 밸리 홀 효과가 관찰된 밸리 홀 수송의 

지배적인 원인이라는 것을 알아낼 수 있었다. 
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앞서 기술한 비-엑시톤 밸리 홀 효과의 연구에 사용되었던 

스핀-정렬 전자 주입 개념을 활용하여 고차 위상절연체가 가지는 

모서리 준위의 스핀 특성을 연구하였다. 고차 위상절연체는 

최근에 제안된 새로운 위상학적 상태로, 이를 설명하는 모델과 

물리적 특성에 대한 많은 이론 연구가 이루어지고 있지만 실제 

고차 위상절연체 물질에 대한 실험은 제한적으로만 이루어져 

왔다. 특히, 스핀 정렬 특성을 가지는 고차 위상절연체의 모서리 

준위에 대한 실험적 증거는 보고된 바가 없었기 때문에 본 

논문의 저자는 다중층 WTe2 와 그래핀의 이종접합 구조를 이용한 

소자에 대한 커 효과 측정을 통해 초전도 전류를 이용한 기존의 

실험 방식이 가지는 한계를 극복하고자 하였다. 해당 연구에서 

다중층 WTe2 의 모서리 준위에서 그래핀으로 전자를 주입하고 

그래핀에서 자기-광 효과에 대한 공간 분해 측정을 수행함으로써 

모서리 준위가 스핀 정렬을 가지고 있다는 것을 성공적으로 보일 

수 있었으며, 외부 자기장에 의한 위상학적 상태의 교란을 

관측함으로써 관찰한 모서리 준위가 시간-역전 대칭성에 의해 

보호되는 위상학적 준위임을 증명하였다. 
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